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Ms. Sujayata Choudhry from Indraprastha College for women was co-opted later.

In order to finalise the readings, internal assessment and evaluation process of the course, the
following decisions were taken for the current semester:

1.

2.

To cover the course contents in Unit-1 & 2 the following readings were proposed:

Alpha C. Chiang. (2000). Elements of dynamic optimization. Waveland Press.
Hoel, M. (2016). Optimal control theory with applications to resource and environmental
economics (No. 08/2016).

Perman, R., Yu, M., McGilvray, J., & Common, M. (2003). Natural Resource and
Environmental. Economics Pearson Education Limited. Edinburgh Gate Harbor Essex CM20
2JE and Associated Companies throughout the world.

Bhattacharyya, S. C. (2019). Energy economics: concepts, issues, markets and governance.
Springer Nature.

Tietenberg, T., & Lewis, L. (2018). Environmental and natural resource economics.
Routledge.

I. Internal Assessment (IA): 30 marks —

e two class tests (12 marks each), and
e 6 marks for attendance.



Il. Continuous Assessment (CA): 40 marks —
e Group Project (25 marks).
e Group Discussion (5 marks)
¢ Problem solving exercises (5 marks)
e Attendance (5 marks)
[ll. Then End Term Exam: 90 marks will comprise of theoretical and application-based questions.

3. The proposed and tentative pattern for the end-semester final examination-
Unit-wise suggestive weights:

Unit-1(30% ), Unit-2(30%), Unit-3(25%) and Unit-4(5%)
The question paper will comprise of 3 sections:
Section-A: 2 questions-30 marks each
Section-B: 2 questions-20 marks each
Section-C: 1 question-20 marks

The detailed unit-wise list of readings are given below:

Discipline Specific Elective 2 (DSE-2): Economics of

Climate Change and Natural Resources

Semester .
Course Duration (per week)

title & | Credits
Code Lecture | Tutorial

H1/VIVII | Economics
of Climate
Change Introductory

and 4 3 1 0 Class 12th | Microeconomics
Natural (ECONO001)

Resources—
ECONO032

Eligibility
Practical/ Criteria
Practice

Prerequisite

Learning Objectives

The Learning Objectives of this course are as follows:

e The objective of this course is to provide knowledge on the principles of governing and managing
natural resources.
e This course introduces the conceptual and theoretical foundations of Resource Economics. In



particular, the efficiency concepts for evaluating natural resource use and policies and potential
sources of inefficiency in the context of forestry, fisheries, and exhaustible energy resources will be
studied.

o Further, the basics of Economics of Climate change, its implications and policies.

Learning outcomes

The Learning Outcomes of this course are as follows:

e The students get familiarise with basic issues of sustainable resources allocation and economics of
climate change.

o It will familiarize students with the Cost-Benefit Analysis, Challenges in estimating costs and benefits
of greenhouse gas policies, the Environmental Kuznets curve, and Mitigation of climate change.

e The course will familiarize students with Sustainable development Goals SDGs, History of Convention
UNFCCC, India’s Intended Nationally Determined Contribution.

Syllabus

UNIT I: Mathematical Prerequisites (12 hours)
*Difference equations; differential equations; phase plane analysis; dynamic optimization

Optimal extraction of a non-renewable resource, Optimal management of renewable resources -Fishery and
Forestry

Readings:
*Alpha C. Chiang. (2000). Elements of dynamic optimization. Waveland Press.

*Hoel, M. (2016). Optimal control theory with applications to resource and environmental economics (No.
08/2016).

Perman, R., Yu, M., McGilvray, J., & Common, M. (2003). Natural Resource and
Environmental. Economics Pearson Education Limited. Edinburgh Gate Harbor Essex CM20 2JE and
Associated Companies throughout the world.

Chapter 15-introduction, 15.1-15.3, 15.6
Chapter 17-Introduction, 17.1-17.3,17.5,17.6(17.6.1 and 17.6.2)
Chapter 18

*Teacher may consult this reading for mathematical prerequisite. The following topics will not be
evaluated: Difference equations; differential equations; phase plane analysis; dynamic optimization



UNIT II: Energy Economics, Energy Transition, and Energy Security (12 hours)

Introduction to Basics of supply, demand, and prices, income elasticities, the eco- nomics of depletable
resources, world oil markets, Pathways of energy transition from conventional to renewable energy sources,
Policy instruments, Energy security, accessibility and A definition, and Energy poverty

Readings Bhattacharyya, S. C. (2019). Energy economics: concepts, issues, markets and governance.
Springer Nature.

Chapter 3-3.1-3.5, Annexure-3.1,3.2

Chapter 9

Chapter 11-11.1,11.4 onwards

Chapter 14-14.1,14.3.2-14.3.4

Chapter 20-till 20.6

Chapter 22-22.1-22.6

Tietenberg, T., & Lewis, L. (2018). Environmental and natural resource economics. Routledge.
Chapter 7

UNIT 111 The Economics of Climate change, Implications, and Policies (12 hours)

Cost-Benefit Analysis, Challenges in estimating costs and benefits of greenhouse gas policies, Environmental
Kuznets curve, Mitigation of climate change, Sectoral impact of Climate change, climate change, and inequality,
Policy responses, and instruments

Readings:

Harris, J. M., Roach, B., & Environmental, J. M. H. (2007). The economics of global climate change.
Global Development and Environment Institute Tufts University

Stern, N.(2007) The Economics of Climate Change: The Stern Review, Cambridge University Press
Part(I\V)-Chapter 14,15,16

Stern, D. I. (2004). The rise and fall of the environmental Kuznets curve. World Development, 32(8),
1419-1439.(Till Section 7)

Arnell, N. W., Brown, S., Gosling, S. N., Gottschalk, P., Hinkel, J., Huntingford, C., ... & Zelazowski, P.
(2016). The impacts of climate change across the globe: a multi-sectoral assessment. Climatic Change,
134(3), 457-474.

Roberts, J. T. (2001). Global inequality and climate change. Society & Natural Resources, 14(6), 501-5009.

UNIT IV: Sustainable Development (09 hours)

Concepts and Measurement, Weak and strong sustainability, Sustainable development Goals SDGs, History of
Convention UNFCCC, India’s Intended Nationally Determined Contribution

Readings:

Geoffrey Heal (2012). “Reflections—Defining and Measuring Sustainability” Review of Environmental
Economics and Policy Vol. 6, No. 1 (winter 2012), p. 147-163.



Recommended readings

e Harris,J. M., Roach, B., & Environmental, J. M. H. (2007). The economics of global climate change.
Global Development and Environment Institute Tufts University.

e Pelling, M. (2010). Adaptation to climate change: from resilience to transformation.Routledge.

e Callan, Scott, and Janet Thomas. Environmental Economics and Management: Theory, Policy and
Applications. 4th ed. Florence, KY: South-Western, 2006, chapter 3. Perman, R., Yu, M., McGilvray,
J., & Common, M. (2003). Natural Resource and Environmental. Economics Pearson Education
Limited. Edinburgh Gate Harbor Essex CM20 2JE and Associated Companies throughout the
world.

e Bhattacharyya, S. C. (2019). Energy economics: concepts, issues, markets and governance.
Springer Nature.

e Tietenberg, T., & Lewis, L. (2018). Environmental and natural resource economics. Routledge.
ISBN:9780324320671.

e Barrett, S. (1990) The problem of global environmental protection, Oxford Review
ofEconomicPolicy6(1):68-79

e Stern,N.(2007) The Economics of Climate Change: The Stern Review, Cambridge UniversityPress.

e Stern, D. I. (2004). The rise and fall of the environmental Kuznets curve. World Development, 32(8),1419-
1439.

o Babiker, Mustafa, John Reilly, and Henry Jacoby. “The Kyoto Protocol and
DevelopingCountries.”EnergyPolicy28,n0.8(2000):525-36.

e IPCC Climate Change 2014: Mitigation of Climate Change (in the press); http://mitigation2014.or
draft

o Arnell, N. W,, Brown, S., Gosling, S. N., Gottschalk, P, Hinkel, J., Huntingford, C., ... & Zelazowski,
P. (2016). The impacts of climate change across the globe: a multi-sectoral assessment. Climatic Change,
134(3),457-474.

e Roberts, J. T. (2001). Global inequality and climate change. Society & Natural Resources, 14(6),501-509.

o  Geoffrey Heal (2012). “Reflections—Defining and Measuring Sustainability” Review of Environmental
Economics and Policy Vol. 6, No. 1 (winter 2012), p. 147-163.

e Theenvironmentwrite,2009. "Definingsustainability: weaksustainability”.
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Behold, | have played the fool, and have erred exceedingly.

CHAPTER 15

The theory of optimal resource

extraction: non-renewable
resources

Learning objectives

After the end of this chapter the reader should
be able to

understand the concept of non-renewable
resources

appreciate the distinctions between
alternative measures of resource stock,
such as base resource, resource potential
and resource reserves

understand the role of resource substitution
possibilities and the ideas of a backstop
technology and a resource choke price
construct and solve simple discrete time and
continuous time models of optimal resource
depletion

understand the meaning of a socially optimal
depletion programme, and why this may differ
from privately optimal programmes

carry out simple comparative dynamic
analysis in the context of resource

depletion models, and thereby determine

the consequences of changes in interest
rates, known stock size, demand, price of
backstop technology, and resource extraction
costs

compare resource depletion outcomes in
competitive and monopolistic markets
identify the consequences of taxes and
subsidies on resource net prices and
resource revenues

understand the concept of natural resource
scarcity, and be aware of a variety of possible
measures of scarcity

1 Samuel 26:21

Introduction

Non-renewable resources include fossil-fuel energy
supplies — oil, gas and coal — and minerals — copper
and nickel, for example. They are formed by geo-
logical processes over millions of years and so, in
effect, exist as fixed stocks which, once extracted,
cannot be renewed. One question is of central
importance: what is the optimal extraction path over
time for any particular non-renewable resource
stock?

We began to answer this question in Chapter 14.
There the optimal extraction problem was solved for
a special case in which there was one homogen-
eous (uniform-quality) non-renewable resource. By
assuming a single homogeneous stock, the possib-
ility that substitute non-renewable resources exist is
ruled out. The only substitution possibilities consid-
ered in Chapter 14 were between the non-renewable
resource and other production inputs (labour and
capital).

But in practice, non-renewable resources are hetero-
geneous. They comprise a set of resources varying
in chemical and physical type (such as oil, gas,
uranium, coal, and the various categories of each of
these) and in terms of costs of extraction (as a result
of differences in location, accessibility, quality and
so on). This chapter investigates the efficient and
optimal extraction of one component of this set of



Non-renewable resources

507

non-renewable resources where substitution possib-
ilities exist. Substitution will take place if the price
of the resource rises to such an extent that it makes
alternatives economically more attractive. Consider,
for example, the case of a country that has been
exploiting its coal reserves, but in which coal extrac-
tion costs rise as lower-quality seams are mined.
Meanwhile, gas costs fall as a result of the applica-
tion of superior extraction and distribution tech-
nology. A point may be reached where electricity
producers will substitute gas for coal in power gen-
eration. It is this kind of process that we wish to be
able to model in this chapter.

Although the analysis that follows will employ a
different (and in general, simpler) framework from
that used in Chapter 14, one very important result
carries over to the present case. The Hotelling rule
is a necessary efficiency condition that must be
satisfied by any optimal extraction programme. The
chapter begins by laying out the conditions for the
extraction path of a non-renewable resource stock
to be socially optimal. It then considers how a
resource is likely to be depleted in a market eco-
nomy. As you would expect from the analysis in
Chapters 5 and 11, the extraction path in competitive
market economies will, under certain circumstances,
be socially optimal. It is usually argued that one
of these circumstances is that resource markets are
competitive. We investigate this matter by compar-
ing extraction paths under competitive and mono-
poly market structures against the benchmark of a
“first-best’ social optimum.

The model used in most of this chapter is simple,
and abstracts considerably from specific detail. The
assumptions are gradually relaxed to deal with
increasingly complex situations. To help under-
standing, it is convenient to begin with a model in
which only two periods of time are considered. Even
from such a simple starting point, very powerful
results can be obtained, which can be generalised to
analyses involving many periods. If you have a clear
understanding of Hotelling’s rule from Chapter 14,
you might wish to skip the two-period model in the
next section. Then, having analysed optimal deple-
tion in a two-period model, a more general model
is examined in which depletion takes place over T
periods, where T may be a very large number.

There are two principal simplifications used in
the chapter. First, we assume that utility comes dir-
ectly from consuming the extracted resource. This
is a considerably simpler, yet more specialised,
case than that investigated in Chapter 14 where
utility derived from consumption goods, obtained
through a production function with a natural resource,
physical capital (and, implicitly, labour) as inputs.
Although doing this pushes the production function
into the background, more attention is given to
another kind of substitution possibility. As we
remarked above, other non-renewable resources also
exist. If one or more of these serve as substitutes for
the resource being considered, this is likely to have
important implications for economically efficient
resource depletion paths.

Second, we do not take any account of adverse
external effects arising from the extraction or con-
sumption of the resource. The reader may find this
rather surprising given that the production and
consumption of non-renewable fossil-energy fuels
are the primary cause of many of the world’s most
serious environmental problems. In particular, the
combustion of these fuels accounts for between
55% and 88% of carbon dioxide emissions, 90%
of sulphur dioxide, and 85% of nitrogen oxide
emissions (IEA, 1990). In addition, fossil fuel use
accounts for significant proportions of trace-metal
emissions.

However, the relationship between non-renewable
resource extraction over time and environmental
degradation is so important that it warrants separate
attention. This will be given in Chapter 16. Not sur-
prisingly, we will show that the optimal extraction
path will be different if adverse externalities are pre-
sent causing environmental damage. The depletion
model developed in this chapter will be used in
Chapter 16 to derive some important results about
efficient pollution targets and instruments.

Finally, a word about presentation. A lot of
tedious — although not particularly difficult —
mathematics is required to derive our results. The
main text of this chapter lays emphasis on key results
and the intuition which lies behind them; derivations,
where they are lengthy, are placed in appendices.
You may find it helpful to omit these on a first
reading.
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For much of the discussion in this chapter, it is
assumed that there exists a known, finite stock of
each kind of non-renewable resource. This assump-
tion is not always appropriate. New discoveries are
made, increasing the magnitude of known stocks,
and technological change alters the proportion of
mineral resources that are economically recoverable.

Later sections indicate how the model may be
extended to deal with some of these complications.
Box 15.1 — which you should read now — considers
several measures of resource stock, and throws some
light on the issue of whether it can be reasonable
to assume that there are fixed quantities of non-
renewable resources.

Non-renewable resources include a large variety
of mineral deposits — in solid, liquid and gaseous
forms — from which, often after some process of
refining, metals, fossil fuels and other processed
minerals are obtained. The crude forms of these
resources are produced over very long periods
of time by chemical, biological or physical
processes. Their rate of formation is sufficiently
slow in timescales relevant to humans that it is
sensible to label such resources non-renewable.
At any point in time, there exists some fixed,
finite quantities of these resources in the earth’s
crust and environmental systems, albeit very
large quantities in some cases.

So, in a physical sense, it is appropriate to
describe non-renewable resources as existing in
fixed quantities. However, that description may
not be appropriate in an economic sense. To see
why not, consider the information shown in
Table 15.1. The final column — Base resource —
indicates the mass of each resource that is
thought to exist in the earth’s crust. This is
the measure closest to that we had in mind in
the previous paragraph. However, most of this
base resource consists of the mineral in very
dispersed form, or at great depths below the
surface. Base resource figures such as these
are the broadest sense in which one might use
the term ‘resource stocks’. In each case, the
measure is purely physical, having little or no
relationship to economic measures of stocks.
Notice that each of these quantities is extremely
large relative to any other of the indicated stock
measures.

The column labelled Resource potential is of
more relevance to our discussions, comprising
estimates of the upper limits on resource
extraction possibilities given current and
expected technologies. Whereas the resource
base is a pure physical measure, the resource

Box 15.1 Are stocks of non-renewable resources fixed?

potential is a measure incorporating physical
and technological information. But this
illustrates the difficulty of classifying and
measuring resources; as time passes, technology
will almost certainly change, in ways that cannot
be predicted today. As a result, estimates of the
resource potential will change (usually rising)
over time. To some writers, the possibility

that resource constraints on economic activity
will bite depends primarily on whether or not
technological improvement in extracting usable
materials from the huge stocks of base resources
(thereby augmenting resource potential) will
continue more-or-less indefinitely.

However, an economist is interested not in
what is technically feasible but in what would
become available under certain conditions. In
other words, he or she is interested in resource
supplies, or potential supplies. These will, of
course, be shaped by physical and technological
factors. But they will also depend upon resource
market prices and the costs of extraction via their
influence on exploration and research effort and
on expected profitability. Data in the column
labelled World reserve base consist of estimates
of the upper bounds of resource stocks
(including reserves that have not yet been
discovered) that are economically recoverable
under ‘reasonable expectations’ of future price,
cost and technology possibilities. Those
labelled Reserves consist of quantities that
are economically recoverable under present
configurations of costs and prices.

In economic modelling, the existence of
fixed mineral resource stocks is often used as
a simplifying assumption. But our observations
suggest that we should be wary of this. In the
longer term, economically relevant stocks are not
fixed, and will vary with changing economic and
technological circumstances.
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15.1 A non-renewable resource
two-period model

Consider a planning horizon that consists of two
periods, period 0 and period 1. There is a fixed stock
of known size of one type of a non-renewable
resource. The initial stock of the resource (at the
start of period 0) is denoted S. Let R, be the quantity
extracted in period ¢ and assume that an inverse
demand function exists for this resource at each
time, given by

P,=a - bR,

where P, is the price in period ¢, with a and b being
positive constant numbers. So, the demand functions
for the two periods will be:

Py=a— bR,
P, =a- bR,

These demands are illustrated in Figure 15.1.

A linear and negatively sloped demand function
such as this one has the property that demand goes
to zero at some price, in this case the price a. Hence,
either this resource is non-essential or it possesses a
substitute which at the price a becomes economic-
ally more attractive. The assumption of linearity of
demand is arbitrary and so you should bear in mind
that the particular results derived below are condi-
tional upon the assumption that the demand curve is
of this form.

The shaded area in Figure 15.1 (algebraically,
the integral of P with respect to R over the interval
R =0 to R = R) shows the total benefit consumers
obtain from consuming the quantity R, in period ¢.
From a social point of view, this area represents the
gross social benefit, B, derived from the extraction
and consumption of quantity R, of the resource.! We
can express this quantity as

0 R, a/b R

Figure 15.1 The non-renewable resource demand
function for the two-period model

B(R) = J (a — bR)dR
0

b
= ClRt - Eth

where the notation B(R)) is used to make explicit
the fact that the gross benefit at time ¢ (B,) is depend-
ent on the quantity of the resource extracted and
consumed (R)).

However, the gross benefit obtained by con-
sumers is not identical to the net social benefit of
the resource, as resource extraction involves costs.
In this chapter, we assume that these costs are fully
borne by the resource-extracting firms, and so pri-
vate and social costs are identical.? This assumption
will be dropped in the following chapter. Let us
define c¢ to be the constant marginal cost of extract-
ing the resource (c = 0).* Then total extraction costs,
C,, for the extracted quantity R, units will be

C,=cR,

The total net social benefit from extracting the quant-
ity R, is

1 A demand curve is sometimes taken as providing information

about the marginal willingness to pay (or marginal benefit) for suc-
cessive units of the good in question. The area under a demand
curve up to some given quantity is, then, the sum of a set of
marginal benefits, and is equal to the total benefit derived from
consuming that quantity.

2 We also assume that benefits represented in the resource
demand function are the only benefits to society, so there are no
beneficial externalities.

2 Constancy of marginal costs of extraction is a very strong
assumption. In the previous chapter, we investigated a more gen-
eral case in which marginal extraction costs are not necessarily
constant. We do not consider this any further here. Later in this
chapter, however, we do analyse the consequences for extraction
of a once-and-for-all rise in extraction costs.
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NSB,=B,- C,

where NSB denotes the total net social benefit and B
is the gross social benefit of resource extraction and
use.* Hence

R,
b
NSB(R) = J(a — bR)dAR — ¢cR = aR, — ER? - cR,

0

(15.1)

15.1.1 A socially optimal extraction policy

Our objective in this subsection is to identify a soci-
ally optimal extraction programme. This will serve
as a benchmark in terms of which any particular
extraction programme can be assessed. In order to
find the socially optimal extraction programme, two
things are required. The first is a social welfare func-
tion that embodies society’s objectives; the second
is a statement of the technical possibilities and con-
straints available at any point in time. Let us deal
first with the social welfare function, relating this as
far as possible to our discussion of social welfare
functions in Chapters 3 and 5.

As in Chapter 3, the social welfare function that
we shall use is discounted utilitarian in form. So the
general two-period social welfare function

wW=Ww({U,, U)
takes the particular form

W= U+~
1+p
where p is the social utility discount rate, reflecting
society’s time preference. Now regard the utility in
each period as being equal to the net social benefit in
each period.5 Given this, the social welfare function
may be written as

B
W=NSBO+&
1+p

Only one relevant technical constraint exists in this
case: there is a fixed initial stock of the non-renew-
able resource, S. We assume that society wishes to
have none of this resource stock left at the end of the
second period. Then the quantities extracted in the

two periods, R, and R,, must satisfy the constraint:®
R,+R =S

The optimisation problem can now be stated.
Resource extraction levels R, and R, should be
chosen to maximise social welfare, W, subject to the
constraint that total extraction of the resources over
the two periods equals S. Mathematically, this can
be written as

Max W NSB,
=NSB,+ ——
RO’ RI 0 l + p
subject to
R,+R, =S

There are several ways of obtaining solutions to
constrained optimisation problems of this form. We
use the Lagrange multiplier method, a technique that
was explained in Appendix 3.1. The first step is to
form the Lagrangian function, L:

L=W-MS - R,— R)=(NSB,)+ (NSBIJ
1+p

-AMS-R,-R)= (aRO— %Rg - cRo)

b
aR,— —R}— cR,
2

+|—=— |- M5 -R,-R)

5 (15.2)

4 Strictly speaking, social benefits derive from consumption (use)

of the resource, not extraction per se. However, we assume
throughout this chapter that all resource stocks extracted in a
period are consumed in that period, and so this distinction
becomes irrelevant.

5 In order to make such an interpretation valid, we shall assume
that the demand function is ‘quasi-linear’ (see Varian, 1987).
Suppose there are two goods, X, the good whose demand we are
interested in, and Y, money to be spent on all other goods. Quasi-

linearity requires that the utility function for good X be of the form
U= V(X) + Y. This implies that income effects are absent in the
sense that changes in income do not affect the demand for good
X. In this case, we can legitimately interpret the area under the
demand curve for good X as a measure of utility.

¢ The problem could easily be changed so that a predetermined
quantity S* (S* > 0) must be left at the end of period 1 by rewrit-
ing the constraint as R, + R, + S* = S. This would not alter the
essence of the conclusion we shall reach.
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in which A is a ‘Lagrange multiplier’. Remembering
that R, and R, are choice variables — variables whose
value must be selected to maximise welfare — the
necessary conditions include:

oL

—aRo=a—bR0—c+X=0 (15.3)
OL _a-bR-c_,_, (15.4)
oR, 1+p

Since the right-hand side terms of equations 15.3
and 15.4 are both equal to zero, this implies that

a—-bR —c

a—-bRy,—c=
I1+p

Using the demand function P,= a — bR,, the last
equation can be written as

_h-c
1+p

0

where Py and P, are gross prices and P, — ¢ and
P, — ¢ are net prices. A resource’s net price is also
known as the resource rent or resource royalty.
Rearranging this expression, we obtain

_(R-9-(B-0
(B—o)
If we change the notation used for time periods so
that Py= P,_,, P,= P, and ¢ = ¢,= c¢,_;, we then obtain
_ (F=¢)—(Fi—¢)
(Ba—c)

(15.5)

which is equivalent to a result we obtained pre-
viously in Chapter 14, equation 14.15, commonly
known as Hotelling’s rule. Note that in equation
15.5, P is a gross price whereas in equation 14.15,
P refers to a net price, resource rent or royalty.
However, since P — ¢ in equation 15.5 is the
resource net price or royalty, these two equations
are identical (except for the fact that one is in
discrete-time notation and the other in continuous-
time notation).

What does this result tell us? The left-hand side of
equation 15.5, p, is the social utility discount rate,
which embodies some view about how future utility

should be valued in terms of present utility. The
right-hand side is the proportionate rate of growth of
the resource’s net price. So if, for example, society
chooses a discount rate of 0.1 (or 10%), Hotelling’s
rule states that an efficient extraction programme
requires the net price of the resource to grow at a
proportionate rate of 0.1 (or 10%) over time.

Now we know how much higher the net price
should be in period 1 compared with period 0, if
welfare is to be maximised; but what should be the
level of the net price in period 0? This is easily
answered. Recall that the economy has some fixed
stock of the resource that is to be entirely extracted
and consumed in the two periods. Also, we have
assumed that the demand function for the resource is
known. An optimal extraction programme requires
two gross prices, Py and P;, such that the following
conditions are satisfied:

Py=a—- bR,
P, =a - bR,
Ry+R =S

P—c=(1+p)Fy-rc)

This will uniquely define the two prices (and so the
two quantities of resources to be extracted) that are
required for welfare maximisation. Problem 1, at the
end of this chapter, provides a numerical example to
illustrate this kind of two-period optimal depletion
problem. You are recommended to work through
this problem before moving on to the next section.

15.2 A non-renewable resource
multi-period model

Having investigated resource depletion in the simple
two-period model, the analysis is now generalised to
many periods. It will be convenient to change from
a discrete-time framework (in which there is a num-
ber of successive intervals of time, denoted period 0,
period 1, etc.) to a continuous-time framework which
deals with rates of extraction and use at particular
points in time over some continuous-time horizon.’

7

The material in this section, in particular the worked example investigated later, owes much to Heijman (1990).
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P A
K
U(R) = shaded area
0 R Quantity of resource extracted, R

Figure 15.2 A resource demand curve, and the total
utility from consuming a particular quantity of the
resource

To keep the maths as simple as possible, we will
push extraction costs somewhat into the back-
ground. To do this, P is now defined to be the net
price of the non-renewable resource, that is, the
price after deduction of the cost of extraction. Let
P(R) denote the inverse demand function for the
resource, indicating that the resource net price is a
function of the quantity extracted, R. The social util-
ity from consuming a quantity R of the resource may
be defined as

U(R) = JP(R)dR (15.6a)
0

which is illustrated by the shaded area in Figure 15.2.
You will notice that the demand curve used in Fig-
ure 15.2 is non-linear. We shall have more to say
about this particular form of the demand function
shortly.

By differentiating total utility with respect to R,
the rate of resource extraction and use, we obtain

oU

S =P®)

15.6b
3R ( )

which states that the marginal social utility of
resource use equals the net price of the resource.

Assume, as for the two-period model, that the
intertemporal social welfare function is utilitarian.
Future utility is discounted at the instantaneous
social utility discount rate p. Then the value of
social welfare over an interval of time from period 0
to period 7T can be expressed as®

T
W= JU(R,)ep’dt
0

Our problem is to make social-welfare-maximising
choices of

(a) R, for t =0 to ¢t =T (that is, we wish to choose
a quantity of resource to be extracted in each
period), and

(b) the optimal value for T (the point in time at
which depletion of the resource stock ceases),
subject to the constraint that

J&sz

where S is the total initial stock of the non-
renewable resource. That is, the total extraction of
the resource is equal to the size of the initial resource
stock. Note that in this problem, the time horizon to
exhaustion is being treated as an endogenous vari-
able to be chosen by the decision maker.

We define the remaining stock of the natural
resource at time ¢, S,, as

g=§—j&m

0

then by differentiation with respect to time, we
obtain

& It may be helpful to relate this form of social welfare function to

the discrete-time versions we have been using previously. We have
stated that a T-period discrete-time discounted welfare function
can be written as

U U,

+ 1 2
1+p @+p)P

UT

W=y, .
@+p)

0

We could write this equivalently as

T
N

Ut
@ +p)

W=

T

)

A continuous-time analogue of this welfare function is then

t=T
W = J Ue dt
t=0
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Sr =-R,

where $ = dS/dt, the rate of change of the remaining
resource stock with respect to time.

So the dynamic optimisation problem involves
the choice of a path of resource extraction R, over
the interval 7 = 0 to ¢ = T that satisfies the resource
stock constraint and which maximises social wel-
fare, W. Mathematically, we have:

T
J U(R)e™di

0

MaxW =

subject to S, = —R,

It would be a useful exercise at this point for
you to use the optimisation technique explained in
Appendix 14.1 to derive the solution to this problem.
Your derivation can be checked against the answer
given in Appendix 15.1.

Thinking point

Before moving on to interpret the main
components of this solution, it will be useful to
pause for a moment to reflect on the nature of
this model. It is similar in general form to the
model we investigated in Chapter 14, and laid
out in full in Appendix 14.2. However, the
model is simpler in one important way from
that of the previous chapter as utility is derived
directly from the consumption of the natural
resource, rather than indirectly from the
consumption goods generated through a
production function. There is a fixed, total
stock available of the natural resource, and this
model is sometimes called the ‘cake-eating’
model of resource depletion.

It would also be reasonable to interpret this
model as one in which a production function
exists implicitly. However, this production
function has just one argument — the non-
renewable natural resource input — as compared
with the two arguments — the natural resource
and human-made capital — in the model of
Chapter 14.

It is clear that this model can at most be
regarded as a partial account of economic
activity. One possible interpretation of this
partial status is that the economy also produces,
or could produce, goods and services through
other production functions, using capital, labour
and perhaps renewable resource inputs. In this
interpretation the non-renewable resource is like
a once-and-for-all gift of nature. Using this non-
renewable resource provides something over and
above the welfare possible from production in its
absence. It is this additional welfare that is being
measured by our term W.

An alternative interpretation is more
commonly found in the literature. Here,

non-renewable resources consist of a diverse
set of different resources. Each element of this
set is a particular resource that is fixed and
homogeneous. Substitution possibilities exist
between at least some elements of this set of
resources. For historical, technical or economic
reasons, production might currently rely
particularly heavily on one kind of resource.
Changing technological or economic conditions
might lead to this stock being replaced by
another. With the passage of time, a sequence
of resource stocks are brought into play, with
each one eventually being replaced by another.
In this story, what our resource depletion model
investigates is one stage in this sequence of
depletion processes. This interpretation will be
used later in the chapter when the concepts of
a backstop technology and a choke price are
introduced.

These comments raise a general issue
about choices that need to be made in doing
resource modelling. It is often too difficult
to explain everything of interest in one
framework. Sometimes, one needs to pick
‘horses for courses’. In the previous chapter,
we were concerned with substitution between
natural resources and physical capital;
that required that we explicitly specify a
conventional type of production function.
In this chapter, that is not of central concern,
and so the production function can be allowed
to slip somewhat into the background.
However, we do wish here to place emphasis
on substitution processes between natural
resources. That can be done in a simple way,
by paying greater attention to the nature of
resource demand functions, and to the idea of
a choke price for a resource.
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Whether or not you have succeeded in obtaining
a formal solution to this optimisation problem,
intuition should suggest one condition that must be
satisfied if W is to be maximised. R, must be chosen
so that the discounted marginal utility is equal at
each point in time, that is,

oUu _

——e ™ = constant

oR
To understand this, let us use the method of contra-
diction. If the discounted marginal utilities from
resource extraction were not equal in every period,
then total welfare W could be increased by shifting
some extraction from a period with a relatively low
discounted marginal utility to a period with a relat-
ively high discounted marginal utility. Rearranging
the path of extraction in this way would raise wel-
fare. It must, therefore, be the case that welfare can
only be maximised when discounted marginal utilit-
ies are equal. What follows from this result? First
note equation 15.6b again:

o,
oR,

1

So, the requirement that the discounted marginal
utility be constant is equivalent to the requirement
that the discounted net price is constant as well — a
result noted previously in Chapter 14. That is,

o,
3R,

Rearranging this condition, we obtain

e = Pe™ = constant = P,

P, = Pye” (15.7a)
By differentiation’ this can be rewritten as
L _, (15.7b)
k

This is, once again, the Hotelling efficiency rule.
It now appears in a different guise, because of
our switch to a continuous-time framework. The
rule states that the net price or royalty P, of a non-
renewable resource should rise at a rate equal to the
social utility discount rate, p, if the social value of
the resource is to be maximised.

We now know the rate at which the resource net
price or royalty must rise. However, this does not
fully characterise the solution to our optimising
problem. There are several other things we need to
know too. First, we need to know the optimal initial
value of the resource net price. Secondly, we need to
know over how long a period of time the resource
should be extracted — in other words, what is the
optimal value of 7'? Thirdly, what is the optimal rate
of resource extraction at each point in time? Finally,
what should be the values of P and R at the end of
the extraction horizon?

It is not possible to obtain answers to these
questions without one additional piece of informa-
tion: the particular form of the resource demand
function. So let us suppose that the resource demand
function is

P(R) = Ke* (15.8)

which is illustrated in Figure 15.2."° Unlike the
demand function used in the two-period analysis,
this function exhibits a non-linear relationship
between P and R, and is probably more representat-
ive of the form that resource demands are likely to
take than the linear function used in the section on
the two-period model. However, it is similar to the
previous demand function in so far as it exhibits zero
demand at some finite price level.

To see this, just note that P(R = 0) = K. K is the
so-called choke price for this resource, meaning that

°  Differentiation of equation 15.7a with respect to time gives

dP,/dt = P, = Pypet

By substitution of equation 15.7a into this expression, we obtain
P=pP,

and dividing through by P, we obtain
P/P.=p

as required.

1% For the demand function given in equation 15.8, we can obtain
the particular form of the social welfare function as follows. The
social utility function corresponding to equation 15.6a will be:

R

R
UR) =JP(R)dR :JKe’ERdR = g(l )
0 0

The social welfare function, therefore, is
T

.
K ome
w =J'U(Rt)e"”dt :J—(l — e )edt
a
0

0
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the demand for the resource is driven to zero or
is ‘choked off’ at this price. At the choke price
people using the services of this resource would
switch demand to some alternative, substitute, non-
renewable resource, or to an alternative final product
not using that resource as an input.

As we shall demonstrate shortly, given know-
ledge of

a particular resource demand function,
Hotelling’s efficiency condition,

an initial value for the resource stock, and
a final value for the resource stock,

it is possible to obtain expressions for the optimal
initial, interim and final resource net price (royalty)
and resource extraction rates. What about the final
stock level? This is straightforward. An optimal
solution must have the property that the stock goes
to zero at exactly the same point in time that demand
and extraction go to zero."' If that were not the case,
some resource will have been needlessly wasted. So
we know that the solution must include S;= 0 and
R; = 0, with resource stocks being positive, and
positive extraction taking place over all time up to
T. As you will see below, that will give us sufficient
information to fully tie down the solution.

Before we proceed to obtain all the details of the
solution, one important matter must be reiterated.
The solution to a problem of this type will depend
upon the demand function chosen. Hence the par-
ticular solutions derived below are conditional upon
the demand function chosen, and will not be valid
in all circumstances. Our model in this chapter
assumes that the resource has a choke price, imply-
ing that a substitute for the resource becomes eco-
nomically more attractive at that price. If you wish
to examine the case in which there is no choke price
— indeed, where there is no finite upper limit on
the resource price — you may find it useful to work
through some of the exercises provided in the
Additional Materials for this chapter, which deal
with this case among others.

As the mathematics required to obtain the full
solution are rather tedious (but not particularly diffi-

Table 15.2 Optimality conditions for the multi-period model

Initial (/=0) Interim (t=¢) Final ¢t=T)

Royalty, P P =Ke\¥® p=ge T p=K

2pS
Extraction, R~ R, =+ R =2(T-1 R=0
a a

128
T= 224

\p

Depletion time

cult), the derivations are presented in Appendix 15.1.
You are strongly recommended to read this now,
but if you prefer to omit these derivations, the results
are presented in Table 15.2. There it can be seen that
all the expressions for the initial, interim and final
resource royalty (or net prices) and rate of resource
extraction are functions of the parameters of the
model (K, p and a) and T, the optimal depletion time.
As the final expression indicates, T is itself a func-
tion of those parameters. Given the functional forms
we have been using in this section, if the values
of the parameters K, p and a were known, it would
be possible to solve the model to obtain numerical
values for all the variables of interest over the whole
period for which the resource will be extracted.

Figure 15.3 portrays the solution to our optimal
depletion model. The diagram shows the optimal
resource extraction and net price paths over time
corresponding to social welfare maximisation. As
we show subsequently, it also represents the profit-
maximising extraction and price paths in perfectly
competitive markets. In the upper right quadrant,
the net price is shown rising exponentially at the
social utility discount rate, p, thereby satisfying
the Hotelling rule. The upper left quadrant shows the
resource demand curve with a choke price K. The
lower left quadrant gives the optimal extraction path
of the non-renewable resource, which is, in this case,
a linear declining function of time.

The net price is initially at P), and then grows
until it reaches the choke price K at time 7. At this
point, demand for the resource goes to zero, and the
accumulated extraction of the resource (the shaded

1 In terms of optimisation theory, this constitutes a so-called terminal condition for the problem.
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Net price P;
A
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45° T Time t

Area= S
= total resource stock

Y

Time t

Figure 15.3 Graphical representation of solutions to the
optimal resource depletion model

area beneath the extraction path) is exactly equal to
the total initial resource stock, S. The lower right
quadrant maps the time axes by a 45° line. A worked
numerical example illustrating optimal extraction is
presented in Appendix 15.3.

15.3 Non-renewable resource extraction
in perfectly competitive markets

Until this point, we have said nothing about the kind
of market structure in which decisions are made. It
is as if we have been imagining that a rational social
planner were asked to make decisions that maximise
social welfare, given the constraints facing the econ-
omy. The optimality conditions listed in Table 15.2,
plus the Hotelling efficiency condition, are the out-
come of the social planner’s calculations.

How will matters turn out if decisions are instead
the outcome of profit-maximising decisions in a
perfectly competitive market economy? This section
demonstrates that, ceteris paribus, the outcomes will
be identical. Hotelling’s rule and the optimality con-
ditions of Table 15.2 are also obtained under a per-
fect competition assumption.

Suppose there are m competitive firms in the mar-
ket. Use the subscript j to denote any one of these

m firms. Assume, for simplicity, that all firms have
equal and constant marginal costs of extracting the
resource. Now as all firms in a competitive market
face the same fixed selling price at any point in time,
the market royalty will be identical over firms. Given
the market royalty P, each firm chooses an amount
to extract and sell, R;,, to maximise its profits.

Mathematically, the jth firm’s objective is to
maximise

T
J IT, e~"dt
0

subject to

T
J( WR;,)dr =3
0

where I, = P - R, is firm j’s profit and i is the market
interest rate. Note that the same stock constraint
operates on all firms collectively; the industry as a
whole cannot extract more than the fixed initial
stock over the whole time horizon. The profit-
maximising extraction path is obtained when each
firm selects an extraction R;, at each time, r = 0 to
t = T, so that its discounted marginal profit will be
the same at any point in time ¢, that is,

- odll,, . OPR, _ :
MII. e—zt — Jot e*ll — ya efn‘ = Pefn‘
. oR oR '

)it )t

=constant, fort=0tor=T

where MII, is firm j’s marginal profit function. If
discounted marginal profits were not the same over
time, total profits could be increased by switching
extraction between time periods so that more was
extracted when discounted profits were high and less
when they were low. The result that the discounted
marginal profit is the same at any point in time
implies that

Pe"=Pyor P=Pe"

Not surprisingly, Hotelling’s efficiency rule con-
tinues to be a required condition for profit maxim-
isation, so that the market net price of the resource
must grow over time at the rate i. The interest rate in
this profit maximisation condition is the market rate
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of interest. Our analysis in Chapter 11 showed that,
in perfectly competitive capital markets and in the
absence of transactions costs, the market interest
rate will be equal to r, the consumption rate of inter-
est, and also to 9, the rate of return on capital.

We appear now to have two different efficiency
conditions,

P P
—=pand — =
P P
the former emerging from maximising social wel-
fare, the latter from private profit maximisation.
But these are in fact identical conditions under the
assumptions we have made in this chapter; by
assuming that we can interpret areas under demand
curves (that is, gross benefits) as quantities of utility,
we in effect impose the condition that p = r. Given
this result, it is not difficult to show, by cranking
through the appropriate maths in a similar manner
to that done in Appendix 15.1, that all the results
of Table 15.2 would once again be produced under
perfect competition, provided the private market
interest rate equals the social consumption discount
rate. We leave this as an exercise for the reader.
Finally, note that the appearance of a positive net
price or royalty, P,> 0, for non-renewable resources
reflects the fixed stock assumption. If the resource
existed in unlimited quantities (that is, the resource
were not scarce) net prices would be zero in perfect
competition, as the price of the product will equal
the marginal cost (¢), a result which you may recall
from standard theory of long-run equilibrium in
competitive markets. In other words, scarcity rent
would be zero as there would be no scarcity.

15.4 Resource extraction in a
monopolistic market

It is usual to assume that the objective of a mono-
poly is to maximise its discounted profit over time.
Thus, it selects the net price P, (or royalty) and
chooses the output R, so as to maximise

T
JH,e""dt
0

subject to

T

JR,dt =S

0

where I1, = P(R)R,.

For the same reason as in the case of perfect com-
petition, the profit-maximising solution is obtained
by choosing a path for R so that the discounted mar-
ginal profit will be the same at any time. So we have

oI, .
MTle = a—'e”’ = constant = MTI,

t

that is,

MTIL, = MT1,e" (15.9)

Looking carefully at equation 15.9, and compar-
ing this with the equation for marginal profits in
the previous section, it is clear why the profit-
maximising solutions in monopolistic and competit-
ive markets will differ. Under perfect competition,
the market price is exogenous to (fixed for) each
firm. Thus we are able to obtain the result that in
competitive markets, marginal revenue equals price.
However, in a monopolistic market, price is not
fixed, but will depend upon the firm’s output choice.
Marginal revenue will be less than price in this case.

The necessary condition for profit maximisation
in a monopolistic market states that the marginal
profit (and not the net price or royalty) should
increase at the rate of interest i in order to maximise
the discounted profits over time. The solution to the
monopolist’s optimising problem is derived in
Appendix 15.2. If you wish to omit this, you will
find the results in Table 15.3.

15.5 A comparison of competitive and
monopolistic extraction
programmes

Table 15.3 summarises the results concerning
optimal resource extraction in perfectly competitive
and monopolistic markets. The analytical results
presented are derived in Appendices 15.1 and 15.2.
For convenience, we list below the notation used in
Table 15.3.
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the Word file polcos.doc. These can both be found in
the Additional Materials for Chapter 15.

15.6 Extensions of the multi-period
model of non-renewable resource
depletion

To this point, a number of simplifying assumptions
in developing and analysing our model of resource
depletion have been made. In particular, it has been
assumed that

» the utility discount rate and the market interest
rate are constant over time;

» there is a fixed stock, of known size, of the
non-renewable natural resource;

» the demand curve is identical at each point in
time;

= no taxation or subsidy is applied to the extraction
or use of the resource;

= marginal extraction costs are constant;

» there is a fixed ‘choke price’ (hence implying the
existence of a backstop technology);

= no technological change occurs;

= no externalities are generated in the extraction or
use of the resource.

We shall now undertake some comparative dynamic
analysis. This consists of finding how the optimal
paths of the variables of interest change over time in
response to changes in the levels of one or more of
the parameters in the model, or of finding how the
optimal paths alter as our assumptions are changed.
We adopt the device of investigating changes to one
parameter, holding all others unchanged, comparing
the new optimal paths with those derived above for
our simple multi-period model. (We shall only dis-
cuss these generalisations for the case of perfect
competition; analysis of the monopoly case is left to
the reader as an exercise.)

The reader interested in doing comparative
dynamics analysis by Excel simulation may wish
to explore the file hmodel.xls (together with its ex-
planatory document, hmodel.doc) in the Additional
Materials to Chapter 15. The consequences of each
of the changes described in the following subsec-
tions can be verified using that Excel workbook.

15.6.1 An increase in the interest rate

Let us make clear the problem we wish to answer
here. Suppose that the interest rate we had assumed
in drawing Figure 15.3 was 6% per year. Now sup-
pose that the interest rate was not 6% but rather
10%; how would Figure 15.3 have been different if
the interest rate had been higher in this way? This is
the kind of question we are trying to answer in doing
comparative dynamics.

The answer is shown in Figure 15.5. The thick,
heavily drawn line represents the original optimal
price path, with the price rising from an initial level
of P, to its choke price, K, at time 7. Now suppose
that the interest rate rises. Since the resource’s net
price must grow at the market interest rate, an
increase in i will raise the growth rate of the resource
royalty, P,; hence the new price path must have a
steeper slope than the original one. The new price
path will be the one labelled C in Figure 15.5. It
will have an initial price lower than the one on the
original price path, will grow more quickly, and will
reach its final (choke) price earlier in time (before
t=T). This result can be explained by the following
observations. First, the choke price itself, K, is not
altered by the interest rate change. Second, as we
have already observed, the new price path must rise
more steeply with a higher interest rate. Third, we
can deduce that it must begin from a lower initial
price level from using the resource exhaustion con-
straint. The change in interest rate does not alter the

Po

Time

[N N

Figure 15.5 The effect of an increase in the interest rate
on the optimal price of the non-renewable resource
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quantity that is to be extracted; the same total stock
is extracted whatever the interest rate might be. If
the price path began from the same initial value (P,)
then it would follow a path such as that shown by the
curve labelled A and would reach its choke price
before ¢+ = T. But then the price would always be
higher than along the original price path, but for a
shorter period of time. Hence the resource stock will
not be fully extracted along path A and that path
could not be optimal.

A path such as B is not feasible. Here the price
is always lower (and so the quantity extracted is
higher) than on the original optimal path, and for
a longer time. But that would imply that more
resources are extracted over the life of the resource
than were initially available. This is not feasible.
The only feasible and optimal path is one such as C.
Here the price is lower than on the original optimal
path for some time (and so the quantity extracted is
greater); then the new price path crosses over the
original one and the price is higher thereafter (and so
the quantity extracted is lower).

Note that because the new path must intersect the
original path from below, the optimal depletion time
will be shorter for a higher interest rate. This is
intuitively reasonable. Higher interest rate means
greater impatience. More is extracted early on, less
later, and total time to full exhaustion is quicker.
The implications for all the variables of interest are
summarised in Figure 15.6.

Net price P;
A

y Time t 45°

Figure 15.6 An increase in interest rates in a perfectly
competitive market

15.6.2 An increase in the size of the known
resource stock

In practice, estimates of the size of reserves of non-
renewable resources such as coal and oil are under
constant revision. Proven reserves are those unex-
tracted stocks known to exist and can be recovered
at current prices and costs. Probable reserves are
stocks that are known, with near certainty, to exist
but which have not yet been fully explored or
researched. They represent the best guess of addi-
tional amounts that could be recovered at current
price and cost levels. Possible reserves are stocks in
geological structures near to proven fields. As prices
rise, what were previously uneconomic stocks
become economically recoverable.

Consider the case of a single new discovery of
a fossil fuel stock. Other things being unchanged,
if the royalty path were such that its initial level
remained unchanged at P,, then given the fact that
the rate of royalty increase is unchanged, some
proportion of the reserve would remain unutilised
by the time the choke price, K, is reached. This is
clearly neither efficient nor optimal. It follows that
the initial royalty must be lower and the time to
exhaustion is extended. At the time the choke price
is reached, T”, the new enlarged resource stock will
have just reached complete exhaustion, as shown in
Figure 15.7.

Net price P;

T Time t

45°

Figure 15.7 An increase in the resource stock
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P, 4 Net price path with no
change in stocks

—/\'/\-/\/\_/

Net price path with
frequent new discoveries

t

Figure 15.8 The effect of frequent new discoveries on
the resource net price or royalty

Now suppose that there is a sequence of new
discoveries taking place over time, so that the size
of known reserves increases in a series of discrete
steps. Generalising the previous argument, we
would expect the behaviour of the net price or
royalty over time to follow a path similar to that
illustrated in Figure 15.8. This hypothetical price
path is one that is consistent with the actual behavi-
our of oil prices.

15.6.3 Changing demand

Suppose that there is an increase in demand for the
resource, possibly as a result of population growth
or rising real incomes. The demand curve thus shifts
outwards. Given this change, the old royalty or net
price path would result in higher extraction levels,
which will exhaust the resource before the net price
has reached K, the choke price. Hence the net price
must increase to dampen down quantities demanded,
as Figure 15.9 shows, the time until the resource
stock is fully exhausted will also be shortened.

15.6.4 A fall in the price of backstop
technology

In the model developed in this chapter, we have
assumed there is a choke price, K. If the net price
were to rise above K, the economy will cease con-
sumption of the non-renewable resource and switch
to an alternative source — the backstop source.
Suppose that technological progress occurs, increas-
ing the efficiency of a backstop technology. This

Net price P;

Time t

' Time t 45°

Figure 15.9 The effect of an increase in demand for the
resource

will tend to reduce the price of the backstop source,
to Py (Pg < K). Hence the choke price will fall to Pg.
Given the fall in the choke price to Py, the initial
value of the resource net price on the original optimal
price path, P, cannot now be optimal. In fact, it
is too high since the net price would reach the new
choke price before 7, leaving some of the economic-
ally useful resource unexploited. So the initial price
of the non-renewable resource, P,, must fall to a
lower level, P, to encourage an increase in demand
so that a shorter time horizon is required until
complete exhaustion of the non-renewable resource
reserve. This process is illustrated in Figure 15.10.
Note that when the resource price reaches the new,
reduced choke price, demand for the non-renewable
resource falls to zero.

15.6.5 A change in resource extraction costs

Consider the case of an increase in extraction costs,
possibly because labour charges rise in the extrac-
tion industry. To analyse the effects of an increase in
extraction costs, it is important to distinguish care-
fully between the net price and the gross price of the
resource. Let us define:

p=F-c
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Figure 15.10 A fall in the price of a backstop technology

where p, is the resource net price, P, is the gross
price of the non-renewable resource, and c is the
marginal extraction cost, assumed to be constant.
Hotelling’s rule requires that the resource net price
grows at a constant rate, equal to the discount rate
(which we take here to be constant at the rate i).
Therefore, efficient extraction requires that
pi=poe’

Now look at Figure 15.11(a). Suppose that the
marginal cost of extraction is at some constant level,
¢, and that the curve labelled Original net price
describes the optimal path of the net price over time
(i.e. it plots p, = p,e"); also suppose that the corres-
ponding optimal gross price path is given by the
curve labelled Original gross price (i.e. it plots
P=p,+c =pe’ +cp).

Next, suppose that the cost of extraction, while
still constant, now becomes somewhat higher than
was previously the case. Its new level is denoted c,.
We suppose that this change takes place at the initial
time period, period 0. Consider first what would
happen if the gross price remained unchanged at
its initial level, as shown in Figure 15.11(a). The
increase in unit extraction costs from ¢; to ¢y would
then result in the net price being lower than its ori-
ginal initial level. However, with no change having
occurred in the interest rate, the net price must grow

(a)
A Resource
price

Original net price

New gross price

Original gross price

/

New net price

fel
CH
T Time
(b)
A Resource Original gross price
price
G . NS

Original net price

New gross price

New net price

T T Time

Figure 15.11 (a) An increase in extraction costs:
deducing the effects on gross and net prices;

(b) An increase in extraction costs: actual effects
on gross and net prices

at the same rate as before. Although the net price
grows at the same rate as before, it does so from a
lower starting value, and so it follows that the new
net price p, would be lower at all points in time than
the original net price, and it will also have a flatter
profile (as close inspection of the diagram makes
clear). This implies that the new gross price will be
lower than the old gross price at all points in time
except in the original period.

However, the positions of the curves for the new
gross and net prices in Figure 15.11(a) cannot be
optimal. If the gross (market) price is lower at all
points in time except period 0, more extraction
would take place in every period. This would cause
the reserve to become completely exhausted before
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Figure 15.12 A rise in extraction costs

the choke price (K) is reached. This cannot be
optimal, as any optimal extraction path must ensure
that demand goes to zero at the same point in time
as the remaining resource stock goes to zero.

Therefore, optimal extraction requires that the
new level of the gross price in period 0, P, must be
greater than it was originally (P,). It will remain
above the original gross price level for a while
but will, at some time before the resource stock is
fully depleted, fall below the old gross price path.
This is the final outcome that we illustrate in Fig-
ure 15.11(b). As the new gross price eventually
becomes lower than its original level, it must take
longer before the choke price is reached. Hence the
time taken before complete resource exhaustion
occurs is lengthened.

All the elements of this reasoning are assembled
together in the four-quadrant diagram shown in
Figure 15.12. A rise in extraction costs will raise the
initial gross price, slow down the rate at which the
gross price increases (even though the net price or
royalty increases at the same rate as before), and
lengthen the time to complete exhaustion of the
stock.

What about a fall in extraction costs? This may be
the consequence of technological progress decreas-
ing the costs of extracting the resource from its
reserves. By following similar reasoning to that we
used above, it can be deduced that a fall in extraction
costs will have the opposite effects to those just

described. It will lower the initial gross price,
increase the rate at which the gross price increases
(even though the net price increases at the same rate
as before), and shorten the time to complete exhaus-
tion of the stock.

If the changes in extraction cost were very large,
then our conclusions may need to be amended. For
example, if a cost increase were very large, then it is
possible that the new gross price in period 0, P, will
be above the choke price. It is then not economically
viable to deplete the remaining reserve — an example
of an economic exhaustion of a resource, even
though, in physical terms, the resource stock has not
become completely exhausted.

One remaining point needs to be considered. Until
now it has been assumed that the resource stock con-
sists of reserves of uniform, homogeneous quality,
and the marginal cost of extraction was constant for
the whole stock. We have been investigating the
consequences of increases or decreases in that mar-
ginal cost schedule from one fixed level to another.
But what if the stock were not homogeneous, but
rather consisted of reserves of varying quality or
varying accessibility? It is not possible here to take
the reader through the various possibilities that this
opens up. It is clear that in this situation marginal
extraction costs can no longer be constant, but
will vary as different segments of the stock are
extracted. There are many meanings that could be
attributed to the notion of a change in marginal
extraction costs. A fall in extraction costs may occur
as the consequence of new, high-quality reserves
being discovered. An increase in costs may occur as
a consequence of a high-quality mine becoming
exhausted, and extraction switching to another mine
in which the quality of the resource reserve is some-
what lower. Technical progress may result in the
whole profile of extraction costs being shifted down-
wards, although not necessarily at the same rate for
all components.

We do not analyse these cases in this text. The
suggestions for further reading point the reader to
where analysis of these cases can be found. But
it should be evident that elaborating a resource
depletion model in any of these ways requires drop-
ping the assumption that there is a known, fixed
quantity of the resource. Instead, the amount of the
resource that is ‘economically’ available becomes
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an endogenous variable, the value of which depends
upon resource demand and extraction cost schedules.
This also implies that we could analyse a reduction
in extraction costs as if it were a form of technolo-
gical progress; this can increase the stock of the
reserve that can be extracted in an economically
viable manner. Hence, changes in resource extrac-
tion costs and changes in resource stocks become
interrelated — rather than independent — phenomena.

15.7 The introduction of
taxation/subsidies

15.7.1 A royalty tax or subsidy

A royalty tax or subsidy will have no effect on a
resource owner’s extraction decision for a reserve
that is currently being extracted. The tax or subsidy
will alter the present value of the resource being
extracted, but there can be no change in the rate
of extraction over time that can offset that decline
or increase in present value. The government will
simply collect some of the mineral rent (or pay some
subsidies), and resource extraction and production
will proceed in the same manner as before the
tax/subsidy was introduced.

This result follows from the Hotelling rule of
efficient resource depletion. To see this, define o
to be a royalty tax rate (which could be negative —
that is, a subsidy), and denote the royalty or net price
at time ¢ by p,. Then the post-tax royalty becomes
(1 — o)p,. But Hotelling’s rule implies that the post-
tax royalty must rise at the discount rate, 7, if the
resource is to be exploited efficiently. That is:

(1 —ojp, = (1 — a)p,e”

or
_ it
Pr=Po®€

Hotelling’s rule continues to operate unchanged in
the presence of a royalty tax, and no change occurs
to the optimal depletion path. This is also true for a
royalty subsidy scheme. In this case, denoting the
royalty subsidy rate by B, we have the efficiency
condition

(1+B)p, = (1 + P)pee” = p, = p,e”

We can conclude that a royalty tax or subsidy is
neutral in its effect on the optimal extraction path.
However, a tax may discourage (or a subsidy
encourage) the exploration effort for new mineral
deposits by reducing (increasing) the expected pay-
off from discovering the new deposits.

15.7.2 Revenue tax/subsidy

The previous subsection analysed the effect of a tax
or subsidy on resource royalties. We now turn our
attention to the impact of a revenue tax (or subsidy).
In the absence of a revenue tax, the Hotelling effi-
ciency condition is, in terms of net prices and gross
prices,

p,=poe" _
= F-o)=F-oe"

Under a revenue tax scheme, with a tax of o per unit
of the resource sold, the post-tax royalty or net price
is

p=-wF-c
So Hotelling’s rule becomes:

[(1 - P~ c]=[(1 - P~ cle"

~(rrse)lr )
1-a 1-a

Since ¢/(1 — o) > ¢, an imposition of a revenue tax is
equivalent to an increase in the resource extraction
cost. Similarly, for a revenue subsidy scheme, we
have

CRR N PR R

A revenue subsidy is equivalent to a decrease in
extraction cost. We have already discussed the
effects of a change in extraction costs, and you may
recall the results we obtained: a decrease in extrac-
tion costs will lower the initial gross price, increase
the rate at which the gross price increases (even
though the net price or royalty increases at the same
rate as before) and shorten the time to complete
exhaustion of the stock.

O<a<l




CHAPTER 17 Renewable resources

It will appear, | hope, that most of the problems associated with the words ‘conservation’ or
‘depletion’ or ‘overexploitation’ in the fishery are, in reality, manifestations of the fact that
the natural resources of the sea yield no economic rent. Fishery resources are unusual in
the fact of their common-property nature; but they are not unique, and similar problems are
encountered in other cases of common-property resource industries, such as petroleum
production, hunting and trapping, etc.

Gordon (1954)

Learning objectives

After studying this chapter, the reader should be able to

= understand the biological growth function of a renewable resource, and the notions of compensation
and depensation in growth processes

m interpret the simple logistic growth model, and some of its variants, including models with critical
depensation

m understand the idea of a sustainable yield and the maximum sustainable yield
distinguish between steady-state outcomes and dynamic adjustment processes that may (or may not)
lead to a steady-state outcome

m specify, and solve for its bioeconomic equilibrium outcome, an open-access fishery, a static private-
property fishery, and a present value (PV)-maximising fishery

m undertake comparative statics analysis and simple dynamic analysis for open-access and private-
property models

m explain under what conditions the stock, effort and harvesting outcomes of private fisheries will not be
socially efficient

m describe conditions which increase the likelihood of severe resource depletion or species extinction
understand the workings, and relative advantages, of a variety of policy instruments that are designed
to conserve renewable resource stocks and/or promote socially efficient harvesting

Introduction

Environmental resources are described as renewable
when they have a capacity for reproduction and
growth. The class of renewable resources is diverse.
It includes populations of biological organisms such
as fisheries and forests which have a natural capa-

city for growth, and water and atmospheric systems
which are reproduced by physical or chemical pro-
cesses. While the latter do not possess biological
growth capacity, they do have some ability to
assimilate pollution inputs (thereby maintaining their
quality) and, at least in the case of water resources,
can self-replenish as stocks are run down (thereby
maintaining their quantity).
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It is also conventional to classify arable and graz-
ing lands as renewable resources. In these cases
reproduction and growth take place by a combina-
tion of biological processes (such as the recycling of
organic nutrients) and physical processes (irrigation,
exposure to wind, etc.). Fertility levels can regener-
ate naturally so long as the demands made on the
soil are not excessive. We may also consider more
broadly defined environmental systems (such as
wilderness areas or tropical moist forests) as being
sets of interrelated renewable resources.

The categories just described are renewable stock
resources. A broad concept of renewables would also
include flow resources such as solar, wave, wind
and geothermal energy. These share with biological
stock resources the property that current harnessing
of the flow does not mean that the total magnitude of
the future flow will necessarily be smaller. Indeed,
many forms of energy-flow resources are, for all
practical purposes, non-depletable.

Given this diversity of resource types, it will be
necessary to restrict what will, and will not, be dis-
cussed here. Most of the literature on the economics
of renewable resources is about two things: the har-
vesting of animal species (‘hunting and fishing’) and
the economics of forestry. This chapter is largely
concerned with the former; forestry economics is the
subject of the following chapter. Agriculture could
also be thought of as a branch of renewable resource
harvesting. But agriculture — particularly in its more
developed forms — differs fundamentally from other
forms of renewable resource exploitation in that
the environmental medium in which it takes place
is designed and controlled. The growing medium
is manipulated through the use of inputs such as
fertilisers, pesticides, herbicides; temperatures may
be controlled by the use of greenhouses and the like;
and plant stocks are selected or even genetically
modified. In that sense, there is little to differentiate
a study of (developed) agricultural economics from
the economics of manufacturing. For this reason,
we do not survey the huge literature that is ‘agricul-
tural economics’ in this text, although some of the
environmental consequences of agricultural activity
are discussed in Agriculture.doc in the Additional
Materials. For reasons of space, we also do not
cover the economics of renewable flow resources.
Again, a brief outline of some of the main issues

is given in Renewables.doc in the Additional
Materials.

It is important to distinguish between stocks
and flows of the renewable resource. The stock is a
measure of the quantity of the resource existing at a
point in time, measured either as the aggregate mass
of the biological material (the biomass) in ques-
tion (such as the total weight of fish of particular age
classes or the cubic metres of standing timber), or in
terms of population numbers. The flow is the change
in the stock over an interval of time, where the
change results either from biological factors, such as
‘recruitment’ of new fish into the population through
birth or ‘exit’ due to natural death, or from harvest-
ing activity.

One similarity between renewable and non-
renewable resources is that both are capable of being
fully exhausted (that is, the stock being driven to zero)
if excessive and prolonged harvesting or extraction
activity is carried out. In the case of non-renewable
resources, exhaustibility is a consequence of the
finiteness of the stock. For renewable resources,
although the stock can grow, it can also be driven to
zero if conditions interfere with the reproductive
capability of the renewable resource, or if rates of
harvesting continually exceed net natural growth.

It is evident that enforceable private property
rights do not exist for many forms of renewable
resource. In the absence of regulation or collective
control over harvesting behaviour, the resource
stocks are subject to open access. We will demon-
strate that open-access resources tend to be over-
exploited in both a biological and an economic
sense, and that the likelihood of the resource being
harvested to the point of exhaustion is higher than
where private property rights are established and
access to harvesting can be restricted.

As we have said, this chapter is principally about
the harvesting of animal resources. Our exposition
focuses on marine fishing. With some modifications,
the fishery economics modelling framework can be
used to analyse most forms of renewable resource
exploitation. We begin by setting out a simple model
of the biological growth of a fish population. Then
the properties of commercial fisheries are examined
under two sets of institutional arrangements: an
open-access fishery and a profit-maximising fishery
in which enforceable private property rights exist.
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For the case of the private-property fishery, the
analysis proceeds in two steps. First we examine
what is usually known as the static private-property
fishery. The analysis is kept simple by abstracting
from the need to deal explicitly with the passage of
time. We do this by focusing attention on steady-
state (or equilibrium) outcomes in which variables
are taken to be unchanging over time. Some unspeci-
fied interval of time is chosen to be representative
of all periods in that steady state. The equilibrium is
found by solving the model for its profit-maximising
solution. By construction that equilibrium would
apply to every time period, provided that economic
and biological conditions remain unchanged.

The second step involves a generalisation in
which the passage of time is modelled explicitly. In
this case we investigate a private-property fishery
that is managed so as to maximise its present value
over an infinite lifetime. All nominal-value flows
are discounted at some positive rate to convert to
present-value equivalents. Describing the second
variant as a generalisation of the first is appropriate
because — as we shall show — the static private
fishery turns out to be a special case of the present-
value-maximising fishery in which owners adopt a
zero discount rate. Where discounting takes place at
some positive rate, the outcomes of the two models
differ.

In common with the practice throughout this text,
we also examine the outcomes of the various com-
mercial fishery regimes against the benchmark of a
socially efficient fishery. We demonstrate that under
some conditions the harvesting programme of a
competitive fishery where private property rights to
the resource stocks are established and enforceable
will be socially efficient. However, actual resource
harvesting regimes are typically not socially effici-
ent, even where attempts have been made to intro-
duce private property rights. Among the reasons
why they are not is the existence of various kinds
of externalities. Open-access regimes will almost
certainly generate inefficient outcomes. The chapter
concludes by examining a set of policy instruments

that could be introduced in an attempt to move har-
vesting behaviour closer to that which is socially
efficient.

17.1 Biological growth processes

In order to investigate the economics of a renewable
resource, it is first necessary to describe the pattern
of biological (or other) growth of the resource. To
fix ideas, we consider the growth function for a popu-
lation of some species of fish. This is convention-
ally called a fishery. We suppose that this fishery has
an intrinsic (or potential) growth rate denoted by g.
This is the proportional rate at which the fish stock
would grow when its size is small relative to the
carrying capacity of the fishery, and so the fish face
no significant environmental constraints on their
reproduction and survival. The intrinsic growth rate
g may be thought of as the difference between the
population’s birth and natural mortality rate (again,
where the population size is small relative to carry-
ing capacity). Suppose that the population stock is S
and it grows at a fixed rate g. Then in the absence of
human predation the rate of change of the population
over time is given by
ds

17.1
dr (17.1)

By integrating this equation, we obtain an expres-
sion for the stock level at any point in time:

S, = S,e

in which S, is the initial stock level. In other words,
for a positive value of g, the population grows expo-
nentially over time at the rate g and without bounds.
This is only plausible over a short span of time. Any
population of fish exists in a particular environ-
mental milieu, with a finite carrying capacity, which
sets bounds on the population’s growth possibilities.

A simple way of representing this effect is by
making the actual (as opposed to the potential)

1 Be careful not to confuse a rate of change with a rate of growth.

A rate of change refers to how much extra is produced in some
interval of time. A rate of growth is that rate of change divided by
its current size (to measure the change in proportionate terms).

Note that we shall sometimes refer to an ‘amount of growth’ (as
opposed to a growth rate); this should be read as the population
size change over some interval of time.
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growth rate depend on the stock size. Then we have
what is called density-dependent growth. Using the
symbol 7y to denote the actual growth rate, the
growth function can then be written as

S=x(S)S

where %(S) states that 7 is a function of S, and shows
the dependence of the actual growth rate on the
stock size. If this function has the property that the
proportionate growth rate of the stock (S/S) declines
as the stock size rises then the function is said to
have the property of compensation.

Now let us suppose that under a given set of
environmental conditions there is a finite upper
bound on the size to which the population can grow
(its carrying capacity). We will denote this as Sy;xx-
A commonly used functional form for %(S) which
has the properties of compensation and a maximum
stock size is the simple logistic function:

S j
SMAX

in which the constant parameter g > 0 is what we
have called the intrinsic or potential growth rate of
the population. Where the logistic function deter-
mines the actual population growth rate, we may
therefore write the biological growth function as

xX(S) = g(l -

(17.2)

The changes taking place in the fish population
that we have been referring to so far are ‘natural’
changes. But as we want to use the notation S and
dS/dr in the rest of this chapter to refer to the net
effect of natural changes and human predation, we
shall use the alternative symbol G to refer to stock
changes due only to natural causes. (More com-
pletely, we shall use the notation G(S) to make it
clear that G depends on S.) With this change the
logistic biological growth function is

G(S) = g(l - JS (17.3)

MAX
The logistic form is a good approximation to the
natural growth processes of many fish, animal and
bird populations (and indeed to some physical sys-
tems such as the quantity of fresh water in an under-
ground reservoir). Some additional information on
the simple logistic growth model, and alternative
forms of logistic growth, is given in Box 17.1.
Problem 1 at the end of the chapter also explores
the logistic model a little further, and invites you
to explore another commonly used equation for
biological growth, the Gompertz function.

Logistic growth is one example of density-
dependent growth: processes where the growth
rate of a population depends on the population
size. It was first applied to fisheries by Schaefer
(1957). The equation for logistic growth of a
renewable resource population was given by
equation 17.3.

Simple logistic growth is illustrated in
Figure 17.1(a), which represents the relationship
between the stock size and the associated rate
of change of the population due to biological
growth. Three properties should be noted by
inspection of that diagram.

(a) Syax is the maximum stock size that can
be supported in the environmental milieu.
This value is, of course, conditional on the
particular environment circumstances that

Box 17.1 The logistic form of the biological growth function

happen to prevail, and would change if
any of those circumstances (such as ocean
temperature or stocks of nutrients) change.

(b) By multiplication through of the terms on the
right-hand side of equation 17.3, it is clear
that the amount of growth, G, is a quadratic
function of the resource stock size, S. For
the simple logistic function, the maximum
amount of growth (Sysy) will occur when
the stock size is equal to half of Sy,x.

(c) The amount of biological growth G is zero
only at a stock size of zero and a stock size
of Syax. For all intermediate values, growth
is positive.

This last property may appear to be obviously
true, but it turns out to be seriously in error in
many cases. It implies that for any population
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Box 17.1 continued

(a) size greater than zero natural growth will lead

G(S) | to a population increase if the system is left
undisturbed. In other words, the population does
not possess any positive lower threshold level.

However, suppose there is some positive

population threshold level, Sy, such that the
population would inevitably and permanently
decline to zero if the actual population were

> ever to fall below that threshold. A simple

O | Swn Swsy Swx S generalisation of the logistic growth function
that has this property is:
(b) S
G(S) A G(S) = g(S - SMIN] 1- (17.4)
MAX

Note that if Sy = 0, equation 17.4 collapses

to the special case of equation 17.3. The
generalisation given by equation 17.4 is
illustrated in Figure 17.1(b). Several other
generalisations of the logistic growth model
exist. For example, the modified logistic model:

. S
G(S)=gS [1 SMAX]

has the property that for o > 1 there is, at low
(c) stock levels, depensation, which is a situation
G(S) 4 o where the proportionate growth rate (G(S)/S)
2 is an increasing function of the stock size,
as opposed to being a decreasing function
(compensation) in the simple logistic case
where o = 1. A biological growth function
exhibiting depensation at stock levels below
SP (and compensation thereafter) is shown in
Figure 17.1(c).
Finally, the generalised logistic function

> _ S S
0 sP Suax S G(S) = g[SMIN - 1} [1 - Sk ]S

exhibits what is known as critical depensation.
As with equation 17.4, the stock falls irreversibly
to zero if the stock ever falls below S,y. This
function is represented in Figure 17.1(d). It
should be evident that if a growth process

does exhibit critical depensation, then the
probability of the stock being harvested to
complete depletion is increased, and increased
considerably if Sy is a large proportion of Syx.

0 SMIN SMSY SMAX S

(d)
G(S)

Figure 17.1 (a) Simple logistic growth;
o 'S o S (b) Logistic growth with a minimum population
I S threshold; (c) Logistic growth with depensation;
(d) Logistic growth with critical depensation
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17.1.1 The status and role of logistic
growth models

The logistic growth model is a stylised representation
of the population dynamics of renewable resources.
The model is most suited to non-migratory species at
particular locations. Among fish species, demersal
or bottom-feeding populations of fish such as cod
and haddock are well characterised by this model.
The populations of pelagic or surface-feeding fish,
such as mackerel, are less well explained by the
logistic function, as these species exhibit significant
migratory behaviour. Logistic growth does not only
fit biological growth processes. Brown and McGuire
(1967) argue that the logistic growth model can also
be used to represent the behaviour of a freshwater
stock in an underground reservoir.

However, a number of factors which influence
actual growth patterns are ignored in this model,
including the age structure of the resource (which
is particularly important when considering stocks of
long-lived species such as trees or whales) and ran-
dom or chance influences. At best, therefore, it can
only be a good approximation to the true population
dynamics.

Judging the logistic model on whether it is the
best available at representing any particular renew-
able resource would be inappropriate for our present
purposes. One would not expect to find that bio-
logical or ecological modellers would use simple
logistic growth functions. They will use more com-
plex growth models designed specifically for particu-
lar species in particular contexts. But the needs of
the environmental economist differ from those of
ecological modellers. The former is willing to trade
off some realism to gain simple, tractable models
that are reasonably good approximations. It is for
this reason that much economic analysis makes use
of some version of the logistic growth function

Of more concern, perhaps, is the issue of whether
it is appropriate to describe a biological growth pro-
cess by any purely deterministic equation such those
given in Box 17.1. Ecological models typically spe-
cify growth as being stochastic, and linked in com-
plex ways to various other processes taking place
in more broadly defined ecosystems and subsystems.
We shall briefly explore these matters later in the
chapter.

17.2 Steady-state harvests

In this chapter, much of our attention will be
devoted to steady-state harvests. Here we briefly
explain the concept. Consider a period of time in
which the amount of the stock being harvested (H)
is equal to the amount of net natural growth of the
resource (G). Suppose also that these magnitudes
remain constant over a sequence of consecutive
periods. We call this steady-state harvesting, and
refer to the (constant) amount being harvested as a
sustainable yield.

Defining S as the actual rate of change of the
renewable resource stock, with S = G — H, it follows
that in steady-state harvesting S = 0 and so the
resource stock remains constant over time. What
kinds of steady states are feasible? To answer this,
look at Figure 17.2. There is one particular stock
size (Sysy) at which the quantity of net natural
growth is at a maximum (Gygy). If at a stock of Sysy
harvest is set at the constant rate H,,5y, we obtain a
maximum sustainable yield (MSY) steady state. A
resource management programme could be devised
which takes this MSY in perpetuity. It is sometimes
thought to be self-evident that a fishery, forest or
other renewable resource should be managed so as
to produce its maximum sustainable yield. We shall
see later that economic theory does not, in general,
support this proposition.

H,sy is not the only possible steady-state harvest.
Indeed, Figure 17.2 shows that any harvest level
between zero and Hygy is a feasible steady-state

GMSY = HMSY

Gy =H,

0 S Smsy Siu Suax

Figure 17.2 Steady-state harvests



Renewable resources

561

harvest, and that any stock between zero and Sy,x
can support steady-state harvesting. For example, H,
is a feasible steady-state harvest if the stock size is
maintained at either S;; or S,y. Which of these two
stock sizes would be more appropriate for attaining
a harvest level of H, is also a matter we shall inves-
tigate later.

Before moving on, it is important to understand
that the concept of a steady state is a heuristic device:
useful as a way of organising ideas and structuring
analysis. But, like all heuristic devices, a steady state
is a mental construct and using it uncritically can
be inappropriate or misleading. Fisheries and other
resource stocks are rarely, if ever, in steady states.
Conditions are constantly changing, and the ‘real
world’ is likely to be characterised by a more-or-less
permanent state of disequilibrium. For some prob-
lems of renewable resource exploitation the analysis
of transition processes is more important or insight-
ful than information about steady states. We shall
examine some of these ‘dynamic’ matters later in
the chapter. Nevertheless, we will proceed on the
assumption that looking at steady states is useful,
and next investigate their properties under various
institutional circumstances.

17.3 An open-access fishery

Our first model of renewable resource exploitation
is an open-access fishery model. In conformity
with the rest of this book, we study this using
continuous-time notation. However, the equations
which constitute the discrete-time equivalent of this
continuous-time model (and others examined later
in the chapter) are listed in full in Appendix 17.1.
These will be used at various places in the chapter
to give numerical illustrations of the arguments. The
numerical values shown in our illustrative examples
are computed using an Excel spreadsheet. Should
the reader wish to verify that the values shown are
correct, or to see how they would change under

alternative assumptions, we have made the two
spreadsheets used in our computations available to
the reader in the Additional Materials: Comparative
statics.xls and Fishery dynamics.xls. While we hope
that some readers (or instructors) will find them use-
ful, they are not necessary for an understanding of
the contents of this chapter.

It is important to be clear about what an open-
access fishery is taken to mean in the environmental
economics literature. The open-access fishery model
shares two of the characteristics of the standard
perfect competition model. First, if the fishery is
commercially exploited, it is assumed that this is
done by a large number of independent fishing
‘firms’. Therefore, each firm takes the market price
of landed fish as given. Second, there are no impedi-
ments to entry into and exit from the fishery. But the
free entry assumption has an additional implication
in the open-access fishery, one which is not present
in the standard perfect competition model.

In a conventional perfect competition model, each
firm has enforceable property rights to its resources
and to the fruits of its production and investment
choices. However, in an open-access fishery, while
owners have individual property rights to their
fishing capital and to any fish that they have actually
caught, they have no enforceable property rights
to the in situ fishery resources, including the fish
in the water.” On the contrary, any vessel is entitled
or is able (or both) to fish wherever its owner likes.
Moreover, if any boat operator chooses to leave
some fish in the water in order that future stocks will
grow, that owner has no enforceable rights to the
fruits of that investment. It is as if a generalised
‘what one finds one can keep’ rule applies to fishery
resources. We shall see in a moment what this state
of affairs leads to. First, though, we need to set up
the open-access fishery model algebraically.

The open-access model has two components:

1. a biological sub-model, describing the natural
growth process of the fishery;

2. an economic sub-model, describing the
economic behaviour of the fishing boat owners.

2

mobile (or both).

This lack of de facto enforceability may derive from the fact that the fish are spatially mobile, or from the fact that boats are spatially
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Table 17.1 The open-access fishery model

General specification Specific forms assumed

BIOLOGICAL SUB-MODEL:

Biological growth (17.5, 17.3)
ECONOMIC SUB-MODEL:

Fishery production function (17.6, 17.7)
Net growth of fish stock (17.8)
Fishery costs (17.9, 17.10)
Fishery revenue (17.11)
Fishery profit (17.12)
Fishing effort dynamics: (17.13)

open-access entry rule
BIOECONOMIC EQUILIBRIUM CONDITIONS:

(17.14)
(17.15)

Biological equilibrium

Economic equilibrium

dS/dt = G(S) G(S) = g[l - 5 ]S
SMAX

H=H(E,S) H =¢ES

dS/dt=G(S)-H ds/de = g(l - 5 )S -H
SMAX

C=C(E) C=wE

B = PH, P constant B= PH, P constant

NB=B-C NB =B - C=PeES —wE

dE/dt = -NB dE/dr = 8(PeES — wE)

G=H G=H

E = E* at which NB =0 E = E* at which NB =0

Note: Numbers in parentheses refer to the appropriate equation number in the text.

The model is laid out in full in Table 17.1. Sub-
sequent parts of this section will take you through
each of the elements described there. We shall
be looking for two kinds of ‘solutions’ to the
open-access model. The first is its equilibrium
(or steady-state) solution. This consists of a set of
circumstances in which the resource stock size is
unchanging over time (a biological equilibrium)
and the fishing fleet is constant with no net inflow
or outflow of vessels (an economic equilibrium).
Because the steady-state equilibrium is a joint
biological-economic equilibrium, it is often referred
to as bioeconomic equilibrium.

The second kind of solution we shall be looking
for is the adjustment path towards the equilibrium,
or from one equilibrium to another as conditions
change. In other words, our interest also lies in the
dynamics of renewable resource harvesting. This
turns out to have important implications for whether
a fish population may be driven to exhaustion, and
indeed whether the resource itself could become
extinct. The properties of such adjustment paths are
examined in Section 17.4.

17.3.1 The model described

17.3.1.1 Biological sub-model

In the absence of harvesting and other human inter-
ference, the rate of change of the stock depends on
the prevailing stock size

ds/dr = G(S) (17.5)

For our worked numerical example, we assume that
the particular form taken by this growth function is
the simple logistic growth model given by equation
17.3.

17.3.1.2 Economic sub-model

17.3.1.2.1 The harvest function (or fishery
production function)

Many factors determine the size of the harvest, H, in
any given period. Our model considers two of these.
First, the harvest will depend on the amount of
resources devoted to fishing. In the case of marine
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fishing, these include the number of boats deployed
and their efficiency, the number of days when
fishing is undertaken and so on. For simplicity,
assume that all the different dimensions of harvest-
ing activity can be aggregated into one magnitude
called effort, E.

Second, except for schooling fisheries, it is prob-
able that the harvest will depend on the size of the
resource stock.® Other things being equal, the larger
the stock the greater the harvest for any given level
of effort. Hence, abstracting from other determin-
ants of harvest size, including random influences,
we may take harvest to depend upon the effort
applied and the stock size. That is

H=H(E,S) (17.6)

This relationship can take a variety of particular
forms. One very simple form appears to be a good
approximation to actual relationships (see Schaefer,
1954 and Munro, 1981, 1982), and is given by

H=¢ES (17.7)

where e is a constant number, often called the catch
coefficient.* Dividing each side by E, we have

which says that the quantity harvested per unit effort
is equal to some multiple (e) of the stock size. We
have already defined the fish-stock growth function
with human predation as the biological growth func-
tion less the quantity harvested. That is,

S=G(S)-H (17.8)

17.3.1.2.2 The costs, benefits and
profits of fishing

The total cost of harvesting, C, depends on the
amount of effort being expended

C=C(E) (17.9)

For simplicity, harvesting costs are taken to be a
linear function of effort,

C=wE (17.10)

where w is the cost per unit of harvesting effort,
taken to be a constant.’

Let B denote the gross benefit from harvesting
some quantity of fish. The gross benefit will depend
on the quantity harvested, so we have

B =B(H)

In a commercial fishery, the appropriate measure of
gross benefits is the total revenue that accrues to
firms. Assuming that fish are sold in a competitive
market, each firm takes the market price P as given
and so the revenue obtained from a harvest H is
given by®

B=PH 17.11)
Fishing profit is given by
NB=B-C 17.12)

17.3.1.2.3 Entry into and exit from the fishery

To complete our description of the economic sub-
model, it is necessary to describe how fishing effort
is determined under conditions of open access. A
crucial role is played here by the level of economic
profit prevailing in the fishery. Economic profit is

2 See Discussion Question 4 for more on this matter and the

notion of schooling and non-schooling fisheries.

4 The use of a constant catch coefficient parameter is a simpli-
fication that may be unreasonable, and is often dropped in more
richly specified models. Note also that equation 17.7 can be
regarded as a special case of the more general form H = eE®SP
in which the exponents need not be equal to unity. In empirical
modelling exercises, this more general form may be more appro-
priate. Another form of the harvest equation sometimes used is the
exponential model H = S(1 — exp(—€eE)).

® The equation C = wE imposes the assumption that harvesting
costs are linearly related to fishing effort. However, Clark et al.
(1979) explain that this assumption will be incorrect if capital costs

are sunk (unrecoverable); moreover, they show that even in a
private-property fishery (to be discussed later in the chapter), it
can then be privately optimal to have severely depleted fish stocks
as the fishery approaches its steady-state equilibrium (although the
steady-state equilibrium itself is not affected by whether or not
costs are sunk). We return to this matter later.

¢ We could justify this assumption either by saying that the har-
vesting industry being examined is a small part of a larger overall
market, or by arguing that the resource market is competitive,
in which case each firm acts as if the market price is fixed (even
though price will actually depend ex post on the realised total
market supply).
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the difference between the total revenue from the
sale of harvested resources and the total cost
incurred in resource harvesting. Given that there is
no method of excluding incomers into the industry,
nor is there any way in which existing firms can
be prevented from changing their level of harvesting
effort, effort applied will continue to increase as
long as it is possible to earn positive economic
profit.” Conversely, individuals or firms will leave
the fishery if revenues are insufficient to cover the
costs of fishing. A simple way of representing this
algebraically is by means of the equation

dE/dr = 3-NB (17.13)

where O is a positive parameter indicating the
responsiveness of industry size to industry profitab-
ility. When economic profit (NB) is positive, firms
will enter the industry; and when it is negative they
will leave. The magnitude of that response, for any
given level of profit or loss, will be determined by
d. Although the true nature of the relationship is
unlikely to be of the simple, linear form in equation
17.13, this suffices to capture what is essential.

17.3.1.2.4 Bioeconomic equilibrium

We close our model with two equilibrium conditions
that must be satisfied jointly. Biological equilibrium
occurs where the resource stock is constant through
time (that is, it is in a steady state). This requires that
the amount being harvested equals the amount of net
natural growth:

G=H (17.14)

Economic equilibrium requires that the amount of
fishing effort be constant through time. Such an
equilibrium is only possible in open-access fisheries
when rents have been driven to zero, so that there
is no longer an incentive for entry into or exit from
the industry, nor for the fishing effort on the part of
existing fishermen to change. We express this by the
equation

NB=B-C=0 (17.15)

which implies (under our assumptions) that PH
= wE. Notice that when this condition is satisfied,
dE/dt = 0 and so effort is constant at its equilibrium
(or steady-state) level E = E*.

17.3.2 Open-access steady-state equilibrium

We can envisage an open-access fishery steady-
state equilibrium by means of what is known as the
fishery’s yield—effort relationship. To obtain this,
first note that in a biological equilibrium H = G.
Then, by substituting the assumed functions for H
and G from equations 17.7 and 17.3 respectively we
obtain:

S
gS(l - j =¢eES (17.16)
SMAX
which can be rearranged to give
e
S=SMAX(1 ——E) (17.17)
8

Equation 17.17 is one equation in two endogenous
variables, E and S (with parameters g, e and Syax)-
It implies a unique equilibrium stock at each level of
effort.® Next substitute equation 17.17 into equation
17.7 (H = eES), giving

H= eESMAX(l - EEJ (17.18)
8

In an open-access economic equilibrium, profit is

Zero, so

PH=wE (17.19)

Equations 17.18 and 17.19 constitute two equations
in two unknowns (H and E); these can be solved for
the equilibrium values of the two unknowns as func-
tions of the parameters alone. The steady-state stock
solution can then be obtained by substituting the
expressions for H and E into equation 17.7. We list
these steady-state solutions in Box 17.2, together
with the numerical values of E, H and S under the

" The terms rent, economic rent, royalties and net price are used

as alternatives to economic profit. They all refer to a surplus of rev-
enue over total costs, where costs include a proper allowance for
the opportunity of capital tied up in the fishing fleet.

& This uniqueness follows from the assumption that G(S) is a

simple logistic function; it may not be true for other biological
growth models.
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Box 17.2 Analytical expressions for the open-
access steady-state equilibrium and numerical
solutions under baseline parameter assumption

The analytical expressions for E*, S* and H*
(where an asterisk denotes the equilibrium
value of the variable in question) as functions
of the model parameters alone are:

o1 LA (17.20)
e PeS,ax

sr= (17.21)
Pe

H =81 _¥ (17.22)
Pe 1S, s

Derivations of expressions 17.20—17.22 are
given in full in Appendix 17.2. Throughout
this chapter, we shall be illustrating our
arguments with results drawn from fishery
models using the parameter values shown in
Table 17.2. At various points in the chapter we
shall refer to these as the ‘baseline’ parameter
values. It can be easily verified that for this set
of parameter values, the steady-state solution
is given by E* = 8.0, S* = 0.2 and H* = 0.024.

Table 17.2 Parameter value assumptions for the
illustrative numerical example

Parameter Assumed numerical value

0.15
MAX 1
0.015
0.4
200
0.6

S 9D i

particular set of assumptions about numerical values
of the parameters given in Table 17.2.

This solution method can also be represented
graphically, as shown in Figures 17.3 and 17.4.
Figure 17.3 shows equilibrium relationships in stock—
harvest space. The inverted U-shape curve is the
logistic growth function for the resource. Three rays
emanating from the origin portray the harvest—
stock relationships (from the function H = eES)
for three different levels of effort. If effort were at
the constant level E|, then the unique intersection of
the harvest—stock relationship and biological growth

A
Hi=€ES /' Hysy = eEusyS
H, = eE,S
Hvsy = 8Svax/4 |- == f = ool

H2 1 !
1
1 |
HifF---- o
1 1 1
1 .
] 1
| -
: .

! L -

Sy Swsy Sz

= Syax/2

Figure 17.3 Steady-state equilibrium fish harvests and
stocks at various effort levels

H=(w/P)E

Figure 17.4 Steady-state equilibrium yield—effort
relationship

function determines a steady-state harvest level H,
at stock S;. The lower effort level E, determines a
second steady-state equilibrium (the pair {H,, S,}).
We leave the reader to deduce why the label Eygy
has been attached to the third harvest—stock rela-
tionship. The various points of intersection satisfy
equation 17.17, being equilibrium values of § for
particular levels of E. Clearly there is an infinite
quantity of possible equilibria, depending on what
constant level of fishing effort is being applied.

The points of intersection in Figure 17.3 not only
satisfy equation 17.17 but they also satisfy equation
17.18. Put another way, the equilibrium {E, S} com-
binations also map into equilibrium {E, H} combina-
tions. The result of this mapping from {E, S} space
into {E, H} space is shown in Figure 17.4. The
inverted U-shape curve here portrays the steady-
state harvests that correspond to each possible effort
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level. It describes what is often called the fishery’s
yield—effort relationship. Mathematically, it is a plot
of equation 17.18.

The particular point on this yield—effort curve that
corresponds to an open-access equilibrium will be
the one that generates zero economic profit. How do
we find this? The zero economic profit equilibrium
condition PH = wE can be written as H = (W/P)E.
For given values of P and w, this plots as a ray from
the origin with slope w/P in Figure 17.4. The inter-
section of this ray with the yield—effort curve locates
the unique open-access equilibrium outcome.

Alternatively, multiplying both functions in
Figure 17.4 by the market price of fish, P, we find
that the intersection point corresponds to PH = wE.
This is, of course, the zero profit condition, and con-
firms that {E,, Hp,} is the open-access effort—yield
equilibrium.

17.4 The dynamics of renewable
resource harvesting

Our discussion so far has been exclusively on steady
states: equilibrium outcomes which, once achieved,
would remain unchanged provided that relevant
economic or biological conditions remain constant.
However, we may also be interested in the dynamics
of resource harvesting. This would consider ques-
tions such as how a system would get to a steady
state if it were not already in one, or whether getting
to a steady state is even possible. In other words,
dynamics is about transition or adjustment paths.
Dynamic analysis might also give us information
about how a fishery would respond, through time, to
various kinds of shocks and disturbances.

A complete description of fishery dynamics is
beyond the scope of this book. But some important
insights can be obtained relatively simply. In this
section, we undertake some dynamics analysis for
the open-access model of Section 17.3. Suppose a
mature fishery exists that has not previously been
commercially exploited. The stock size is, therefore,
at its carrying capacity. The fishery now becomes
available for unregulated, open-access commercial
exploitation. If the market price of fish, P, is reason-
ably high and fishing cost (per unit of effort), w, is

reasonably low, the fact that stocks are high (and so
easy to catch) implies that the fishery will be, at least
initially, profitable for those who enter it. Have in
mind equations 17.7, 17.10, 17.11 and 17.12 when
thinking this through.

If a typical fishing boat can make positive eco-
nomic profit then further entry will take place. How
quickly new capacity is built up depends on the
magnitude of the parameter 6 in equation 17.13. In
this early phase, effort is rising over time as new
boats are attracted in, and stocks are falling. Stocks
fall because harvesting is taking place while new
recruitment to stocks is low: the logistic growth
function has the property that biological growth
is near zero when the stock is near its maximum
carrying capacity (equation 17.3). This process
of increasing E and decreasing S will persist for
some time, but it cannot last indefinitely. As stocks
become lower, fish become harder to catch and so
the cost per fish caught rises. Profits are squeezed
from two directions: harvesting cost per fish rises,
and fewer fish are caught.

Eventually, this profit squeeze will mean that a
typical boat makes a loss rather than a profit, and so
the process we have just described goes into reverse,
with stocks rising and effort falling. In fact, for
the model we are examining, the processes we are
describing here are a little more subtle than this. The
changes do not occur as discrete switches but instead
are continuous and gradual. We also find that stocks
and effort (and also harvest levels) have oscillatory
cycles with the stock cycles slightly leading the
effort cycles. In some circumstances, these oscilla-
tions dampen down as time passes, and the system
eventually settles to a steady-state outcome such as
that described in the previous section. We illustrate
such a transition process in Figure 17.5, where
parameter values are given by those shown in
Table 17.2. Note that the oscillations shown in this
diagram are particularly acute and have massive
amplitude; for other combinations of parameter
values, the cycles may be far less pronounced. In
this case, you should be able to discern that, given
enough time, the levels of S and E will settle down
to the steady-state values S* = 0.2 and E* = 8.0.

The oscillations exhibited by the dynamic
adjustment path in Figure 17.5 — with the variables
repeatedly over- and under-shooting equilibrium
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Box 17.3 A story of two fish populations

One species of fish — the Peruvian anchovy —

and one group of commercial fish — New England
groundfish — provide us with case studies of the
mismanagement and economic inefficiency
which often characterise the world’s commercial
fisheries. In this box, we summarise reviews of
the recent historical experiences of these two
fisheries; the reviews are to be found in WR
(1994), chapter 10.

Peruvian anchovy are to be found in the
Humboldt Upswelling off the west coast of
South America. Upswellings of cold, nutrient-
rich water create conditions for rich commercial
fish catches. During the 1960s and 1970s, this
fishery provided nearly 20% of the world’s fish
landings. Until 1950, Peruvian anchovy were
harvested on a small scale, predominantly for
local human consumption, but in the following
two decades the fishery increased in scale
dramatically as the market for fishmeal grew. The
maximum sustainable yield (MSY) was estimated
as 9.5 million tonnes per year, but that figure was
being exceeded by 1970, with harvests beyond
12 million tonnes. In 1972, the catch plummeted.
This fall was partially accounted for by a cyclical
natural phenomenon, the arrival of the El Nifio
current. However, it is now recognised that the
primary cause of the fishery collapse (with the
catch down to just over 1 million tonnes in the
1980s) was the conjunction of overharvesting
with the natural change associated with El Nifio.
Harvesting at rates above the MSY can lead to
dramatic stock collapses that can persist for
decades, and may be irreversible (although, in
this case, anchovy populations do now show
signs of recovery).

The seas off the New England coast have been
among the most productive, the most intensively
studied and the most heavily overfished in the
world since 1960. The most important species in
commercial terms have been floor-living species
including Atlantic cod, haddock, redfish, hake,
pollock and flounder. Populations of each are
now near record low levels. Although overfishing
is not the only contributory factor, it has almost
certainly been the principal cause of stock
collapses. The New England fisheries are not
unusual in this; what is most interesting about
this case is the way in which regulatory schemes
have failed to achieve their stated goals. In effect,
self-regulation has been practised in these
fisheries and, not surprisingly perhaps,
regulations have turned out to avoid burdening
current harvesters. This is a classic example of
what is sometimes called ‘institutional capture’:
institutions which were intended to regulate
the behaviour of firms within an industry, to
conform with some yardstick of ‘the common
good’, have in effect been taken over by those
who were intended to be regulated, who then
design administrative arrangements in their
own interest. The regulations have, in the final
analysis, been abysmal failures when measured
against the criterion of reducing the effective
quantity of fishing effort applied to the New
England ground fisheries.

Long-term solutions to overfishing will require
strict quantity controls over fishing effort, either
by direct controls over the effort or techniques
of individual boats, or through systems of
transferable, marketable quotas. We investigated
some of these instruments in Chapter 7 and do
so further later in this chapter.

a bargain could be made and not reneged upon are
very unlikely to exist. Each potential bargainer has an
incentive to free-ride once a bargain has been struck,
by increasing his or her harvest while others reduce
theirs. Moreover, even if all existing parties were to
agree among themselves, the open-access conditions
imply that others could enter the market as soon
as rents became positive. Open-access resources
thus have one of the properties of a public good —
non-excludability — and this alone is sufficient to
make it likely that markets will fail to reach efficient
outcomes.

17.6 The private-property fishery

In an open-access fishery, firms exploit available
stocks as long as positive profit is available. While
this condition persists, each fishing vessel has an
incentive to maximise its catch. But there is a
dilemma here, both for the individual fishermen
and for society as a whole. From the perspective
of the fishermen, the fishery is perceived as being
overfished. Despite each boat owner pursuing maxi-
mum profit, the collective efforts of all drive profits
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down to zero. From a social perspective, the fishery
will be economically ‘overfished’” and the stock
level may (but will not necessarily) be driven down
to biologically dangerous levels.

What is the underlying cause of this state of
affairs? Although reducing the total catch today may
be in the collective interest of all (by allowing fish
stocks to recover and grow), it is not rational for
any fisherman to individually restrict fishing effort.
There can be no guarantee that he or she will receive
any of the rewards that this may generate in terms
of higher catches later. Indeed, there may not be
any stock available in the future. In such circum-
stances, each firm will exploit the fishery today to its
maximum potential, subject only to the constraint
that its revenues must at least cover its costs.

We shall now discuss a particular set of institu-
tional arrangements that could overcome some of
these dilemmas. These arrangements could be
described as the private-property fishery. This kind
of fishery — and several variants of it — have been
explored in depth in the fishery economics literature.
However, discussions of the private-property fishery
rarely make explicit the institutional assumptions
that lie behind it. It is important to do that, how-
ever, and so we shall now describe what the private-
property fishery is usually taken to mean (and the
sense in which we shall be using the term).

The private-property fishery has the following
three characteristics:

1. There is a large number of fishing firms, each
behaving as a price-taker and so regarding price
as being equal to marginal revenue. It
is for this reason that the industry is often
described as being competitive.

2. Each firm is profit- (or wealth-) maximising.

3. There is a particular structure of well-defined
and enforceable property rights to the fishery,
such that owners can control access to the
fishery and appropriate any rents that it is
capable of delivering.

What exactly is this particular structure of property
rights? Within the literature there are several (some-
times implicit) answers to this question. We shall
outline two of them. One view regards ‘the fishery’
as an aggregate of a large number of smaller indi-
vidual fisheries. Each of these sub-fisheries is pri-
vately owned by one firm that has property rights to
the fish which are there currently and at all points
in time in the future.® All harvested fish, however,
sell in one aggregate market at a single market price.
A second view regards the fishery as being managed
by a single entity which controls access to the fishery
and coordinates the activity of individual operators
to maximise total fishery profits (or wealth). Never-
theless, harvesting and pricing behaviour are com-
petitive rather than monopolistic.

Neither of these accounts is satisfactory as a state-
ment of what actually does exist, nor what might
realistically exist. The first faces problems in decid-
ing how to specify ownership rights to migratory
fish. Moreover, it could only be descriptively accur-
ate if the fishery in question is a huge, highly spa-
tially aggregated, fishery. The researcher does not
want to study at this level of aggregation. The
second concept — the coordinated fishery — seems
problematic in that we rarely, if ever, find examples
of such internally coordinated fisheries (except in
the case of fish farming and the like). And even if
one were to find examples, it is difficult to imagine
that they would operate as competitive fisheries
rather than as monopolies or cartels.'

But to label one or both of these views as descrip-
tively unrealistic is to miss the point somewhat.
They should be thought of in ‘as if” terms. That is,
we want a specification such that the industry
behaves as if each firm has its own ‘patch’ of fishery
that others are not permitted to exploit or as if it
were coordinated in the way mentioned above. Given
either of these as if assumptions, the researcher
can then reasonably assume that owners undertake
economically rational management decisions, and are
in a position to make investment decisions confident

° The owners of any fishing firm may, of course, lease or sell their
property rights to another set of individuals.

10 |n fact, two other variants of the private-property fishery some-
times discussed in the literature are actually these: the monopoly

fishery and the cartel fishery. However, given the fact that they are
so uncommon in practice, we do not deal with those models in
this text, except for a brief reference to monopoly fishery in
Appendix 17.3.
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in the belief that the returns on any investment made
can be individually appropriated. This is what dis-
tinguishes a private-property fishery fundamentally
from an open-access fishery.

An important benefit from thinking about prop-
erty rights carefully in this way is the help it gives in
developing public policy towards fishery regulation
and management. If we are confident that a par-
ticular property rights structure would bring about
socially efficient (or otherwise desirable) outcomes,
then policy instruments can be designed to mimic
that structure. We will argue below that an indi-
vidual transferable quota (ITQ) fishing permit sys-
tem can be thought of in this way.

17.6.1 The static profit-maximising private-
property fishery model

As we explained in the Introduction, our analysis of
the private-property fishery proceeds in two steps.
The first, covered in this section, develops a simple
static model of a private-property fishery in which
the passage of time is not explicitly dealt with.
In effect, the analysis supposes that biological and
economic conditions remain constant over some
span of time. It then investigates what aggregate
level of effort, stock and harvest would result if
each individual owner (with enforceable property
rights) managed affairs so as to maximise profits in
any arbitrarily chosen period of time. This way of
dealing with time — in effect, abstracting from it, and
looking at decisions in only one time period (but
which are replicated over successive periods) — leads
to its description as a static fishery model. We shall
demonstrate later that this analytical approach only
generates wealth-maximising outcomes if fishermen
do not discount future cash flows. More specifically,
the static private-property fishery turns out to be a
special case of a multi-period fishery model: the spe-
cial case in which owners use a zero discount rate.
The biological and economic equations of the
static private-property fishery model are identical
to those of the open-access fishery in all respects
but one: the open-access entry rule (dE/dr = 5-NB),
which in turn implies a zero-profit economic equi-
librium, no longer applies. Instead, owners choose
effort to maximise economic profit from the fishery.

Table 17.3 Steady-state solutions under baseline parameter
value assumptions

Open access Static private property

Stock 0.200 0.600
Effort 8.000 4.000
Harvest 0.024 0.036

This can be visualised with the help of Figure 17.4.
As we did earlier, multiply both functions by the
market price of fish. The inverted U-shape yield—
effort equation then becomes a revenue—effort
equation. And the ray emerging from the origin now
becomes PH = wE, with the right-hand side thereby
denoting fishing costs. Profit is maximised at the
effort level which maximises the surplus of revenue
over costs. Diagrammatically, this occurs where the
slopes of the total cost and total revenue curves are
equal. This in indicated in Figure 17.4 by the tangent
to the yield—effort function at Epp being parallel to
the slope of the H = (W/P)E line.

An algebraic derivation of the steady-state solu-
tion to this problem — showing stock, effort and
harvest as functions of the parameters — is given in
Box 17.4. It is easy to verify from the solution equa-
tions given there that the steady-state values of E, S
and H are given by E¥ = 4.0, S% = 0.60 and H};,
= 0.0360. To facilitate comparison, the numerical
values of the steady-state equilibrium stock, harvest
and effort under our baseline parameter assumptions,
for both open-access and static private-property
fishery, are reproduced in Table 17.3. Under the
assumptions we have made about functional forms,
the static private-property equilibrium will always
lead to a higher resource stock level and a lower
effort level than that which prevails under open
access. This is confirmed for our particular para-
meter assumptions, with the private-property stock
being three times higher and effort only half as large
as in open access.

The steady-state harvest may be higher, lower or
identical. This is evident from inspection of Figure
17.4. For the particular set of parameter values used
in our illustrative example, private-property harvest
is larger than open-access harvest, as shown in the
diagram. But it will not always be true that private-
property harvests exceed those under open access.
For example, if P were 80 (rather than 200) and all
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Box 17.4 Derivation of the static private-
property steady-state equilibrium for our
assumed functional forms

The derivation initially follows exactly that
given in Section 17.3.2, with equations 17.16
to 17.18 remaining valid here. However, the
zero profit condition (equation 17.19) is no
longer valid, being replaced by the profit-
maximisation condition:

Maximise NB = PH — wE (17.23)

Remembering that H = eES, and treating

E as the instrument variable, this yields the

necessary first-order condition,
d(PeES)/dE = d(WE)/JE (17.24)

Substituting equation 17.17 into 17.24 we
have

B[PeESMAX[l - EE]]/aE = (WE)/OE

8
from which we obtain after differentiation
(17.25)

2
PeSyx — 2PESMAX[E—] _—
g

That is, the marginal revenue of effort is
equal to the marginal cost of effort. This can
be solved for E}; (the subscript denoting
‘private property’) to give

Esn=L8l1_ W (17.26)
2 e PeS,ixx
Substitution of E};, into 17.17 gives
1PeSyax + W
Sf=——Mat (17.27)
o Pe
and then using H = eES we obtain*
Hy = Lol 5, - — (17.28)
v MAX ™ Do e o

" In the Excel spreadsheets, an alternative (but
exactly equivalent) version of this expression has been
used to generate the Excel formulas, namely

1 g(PeSyux — W)(PeSy\x + W)

Hp =
4 PP s

other parameter values were those specified in the
baseline set (listed in Table 17.2) then an open-
access fishery would produce H = 0.0375, the max-
imum sustainable yield of the fishery! In contrast,
a private-property fishery would in those circum-
stances yield only H = 0.0281.

The source of this indeterminacy follows from the
inverted U shape of the yield—effort relationship.
Although stocks will be higher under private prop-
erty than open access, the quadratic form of the
stock—harvest relationship implies that harvests will
not necessarily be higher with higher stocks.

17.6.2 Comparative statics

For convenience, we list in Table 17.4 the expres-
sions obtained in earlier sections for the steady-
state equilibria of E, H and S. We can use these
expressions to make qualitative predictions about
the effects of changing a particular parameter on
the equilibrium levels of S*, E* and H*. Doing this
is known as comparative statics. For example, how
will §* change as w rises or as P increases? Inspec-
tion of the formula in the top left cell shows that
open-access S* will increase if w increases and will
decrease if P increases. This is also true in the case
of the static private-property steady state, as can be
seen by inspection of the top right-hand-side cell.
Where the sign of a relationship cannot easily be
found by inspection, we may be able to obtain it
from the appropriate partial derivative. For example,
although it is easy in this case to confirm by inspec-
tion that a rise in w will increase open-access S*, this
inference is corroborated by the fact that the partial
derivative of S* with respect to w is 1/Pe. As P and
e are both positive numbers, the partial derivative

Table 17.4 Steady-state open-access and static private-
property equilibria compared

Open access Static private property

Stock g = 2 Sk, = 1 PeSuaxtw
Pe 2 Pe

1
Effort  E¥=%|1-—~ | pr=-81- Y
e PeSyx 2e PeSyx

RN ] PO
Pe PeS,;ax

1 w?
Harvest Hi,= _g(SMAX - —)
4 P’ Syax
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Table 17.5 Comparative static results

P w E g o
Open access
NG - + - 0 0
E* + - ? + 0
H* ? ? ? + 0

Static private property

S - + - 0 0
E% + - ? + 0
HY, + - + + 0

1/Pe is also positive. Sometimes, of course, the
direction of an effect cannot be signed unambigu-
ously; this should usually be evident by inspection
of the partial derivative.

Table 17.5 lists the signs of these effects from the
appropriate partial derivatives. A plus sign means
that the derivative is positive, a minus sign means
that the derivative is negative, 0 means that the
derivative is zero, and ? means that no sign can be
unambiguously assigned to the derivative (and so
we cannot say what the direction of the effect will be
without knowing the actual values of the parameters
that enter the partial derivative in question). Note
that variations in & have no effect on any steady-
state outcome (although they do affect how fast, if
indeed at all, such an outcome may be achieved).

17.6.3 The present-value-maximising
fishery model

The present-value-maximising fishery model gener-
alises the model of the static private-property
fishery. In doing so it formulates a model that has a
more sound theoretical basis and generates a richer
set of results. The essence of this model is that a

rational private-property fishery will organise its
harvesting activity so as to maximise the value of the
fishery. We shall refer to this value as the present
value (PV) of the fishery. In this section, we outline
how a model of a present-value-maximising fishery
can be set up, state the main results, and provide
interpretations of them. Full derivations have been
placed in Appendix 17.3. The individual com-
ponents of our model are very similar to those of
the static private fishery model. However, we now
bring time explicitly into the analysis by using an
intertemporal optimisation framework. Initially we
shall develop results using general functional forms.
Later in this section, solutions are obtained for the
specific functions and baseline parameter values
assumed earlier in this chapter.

As in previous sections of the chapter, we assume
that the market price of fish is a constant, exogen-
ously given, number. Moreover, as before, the
market is taken to be competitive. However, Appen-
dix 17.3 will also go through the more general case
in which the market price of fish varies with the size
of total industry catch, and will briefly examine a
monopolistic fishery.

It will be convenient to regard harvest levels as
the instrument (control) variable. To facilitate this,
we specify fishing costs as a function of the quantity
harvested and the size of the fish stock. Moreover,
it is assumed that costs depend positively on the
amount harvested and negatively on the size of the
stock.'>"® That is,

C,=CH,S) Cy>0,Cs<0

The initial population of fish is S, the natural growth
of which is determined by the function G(S). The
fishery owners select a harvest rate for each period
over the relevant time horizon (here taken to be

12 The reader may be confused about our formulation of the har-
vest cost function. In an earlier section, we wrote C = C(E), equa-
tion 17.9. But note that we have also assumed that H = H(E, S),
equation 17.6. If 17.6 is written as E in terms of H and S, and that
expression is then substituted into 17.9, we obtain C= C(H, S). It
is largely a matter of convenience whether we express costs in
terms of effort or in terms of harvest and stock. In our discussion
of open-access equilibrium, we chose to regard fishing effort as a
variable of interest and did not make that substitution. In this sec-
tion, our interest lies more in the variable H and so it is convenient
to make the substitution. But the results of either approach can be
found from the other.

3 There is another issue here that we should mention. The costs
of fishing should include a proper allowance for all the opportunity
costs involved. For land-based resources, the land itself is likely to
have alternative uses, and so its use in any one activity will have
a land opportunity cost. For fisheries, however, there is rarely
an alternative commercial use of the oceans, and so this kind of
opportunity cost is not relevant. However, from a social point of
view there may be important alternative uses of the oceans (for
example, as conserved sources of biodiversity). Hence a difference
can exist between costs as seen from a social and a private point
of view.



CHAPTER 18

This was the most unkindest cut of all.

Forest resources

William Shakespeare, Julius Caesar lll.ii (188)

Learning objectives

consequences

Having completed this chapter, the reader should be able to

m understand the various functions provided by forest and other woodland resources

m describe recent historical and current trends in forestation and deforestation

m recognise that plantation forests are renewable resources but natural — particularly primary — forests
are perhaps best thought of as non-renewable resources in which development entails irreversible

m explain the key differences between plantation forests and other categories of renewable resource

m understand the concepts of site value of land and land rent

m uUse a numerically parameterised timber growth model, in conjunction with a spreadsheet package,
to calculate appropriate physical measures of timber growth and yield; and given various economic
parameters, to calculate appropriate measures of cost and revenue

m obtain and interpret an expression for the present value of a single-rotation stand of timber

m using the expression for present value of a single rotation, obtain the first-order condition for

maximisation of present value, and recognise that this can be interpreted as a modified Hotelling rule
m undertake comparative static analysis to show how the optimal stand age will vary with changes in
relevant economic parameters such as timber prices, harvesting costs and interest (or discount) rate
m specify an expression for the present value of an infinite sequence of identical forest rotations, obtain
an analytic first-order expression for maximisation of that present value with respect to the rotation
age, and carry out comparative static analysis to ascertain how this varies with changes in economic

parameters

Introduction

This chapter is concerned with forests and other
wooded land. In the first section, the present state
of global forest resources is briefly described. We
then consider several salient characteristics of forest
resources. This draws your attention to some of the

particular characteristics of forest resources that dif-
ferentiate its study from that of fisheries, the prin-
cipal focus of Chapter 17.

Roughly speaking, forest resources can be divided
into three categories: natural forests, semi-natural
(disturbed or partly developed) forests, and plantation
forests." As we shall see, these are very different in
terms of the services that they provide. Our attention

1

densely stocked) woodland.

Except where it is necessary to distinguish between the two, we shall use the word ‘forest’ to refer to both forested land and (the less
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in this chapter is largely given to the two ‘extreme’
cases of natural and plantation forests. Semi-natural
forests are a hybrid form, and will share character-
istics of the two other cases depending on the extent
to which they have been disturbed or managed.

Section 18.3 considers plantation forests. The
analysis of plantation forestry is well developed, and
it has been the object of an important sub-discipline
within economics for well over a century. A planta-
tion forest is a renewable resource, and the tech-
niques we outlined in the previous chapter can be
applied to the analysis of it. However, the long span
of time taken by trees to reach maturity means that
the age at which a stand of trees is cut — the rotation
period — is of central (but not exclusive) importance,
and is the dimension on which our analysis focuses.

Initially, our emphasis is on the timber yielded by
managed forest land. However, all forests — even
pure plantation forests — provide a wide variety of
other, non-timber, benefits. Forestry policy in many
countries is giving increasing weight to non-timber
values in forest management choices. Section 18.4
investigates the question of how forests should be
managed when they are used, or generate values, in
multiple ways.

Not surprisingly, natural (undisturbed) forests
are biologically the most diverse and perform a
much broader range of ecological, amenity and
recreational and other economic services than do
plantation forests. We devote the latter part of this
chapter, therefore, to looking at deforestation of nat-
ural woodland. Particular attention is paid to tropical
deforestation, an issue that has become the subject
of extensive study within environmental economics
in recent decades.

Plantation forests are renewable resources. Does
the same hold for undisturbed natural forests? The
fact that trees can grow and reproduce suggests that
this is so. But a little reflection suggests that matters
are not quite so straightforward. If we think about
natural forests as ecosystems providing multiple
services, and recognise that the ways in which such
forests are typically ‘developed’ or disturbed gener-
ate irreversible changes, it becomes clear that they
share some of the characteristics of non-renewable
resources. Hence it may be preferable, under pre-
sent conditions at least, to regard natural forests as
existing in more-or-less fixed quantities and once

‘mined’ as being irreversibly lost as natural forests.
Although trees may subsequently grow in areas once
occupied by natural forest, the gestalt of what con-
stitutes a natural forest cannot be replaced (except
over extremely long spans of time). We examine
these issues in Section 18.6.

Sections 18.2 and 18.3 make extensive use of
economic models of forestry. Several illustrative
examples are used in those parts of the chapter. To
allow the reader to replicate our results, and to
explore the properties of these models a little further,
all calculations in this chapter — and all associated
diagrams — are performed using Excel workbooks.
Chapterl8.xls contains the calculations and charts
used in the main body of the chapter. Palcl8.xls
contains computations used in Appendix 18.2 and
some of the problems at the end of this chapter.
Details of other associated Excel files are given
below at appropriate places. These files can be found
on the Additional Materials web page.

18.1 The current state of world forest
resources

The latest available comprehensive assessment of
the state of the world’s forest resources is contained
in the Global Forest Resources Assessment 2000
(known as ‘FRA 2000’), undertaken by the Food
and Agriculture Organisation of the United Nations
(FAO, 2001). The complete report is available
online by searching from the forestry section of the
FAO web site at www.fao.org/forestry/index.jsp.
Material in this section is largely drawn from that
report.

The information found in that report can be use-
fully summarised by means of two tables. Table 18.1
shows forested and wooded area disaggregated by
continents and sub-continental regions; Table 18.2,
at a higher but different level of aggregation, shows
changes in forested area by forest type for tropical
and non-tropical areas. It is evident by inspection of
these tables that forested area is in a state of flux,
with areas being both won and lost to forest and
other woodland. The overall effect, however, is one
of falling total forest area, with 9.4 million hectares
being lost in net terms in the decade to 2000.
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Table 18.2 Forest area changes 1990-2000 in tropical and non-tropical areas (million ha/year)

Domain Natural forest Forest plantations Total forest
Losses Gains Net Gains Net Net
- - change - X change change
Deforestation Conversion Total Conversion from  Afforestation
(to other (to forest loss natural forest
land use) plantations) (reforestation)
Tropical —14.2 -1 -152 +1 -142  +1 +0.9 +1.9 -12.3
Non-tropical — —0.4 -0.5 -09 +2.6 +1.7  +0.5 +0.7 +1.2 +2.9
Global -14.6 -1.5 -16.1 +3.6 -125 +1.5 +1.6 +3.1 -9.4

Source: FRA 2000. Table 49-1, p. 334

As Table 18.1 shows, in the year 2000 forests —
defined to be areas with at least 10% canopy cover —
covered nearly 3.9 billion hectares, of which 95%
was natural forest and 5% forest plantations. The
former is typically not managed at all (and where
it is managed, is not done so primarily for timber
production), whereas plantations are commercially
operated resources, managed predominantly for
timber revenues. While the proportion of plantation
forests in total forest land is relatively small, it is
growing quickly, at an average of 3.1 million hectares
per year during the 1990s. Of this, 1.5 million hec-
tares was converted from natural forest and 1.6 mil-
lion was on land previously under non-forestry use.

Although the area of plantation forests is relat-
ively small (5% of all forest area), their import-
ance in timber supply is substantially greater (35%
of all roundwood — all wood in the rough, for both
domestic and industrial purposes — is derived from
plantations). Moreover the expansion of plantations
has important effects on fuelwood availability,
reducing the pressures on natural forests to provide
this resource.

Of total forest area, 47% is found in the tropical
zone, 9% in the sub-tropics, 11% in the temperate
zone and 33% in the boreal zone. Natural forests
continue to be lost or converted to other uses at high
rates. Between 1990 and 2000, 4.2% of the world’s
total natural forest area (16.1 million hectares) was
lost, with most of this occurring in the tropics (15.2
million hectares). Overall, the picture portrayed in
Tables 18.1 and 18.2 shows

= a net loss of world forest area during the 1990s
of 2.4%;

m a large loss in tropical forest cover with a much
smaller gain in non-tropical forest area;

» a large loss in natural forest area with a much
smaller gain in forest plantation area;

» for the broad aggregates considered here, a loss
in total forest area in all regions except Europe
and temperate North America.

The loss of natural (or primary) forests is a major
cause for concern, and one we investigate at length
later in the chapter. However, it does appear (see
FAO, 2001, p. 343 in web manuscript version) that
the net loss of forest land was slower in the 1990s
than in the 1980s. This seems to be due to the more
rapid expansion of secondary natural forests in the
later period, with forest returning to land in which
agriculture has been discontinued. Whether the ser-
vices currently being lost from disappearing prim-
ary forests are replaced by the services of maturing
secondary natural forests is a moot, but highly
important, point.

18.2 Characteristics of forest resources

Let us begin by summarising some of the key
characteristics of forest resources, noting several
similarities and differences between forest and fish
resources.

1. While fisheries typically provide a single
service, forests are multi-functional. They
directly provide timber, fuelwood, food, water
for drinking and irrigation, stocks of genetic
resources, and other forest products. Moreover,
as ecosystems, forests also provide a wide
variety of services, including removal of air
pollution, regulation of atmospheric quality,
nutrient cycling, soil creation, habitats for
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humans and wildlife, watershed maintenance,
recreational facilities and aesthetic and other
amenities. Because of the wide variety of
functions that forests perform, timber managed
for any single purpose generates a large
number of important external effects. We
would expect that the management of
woodland resources is often economically
inefficient because of the presence of these
external effects.

2. Woodlands are capital assets that are
intrinsically productive. In this, they are no
different from fisheries, and so the techniques
we developed earlier for analysing efficient and
optimal exploitation should also be applicable
(albeit with amendments) to the case of forest
resources.

3. Trees typically exhibit very long lags between
the date at which they are planted and the date
at which they attain biological maturity. A tree
may take more than a century to reach its
maximum size. The length of time between
planting and harvesting is usually at least 25
years, and can be as large as 100 years. This is
considerably longer than for most species of
fish, but not greatly different from some large
animals.

4. Unlike fisheries, tree harvesting does not
involve a regular cut of the incremental
growth. Forests, or parts of forests, are usually
felled in their entirety. It is possible, however,
to practise a form of forestry in which
individual trees are selectively cut. Indeed, this
practice was once common, and is now again
becoming increasingly common, particularly
where public pressure to manage forests in a
multiple-use way is strong. This form of felling
is similar to the ‘ideal’ form of commercial
fishing in which adult fish are taken, leaving
smaller, immature fish unharvested for a later
catch.

5. Plantation forestry is intrinsically more
controllable than commercial marine fishing.

Tree populations do not migrate spatially, and
population growth dynamics are simpler, with
less interdependence among species and less
dependence on relatively subtle changes in
environmental conditions.
6. Trees occupy potentially valuable land.
The land taken up in forestry often has an
opportunity cost. This distinguishes woodlands
from both ocean fisheries (where the ocean
space inhabited by fish stocks usually has
no value other than as a source of fish) and
mineral deposits (where the space occupied
by deposits has little or no economic value).
7. The growth in volume or mass of a single
stand of timber, planted at one point in time,
resembles that illustrated for fish populations
in the previous chapter.

To illustrate the assertion made in point 7, we
make use of some data reported in Clawson (1977).
This refers to the volume of timber in a stand of US
Northwest Pacific region Douglas firs. Let S denote
the volume, in cubic feet, of standing timber and ¢
the age in years of the stand since planting. (For sim-
plicity, we shall use a year to denote a unit of time.)
The age—volume relationship estimated by Clawson
for a typical single stand is

S =40zt + 3.1£* — 0.016¢°

Figure 18.1(a) plots the volume of timber over a
period up to 145 years after planting. The volume
data is listed in the second column in Table 18.3.
It is evident from the diagram that an early phase
of slow growth in volume is followed by a period
of rapid volume growth, after which a third phase of
slow growth takes place as the stand moves towards
maturity. The stand becomes biologically mature
(reaches maximum volume with zero net growth) at
approximately 135 years.’

How does the amount of annual growth vary with
the volume of timber, S? The amount of growth is
listed in the third column of Table 18.3, and the
growth—-volume relationship is plotted in Figure
18.1(b).* Although the biological growth function is

2 Inspection of Clawson’s estimated timber growth equation

shows that growth becomes negative after (approximately) 135
years. The equation should be regarded as being a valid repres-

entation of the growth process only over the domain t = O to
t=135.

8 Table 18.3 (in a more complete form) and Figures 18.1 (a) and
(b) are all generated in the Excel workbook Chapter18.xls.
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Figure 18.1 (a) The volume of timber in a single stand over time; (b) Biological growth of a single stand of timber

not logistic in this case, it is very similar in form to
simple logistic growth, being a quadratic function
(with an inverted U-shaped profile).

Inspection of Figure 18.1(b) or Table 18.3 shows
that the biological growth function for one stand

reaches a peak annual increment of 240 cubic feet
65 years after planting at a total standing-timber
volume of approximately 11 300 cubic feet. When
discussing a fishery, we labelled the periodic incre-
ment at which the growth function is maximised the
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‘maximum sustainable yield’. But for a stand of
trees all planted at one point in time, the concept
of a sustainable yield of timber is not meaningful
(except for specialised activities such as coppicing).
While one can conceive of harvesting mature fish
while leaving younger fish to grow to maturity, this
cannot happen on a continuous basis in a single-aged
forest stand. However, when there are many stands
of trees of different ages, it is meaningful to talk
about sustainable yields. This is something we shall
discuss later.

18.3 Commercial plantation forestry

There is a huge literature dealing with efficient timber
extraction. We attempt to do no more than present a
flavour of some basic results, and refer the reader to
specialist sources of further reading at the end of the
chapter. An economist derives the criterion for an
efficient forest management and felling programme
by trying to answer the following question:

What harvest programme is required in order that
the present value of the profits from the stand of
timber is maximised?

The particular aspect of this question that has most
preoccupied forestry economists is the appropriate
time after planting at which the forest should be
felled. As always in economic analysis, the answer
one gets to any question depends on what model is
being used. We begin with one of the most simple
forest models, the single-rotation commercial forest
model. Despite its lack of realism, this model offers
useful insights into the economics of timber harvest-
ing. However, as we shall see later in the chapter,
that which is privately optimal may not be socially
efficient. In particular, where private costs and
benefits fail to match their social counterparts, a
wedge may be driven between privately and socially
efficient behaviour. For the moment, we put these
considerations to one side.

18.3.1 A single-rotation forest model

Suppose there is a stand of timber of uniform type
and age. All trees in the stand were planted at the
same time, and are to be cut at one point in time. Once
felled, the forest will not be replanted. So only one
cycle or rotation — plant, grow, cut — is envisaged.
For simplicity, we also assume that

= the land has no alternative uses so its opportunity
cost is zero;

= planting costs (k), marginal harvesting costs (c)
and the gross price of felled timber (P) are
constant in real terms over time;

» the forest generates value only through the
timber it produces, and its existence (or felling)
has no external effects.

Looked at from the point of view of the forest
owner (which, for simplicity, we take to be the same
as the landowner), what is the optimum time at
which to fell the trees? The answer is obtained by
choosing the age at which the present value of pro-
fits from the stand of timber is maximised. Profits
from felling the stand at a particular age of trees are
given by the value of felled timber less the planting
and harvesting costs. Notice that because we are
assuming the land has no other uses, the opportunity
cost of the land is zero and so does not enter this
calculation. If the forest is clear-cut at age 7, then
the present value of profit is

(P—0)SpeT—k=pS,e’™—k (18.1)

where S; denotes the volume of timber available for
harvest at time 7, p (in lower-case, note) is the net
price of the harvested timber, and i is the private
consumption discount rate (which we suppose is
equal to the opportunity cost of capital to the
forestry firm).

The present value of profits is maximised at that
value of T which gives the highest value for pS;e™"
— k. To maximise this quantity, we differentiate
equation 18.1 with respect to 7, using the product
rule, set the derivative equal to zero and solve for T:*

4 Note from the first of these steps that k does not enter the first

derivative, and so immediately we find that in a single rotation
model, planting costs have no effect on the efficient rotation length

(provided that k is not so large as to make the maximised present
value negative).
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Equation 18.2 states that the present value of profits
is maximised when the rate of growth of the (undis-
counted) net value of the resource stock is equal to
the private discount rate. Note that with the timber
price and harvesting cost constant, this can also be
expressed as an equality between the proportionate
rate of growth of the volume of timber and the dis-
count rate. That is,

200

ds
. _dT ,
i=— 18.2
s, (18.2)

We can calculate the optimal, present-value-
maximising age of the stand for the illustrative data
in Table 18.3. These calculations, together with the
construction of the associated graphs are reproduced
in the Excel workbook Chapterl8.xls which can be
downloaded from the Additional Materials web
page. In these calculations, we assume that the mar-
ket price per cubic foot of felled timber is £10, total
planting costs are £5000, incurred immediately the
stand is established, and harvesting costs are £2 per
cubic foot, incurred at whatever time the forest is
felled. The columns labelled R1, C1 and NB1 list the
present values of revenues and costs and profits
(labelled Net benefit in the table) for a discount
rate of zero. Note that when i = 0, present values
are identical to undiscounted values. The level of the
present value of profits (NB1) over time is shown in
Figure 18.2. Net benefits are maximised at 135
years, the point at which the biological growth of the
stand (dS/dr) becomes zero. With no discounting and
fixed timber prices, the profile of net value growth of
the timber is identical to the profile of net volume
growth of the timber, as can be seen by comparing
Figures 18.1(a) and 18.2.
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Figure 18.2 Present values of net benefits at i = 0.00 (NB1) and i = 0.03 (NB2)
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Figure 18.3 The variation of the optimal felling age with the interest rate, for a single-rotation forest

It is also useful to look at this problem in another
way. The interest rate to a forest owner is the oppor-
tunity cost of the capital tied up in the growing
timber stand. When the interest rate is zero, that
opportunity cost is zero. It will, therefore, be in the
interests of the owner to not harvest the stand as long
as the volume (and value) growth is positive, which
it is up to an age of 135 years. Indeed, inspection of
equation 18.2’ confirms this; given that S is positive,
when i = 0 dS/dt must be zero to satisfy the first-
order maximising condition.

Now consider the case where the discount rate is
3%. The columns labelled R2, C2 and NB2 in Table
18.3 refer to the present values of revenues, costs
and profits when the interest rate is 3%. The present
value of profits at a discount rate of 3% is also plot-
ted in Figure 18.2, under the legend NB2. With a
3% discount rate, the present value of the forest is
maximised at a stand age of 50 years.

Expressed in a way that conforms to equation 8.2,
the growth of undiscounted profits,

das
Par
PSr

equals i (at 3%) in year 50, having been larger than

3% before year 50 and less than 3% thereafter. This

is shown by the ‘ = 3%’ line which has an identical
slope to that of the NB1 curve at ¢t = 50 in Figure
18.2. At that point, the growth rate of undiscounted
timber value equals the interest rate. A wealth-max-
imising owner should harvest the timber when the
stand is of age 50 years — up to that point, the return
from the forest is above the interest rate, and beyond
that point the return to the forest is less than the
interest rate.

The single-rotation model we have used shows
that the optimal time for felling will depend upon the
discount rate used. It can be seen from our calcula-
tions that this effect can be huge. A rise in the dis-
count rate from zero to 3% not only dramatically
lowers the profitability of the forest but also signific-
antly changes the shape of the present-value profile,
reducing the age at which the forest should be felled
(in our illustrative example) from 135 to 50 years.

More generally, it is clear from our previous argu-
ments that as the interest rate rises the age at which
the stand is felled will have to be lowered in order to
bring about equality between the rate of change of
undiscounted net benefits and the discount rate. In
Figure 18.3, we illustrate how the optimal felling age
varies with the interest rate for our illustrative data.
While the exact relationship shown is only valid
under the assumptions used here, it does suggest that
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small changes in interest rates might dramatically
alter privately optimal harvesting programmes.

18.3.2 Infinite-rotation forestry models

The forestry model we investigated in the previous
section is unsatisfactory in a number of ways. In par-
ticular, it is hard to see how it would be meaningful
to have only a single rotation under the assumption
that there is no alternative use of the land. If price
and cost conditions warranted one cycle then surely,
after felling the stand, a rational owner would con-
sider further planting cycles if the land had no other
uses? So the next step is to move to a model in
which more than one cycle or rotation occurs. The
conventional practice in forestry economics is to
analyse harvesting behaviour in an infinite time
horizon model (in which there will be an indefinite
quantity of rotations). A central question investig-
ated here is what will be the optimal length of each
rotation (that is, the time between one planting and
the next).

When the harvesting of one stand of timber is to
be followed by the establishment of another, an
additional element enters into the calculations. In
choosing an optimal rotation period, a decision to
defer harvesting incurs an additional cost over that
in the previous model. We have already taken
account of the fact that a delay in harvesting has
an opportunity cost in the form of interest forgone
on the (delayed) revenues from harvesting. But a
second kind of opportunity cost now enters into the
calculus. This arises from the delay in establishing
the next and all subsequent planting cycles. Timber
that would have been growing in subsequent cycles
will be planted later. So an optimal harvesting and
replanting programme must equate the benefits of
deferring harvesting — the rate of growth of the
undiscounted net benefit of the present timber stand
— with the costs of deferring that planting — the
interest that could have been earned from timber
revenues and the return lost from the delay in estab-
lishing subsequent plantings.

Our first task is to construct the present-value-
of-profits function to be maximised for the infinite-
rotation model. We continue to make several
simplifying assumptions that were used in the
single-rotation model: namely, the total planting

cost, k, the gross price of timber, P, and the harvest-
ing cost of a unit of timber, ¢, are constant through
time. Given this, the net price of timber p = P — ¢
will also be constant.

Turning now to the rotations, we assume that the
first rotation begins with the planting of a forest
on bare land at time 7,. Next, we define an infinite
sequence of points in time that are ends of the suc-
cessive rotations, f#;, f,, t;,.... At each of these
times, the forest will be clear-felled and then imme-
diately replanted for the next cycle. The net present
value of profit from the first rotation is

—i(t,—1,)
PSai€ -k

that is, the volume of timber growth between the
start and end of the cycle multiplied by the dis-
counted net price of a unit of timber, less the forest
planting cost. Notice that because the planting cost
is incurred at the start of the rotation, no discounting
is required to bring it into present-value terms. But
as the timber is felled at the end of the rotation (z,),
the timber revenue has to be discounted back to its
present (#,) value equivalent.

The net present value of profits over this infinite
sequence is given by

IT= [pS(/l—ln)eii(tlitO) - k]

+ e*i(trto)[pS(l ’)e*[(fz*tl) — k]
2—h

—i(t,—ty) —ilts=1) _
+ e 0[pS, e k] (18.3)
+ e—i(t3—r‘))[ps(1 I)e*i(trfx) _ k]
413
+...

Reading this, we see that the present value of profits
from the infinite sequence of rotations is equal to the
sum of the present values of the profit from each of
the individual rotations.

Provided conditions remain constant through
time, the optimal length of any rotation will be the
same as the optimal length of any other. Call the
interval of time in this optimal rotation 7. Then we
can rewrite the present-value function as

M= [pS,e -kl
+ e [pS,eT— k]
+ e[ pS,ye — k]
+e [ pS,ye™ — k]
+...

(18.4)
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Next, factorise out " from the second term on the
right-hand side of equation 18.4 onwards to give

I1=[pS; e T — k] +e7{ [pSr e T — k]
+ e T[pS,e ™ — k]

+ e pS,e T =kl +... ) (18.5)

Now look at the term in braces on the right-hand
side of equation 18.5. This is identical to IT in
equation 18.4. Therefore, we can rewrite equation
18.5 as

I=[pS;e™ —k]+ eIl (18.6)
which on solving for IT gives®
—iT _
Mo PSe =k (18.7)
1-e

Equation 18.7 gives the present value of profits
for any rotation length, 7, given values of p, k, i and
the timber growth function S = S(¢). The wealth-
maximising forest owner selects that value of T
which maximises the present value of profits. For
the illustrative data in Table 18.3, we have used a
spreadsheet program to numerically calculate the
present-value-maximising rotation intervals for
different values of the discount rate. (The spread-
sheet is available in Additional Materials, Chapter
18, as Chapteri8.xls, Sheet 2.) Present values were
obtained by substituting the assumed values of p, k
and i into equation 18.7, and using the spreadsheet to
calculate the value of Il for each possible rotation
length, using Clawson’s timber growth equation.
The results of this exercise are presented in Table
18.4 (along with the optimal rotation lengths for a
single rotation forest, for comparison). Discount
rates of 6% or higher result in negative present
values at any rotation, and the asterisked rotation
periods shown are those which minimise present-
value losses; commercial forestry would be aban-
doned at those rates. With our illustrative data, at
any discount rate which yields a positive net present
value for the forest the optimal rotation interval in an

Table 18.4 Optimal rotation intervals for various discount
rates

i Optimal T (years) in Optimal T (years) in
infinite-rotation model single-rotation model
0 99 135
1 71 98
2 51 68
3 40 50
4 33 38
5 29 31
6 26%* 26*
7 24% 22%
8 22% 19*
9 21% 17*
10 20% 15%

Notes to table:

1. Data simulated by Excel, using workbook Chapterl8.xls

2. * For both single- and infinite-rotation models, at interest rates
of 6% and above (for the price, cost and growth data used here)
the PV is negative even at optimal 7, so the land would not be
used for commercial forestry. The value of 7 shown in these
cases is that which minimises the PV loss.

3. To simulate the solution for i = 0, we used a value of i
sufficiently close to (although not exactly equal to) zero so that
the optimal rotation, in units of years, was unaffected by a
further reduction in the value of i.

infinite-rotation forest is lower than the age at which
a forest would be felled in a single rotation model.
For example, with a 3% discount rate, the optimal
rotation interval in an infinite sequence of rotations
is 40 years, substantially less than the 50-year har-
vest age in a single rotation. We will explain why
this is so shortly.

It is also useful to think about the optimal rotation
interval analytically, as this will enable us to obtain
some important comparative statics results. Let us
proceed as was done in the section on single-rotation
forestry. The optimal value of T will be that which
maximises the present value of the forest over an
infinite sequence of planting cycles. To find the
optimal value of 7, we obtain the first derivative
of IT with respect to 7, set this derivative equal to
zero, and solve the resulting equation for the optimal
rotation length.

5 A more elegant method of obtaining equation 18.7 from 18.4 is

as follows. Equation 18.4 may be rewritten as
N=(pS;e"—K@L+e+Ee™+Ee>+...)

The final term in parentheses is the sum of an infinite geometric
progression. Given the values that i and T may take, this is a con-

vergent sum. Then, using the result for such a sum, that term can
be written as 1/(1 — e, and so
(pS;e”" - k)

n=
1_ef!T
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The algebra here is simple but tedious, and so we
have placed it in Appendix 18.1. Two forms of the
resulting first-order condition are particularly useful,
each being a version of the Faustmann rule (derived
by the German capital theorist Martin Faustmann in
1849; see Faustmann (1968)). The first is given by

ds,
Par i

ot v (18.8a)

and the second, after some rearrangement of 18.8a,
is given by

= ipS, + ill (18.8b)

Sr
Par
Either version of equation 18.8 is an efficiency
condition for present-value-maximising forestry,
and implicitly determines the optimal rotation length
for an infinite rotation model in which prices and
costs are constant.® Given knowledge of the function
S = 8(t), and values of p, i and k, one could deduce
which value of T satisfies equation 18.8 (assuming
the solution is unique, which it usually will be). The
term IT in equation 18.8b is called the site value of
the land — the capital value of the land on which the
forest is located. This site value is equal to the max-
imised present value of an endless number of stands
of timber that could be grown on that land.

The two versions of the Faustmann rule offer
different advantages in helping us to make sense
of optimal forest choices. Equation 18.8b gives
some intuition for the choice of rotation period.
The left-hand side is the increase in the net value
of the timber left growing for an additional period.
The right-hand side is the value of the opportunity
cost of this choice, which consists of the interest
forgone on the capital tied up in the growing timber
(the first term on the right-hand side) and the inter-
est forgone by not selling the land at its current site
value (the second term on the right-hand side). An
efficient choice equates the values of these marginal
costs and benefits. More precisely, equation 18.8b is
a form of Hotelling dynamic efficiency condition for
the harvesting of timber. This is seen more clearly
by rewriting the equation in the form:

+ (18.9)
PSr PSr
Equation 18.9 states that, with an optimal rotation
interval, the proportionate rate of return on the
growing timber (the term on the left-hand side) is
equal to the rate of interest that could be earned on
the capital tied up in the growing timber (the first
term on the right-hand side) plus the interest that
could be earned on the capital tied up in the site
value of the land (iIT) expressed as a proportion of
the value of the growing timber (pS;).

We can use the other version of the Faustmann
rule — equation 18.8a — to illustrate graphically how
the optimal rotation length is determined. This is
shown in Figure 18.4. The curves labelled 0%, 1%,
2% and 3% plot the right-hand side of equation
18.8a for these rates of interest. The other, more
steeply sloped, curve plots the left-hand side of the
equation. At any given interest rate, the intersection
of the functions gives the optimum 7. The calcula-
tions required to generate Figure 18.4 are imple-
mented in Sheet 3 of the Excel file Chapterl8.xls,
together with the chart itself.

The lines plotting the right-hand side of equation
18.8a are generated assuming particular values for
P, ¢, k and i, and also a particular natural growth
function describing how timber volume S changes
over time. The reader is invited to copy this work-
sheet, and to study the way in which optimised
T varies as p (that is, P — c¢), or k changes, ceteris
paribus.

18.3.2.1 Comparative static analysis

The results of the previous section have shown that
in the infinite-rotation model the optimum rotation
depends on:

» the biological growth process of the tree species
in the relevant environmental conditions;

» the interest (or discount) rate (i);

» the cost of initial planting or replanting (k);

» the net price of the timber (p), and so its gross
price (P) and marginal harvesting cost (c).

6

costs do affect the efficient rotation length.

Unlike in the case of a single-rotation model, planting costs k do enter the first derivative. So in an infinite-rotation model, planting
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Figure 18.4 Optimal rotation lengths, T, as determined by equation 18.8a

Table 18.5 The infinite-rotation model: comparative static
results

Change in: i k p=P-c

dT/dp <0

Effect on optimal d7/di < 0 d7/dk >0

rotation length

Comparative static analysis can be used to make
qualitative predictions about how the optimal rota-
tion changes as any of these factors vary. We do this
algebraically using equation 18.8b. Derivations of
the results are given in Appendix 18.2. Here we just
state the results (for convenience, they are tabulated
in Table 18.5) and provide some intuition for each
of them.

Changes in the interest rate

The result that d7/di < O means that the interest rate
and the optimal rotation period are negatively
related. An increase (decrease) in i causes a decrease
(increase) in 7. Why does this happen? Once
planted, there are costs and benefits in leaving a
stand unfelled for a little longer. The marginal
benefit derives from the marginal revenue product of
the additional timber growth. The marginal costs are
of two kinds: first, the interest earnings forgone in

having capital (the growing timber) tied up a little
longer; and second, the interest earnings forgone
from not clearing and then selling the bare land at its
capital (site) value. If the interest rate increases, the
terms of this trade-off change, because the oppor-
tunity costs of deferring felling become larger.’
Foresters respond to this by shortening their forest
rotation period.

Changes in planting costs

The result that d7/dk > 0 means that a change in
planting costs changes the optimal rotation in the
same direction. A fall in k, for example, increases the
site value of the land, I. With planting costs lower,
the profitability of all future rotations will rise, and
so the opportunity costs of delaying replanting will
rise. The next replanting should take place sooner.
The optimal stand age at cutting will fall.

Changes in the net price of timber

The result that d7/dp < 0 means that the net price of
timber (p) and the optimal rotation length are negat-
ively related. Therefore, an increase in timber prices
(P) will decrease the rotation period, and an increase
in harvest costs will increase the rotation period. We
leave you to deduce the intuition behind this for

7 There is a trap to watch out for here. An increase in discount

rates will increase the opportunity cost of each unit of tied-up cap-
ital; but at the same time, it will reduce the magnitude of I1, which

you will recall is measured in presentvalue terms. However,
inspection of equation 18.8.4 in Appendix 18.2 confirms that the
effect of a change in i on T must be negative.
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yourself, in the light of what we have suggested for
the two previous cases.

An Excel spreadsheet model (palci8.xls) can be
used to explore these changes quantitatively, for an
assumed growth process and particular values of the
relevant economic parameters. We recommend that
you work through that Excel file, and then experi-
ment further with it. The workbook allows you to
reproduce the numbers given in the textbook, to
answer the Problems at the end of the chapter, and
to see how the comparative static results work out
quantitatively.

18.3.2.2 Comparing single and infinite
rotations: how does a positive site value affect
the length of a rotation?

To see the effect of land site values on the optimal
rotation interval, compare equation 18.9 (the
Hotelling rule taking into consideration positive site
values) with equation 18.10, which is the Hotelling
rule when site values are zero (and is obtained by
setting Il = 0 in equation 18.9):

ds
Par
PSr

i (18.10)

In this case, an optimal rotation interval is one in
which the rate of growth of the value of the growing
timber is equal to the interest rate on capital alone.

But it is clear from inspection of equation 18.9
that for any given value of 7, a positive site value will
mean that (dS/d#)/S will have to be larger than when
the site value is zero if the equality is to be satisfied.
This requires a shorter rotation length, in order that
the rate of timber growth is larger at the time of
felling. Intuitively, the opportunity cost of the land
on which the timber is growing requires a compens-
ating increase in the return being earned by the
growing timber. With fixed timber prices, this return
can only be achieved by harvesting at a point in time
at which its biological growth is higher, which in
turn requires that trees be felled at a younger age.
Moreover, the larger is the site value, the shorter will
be the optimal rotation.

It is this which explains why the optimal rotation
intervals (for forests that are commercially viable)

shown in Table 18.3 are shorter for infinite rotations
than for a single rotation. In an infinite-rotation
model, land is valuable (because the timber that can
be grown on it in the future can yield profits), and
the final term in equation 18.9 comes into play.

The reader should note that the way in which bare
land is valued by the Faustmann rule — the present
value of profits from an infinite sequence of optimal
timber rotations — is not the only basis on which one
might choose to arrive at land values. Another
method would be to value the land at its true oppor-
tunity cost basis — that is, the value of the land in its
most valuable use other than forestry. In many ways,
this is a more satisfactory basis for valuation. This
approach can give some insights into forestry loca-
tion. In remote areas with few alternative land uses,
low land prices may permit commercial forest
growth even at high altitude where the intrinsic rate
of growth of trees is low. In urban areas, by contrast,
the high demand for land is likely to make site costs
high. Timber production is only profitable if the rate
of growth is sufficiently high to offset interest costs
on tied-up land capital costs. There may be no
species of tree that has a fast enough growth poten-
tial to cover such costs. In the same way, timber pro-
duction may be squeezed out by agriculture where
timber growth is slow relative to crop potential
(especially where timber prices are low). All of this
suggests that one is not likely to find commercial
plantations of slow-growing hardwood near urban
centres unless there are some additional values that
should be brought into the calculus. It is to this
matter that we now turn.

18.4 Multiple-use forestry

In addition to the timber values that we have been
discussing so far, forests are capable of producing a
wide variety of non-timber benefits. These include
soil and water control, habitat support for a biologic-
ally diverse system of animal and plant populations,
recreational and aesthetic amenities, wilderness
existence values, and climate control. Where forests
do provide one or more of these benefits to a sig-
nificant extent, they are called multiple-use forests.
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Efficiency considerations imply that the choices
of how a forest should be managed and how fre-
quently it should be felled (if at all) should take
account of the multiplicity of forest uses. If the for-
est owner is able to appropriate compensation for
these non-timber benefits, those benefits would be
factored into his or her choices and the forest should
be managed in a socially efficient way. If these
benefits cannot be appropriated by the landowner
then, in the absence of government regulation, we
would not expect them to brought into the owner’s
optimising decisions. Decisions would be privately
optimal but socially inefficient.

For the moment we will assume that the owner
can appropriate the value generated by all the
benefits of the forest: both timber and non-timber
benefits. Our first task is to work out how the inclu-
sion of these additional benefits into the calculations
alters the optimal rotation age of a forest. Once
again we imagine beginning at time zero with some
bare land. Let NT, denote the undiscounted value
of the flow of non-timber benefits ¢ years after the
forest is established. The present value of these
non-timber value flows over the whole of the first
rotation of duration T is

=T
j NTe dr
=0

Now for simplicity denote this integral as N, so that
we regard the present value of the stream of non-
timber values (N) during one rotation as being a
function of the rotation interval (7'). Adding the pre-
sent value of the non-timber benefits to the present
value of timber benefits, the present value of all for-
est benefits for the first rotation is

PV, = (pS;— ke — k + N,

For a single rotation, the optimal age at which the
stand should be felled is that value of T which max-
imises PV,. Is the rotation age lengthened or short-
ened? In this special case (a single rotation only) the
answer is unambiguous. Provided that non-timber
values are positive, the optimal felling age will be
increased. This is true irrespective of whether the
non-timber values are constant, rising or falling
through time. To see why, note that if these values

are always positive, the NPV of non-timber benefits
will increase the longer is the rotation. This must
increase the age at which it is optimal to fell the for-
est. Problem 5 at the end of this chapter invites you
to use an Excel file, Non timber.xls, to explore this
matter and verify these conclusions.

Matters are more complicated in the case of
an infinite succession of rotations of equal dura-
tion. Then the present value of the whole infinite
sequence is given by

I = [pS;e — k + Nyl
+e M pS,e™—k + Ny
+e X pS,e" -k + Ny
+ e pS,e" -k + Ny
+...

(18.11)

which is just a generalisation of equation 18.4
including non-timber benefits. Alternatively, we
could interpret equation 18.11 as saying that the
present value of all benefits from the rotation (IT*)
is equal to the sum of the present value of timber-
only benefits from the rotation (IT) and the present
value of non-timber-only benefits from the infinite
sequence of rotations.

A forest owner who wishes to maximise the net
present value of timber and non-timber benefits will
choose a rotation length that maximises this expres-
sion. Without going through the derivation (which
follows the same steps as before), wealth maximisa-
tion requires that the following first-order condition
is satisfied:

ds
p—— + Np. = ipSp. + iIT*

18.12
dr* (1812

in which asterisks have been included to emphasise
the point that the optimal rotation interval when all
benefits are considered (7*) will in general differ
from the interval which is optimal when only timber
benefits are included in the function being max-
imised (7T'). For the same reason, the optimised pre-
sent value (and so the land site value) will in general
be different from their earlier counterparts, and we
will denote these as IT*.

What effect does the inclusion of non-timber uses
of forests have on the optimal rotation length?
Inspection of equation 18.12 shows that non-timber
benefits affect the optimal rotation in two ways:
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Figure 18.5 Incremental change in value and costs with rotation stand age

= the present value of the flows of non-timber
benefits over any one rotation (N¥) enter
equation 18.12 directly; other things being equal,
a positive value for Nj implies a reduced value
of dS/dT, which means that the rotation interval
is lengthened;

m positive non-timber benefits increase the value
of land (from IT to IT*) and so increase the
opportunity cost of maintaining timber on the
land; this will tend to reduce the rotation
interval.

Which of these two opposing effects dominates
depends on the nature of the functions S(¢) and N().
Therefore, for infinite-rotation forests it is not pos-
sible to say a priori whether the inclusion of non-
timber benefits shortens or lengthens rotations.
However, some qualitative results can be obtained
from equation 18.8(b), which for convenience is
given again here:

s . .
pﬁ =ipS; + ill

Recall that IT is called the site value of the land, and
is equal to the maximised present value of an endless
number of stands of timber that could be grown on
the land. The second term on the right-hand side —
often called land rent — is thus the interest forgone

by not selling the land at its current site value. The
first term on the right-hand side constitutes the inter-
est forgone on the value of the growing timber.
Adding these two costs together, we arrive at the full
opportunity cost of this choice, the marginal cost
of deferring harvesting. The left-hand side is the
increase in the net value of the timber left growing
for an additional period, and so is the marginal
benefit of deferring harvesting. An efficient choice
equates the values of these marginal costs and
benefits.

This equality is represented graphically in Figure
18.5. The inclusion of non-timber values potentially
changes the left-hand side of equation 18.8b. If non-
timber values are greater in old than in young forests
(are rising with stand age) then non-timber values
have a positive annual increment; adding these to
the timber values will increase the magnitude of
the change in overall (timber + non-timber) benefits,
shifting the incremental benefits curve upwards.
Its intersection with the incremental costs curve will
shift to the right, generating a longer optimal rota-
tion. An equivalent, but opposite, argument shows
that falling non-timber benefits will shorten the
optimal rotation.

Only if the flow of non-timber benefits is const-
ant over the forest cycle will the optimal rotation
interval be unaffected. Hence it is variation over the
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cycle in non-timber benefits, rather than their exist-
ence as such, that causes the rotation age to change.

It is often assumed that NT (the annual magnitude
of undiscounted non-timber benefits) increases with
the age of the forest. While this may happen, it need
not always be the case. Studies by Calish et al.
(1978) and Bowes and Krutilla (1989) suggest that
some kinds of non-timber values rise strongly with
forest age (for example, the aesthetic benefits of
forests), others decline (including water values) and
yet others have no simple relationship with forest
age. There is also reason to believe that total forest
benefits are maximised when forests are hetero-
geneous (with individual forests being specialised for
specific purposes) rather than being managed in a
uniform way (see Swallow and Wear, 1993; Vincent
and Blinkley, 1993). All that can be said in general
is that it is most unlikely that total non-timber
benefits will be independent of the age of forests,
and so the inclusion of these benefits into rotation
calculations will make some difference.

Note also that in extreme cases the magnitude and
timing of non-timber benefits may be so significant
as to result in no felling being justified. Where
this occurs, we have an example of what is called
‘dominant-use’ forestry. It suggests that the wood-
land in question should be put aside from any further
commercial forest use, perhaps being maintained as
a national park or the like.

18.5 Socially and privately optimal
multiple-use plantation forestry

Our discussions of multiple-use forestry have
assumed that the forest owner either directly
receives all the forest benefits or is able to appropri-
ate the values of these benefits (presumably through
market prices). In that case, what is privately opti-
mal will also be what is socially optimal (provided,
of course, that there is no divergence between social
and private consumption discount rates). But it is
most implausible that forest owners can appropriate
all forest benefits. Many of these are public goods;
even if exclusion could be enforced and markets
brought into existence, market prices would under-
value the marginal social benefits of those public

goods. In many circumstances, exclusion will not be
possible and open-access conditions will prevail.

Where there is a divergence between private and
social benefits, the analysis of multiple-use forestry
we have just been through is best viewed as provid-
ing information about the socially optimal rotation
length. In the absence of efficient bargaining (see
Chapter 5), to achieve such outcomes would involve
public intervention. This might consist of public
ownership and management, regulation of private
behaviour, or the use of fiscal incentives to bring
social and private objectives into line. The fact that
forestland often satisfies multiple uses suggests that
there are likely to be efficiency gains available
where government integrates environmental policy
objectives with forestry objectives.

18.6 Natural forests and deforestation

A series of recent studies, including FAO (1995),
FAO (2001), and various editions of World Resources
(by the World Resources Institute), paint a vivid
picture of the pattern and extent of natural forest loss
and conversion (deforestation). The extent of human
impact on the natural environment can be gauged by
noting that by 1990 almost 40% of the earth’s land
area had been converted to cropland and permanent
pasture. Most of this has been at the expense of
forest and grassland.

Until the second half of the 20th century, defor-
estation largely affected temperate regions. In sev-
eral of these, the conversion of temperate forests
has been effectively completed. North Africa and
the Middle East now have less than 1% of land area
covered by natural forest. It is estimated that only
40% of Europe’s original forestland remains, and
most of what currently exists is managed secondary
forest or plantations. The two remaining huge tracts
of primary temperate forest — in Canada and Russia
— are now being actively harvested, although rates
of conversion are relatively slow. Russia’s boreal
(coniferous) forests are now more endangered by
degradation of quality than by quantitative change,
and the same is true for all forms of temperate
woodland throughout Europe, which appear to be
experiencing severe pollution damage, with about a
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quarter of trees suffering moderate to severe defoli-
ation. The picture is not entirely bleak, however.
China has recently undertaken a huge reforestation
programme, and the total Russian forest area is
currently increasing. And in developed countries,
management practices in secondary and plantation
forests are becoming more environmentally benign,
partly as a result of changing public opinion and
political pressure.

Not surprisingly, the extent of deforestation tends
to be highest in those parts of the world which have

the greatest forest coverage. With the exceptions
of temperate forests in China, Russia and North
America, it is tropical forests that are the most
extensive. And it is tropical deforestation that is now
perceived as the most acute problem facing forest
resources. In the thirty years from 1960 to 1990 one-
fifth of all natural tropical forest cover was lost,
and the rate of deforestation increased steadily
during that period. FAO (2001) tentatively suggests,
though, that this rate may have slightly slowed in the
final decade of the 20th century. Box 18.1 contains a

Box 18.1 Tropical deforestation

Tropical deforestation has many adverse
consequences. As far as the countries in which
the forests are are concerned, valuable timber
assets are irretrievably lost, and the loss of tree
cover (particularly when it is followed by
intensive agriculture or farming) can precipitate
severe losses of soil fertility. Indigenous people
may lose their homelands (and their distinctive
cultures), water systems may be disrupted,
resulting in increased likelihood of extreme
hydrological conditions (more droughts and
more floods, for example), and local climates
may be subtly altered. Perhaps most pernicious
are the losses in potential future incomes which
deforestation may lead to. Tropical forests are
immense stores of biological diversity and
genetic material, and quasi-option values

(see Chapters 12 and 13) are forfeited as this
diversity is reduced. With the loss of animal
and plant species and the gestalt of a primary
tropical forest will go recreational amenities
and future tourism potential.

All of this is reinforcing a point made earlier:
tropical forests are multiple-service resources
par excellence. Many of these forest services
benefit the world as a whole of course, rather
than just local inhabitants. Of particular
importance here are the losses of stores of
diverse genetic material, the climate control
mechanisms that are part of tropical forest
systems, and the emission of greenhouse gases
when forests are cleared (see Chapter 10 for
further details).

Given these adverse consequences, why are
tropical forests being lost? There appears to be
no single, predominant cause. As with earlier
discussions of biodiversity loss, it is convenient
to distinguish between proximate (or immediate)

causes and fundamental causes. Economists tend
to focus on the latter. And important in this
latter category — especially for tropical forests —
is the absence of clearly defined and enforceable
property rights. The lack of access restrictions
must at least partially explain the fact that less
than 0.1% of tropical logging is currently being
done on a sustainable yield basis (WR, 1996).

Many commentators give a large role to
population pressure, especially when significant
numbers of people in burgeoning populations
have no land entitlement or are living close to
the margin of poverty. However, it is now being
realised that too much weight has been attributed
to this cause, and that emphasis has been given
to it in part at least because most models of
deforestation have been constructed to be
population-driven (see FAO, 2001). This
reflects a point well worth remembering about
economic modelling: what you get out (here
the conclusions) depends very much on what
you put in (here, modelling structures and
assumptions).

Nevertheless, it is not difficult to understand
why many governments, faced with growing
populations, mounting debt and growing
problems in funding public expenditure, will
tend to regard tropical forests as capital assets
that can be quickly turned into revenues.
Moreover, cleared forestland can also provide
large additional sources of land for agriculture
and ranching, each of which may offer far greater
financial returns than are obtainable from natural
forests.

This suggests that the conversion of forestland
to other uses (principally agriculture) may well
be optimal from the point of view of those who
make land-use choices in tropical countries.
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Box 18.1 continued

Of course, it may be the case that the incentive
structures are perverse, as a result of widespread
market failure. Tropical deforestation is not
simply the result of ignorance, short-sightedness,
or commercial pressure from organised business
(although any of these may have some bearing
on the matter). It is the result of the patterns of
incentives that exist. This way of thinking is
important because it suggests ways of changing
behaviour, based on altering those incentive
structures.

Several writers have developed models of
tropical forest conversion arising from optimising
rational behaviour. Hartwick (1992) suggests that
the use of any single piece of land will be
determined by the relative magnitudes of B,
the net benefits of the land in forestry (which
includes both timber and non-timber values) and
B%, the net benefits of the land in agriculture.

At the level of the whole economy, there will be
many individual natural forest stands, and we
can envisage deforestation as a gradual process
by which an increasing proportion of these
stands is converted to agriculture over time.

The socially efficient rate of conversion at any
point in time is that at which these benefits are
equalised at the margin. That is MB" = MB“. One
might expect MB to rise as the remaining area of
tropical forest becomes ever smaller. This would
tend to slow down forest conversion. However,
this effect may be offset by a rise in MB* which
could arise because of population increases or
higher incomes. It is not inconceivable that the
outcome of this process would be one in which
all forestland is converted. That likelihood is
increased if MBF only includes timber benefits,
but excludes the non-timber, or environmental,
benefits. For the reasons we gave in the text,
there are good reasons to believe that the non-
timber benefits will be excluded from the
optimising exercise.

Barbier and Burgess (1997) develop Hartwick’s
ideas a little further. Their optimising model
specifies a demand-and-supply function for
forestland conversion to agriculture. At any
point in time, the supply and demand for
forestland conversion, taking account of
both timber and non-timber benefits, can be
represented by the functions labelled S}and
Dyin Figure 18.6. The price shown on the
vertical axis is the opportunity cost of land
converted to agriculture: that is, forgone timber
and non-timber benefits. The demand function
is of the form:

Price of
forest
land, P;

Pt

Forest land
converted to
agriculture
per period, A;

Figure 18.6 The optimal rate of conversion of forested
land at time t

D=D(P, Y, POP, Q)

where Y is income, POP is the level of
population and Q is an index of agricultural
yields. Barbier and Burgess expect that dD/dPOP
is positive, and so population increases will shift
the demand curve rightwards, thus increasing
deforestation.

If, however, forest owners are unable to
appropriate non-timber benefits, the supply
curve will shift to the right relative to that shown
in the diagram (which supposes that both timber
and non-timber benefits are appropriable by
forest owners). Clearly this would also increase
the rate of deforestation (by depressing the price
of forestland).

We mentioned in the text that the non-timber
benefits of tropical forests are received by people
throughout the world, not just in the forest
vicinities. The benefits are global environmental
goods. An interesting attempt to estimate the size
of these benefits has recently been made. Kramer
and Mercer (1997) used a contingent valuation
approach (see Chapter 12) to estimate the size of
the one-off monetary payment that US residents
would be willing to pay to conserve 5% of
tropical forests. Kramer and Mercer’s survey
responses gave an average value per household
of between $21 and $31. Aggregated over the US
population, this is equivalent to a total single
payment of between $1.9 billion and $2.8 billion.
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summary of the consequences of tropical deforesta-
tion and a discussion of its various causes.

It was noted earlier that natural (or primary)
forests warrant a very different form of treatment
from that used in investigating plantation forestry.
Natural forest conversion is something akin to the
mining of a resource. These forests represent mass-
ive and valuable assets, with a corresponding huge
real income potential. While it is conceivable that a
forest owner might choose to extract the sustainable
income that these assets can deliver, that is clearly
not the only possibility. In many parts of the world,
as we noted earlier, these assets were converted into
income a long time ago. In others, the assets were
left almost entirely unexploited until the period after
the Second World War. What appears to be happen-
ing now is that remaining forest assets are being
converted into current income at rates far exceeding
sustainable levels.

Where a natural forest is held under private prop-
erty, and the owner can exclude others from using
(or extracting) the forest resources, the management
of the resource can be analysed using a similar
approach to that covered in Chapter 15 (on non-
renewable resources). The basic point is that the
owner will devise an extraction programme that
maximises the present value of the forest. Whether
this results in the forest being felled or maintained
in its natural form depends on the composition of
the benefits or services the forest yields, and from
which of these services the owner can appropriate
profits. This explanation is developed further in
Box 18.1.

Where private ownership exists, the value of the
forest as a source of timber is likely to predominate
in the owner’s management plans even where
the forest provides a multiplicity of socially valuable
services. This is because the market mechanism
does not provide an incentive structure which
reflects the relative benefits of the various uses of
the forest. Timber revenues are easily appropriated,
but most of the other social benefits of forestry are
external to the owner. The signals given to owners
by the relative returns to the various forest services
lead to a socially inefficient allocation of resources,
as we explained in Chapter 5 in discussing the con-
sequences of externalities and public goods. These

mechanisms go a long way to explain why the rate
of conversion of natural forests is so high, why
forestland is often inefficiently converted to other
land uses, and why the incentives to replant after
clearing are sometimes too low to generate refor-
estation or to ensure its success.

Our arguments have been premised on the
assumption that forestland is privately owned and its
use correspondingly controlled. But this analysis is
of little relevance in circumstances where forests
are not privately owned or where access cannot be
controlled. There are two main issues here: the first
is the consequence of open-access conditions, and
the second is the temptation to ‘mine’ forests for
quick returns.

Many areas of natural forest are de facto open-
access resources. There is no need to repeat the
analysis in Chapter 17 of the consequences of open
access for renewable resource exploitation. How-
ever, in some ways, the consequences will be more
serious in this instance. We argued that open-access
fisheries have a built-in defence against stocks being
driven to zero: as fish numbers decline to low levels,
marginal harvesting costs rise sharply. It usually
becomes uneconomic to harvest fish to the point
where stock levels have reached critical minimum
levels. This does not apply in the case of woodland,
however. Trees are not mobile and harvesting costs
tend to be affected very little by the stock size. So as
long as timber values are high (or the return from
other uses of the land is sufficiently attractive), there
is no in-built mechanism stopping stock declining to
zero. Open access also implies that few individuals
are willing to incur the large capital costs in restock-
ing felled timber, particularly when returns are so far
into the future.

The second issue we raised above was the tempta-
tion of governments and individuals granted tenure
of land to convert natural timber assets into current
income, or to switch land from forestry to another
use which offers quicker and more easily appropri-
ated returns. There is, of course, nothing new about
this. It has been happening throughout history, and
goes a long way to explaining the loss of natural
forest cover in Europe, North Africa and the Middle
East. The process is now most acute in tropical
forests.
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18.7 Government and forest resources

Given the likelihood of forest resources being ineffi-
ciently allocated and unsustainably exploited, there
are strong reasons why government might choose to
intervene in this area. For purely single-use planta-
tion forestry, there is little role for government to
play other than guaranteeing property rights so that
incentives to manage timber over long time horizons
are protected.

Where forestry serves multiple uses, government
might use fiscal measures to induce managers to
change rotation intervals. It is straightforward to see
how this can be done. Well-designed taxes or sub-
sidies can be thought of as changing the net price
of timber (by changing either the gross price, P, or
the marginal harvest cost, ¢). We will leave you to
deduce what kind of taxes and subsidies would have
this effect. In principle, any desired rotation length
can be obtained by an appropriate manipulation of
the after-tax net price.

Where non-timber values are large and their incid-
ence is greatest in mature forests, no felling may be

justified. Government might seek such an outcome
through fiscal incentives, but is more likely to do so
through public ownership. The most important role
for government, though, concerns its policy towards
natural forestland. It is by no means clear that pub-
lic ownership per se has any real advantages over
private ownership in this case. What matters here
is how the assets are managed, and what incentive
structures exist.

Finally, we need to give some attention to inter-
national issues here. Many of the non-timber values
of forest resources are derived by people living
not only outside the forest area but also in other
countries. Many of the externalities associated with
tropical deforestation, for example, cross national
boundaries. This implies limits to how much indi-
vidual national governments can do to promote
efficient or sustainable forest use. Internationally
concerted action is a prerequisite of efficient or
sustainable outcomes. We discussed these issues —
including internationally organised tax or subsidy
instruments, debt-for-nature swap arrangements
and international conservation funds — in Chap-
ter 10.

Summary

could be socially optimal too.

aspects?

» If all markets exist, all the conditions described in Chapter 5 for the efficient allocation of
resources are satisfied throughout the economy, and if the interest rate used by private foresters
is identical to the social consumption discount rate, privately optimal choices in forestry will be
socially efficient, and, given appropriate distributions of initial endowments of property rights,

m These conditions are not likely to be satisfied. Apart from the fact that the ‘rest of the economy’ is
unlikely to satisfy all the necessary efficiency conditions, there are particular aspects of forestry
that imply a high likelihood of private decisions not being socially efficient. What are these

1. Where forests are privately owned, externalities tend to drive a wedge between privately
and socially efficient incentive structures whenever forests serve multiple uses. Forests are
multi-functional, providing a wide variety of economic and other benefits. Private foresters
are unlikely to incorporate all these benefits into their private net benefit calculations, as they
often have very weak or no financial incentives to do so. Non-timber benefits may be very
substantial. Where plantation forests are being managed, the presence of these benefits is likely
to cause the length of socially optimal rotations to diverge from what is privately optimal.
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socially efficient forest management.

policy will be pursued prudently.

2. In the case of natural forests, it will also be difficult for whoever has responsibility for land-
use decisions to extract appropriate monetary values for these non-timber benefits, particularly
when the benefits are received by citizens of other countries. These problems are particularly
acute in the case of tropical forests and other open-access woodlands.

= Governments might attempt to internalise externalities by fiscal measures or by the regulation of
land use. Alternatively, public ownership of forestland may be used as a vehicle for promoting

» The record of public ownership does not, however, give much cause for confidence that forest

Further reading

Excellent reviews of the state of forest resources in
the world economy, and experiences with various
management regimes, are contained in World
Resources, published every two years. See, in par-
ticular, the sections in WR (1994) and WR (1996).
This source also contains an excellent survey con-
cerning trends in biodiversity. Various editions
of the United Nations Environment Programme,
Environmental Data Report also provide good
empirical accounts. Extensive references on bio-
diversity were given in Chapter 17.

A more extensive account of forestry economics
(at about the same level as this text), examining the
effects of various tax and subsidy schemes, is to be
found in Hartwick and Olewiler (1998), chapter 10.
Other excellent surveys of the economics of forestry
can be found in Anderson (1991), Pearse (1990),
Berck (1979) and Johansson and Lofgren (1985).
Montgomery and Adams (1995) contains a good
account of optimal management, but at a relatively
advanced level.

Bowes and Krutilla (1985, 1989) are standard ref-
erences for multiple-use forestry. Hartman (1976) is

an early work in the area, which is also examined in
Calish et al. (1978), Swallow et al. (1990), Swallow
and Wear (1993), Pearce (1994) and Vincent and
Blinkley (1993).

The value of forests for recreation is analysed by
Clawson and Knetsch (1966), Benson and Willis
(1991) and Cobbing and Slee (1993), although you
should note that these references are primarily
concerned with the techniques of valuation of non-
marketed goods that we discuss in Chapter 14.
Browder (1988) examines the conversion of forest-
land in Latin America. The state of tropical and
other natural-forest resources, with an emphasis on
sustainability and policy, is discussed in Sandler
(1993), Barbier and Burgess (1997), Vincent (1992)
and Repetto and Gillis (1988). For the effects of
acid rain on forests, see CEC (1983) and Office of
Technology Assessment (1984).

Tahvonen and Salo (1999) present a synthesis
of the Fisher two-period consumption-saving model
with the Faustmann model, thereby allowing owner
preferences to shape forest management choices.

Discussion questions

1. Is it reasonable for individuals living in
Western Europe today to advise others to
conserve tropical forests given that the countries
in which they live effectively completed the
felling of their natural forests centuries ago?

2. Discuss the implications for the harvest rate
and possible exhaustion of a renewable resource
under circumstances where access to the
resource is open, and property rights are not
well defined.



Forest resources

621

3. Discuss the contention that it is more
appropriate to regard natural forests as non-
renewable than as renewable resources.

4. In what circumstances, and on what criterion,
can the conversion of tropical forestry into
agricultural land be justified?

5. How will the optimal rotation interval be

affected by extensive tree damage arising
from atmospheric pollution?

Problems

1. Using a spreadsheet program, calculate the
volume of timber each year after planting for a
period of up to 130 years for a single unfelled
stand of timber for which the age—volume
relationship is given by § = 50z + 2¢* — 0.02¢°
(where S and ¢ are defined as in the text of this
chapter). Is it meaningful to use this equation
to generate stock figures up to this stand age?

Also calculate:

(a) The year after planting at which the amount

of biological growth, G(S), is maximised.

(b) The present-value-maximising age for clear

felling (assuming the stand is not to be

replanted) for the costs and prices used in

Table 18.3 and a discount rate of 5%.
(We suggest that you attempt to construct
your own spreadsheet program to answer this
question. If you find that this is not possible,

you can obtain the answers by adapting Sheet 4

in Chapterl8.xls.)

2. Demonstrate that a tax imposed on each unit
of timber felled will increase the optimal
period of any rotation (that is, the age of trees
at harvesting) in an infinite-rotation model
of forestry. What effect would there be on the
optimal rotation length if the expected demand
for timber were to rise?

3. How would the optimal rotation interval be
changed as a result of
(a) an increase in planting costs;
(b) an increase in harvesting costs;
(c) an increase in the gross price of timber;
(d) an increase in the discount rate;

(e) an increase in the productivity of
agricultural land?

. The following three exercises require that you

use the Excel file palcl8.xls.

(a) Calculate the optimal rotation lengths for a
single-rotation forest for the interest rates 1,
2,4, 5 and 6%. These should match those
shown in Table 18.4.

(b) Calculate the interest rate above which the
PV of the forest becomes negative for any
rotation length in a single rotation forest.
Do the same for an infinite-rotation forest.

(c) Identify what happens to the gap between
the optimal rotation lengths in single- and
infinite-rotation models as the interest rate
becomes increasingly large (beginning from
0%). Explain the convergence that you
should observe. What happens to the PV
of the forest at this convergence?

. The Excel workbook Non Timber.xls (see

Additional Materials) models the consequences
of including non-timber values in a single-
rotation forest model. The first sheet —
Parameter values — defines various parameter
values, and gives three alternative sets of
non-timber present values. Results of the
computations are shown in Sheet 1. Examine
how the inclusion of non-timber benefits alters
the optimal stand age at which felling takes
place. Does the change vary from one set

of non-timber values to another? Do your
conclusions differ between the cases where
the discount rate is 2% and 4%?
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Chapter 3
Understanding and Analysing Energy
Demand

3.1 Introduction

The term “energy demand” can mean different things to different users. Normally
it refers to any kind of energy used to satisfy individual energy needs for cooking,
heating, travelling, etc., in which case, energy products are used as fuel and
therefore generate demand for energy purposes. Energy products are also used as
raw materials (i.e. for non-energy purposes) in petrochemical industries or else-
where and the demand for energy here is to exploit certain chemical properties
rather than its heat content.

Similarly, the focus may be quite different for different users: a scientist may
focus on equipment or process level energy demand (i.e. energy used in a chemical
reaction) while planners and policy-makers would view the aggregate demand
from a regional or national point of view. Energy demand can correspond to the
amount of energy required in a country (i.e. primary energy demand) or to the
amount supplied to the consumers (i.e. final energy demand). Often the context
would clarify the meaning of the term but to avoid confusion, it is better to define
the term clearly whenever used.

A distinction is sometimes made between energy consumption and energy
demand. Energy demand describes a relationship between price (or income or
some such economic variable) and quantity of energy either for an energy carrier
(e.g. electricity) or for final use (such as cooking). It exists before the purchasing
decision is made (i.e. it is an ex ante concept—once a good is purchased, con-
sumption starts). Demand indicates what quantities will be purchased at a given
price and how price changes will affect the quantities sought. It can include an
unsatisfied portion but the demand that would exist in absence of any supply
restrictions is not observable. Consumption on the other hand takes place once the
decision is made to purchase and consume (i.e. it is an ex post concept). It refers to
the manifestation of satisfied demand and can be measured. However, demand and
consumption are used interchangeably in this chapter despite their subtle
differences.

S. C. Bhattacharyya, Energy Economics, DOI: 10.1007/978-0-85729-268-1_3, 41
© Springer-Verlag London Limited 2011
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Energy demand is a derived demand as energy is consumed through equipment.
Energy is not consumed for the sake of consuming it but for an ulterior purpose
(e.g. for mobility, for producing goods and services, or for obtaining a certain level
of comforts, etc.). Need is specific with respect to location, technology and user.
The derived nature of demand influences energy demand in a number of ways
(discussed below), which in turn has influenced the demand analysis by creating
two distinct traditions—one following the neoclassical economic tradition while
the other focusing on the engineering principles coupled with economic infor-
mation (Worrel et al. 2004).

This chapter intends to provide a basic understanding of various concepts
related to energy demand and show how energy demand could be analysed using
simple tools covering both the traditions indicated above.

3.2 Evolution of Demand Analysis

Prior to the first oil shock, the energy sector had a supply-oriented focus where the
objective was to meet a given exogenous energy demand by expanding the supply.
Since early 1970s, when energy caught the attention of policymakers because of
sudden price increases, the research on energy has grown significantly in size. From
a level of limited understanding of the nature of demand and demand response due
to presence of external shocks (Pindyck 1979) and energy system interactions, there
has been a significant build-up of knowledge. Energy models were however not
developed for the same purpose—some were concerned with better energy supply
system design given a level of demand forecast, better understanding of the present
and future demand-supply interactions, energy and environment interactions,
energy-economy interactions and energy system planning. Others had focused on
energy demand analysis and forecasting.

In the three decades that followed since the first oil shock, the energy sector has
experienced a wide range of influences that have greatly influenced energy anal-
ysis and modelling activities (Worrel et al. 2004; Laitner et al. 2003):

Firstly, the rise in concerns about global warming which required a very long
term understanding of the implications of energy use. This has led to the devel-
opments in very long term analysis covering 50-100 years.

Secondly, due to the changes in the market operations with the arrival of
competitive market segments in various energy industries, especially in the case of
electricity, the focus has shifted to short-term analysis, covering hours or days,
essentially for operational purposes.

Thirdly, there are growing concerns about future security of fuel supplies and
large capacity expansion needs globally. This is evident from the European
decision to create an Energy Market Observatory and the UK decision indicated in
the White Paper on Energy in 2007 to establish its own energy data observatory
(DTI 2007). The twin concerns of the day, namely that of security of energy
supply and environmental concerns of energy use, are contributing to a paradigm
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shift (Helm, 2005), which in turn is fuelling a closer look at the energy infra-
structure development both in developed and developing countries either for
replacing age-old, sweated assets or for meeting new demand.

We can add a fourth influence as well—that of vast improvements in computing
and communications facilities. The emergence of low cost computing and internet
facilities has dramatically changed the data processing and analytical capabilities.

Energy projects tend to be capital intensive and often require long lead time.
For example, a thermal power station may need 3—4 years to build, a nuclear or
hydro power station requires typically 7-10 years, if not more, and a refinery
project can easily take 2—4 years. Given the long gestation period of energy
investments and diversity of technologies as well as economic conditions of
countries and consequent constraints on the analytical choices, medium to long-
term analysis is essential for energy system-related decisions.

Moreover, mobilizing resources for energy projects is not always easy. Hence,
correct timing of supply capacity additions is important, for which correct demand
projection is a pre-requisite. Lumpiness of investment implies that for such pro-
jects huge sums of capital are tied up in advance and no return or output is
obtained until the project is completed. Consequently, the decision-makers have to
form a view about the future well in advance and plan for new projects and actions.
The decision-making depends to a large extent on demand forecasting and mis-
judgements can lead to costly gaps or equally costly over capacities.

In this respect, developing countries have certain distinct features. Bhatia
(1987) indicated a number of difficulties experienced in analyzing the energy
demand of developing countries as follows:

(a) Data on traditional energies used widely in rural areas may be lacking and may
have to be estimated.

(b) Many poor consumers lacking purchasing power may not enter the commer-
cial energy ladder but over time a shift to commercial energies takes place.
This needs to be captured.

(c) Supply shortage in many developing countries implies that consumption may
not represent the actual demand due to the existence of unfulfilled demand.

(d) The availability and consumption of commercial energy may be greatly
influenced by a few large consumers.

(e) Response to price changes is more difficult to assess due to “difficulties of
obtaining complimentary non-energy inputs, the absolute shortages of certain
fuels, imperfect product and capital markets.”

Moreover, the demand for commercial energies tends to grow faster here
compared to the developed countries and generally, the demand for liquid fuels
grows faster than other fuels, suggesting a shift from solid to liquid fuels. As an
adequate supply of energy is vital for the smooth running of a country, and because
of long lead times and capital intensive nature of energy projects, developing
countries need to analyze the past trends to forecast the likely paths of energy
demand growth.
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At the other end of the spectrum, there is need for forecasts for day-to-day
operation and management of energy systems. How much electricity needs to be
generated next hour or tomorrow? This information forms the basis for unit
commitment exercise (i.e. to find out which plants should be used to produce the
required electricity so that the operating cost is minimised). Similarly, forecasts for
six months to one year are required for business planning purposes, for regulatory
approvals, to assess the prospects of the business in the coming year, etc. Thus,
short term forecasting is also important in addition to medium to long-term
analysis and forecasting.

More recently, in the late 1980s, the emphasis was increasingly on sustainable
development. Some of the problems associated with energy use, such as the
possibility of global warming, have long-term implications and any strategy to
deal with them has to be seen in a long-term context. Very long-term demand
forecasts for more than 50 years have also become necessary.

3.3 Overview of Energy Demand Decisions

Energy is not consumed for the sake of it but is used for satisfying some need and
is done through use of appliances. Any commercial energy requires monetary
exchanges and the decision to switch to commercial energies can be considered as
a three-stage decision-making process [see Hartman (1979), Stevens (2000) and
Bhattacharyya (2006)].

o First, the household has to decide whether to switch or not (i.e. switching
decision).

e Second, it decides about the types of appliances to be used (i.e. appliance
selection decision).

e In the third stage, consumption decision is made by deciding the usage pattern of
each appliance (i.e. consumption decision). All these stages influence energy
demand. This is shown in Fig. 3.1.

As Hartman (1979) indicates, any demand analysis and forecasting should
consider this three stage decision-making process and capture related policy
variables so that interventions, if required, could be properly designed. There are
two decision outcomes at the first stage: to purchase an energy consuming
appliance or not to purchase. If appliance is not purchased, demand for that par-
ticular use does not arise for that consumer. The switching decision is largely
determined by monetary factors: the amount and regularity of money income,
alternative uses of money and willingness to spend part of the income to consume
commercial energies as opposed to allocating the money to other competing needs.

Once a buying decision is made, two important parameters are to be decided
next. If alternative fuel choices are available, which fuel would be used and what
type of appliance for this fuel? Once a decision is made to buy an appliance and
the appliance is purchased, the only variable leaves in the hand of the user is its
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utilisation. The level of utilisation varies from consumer to consumer and con-
sumers can adjust utilisation in response to changes in external factors. Box 3.1
provides the implications of each stage of decision making on the demand

analysis.

Box 3.1: Implication of the Three-Stage Decision-Making
on Energy Demand

For energy demand, information related to appliance holding pattern is

important for two reasons:

(1) to understand consumption behaviour: If there is lack of interest in a
particular use, it may be that there are important barriers which need to
be looked into. These barriers include: cost, financing options, user
friendliness, etc.

(2) to understand growth potential: If a particular segment of market is
saturated, demand growth from new consumers would be less and vice

versa.



46 3 Understanding and Analysing Energy Demand

Appliance stock and its growth potential are important determinants of
demand. For example, in a developing country there is only one car per
hundred thousand people. If the government provides cheap gasoline to
promote energy access, would it work? The cheap gasoline would go to
those having cars and would not benefit the rest. The barriers to owning car
need to be looked into first to promote motorized transport.

The second stage has a deciding influence on demand. Often equipment
has a long life time (5-10 years) and is costly. Once an appliance is pur-
chased, it will be in operation for sometime. This introduces strong path
dependence in energy demand (meaning that the choice of appliance fore-
closes certain options and influences the demand path). Strong path depen-
dence affects fuel switching possibility and responsiveness of the consumers
to external changes. Fuel switching option would be limited by the appliance
choice decision and involves capital expenditure, at times of considerable
amounts. Limited responsiveness: The rigidity or strong path dependence
leaves limited options to consumers in the event of sudden changes in prices
or supply conditions in the short run. They have to depend on their existing
stock of appliances in any case. The full reaction to external changes is not
instantaneous. It is spread over a number of periods because of the rigidity of
the system. This process is called lagged reaction (i.e. the reaction lags
behind the action) and only over a number of period, the accumulated effect
gives the full reaction.

The short term response arises from this factor and its scope is not very
broad. Therefore, short-term response is quite limited. This can have a social
dimension as low capacity utilisation may lead to deprivation of essential
energy services.

The three-stage decision process therefore influences: access to energy
services, market growth potential in a particular service or use, path
dependence, responsiveness in the short run, reaction response, and con-
sumer’s usage behaviour. The above discussion also suggests that technol-
ogy matters: because energy demand is dependent on technical efficiency,
substitution possibility depends on technical options available.

3.4 Economic Foundations of Energy Demand’

From the point of view of economics, the principle for estimating and analyzing
the demand for energy is not different from that for any other commodity. There

' This section relies on Bohi (1981), Chapter 2, Estimating the demand for energy: Issues
and Methodologies. Similar treatments are also provided in Hartman (1979), Munasinghe
and Meier (1993)
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are characteristics of energy demand, institutional features of energy markets, and
problems of measurement that require particular attention in analyzing energy
markets. But the microeconomic foundation of energy demand is same as for other
commodities.

Demand for energy can arise for different reasons. Households consume energy
to satisfy certain needs and they do so by allocating their income among various
competing needs so as to obtain the greatest degree of satisfaction from total
expenditure. Industries and commercial users demand energy as an input of pro-
duction and their objective is to minimize the total cost of production. Therefore
the motivation is not same for the households and the productive users of energy
and any analysis of energy demand should treat these categories separately.

From basic microeconomic theory, the demand for a good is represented
through a demand function which establishes the relation between various amounts
of the good consumed and the determinants of those amounts. The main deter-
minants of demand are: price of the good, prices of related goods (including
appliances), prices of other goods, disposable income of the consumer, preferences
and tastes, etc. To facilitate the analysis, a convenient assumption (known as
ceteris paribus) is made which holds other determinants constant (or unchanged)
and the relation between price and the quantity of good consumed is considered.
This simple functional form can be written as follows:

q = f(p), where q is the quantity demanded and p is the price of the good. The
familiar demand curve is the depiction of the above function.

3.4.1 Consumer Demand for Energy: Utility Maximization
Problem

The microeconomic basis for consumer energy demand relies on consumers’
utility maximization principles. Such an analysis assumes that

e Consumers know their preference sets and ordering of the preferences.

e Preference ordering can be represented by some utility function and

e The consumer is rational in that she will always choose a most preferred bundle
from the set of feasible alternatives.

Following consumer theory, it is considered that an incremental increase in
consumption of a good, keeping consumption of other goods constant, increases the
satisfaction level but this marginal utility (or increment) decreases as the quantity of
consumption increases. Moreover, maximum utility achievable given the prices and
income requires marginal rate of substitution to be equal to the economic rate of
substitution. This in turn requires that the marginal utility per dollar paid for each
good be the same. If the marginal utility per dollar is greater for good A than for
good B, then transferring a dollar of expenditure from B to A will increase the total
utility for the same expenditure. It follows that reduction in the relative price of
good A will tend to increase the demand for good A and vice versa.
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Fig. 3.2 Budget constraint Quantity of energy
A

20

»

Quantity of other goods

We shall use this basic idea in a graphical example to explain how the con-
sumer demand curve for energy could be developed. The mathematical develop-
ment is provided in Annex 3.1 for interested readers.”

Assume that an individual has 100 dollars to allocate between energy E and
other goods X. One unit of energy costs 5 dollars while one unit of other goods
costs 20 dollars. Accordingly, the individual can buy 20 units of energy or 5 units
of other goods or a combination of these goods as shown by the shaded area of
Fig. 3.2.

In equation form this is written as 100 = 5E + 20X (3.1)

Consider a utility function U = X*3E3 (3.2)

The combinations of X and E for various levels of utility (e.g. U = 2, 3, 4 and
5) can be easily determined for this function (see Fig. 3.3). These curves are called
indifference curves. The optimal demand for energy and other commodities could
be determined for the given individual from the budget line and the indifference
curves (see Fig. 3.3).

The budget line is tangent to the indifference curve (U = 5) and the optimal
combinations of energy and other goods can be found from this (which turns out to
be 10 units of energy and 2.5 units of other goods). Hence, when the energy price
is 5 per unit, given the budget constraint, the individual consumes 10 units of
energy. This forms one pair of data set for his/her demand curve.

Now consider that the price of energy changes to 10 per unit while the price for
other goods remains unchanged. Naturally, the consumer now will be able to
consume only 10 units of energy or 5 units of other goods or some combinations of
energy and other goods (as shown in Fig. 3.4). Following the method indicated
above, the new optimal combination is found and in this particular case, the
individual would consume 5 units of energy and 2.5 units of other goods (i.e. just

2 See also Chapter 2 of Bohi (1981), Munasinghe and Meier (1993) and Medlock III (2009).
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50% reduction of energy demand). This gives another pair of points on the demand
curve.

The individual’s energy demand schedule can now be drawn using these points
(see Fig. 3.5). As you have noticed, in the entire process, we have only changed
energy prices while keeping other variables unchanged (i.e. assumed that ceteris

paribus condition holds). In Fig. 3.5, the demand curve is downward sloped as is
expected.
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The market demand function for a particular good is the sum of each indi-
vidual’s demand for that good. The market demand curve for the good is con-
structed from the demand function by varying the price of the good while holding
all other determinants constant.

3.4.2 Cost Minimization Problem of the Producer

In the case of producers, the theory of the producers is used to determine the
demand for factors of production. In the production process, it is normally possible
to replace one input by the other and the producer would try to find the combi-
nation of inputs that would minimize the cost of production. Once again, we use a
graphical approach for the general description, while a more mathematical pre-
sentation is given in Annex 3.2.

Consider that a producer uses capital and energy to produce her output which
follows the production function given in Eq. 3.3.

Q = 10K*E"3 (3.3)

The isoquant map for this production function can be graphed by setting Q at
different levels (say 50 or 100) and then finding the combinations of K and E that
would produce the given level of outputs (see Fig. 3.6).

Assume that the price of capital and energy per unit is $1 each. If K units of
capital and E units of energy are used in the production process, the total cost will
be K + E. The cost lines are shown as constraints in Fig. 3.6. As can be seen from
the figure, the optimal choice would be at the point where the cost line is tangent to
the isoquant. For a given level of output, the demand for input energy can then be
determined.

While the above theoretical concepts provide some understanding of energy
demand, these theoretical ideas are based on quite restrictive assumptions. While
the econometric modelling tradition explicitly follows the economic principles for
energy demand analysis and forecasting purposes, this is not the only economic
philosophy followed in energy demand modelling. Although price, rationality and
optimising behaviour within the neoclassical tradition greatly influence the
econometric tradition, others do not always believe in the crucial role of these
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factors. Accordingly, other behavioural assumptions (such as “satisficing”
approach in the sense of Herbert Simon or evolutionary approach for technological
change) and beliefs are used in some approaches,’ especially in the “bottom-up”
approach or “engineering-economic” approach.

3.5 Alternative Approaches for Energy Demand Analysis

Analysis of the historical evolution of energy demand and its interpretation is an
essential part of energy demand analysis. Such an analysis allows identification of
the underlying factors affecting energy demand. Various analytical methods are
used to analyze energy demand. Three approaches are presented below: simple
descriptive analysis, factor (or decomposition) analysis, and econometric analysis.

3.5.1 Descriptive Analysis®

Here we present three simple but commonly used indicators that are used to
describe the change in demand or its relationship with an economic variable. These
are growth rates, demand elasticities and energy intensities.

Any demand analysis starts with a general description of the overall energy
demand trends in the past. It enables qualitative characterization of the pattern of
energy demand evolution and identification of periods of marked changes in the
demand pattern (such as ruptures, inflexions, etc.). This preliminary step could set
the scope and the priorities of the analysis (see Fig. 3.7). Such a historical analysis
is first based on a graphical presentation of the evolution of demand through time.
Two types of graphs are generally used:

e energy demand in absolute value (Mtoe, PJ, etc.) and time;
e energy demand in index and time.

The graph in absolute value provides an indication of the trend while that in
index allows comparison with respect to the base year. Index also allows com-
parison of trends of different fuels and energy groups.

3.5.1.1 Growth Rates

Annual growth rate is another indicator commonly used to describe the trend. This
can be on an annual basis or an average over a period. Table 3.1 presents the

3 See Wilson and Dowlatabadi (2007).
* This section is based on UN (1991). See also IEA (1997).
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Fig. 3.7 Evolution of global 12000 -
primary energy demand. Data
source BP Statistical Review 10000
of World Energy 2009

fg 8000

&

~ 6000 1

w0

m

o

4000 1

2000 4 —/'/

SN R LD PSS
FFFFEEEEF T TP

Year

[ North AM [l South AM [] Europe & Eurasia [] Middle East
B Africa [0 Asia Pacific

Table 3.1 Mathematical relationships for simple indicators of trend

Indicator Formula Parameter description
Year-on-year growth a = (E. — E;)/E, Where a = annual growth in demand,
rate E,,, = energy consumption in year ¢ + 1
and E, = energy demand in year ¢
Annual average Epy = Ero(l + ag)m*m) Where E7; = energy demand ip peripd Tl
growth rate over 1/(T1-T0) and E7g = energy demand in period 70,
a period @ — (@ ) _1 a, = annual growth rate
¢ Ero
Demand elasticities e = (AEG,/EC,) Where ¢ is a period given EC is energy
(ALJT) . . o .
consumption / is the driving variable of
energy consumption such as GDP, value-
added, price, income etc. A is the change
in the variable
Energy intensity (for EI, = % El, = energy intensity for year ¢, E, = energy
a single energy) ' consumption in year ¢ and /, = value of
the driving variable (say GDP or value
added)
Energy intensity in B — S B Where E;; = energy consumption of ith type
case of T of fuel in year ¢

aggregated fuels

formula commonly used for this purpose. The year-on-year growth rates are cal-
culated year after year so as to get a historical series. The average growth rate over
a period on the other hand provides a picture for the entire period. Although an
arithmetic average of the annual year-on-year growth rates can be calculated, this
is not done generally. Instead, a geometric average is calculated for the period.
Annual growth rates can also be calculated at any level of disaggregation. This is
an easily understood indicator capturing the speed of change in demand.
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Example According to BP Statistical Review of World Energy, the world primary
energy consumption was 9,262.6 Mtoe in 2000. The demand increased to
11,104.4 Mtoe in 2007 and 11,294.9 Mtoe in 2008. Calculate the growth rate of
demand between 2007 and 2008. Also calculate the annual average growth rate
between 2000 and 2008.

Answer: The primary energy demand increased from 11,104.4 Mtoe in 2007 to
11,294.9 Mtoe in 2008. This amounts to a growth of = (11,294.9 — 11,104.4)/
11,104.4 = 0.017 or 1.7%.

The annual average growth rate between 2000 and 2008 is = (11,294.9/
9,262.6)7(1/8) — 1 = 0.0251 or 2.51%.

3.5.1.2 Demand Elasticities

Elasticities measure how much (in percent) the demand would change if the
determining variable changes by 1%. In any economic analysis, three major
variables are considered for elasticities: output or economic activity (GDP), price
and income. Accordingly, three elasticities can be determined. The general for-
mulation is given in Table 3.1. There are two basic ways of measuring elasticities:
using annual growth rates of energy consumption and the driving variable, or using
econometric relationships estimated from time series data. The first provides a
point estimate while the second provides an average over a period, and accord-
ingly, the two will not give the exactly same result.

Output or GDP elasticities of energy demand indicate the rate of change of
energy demand for every 1% change in economic output (GDP or value added).
Normally the GDP growth is positively related to energy demand but the value of
elasticity varies depending on the stage of development of an economy. It is
normally believed that the developed countries tend to have an inelastic demand
with respect to income (i.e. the elasticity less than 1) while developing countries
have an elastic energy demand with respect to income.

Example The primary energy consumption in China increased from 1,970 Mtoe
in 2004 to 2,225 Mtoe in 2005. The GDP increased from 14,197 Billion Yuan in
2004 to 15,603 Billion Yuan in 2005 at constant 2,000 prices. What was the GDP
elasticity of energy demand in China?

% change in energy demand = (2,225 — 1,970)/1,970 = 12.9%
% change in GDP = (15,603 — 14,197)/14,197 = 9.9%
GDP elasticity = 12.9/9.9 = 1.31

Price elasticities indicate how much demand changes for every percent change
in the energy price. Price elasticities are negative numbers, indicating that an
increase in price results in a decrease in energy demand. As this elasticity aims
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to find out the responsiveness of consumers to price changes, the price to be used
for elasticity purposes should reflect as closely as possible what consumers really
pay (retail price or wholesale price as the case may be). A distinction is normally
made between short-term and long-term price elasticities. The short-term price
elasticity captures the instantaneous reaction to price changes. In the short run
consumers do not have the possibility to change their capital stock and can only
change their consumption behaviour and hence only a partial reaction is normally
felt. The long-term elasticity would capture the effect of adjustments over a longer
period. On the other hand, over the long run, consumers have the possibility of
adjusting their capital stock as well as their consumption behaviour. This results in
a better reflection of the reaction to price change.

3.5.1.3 Energy Intensities

Energy intensities (also called energy output ratios) measure the energy require-
ment per unit of a driving economic variable (e.g. GDP, value added, etc.). Energy
consumption may refer to a particular energy or to various energy aggregates and
is expressed as a ratio of energy demand per unit of economic output (see
Table 3.1 for the formula). For an economic driving variable, normally the con-
stant dollar values are used for better comparability across a time scale. Table 3.2
explains the choice of the economic driving variable (/) in different cases. In the
productive sectors (industry, agriculture and commercial), the value-added of these
sectors should be used to calculate their energy intensity. As for the case of non-
productive energy consuming sectors such as household sector, the GDP of the
whole country or the private consumption of the households should be used as
driving economic variable. As the energy consumption of the transport sector
includes the consumption of all vehicles, it is then irrelevant to use only the value-
added of the transport companies to calculate the transport sector’s energy
intensity. Instead, GDP as the economic indicator is more appropriate for calcu-
lating transport energy intensity.

Although energy intensity (or energy GDP ratio) is widely used as a measure of
relative performance of economies, the ratio is subject to various conceptual and
measurement problems. The ratio is highly sensitive to the bases chosen for either
of its components and any problem that may distort the size of either the numerator

Table 3.2 Selection of

e . . Sector Driving economic variable
driving economic variable by
sector Whole country GDP
Industry Value-added of industry sector
Agriculture Value-added of agriculture sector
Commercial Value-added of commercial sector
Transport GDP

Households GDP or private consumption
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Fig. 3.8 Issues related to energy intensity

(energy consumption) or the denominator (GDP) distorts the picture presented by
the ratio (see Fig. 3.8).°

The Gross Domestic Product measures the total output of a country’s economy.
This aggregate statistic represents all goods produced and services rendered within
the political boundaries of a country. The GDP can be measured in three standard
ways:

(1) by industrial origin, summing up value added by all industries (i.e. gross
output minus input);

(2) by summing up the remuneration accruing to all income-producing sectors of
the economy; and

(3) by summing up final expenditures to different sectors, that is, presenting
aggregated final demand.

The problems related to GDP as a measure of output are:

The measure may be understated by the existence of an underground or
informal economy, whose transactions may not be captured by national statistics.
This is particularly true of developing countries where many transactions do not
get reported in market statistics as they do not enter the market system.

Expenditure on various items may not represent efficient behaviour. In fact,
inefficiency would try to increase expenditure and therefore increase GDP when

5 This discussion is based on Chapter 3, Energy Demand and Economic Growth, Measurement
and Conceptual Issues in Policy Analysis, by C. M. Siddayao, West View Press, 1986.
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expenditure is used to measure GDP. The GDP statistics may obscure the struc-
tural inefficiencies of an economy.

For international comparisons, conversion of the GDP to a common unit is
required. The use of foreign exchange rates is the obvious approach. Commonly,
exchange rate is used to convert local currency GDP to US$. This faces two
problems:

Currency values fluctuate but fluctuations in the exchange rate of a particular
currency may not necessarily be related to real changes occurring in the domestic
economy.

Exchange rates reflect only the values of internationally traded goods and
services and not the entire economic price structure of the reference country.

Depending on the case, the GDP will be understated or overstated in the foreign
currency and would lead to distorted intensity.

Studies suggested that purchasing power of low income countries was sys-
tematically greater than that suggested by their exchange rates when compared to
the purchasing power/exchange rate relationships of high-income countries. For
these reasons, various international organizations (World Bank, for example) use
another measurement of GDP calculated by converting the national currencies into
US dollars with “Purchasing Power Parities (PPP)”. The PPP Values are based on
a comparison of the purchasing power of a typical “basket” of goods and services,
characteristic of each country’s consumption pattern.

Problems related to measurement of energy consumption also affect energy
intensity estimation. Common issues related to energy measurement are:

e Use of traditional energies in developing countries, data for which is often not
accurate and not included in analysis; Exclusion of traditional energies can
understate energy consumption and accordingly, energy intensity significantly.

e Aggregation of energies to a common unit can be a problem in itself. Simple
summation of heat content of energies does not capture the factors that influence
the choice of energy forms. Moreover, such aggregation reflects total energy
content rather than available energy. As end-use efficiencies of appliances are
different for different forms of energies, such an aggregation is biased towards
inefficient technologies.

e Aggregation of hydropower, nuclear power, solar and other renewable energies
also poses another problem. The amount of energy is measured only at the
output end and not for inputs. But other fossil fuels are measured at the input and
output ends. In order to measure hydropower, nuclear power and other such
renewable energies on a comparable basis, an assumption has to be made about
the amount of fossil fuel input that would be required to provide the same
energy. Energy accounts however are not always presented using the production
equivalence approach.

e The definition and coverage of energy forms and energy consuming sectors are
not same and even within a country can vary from time to time. For compa-
rability, comparable definitions and coverage are required.
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Different end-use efficiencies of appliances complicate the problem further.
Countries with different fuel mix and appliance use pattern cannot be appropriately
compared using toe (oil equivalent values) as the measure of energy consumption.
For example, one country relies on coal and traditional energies (e.g. India) to
meet its energy demand, while another country is more dependent on natural gas
for its needs. If the energy intensity of these two countries is compared using the
standard energy intensity approach, the differences in the efficiencies of fuel
utilisation will not be captured. A remedy for this problem is to introduce the
concept of “oil replacement value”, which expresses various fuels in terms of the
quantity of oil products that would provide the same amount of useful energy (i.e.
same energy service). This approach attempts to measure the effective output of
useful work at the downstream end of the energy consumption process and con-
siders the efficiency of the energy utilization equipment. As an example, if the
efficiency of the end-use equipment using traditional fuels is 25% of that of oil-
using equipment, then 4 toe of traditional fuels would be required to produce the
same useful energy provided byl toe (i.e. 1 ton of oil replacement). Similarly, if
the relative efficiency of coal-using equipment is 40% of that of oil-using equip-
ment, 2.5 toe of coal would be equal to 1 tor.

While the replacement value takes care of the differences in energy forms, its
principal shortcomings are that it is site-specific (e.g. depends on the type of
energy and appliance used) for the resource in question and is time-specific for
both resource and technology (i.e. the factors used can change over time, making
inter-temporal comparisons difficult). For international comparisons, this approach
requires additional information (e.g. appliance efficiency), which may not be
readily available.

3.6 Factor (or Decomposition) Analysis

The simple indicators discussed earlier capture the nature of the change in energy
demand or use but do not explain the underlying cause. However, for a better
understanding of energy use and future energy requirements, it is important to
understand the causal factors. A large volume of literature has developed on
devising methods and frameworks for explaining the demand. A particular
method, known as decomposition method, has been widely used (see Ang and
Zhang 2000 for a survey of application of this method).® Traditionally, these
methods try to identify changes in energy demand arising from a number of
factors, the commonly used ones are: changes in economic activity (the activity
effect), changes in technological efficiency of energy use at the sector level (the
intensity effect) and changes in the economic structure (the structural effect). The

S Also see ODYSSEE project for energy efficiency indicators in Europe (http:/www.
odyssee-indicators.org/). IEA (1997) also presents a large study for IEA Member countries.
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two distinct traditions in the energy field: one is known as top-down approach
where the focus remains on the aggregate level of analysis and the other is known
as bottom-up approach where the overall demand is aggregated from the sector and
sub-sector level analysis. The next chapter deals with this aspect in some detail.

Annex 3.1: Consumer Demand for Energy—The
Constrained Optimization Problem

Consider that the utility function of a consumer can be written as
Utility u = U(X1,X2, X3, .., Xp) (3.31)
The consumer has the budget constraint
I'=pXi +p2Xo+ -+ puX, (3.32)
For maximization of the utility subject to the budget constraint, set the lagrange
L=UX1,X2,X3,...,X,) — Al — (01 X1 + p2Xo + -+ puX)) (3.33)

Setting partial derivatives of L with respect to X;, X5, X3,...X,, and 4 equal to
zero, n + 1 equations are obtained representing the necessary conditions for an
interior maximum.

OL/0X, = oU/6X, — Ap, = 0;
5L/5X2 = 5U/5X2 — lpz = 0;

: (3.34)
oL/éX, = oU/oX, — 2p, =0
OL/oA=1—-pXi+p, X2+ +p, X, =0
From above,
(6U/6X1)/(6U/6X) = p1/p, or MRS = p, /p, (335)
A= (0U/oX1)/p, = (0U/6X2)[p, = -+ = (0U/6Xu)/py (3.36)

Solving the necessary conditions yields demand functions in prices and income.

XT - dl (p17p27p37 .. 'pm[)

X; = dZ(pl7p27p37 i .pn,I)
(3.37)

X;; - dn(pl7p27p37 . 'pn)[)
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An individual demand curve shows the relationship between the price of a good
and the quantity of that good purchased, assuming that all other determinants of
demand are held constant.

Annex 3.2: Cost Minimization Problem of Producers

Consider a firm with single output, which is produced with two inputs X; and X5.
The cost of production is given by

TC = c1 X1 + 62 X» (3.38)
This is subject to
St 490 :f(Xl,Xz) (339)
Write the Lagrangian expression as follows:
L= C‘1X1 —+ 62X2 + )“(qO —f(Xl ,Xz)) (340)
The first order conditions for a constrained minimum are:
5L/5X1 =C1 — ﬂvéf/éXl =0
(SL/&XZ = Cy — )ﬁf/éXz =0
From above,
Cl/Cz = ((3f/5X1)/(5f/(3X2) = RTS (Xl for XQ) (341)

In order to minimize the cost of any given level of input, the firm should
produce at that point for which the rate of technical substitution is equal to the ratio
of the inputs’ rental prices.

The solution of the conditions leads to factor demand functions.

Annex 3.3: Adaptive Price Expectation Model

Consider that Q, is related to price expectation and not the actual price level in
time ¢.

QO =a +bP +e (3.42)

where P" represents expected level of prices, not actual prices
A second relationship defines the expected level of P*. It is assumed that in
each time period, the expectation changes based on an adjustment process between



Chapter 9
Economics of Non-Renewable Resource

Supply

9.1 Introduction

Resources like oil, natural gas or coal are non-renewable in nature as they come
from finite stock sources. This means once they are used less will be available in
the future. This feature of non-renewable energies then introduces an inter-
temporal dimension in the use decision: the choice of using it now or later. This
chapter presents a brief review of the optimal allocation of non-renewable (or
depletable) resources. This is presented using a simple two-period example first,
followed by a more formal presentation in the third section. The influence of
discount rate, market structure and the effects of changes in the oil market are
discussed subsequently. Finally, the link between the theory and the empirical data
is considered.

9.2 Depletion Dimension: Now or Later

The inter-temporal aspect can be analysed using a simple framework as shown
below (Fig. 9.1)." Consider two time periods and the width of the box in the dia-
gram represents the quantity of resource available for consumption. The amount of
resource used in time 1 is measured from the left side, while the quantity used in
time 2 is measured from the right side. If the resource is consumed now, it is not
available for the next period. But the more we use the resource its usefulness
reduces to us, implying less marginal utility.

In the absence of time preference for using the resources, the intersection of the
two utility curves gives the quantities to be consumed in two periods. But usually
we prefer things now than later, because of time value of money. Consequently,
we have to discount the marginal utility in period 2 to make it comparable to the

! This is based on Hannesson (1998).
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Fig. 9.1 Schematic explaining now or later decision. Source Hannesson (1998)

marginal utility in period 1. The dashed line shows the discounted marginal utility
in period 2. The intersection of the new line with the marginal utility in period 1
gives the inter-temporal allocation of resources. Thus in mathematical terms,

up=wuwp/(14+r) or wuyfuy=1+r. 9.1

In a market economy, relative prices of goods decide the allocation of
resources. If a commodity costs twice as much as another commodity, the marginal
utility of the first must be twice as high as that of the second. Thus,

p2/p1 = uz/uy (9.2)

Substituting this in Eq. 9.1, we get,

(p2—p1)/p1=r. (9.3)

That is the price must rise over time at a rate equal to the rate of discount. This
is called Hotelling’s r percent formula.

The above rule implies that finite resources have a value over and above their
cost of production, which is due to their scarcity. This extra value is considered as
scarcity rent. Our time preference would require us to consume a bit more in
period 1 than in period 2 but for this the price in period 1 has to be somewhat lower
than that in period 2.

Why the resource owner will not dump everything now?

If the supplier produces one unit now and invests the money in the capital market
he earns rp;. If he supplies one unit in period 2, he earns p,, which is p; + (p» — p1),
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which is equal to p; + rp;. Thus by waiting for one period, the producer makes the
same profit, which makes him indifferent. Thus the expectation of better prices in the
future will ensure that not the entire amount is produced in one period.

9.3 A Simple Model of Extraction of Exhaustible Resources

The basic model of the extraction of non-renewable resources was initially pro-
posed by Hotelling (1931). The problem is to find the optimal depletion path of a
firm that seeks to extract such resources to maximize its profit. There is a vast body
of academic literature on this subject—see Devarajan and Fisher (1981), Fisher
(1981) and Krautkraemer (1998) for further details. The basic model is based on
the following assumptions: (a) the size of the resource stock is known, (b) the
entire reserve is exhausted during the project life, (c) interest rate is fixed.

We define the following terms:

v, is the quantity of resource extracted in period f;

X, is the resource stock at the beginning of period ¢ = fixed at X at time 0;

C = C(y,, X;) = total extraction cost;

P(y,) is the inverse demand function for the resource;

r is the discount rate;

T = time horizon.

The objective is to maximize the net benefit

Max(0) 3| (= 01 X) 04)

=LA +7)
S.t.
Xo = Xo; XT = XT (95)
and
dX,
Ttt =—y, or Xy —X, =—y,. (9.6)

The Lagrange function is given by

=3[

=0

pty, c(y, X))

T-1 (9.7
+Z#z — X1 — ;) + u(Xo — Xo) + f(Xr — X7).
=
First order condition resulting from differentiation with respect to y; is:
— (0c/0
pr — (0c/dy,) T (9.8)

(1+r)
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which can be rewritten as

Oc
P = (14 ) = (9.9)

The net price is equal to royalty and in the special case where cost of extraction
is negligible the price should grow at the rate of interest. The term on the right
hand side of Eq. 9.9 is the user cost, which is directly related to the shadow price
of the resource. It suggests that for non-renewable resources, the price should
contain an additional element that takes care of the effect of resource depletion.
This is the opportunity cost of using the resource now instead of leaving it for the
future. In the special case when the cost of extraction is insignificant or zero, the
price becomes equal to the rent and hence the rate of price change is just equal to
the rate of interest. This is the fundamental result in the economics of exhaustible
resources.

9.3.1 Effect of Monopoly on Depletion

Consider the case of pure monopoly—where one producer is functioning in the
industry. The problem here is similar to the competitive market. The only dif-
ference is in the first condition of optimal depletion because the monopolist will
take into account the influence of his output decision on price. The first order
condition resulting from differentiation with respect to y, is given by

P+ vt — (@c/dy,)
(L+r)

— i, =0; (9.10)

or MR — MC = Royalty.
Introducing price elasticity in the above equation we get

pt(l +i) — (8¢/dy,)
(147

— 1 =0; (911)
which can be re-written as

p,(l +i) — (@c/oy) = w1 + 1) = (9.12)
i+ 3¢/,

pr =1+ (0c/0y,) — Tt e
14

(9.13)

This implies that the price under monopoly would have three components:
marginal cost of extraction, royalty and a monopoly rent. This third component is
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positive for all elasticity values greater than —1.0. In those cases, price under
monopoly would be greater than the price under competition.

For a linear demand function, it can be shown that the optimal price path in the
case of a monopoly is two times less rapid than that of a competitive market price
path. Obviously, the two prices start at different levels and the price charged by the
monopolist includes the monopoly rent. This is shown graphically in Fig. 9.2. The
optimal extraction path also follows a similar path—under the competitive market
situation, the resource is exhausted twice as fast as that under the monopoly in the
above case (see Fig. 9.3).

Relating the above idea to the oil market would then suggest that the price
change under the OPEC era in the 1970s was an adjustment process where the
competitive price path was abandoned in favour of a monopolistic price path. This
is shown in Fig. 9.4. Surely, this slows down the extraction and the resource will
last longer in this case.
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Fig. 9.4 Change in price InP
path under OPEC after the
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9.3.2 Effect of Discount Rate on Depletion Path

As the discount rate plays an important role in the net worth calculation, the
discount rate influences the decision about using non-renewable resources now or
in the future. A high discount rate leads to higher rate of extraction initially but the
output declines fast and therefore, the resource is exploited quickly (see Fig. 9.5).
On the other hand, a lower discount rate prolongs the resource availability through
a lower rate of initial extraction and a slower rate of extraction.

The price path for different discount rates again follows the similar pattern (see
Fig. 9.6). A high discount rate reduces the initial price but the price path is steeper
compared to a low discount rate, which in turn causes to reach the backstop prices
earlier.

It needs to be mentioned here that although this application of the Hotelling
principles to depletion has given rise to a large volume of academic literature,
energy prices do not seem to follow the prescriptions of the theory. As shown in
Fig. 9.7, the crude oil price did not follow the price path suggested by the theory,
although prices have hardened in recent times. The theory relies on a number of
restrictive assumptions and despite much theoretical interest, has not helped much
in understanding the fuel price behaviour.
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Therefore, from a practical point of view, the relevance and influence of the
theory has been quite limited.

9.4 Conclusion

This chapter has provided a simple and a formal introduction to the theory of
exhaustible resources. The chapter has restricted itself to the basic model of the
theory and did not enter into more elaborate extensions of the theory that has been
suggested by various authors to relax some of the restrictive assumptions of the
basic model. The outcomes of the model are at odds with the reality of the energy
sector and therefore, the practical relevance of the theory remains limited.
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Chapter 11
The Economics of Renewable Energy

Supply

11.1 Introduction: Renewable and Alternative Energy
Background

This chapter focuses on the economics of renewable and alternative energies. The
term “alternative energy” refers to any energy forms that are outside the conven-
tional forms of energies we have considered so far. Although conventional energies
can be renewable as well (such as hydropower) and can include both renewable and
non-renewable sources (such as tar sand, shale gas, etc.), this chapter focuses on
modern renewable energies. Most of these energies are available abundantly and
the mankind has been using them for various purposes from time immemorial. The
direct cost to the consumer remains low in their traditional form of use (such as
drying). However, modern ways of using these energies require sophisticated
conversion processes, which in turn increase the cost of supply.

The oil price shocks of the 1970s triggered new interest in renewable energy
sources. Availability of easy petrodollars facilitated funding of renewable energy
research and the field flourished during the periods of high oil prices in the
international market. The global concern for climate change and sustainable
development provided further impetus to renewable energies. Now renewable
energies occupy an important place in any strategy for sustainable development in
general and sustainable energy development in particular.

11.1.1 Role at Present

According to IEA," around 13% of global primary energy supply in 2007 came
from renewable energies. Out of 12 Giga ton of oil equivalent of primary energy

! See also Darmstadter (2003) for a review.
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11.4 Drivers of Renewable Energy

Renewable energies are emerging as alternative fuels as they offer a number of
advantages. Following Goldemberg (2004) these are:

a)

b)

c)

d)

Reduction in CO, emission and mitigation of climate change: This is the
main driver of renewable energy at present. The concentration of greenhouse
gases (GHQG) is increasing due to fossil fuel dependence of modern economies.
It is believed that the increasing concentration of GHGs has led to warming of
our climate. It is forecast that without any mitigation action, the CO, con-
centration in the atmosphere would double the present level by 2050.
Renewable energies being carbon free (or neutral) would help reduce the GHG
concentration.

Security of energy supply: Security of energy supply has made a come-back
in recent years. This is attributed to recent increases in fossil fuel prices in
general and oil prices in particular; concerns for depletion of fossil fuels
globally and imminent production decline in the US and UK, and consequent
increase in import dependence; increasing competition for supply from
emerging consuming countries; political instability in the hydrocarbon resource
rich areas; and high economic impacts of energy supply disruption in the
developed and rapidly developing countries.

As fuel diversification is considered as an important strategy for ensuring
supply security, developing alternative energies from locally available
resources can reduce import dependence and accordingly, renewable energies
are being viewed favourably from this perspective.

Improving energy access: It is now believed that more than 2 billion popu-
lation worldwide do not have access to clean energies. The problem is more
acute in rural areas of poor countries where the supply system may be inex-
istent. To ensure sustainable development, it is essential to provide clean
energy to these people. Renewable energies offer certain advantages in this
respect—they reduce environmental and health damages, and save time in fuel
collection and improve working conditions. These changes can in turn provide
better opportunities for income and reduce poverty.

Employment opportunities: Renewable energy supply has the potential for
employment generation, directly due to decentralised, modular structure of the
technologies and local level operation of the systems. And indirectly through
improved working conditions or saving in time which would otherwise be used
in drudgery.

Other spill-over effects: Reliance on renewable energies would help improve
macro-economic stability. The logic goes as follows: (1) Promotion of
renewable energies reduces import dependence; (2) fossil fuel import being the
important constituent of the international trade of importing countries, a switch
over to the renewable energies is expected to reduce the trade balance; (3) this
in turn reduces the possibility of economic shocks due to external factors.
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In addition to the above advantages, renewable energy technologies benefited
from significant cost reductions over the past decade and such a trend is expected
to continue in the future. Cost reductions have made some of these technologies
economically feasible and competitive (e.g. wind) with other conventional power
generation technologies. In fact, Darmstadter (2003) suggests that the cost
reductions were much higher than was expected by many.

Despite enjoying such advantages why are renewable energies unable to capture
higher market shares?

This is essentially due to the existence of considerable barriers facing renew-
able energies. The literature on the subject has identified a number of barriers.
Painuly (2001) provides a framework for identifying and analyzing the barriers. He
suggests that the barriers can be analysed at a number of levels: first can be
grouped in broad categories. Within each category, a number of barriers can then
be identified. At a third level, the elements of these barriers can be identified. This
disaggregated approach can provide a better clarity on the subject. Neuhoff (2005)
has identified four broad categories of barriers and elements within them. These
include technological barriers (related to intermittency of supply), uneven playing
field (related to failure of the pricing system to internalize externalities of fossil-
fuel energies), marketplace barriers (such as access to the grid, regulatory barriers,
inappropriate tariffs or incentives for renewable energies, etc.), and non-market
barriers (such as administrative difficulties, lack of long-term commitment, lack of
information, etc.)

11.5 The Economics of Renewable Energy Supply

This section will first focus on the economics of renewable electricity and then on
that of bio-fuel supply.

11.5.1 The Economics of Renewable Electricity Supply

Electricity from renewable resources has a number of technical features:

a) most common forms of renewable energies (such as solar, wind or tidal) are
intermittent in nature (i.e. they are not available all the time), and

b) given that electricity cannot be stored in large quantities in a cost effective
manner, these energies have to be used when they are available.

As a result of intermittency, a number of issues arise.

(1) Electricity generated from such sources cannot be dispatched following the
merit-order dispatch schedule. They have to be used whenever the electricity
is available. However, through better forecasting of weather conditions, more
accurate assessment of local level generation can be made.
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As a consequence of the above, the capacity is used only for a limited time,
leading to low capacity utilization. This has been indicated in Fig. 11.6 where
it is noted that the average utilization of solar PV systems is less than 10% in
Europe, while the average wind capacity utilization is about 20%.

Consequently, such systems cannot provide reliable supplies round the clock
and will require back-up capacity (or standby capacity). The standby capacity
often relies on non-renewable energies and therefore, the benefits of renewable
energies are not available. The standby capacity also increases the cost of

supply.

In a study by Gross et al. (2006), it is estimated that the intermittency costs in

Britain are of the order of 0.1-0.15 pence/kWh. This is quite substantial compared
to the electricity price paid by the consumers.

In addition, renewable electricity often suffers from other biases against it.

These include:

a)

b)

)

d)

Inappropriate valuation: The value of electricity normally varies depending
on whether it is used during the off-peak hours or peak-hours. The peak-period
supply should fetch a higher value to the supplier; but as renewable supply is
treated outside the wholesale market (being non-dispatchable), the appropriate
valuation of its contribution is difficult to make. This would affect the financial
and economic viability of the renewable energy projects.

Inappropriate price signals: Often such units are embedded in the distribution
system and rely on net metering (i.e. considers the energy supplied less energy
consumed by the unit). But unless the retail tariff is based on time-of-day
pricing, the system does not provide proper signal to the consumer and the
supplier. This also affects the renewable energy generation and its viability.
Non-internalisation of externalities: Renewable energies have environmental
advantages compared to the fossil fuel-based electricity. Consequently, non-
recognition of the external costs® in the pricing puts renewable energies at a
disadvantage and does not allow two types of energies to be compared on the
same level. This acts as a barrier to the renewable energy development.

Fuel risk benefits: Renewable energies do not face fuel price risks faced by the
fossil fuels. In fact, the operating cost of renewable energies is minimal in most
cases. However, the market price for fossil-fuel based electricity does not
provide the correct signal to the investors and the consumers taking the pre-
mium for higher prices for fossil fuels into consideration. This has an adverse
effect on the renewable energy development. Awerbuch (2003) suggested that
inappropriate fuel risk and financial risk estimation renders renewable elec-
tricity costlier, which introduces a systematic policy bias against renewable
electricity.

S External costs are covered in another chapter where the economics environmental damages
from energy use is considered.
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Any comparison of electricity supply costs should adequately capture the above
differences. The basic indicator—levelised cost—is often used but it may be an in
appropriate comparator as it relies only on a specific level of capacity utilisation,
which varies widely across electricity generating technologies.

The screening curve approach in conjunction with the load duration curve
provides a better picture as this can capture the value of energy at different stages
of the load.” More complex simulation models are required to capture the differ-
ences in costs and technical characteristics of electricity generating techniques and
their effects on the supply. This however requires more involved mathematical
models, which are beyond the scope of this discussion.

11.5.1.1 Cost Features

The main elements of costs to be considered in the case of electricity supply
technologies are:

a) Energy-related costs: Include those costs which are related to energy generation
in a facility: costs related to fuels and variable operating and maintenance
related costs. Normally, for fossil-fuel based electricity, this component is
relatively high while for the renewable fuels, this element tends to be small.

b) Capacity costs: These include the cost of installing the capacity (charges to be
paid in relation to installation of a capacity) and the fixed operating and
maintenance costs (labour charges, stocks, etc.). For renewable energy based
electricity, this is the most important cost element and could be between 50%
and 80% of the overall cost of supply.

¢) Other related costs: This is a broad category of cost that can include external
costs due to environmental damages and climate change, costs related to
standby or reserve capacity, and any other costs that should be considered to
make the like-for-like comparisons.

a. Environmental costs are higher for fossil fuels and nearly non-existent for
the renewable energies.

b. On the other hand, standby capacity costs could be important for certain
types of renewable energies.

c. Similarly, fuel price risk (or security risk) could be high for some fossil fuels
and should be considered here.

Figure 11.14 presents the comparison of levelised costs of electricity supply for
different electricity technologies from the Royal Academy of Engineering (2004)
study.® Although this figure provides costs relevant for the UK market, it still
provides a generic picture.

7 See the paper by Kennedy (2005) for an application of this method.

8 Heptonstall (2007) provides a review of unit cost estimates of electricity generation using
different technologies.
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The above figure suggests that most renewable-energies would be cost inef-
fective solutions for generating electricity even after taking environmental costs
into consideration. This is because of high level of standby power costs. If standby
power cost is ignored, the onshore wind power becomes quite competitive with
commonly used fossil fuels like coal or gas (in an open cycle). However, tidal
power and offshore wind power are still not cost effective solutions. The
assumptions about fuel prices and capacity utilization rate also affect the outcome
significantly. The report assumed full utilization of base load plants and 35%
capacity utilisation factor for intermittent sources such as wind. As indicated
before, the capacity factor of different technologies varies widely and a uniform
assumption does not capture the real situation. Similarly, the fuel price assump-
tions were quite conservative, making the security of supply insurance premium
quite small for fossil fuels.

A study by EPRI (2009) provides the levelised cost of electricity for a future
date—2015 and 2025 (see Table 11.1). The message from the above discussion
appears to be clear: renewable energies for electricity supply still face cost dis-
advantages and would require support to ensure their promotion.

Table 11.1 Levelised cost of power generation

Technology description Cost in 2015 Cost in 2025
(2008 constant $/MWh) (2008 constant $/MWh)
Super critical pulverized coal 66 86-101
Integrated gasification combined cycle 71 78-92
Combustion turbine combined cycle 74-89 67-81
Nuclear 84 74
Wind 99 82
Biomass circulating fluidised bed 77-90 71
Solar thermal trough 225-290 225-290
Solar PV 456 456

Source EPRI (2009)
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11.5.1.2 Support Mechanisms’

A number of intervention or support mechanisms have been used in practice to
promote renewable energy based electricity to overcome barriers arising from
market distortions and lack of internalisation of externalities. These include feed-
in tariffs, competitive bidding process, renewable obligations, financial incentives,
and taxing fossil fuels.

Feed-in Tariffs

This is an intervention by influencing the price. Here the electric utilities are
required by law or regulation to buy renewable electricity at fixed prices set
normally at higher than the market price. The system has evolved over time: in
California, a system of standardised long-term contracts at fixed prices was ini-
tiated in the 1980s to promote renewable energies, similar to independent power
project contracts. In mainland Europe, the producers were guaranteed a fixed share
of the retail price and the contracts lasted for the project life (15-20 years). More
recent feed-in tariffs vary by location, by technology and by plant size. The fixed
price declines over time and is adjusted periodically but the tariffs are long-term in
nature. The basic mechanism is explained in Fig. 11.15.

A well-developed body of literature exists in this area covering alternative support mechanisms
and their application to specific technologies or countries. See for example Menanteau et al.
(2003), Sawin (2004), Mitchell et al. (2006), del Rio and Gual (2007), Bunter and Neuhoff
(2004), Dincia (2006), and World Bank (1997).
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In Fig. 11.15, assume that the regulatory or public authorities have fixed the
feed-in tariff at P;,. All producers whose cost of supply is below this price will
enter the market and produce an output Q... The total cost of support in this case
is Py, X Qo The important point to note here is that projects with low cost of
production will earn a rent due to their locational or technological advantage. The
fixed price system allows the producer to capture this rent, which provides an
incentive for further innovation.

Generally the cost of subsidising renewable electricity is passed on to the
electricity consumers through the electricity tariff. However, in some cases the tax
payers in general or consumers in the area of utility’s jurisdiction where the
renewable energy development is taking place may bear the cost (Menanteau et al.
2003).

The feed-in tariff system has proved to be a successful instrument. It has been
used by those who have successfully developed their renewable electricity market.
These countries have often exceeded their national targets. As the producer has
tariff certainty over the project life, the system reduces financing risks and facil-
itates financing. The system is easy to implement and if standardised, the trans-
action cost can be low. However, the feed-in tariff system through generous
payments to producers promotes high cost supply. The long-term nature of the
contract can lead to stranded investments, especially in a competitive market.
Finally, it is not known in advance how much capacity addition will take place.
Therefore, there is no guarantee that a given target will be achieved. If over-supply
takes place, the utility has the obligation of purchasing the power, which creates a
contingent liability.

Competitive bidding processes

This is a quantity restriction mechanism where the regulator or public authority
mandates that a given quantity of renewable electricity would be supported but
decides the suppliers of such electricity through a competitive bidding process.
Interested producers are asked to submit bids for their proposals, which are ranked
in terms of their cost of supply. All proposals are accepted until the target volume
is reached. This mechanism is therefore an attempt to discover the supply curve
through bids and can be represented in diagrammatic form as shown in Fig. 11.16.

In Fig. 11.16, for the target volume Qt, suppliers up to a marginal cost of P will
be selected. However, the price paid to each supplier is limited to the bid price (i.e.
pay as per bid) and not the marginal cost of the last qualifying bid. This removes
the rent or producer surplus that is available in the case of a feed-in tariff. This
reduces the support cost to the area under the supply curve and as a consequence,
the burden on the consumers reduces. However, by removing the rent, the
incentive to innovate is reduced. As the bidding system decides the quantity to be
procured, there is certainty in terms of maximum volume of supply (although
whether the target will be reached or not remains unknown). The price to be paid
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and therefore the overall cost of support is not known ex-ante (Menanteau et al.
2003).

Renewable obligations

Renewable obligations (RO) also work through the quantity restriction mechanism
where the government sets the target for renewable electricity supply and lets the
price be determined by the market. The obligation is placed on the electricity
suppliers to purchase a given percentage of their supply from renewable sources.
The target is often tightened over time with the objective of reaching a final level
by a target date. The Renewable Portfolio Standard (RPS) used in the United
States of America or the Renewable Obligation system in England and Wales are
the common examples of this category.

The Renewable Obligation requires the electricity supplier to supply a specific
amount of renewable energy in a given year. For example, the RO in England and
Wales started in 2002 with a target of 3% for 2003 but the target rises to 15.4% for
the year 2015-2016. In theory, the RO is guaranteed to stay at 15.4% level until
2027—thereby guaranteeing a life of 25 years. However, in April 2010, amend-
ments were made to extend the end date to 2037 for new projects.

A number of technologies are recognised as the eligible renewable sources
(such as wind, solar energy, biomass, etc.). The producer of renewable electricity
receives from the RO administrator a tradable certificate, called the Renewables
Obligation Certificate (ROC), for every unit of electricity generation—either at a
uniform rate for every unit of renewable electricity produced or at a preferential
rate depending on the technology employed (which has been introduced in Eng-
land and Wales from 1, April 2009).
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Generators thus have two saleable products'®: electricity which they sell to
electricity suppliers and the ROC that they can sell to electricity suppliers or
traders. Certificates are tradeable and trading between suppliers and traders creates
a market for these certificates. The economic logic here is that trading of certifi-
cates allows electricity suppliers to meet the target at the least cost. This is
explained in Fig. 11.17.

Consider two suppliers A and B who are subjected to a renewable target of
q. The marginal cost of supply for A is given by MCa while that of B is given by
MCb. As A faces a steep cost curve compared to B, if it has to comply with the
requirement alone, its cost will be P, whereas B can meet the target at P,.
However, because of its cost advantage, B could easily expand its renewable
supply beyond the required limit and trade the credit with A. This allows both the
suppliers to benefit as the system can achieve the target at a lower price p. Thus, B
produces up to Q, while A produces just Q, and together they still satisfy the 2q
requirement set by the regulator at a lower price. This benefits the society as a
whole by imposing lesser burden for promoting renewable energies.

In the English system, the suppliers can also pay a buy-out price in lieu of
ROCs to meet their obligation or follow a combined approach of buying some
ROC:s and buy-out the rest. The buy-out price effectively sets the ceiling price for
the supplier to buy renewable electricity, and acts as a protective instrument for
consumers (Mitchell et al. 2006).

To prove compliance of obligation, suppliers have to redeem their ROCs with
the regulator and pay the fine for non-compliance (or buy-out price if available). In
England and Wales, the buy-out price is set by the regulator and the revenue so
generated is recycled annually to the suppliers presenting the ROCs in proportion
to their ROC holding. The market price of ROCs reflects the buy-out price and the
recycle payment received by the suppliers.

10 In England and Wales, the generator can also receive its share of recycled buy-out premium
and payment for levy exemption certificates in the consumer is eligible for exemption under the
Climate Change Levy agreements (see Mitchell et al. 2006).
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11.5.1.3 Performance of Price and Quantity-Based Mechanisms
Under Uncertainty and Risk

In ideal conditions of free and cost-less information, the price- and quantity-based
mechanisms produce similar results. However, in reality these mechanisms do not
yield same results due to incomplete information and uncertainty. Because the
supply curve is not known in advance, the shape of the curve would influence the
outcome considerably. If the shape of the curve is relatively flat (or elastic), the
output in a price-based system will be substantially off the target when the shape in
incorrectly estimated (see Fig. 11.18). On the other hand, for steep supply curves,
the quantity-based systems face the risk of off-the-mark prices under supply cost
uncertainties.

Assume that the regulator assumes the shape of the supply curve as indicated in
MG, and sets a feed-in-tariff at p, expecting Q, as the supply to be supported. But
the actual shape turned out to be MC;, resulting in Q; as the supply volume. This
results in an increased supply and consequently a higher volume of subsidy for
support. On the other hand, for a quantity-based system, assuming the shape as
MC,, the regulator set a quantity g for renewable supply. In reality, the shape
turned out to be MC,. This leads to a significantly higher marginal price to meet
the target and would facilitate entry of costly supply options. From above, the
following logic can be obtained: when the slope of the marginal cost curve is
gentle, the quantity-based system works better in presence of uncertainty whereas
the price-based system works better when the slope is steep. In other words, a
price-based approach performs poorly when the marginal cost curve is gently
sloped and a quantity-based approach works poorly when the slope of the marginal
cost curve is steep.

Mitchell et al. (2006) also introduce another set of risks in comparing these
mechanisms. They consider price, volume and balancing risks faced by the

Fig. 11.18 Performance Price MC,
under uncertainty

»
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investors of renewable energies under two broad types of support systems. In the
case of feed-in tariffs, the electricity supplier is obligated to buy any amount of
renewable electricity produced at the set price. This removes the volume risk.
Similarly, the price is known in advance and the contractual arrangement facili-
tates financing of renewable energy projects. In the context of competitive mar-
kets, the renewable generator does not have to worry about the mismatch between
predicted and actual supply in a feed-in tariff regime. It is the responsibility of the
system operator to take care of the variation. There is no penalty for the mismatch.

On the other hand, the Renewable Obligations do not promise a price—this is
decided by the market where supply and demand will determine the outcome. This
leaves the investors with a great deal of risk and price uncertainty. Absence of a
contract also affects the ability to project finance new capacity additions. Simi-
larly, as the supply volume approaches the target, the generators face the risk that
their outputs will not be purchased at the prevalent price. The suppliers would look
for cheaper sources and the generator will face the volume risk. Finally, under the
British system the renewable generator bears the risk of over or under-performance
and faces the balancing risk. Table 11.2 summarises these risks. Accordingly, the
RO appears to leave substantial risks to the generators. This can explain the slower
growth of renewable electricity capacity in the U.K. However, it is important to
indicate here that the British policy aimed at keeping the extra burden on elec-
tricity consumers low. The policy has succeeded in achieving this and as the
technology matures, the sector and the society are expected to benefit from the
prospects of declining costs of future renewable electricity.

11.5.1.4 Financial Incentives
These are fiscal measures used either to reduce the cost of production or increase
the payment received from the production. Commonly used incentives include: tax

relief (income tax reduction, investment credit, reduced VAT rate, accelerated

Table 11.2 Comparison of performance of support systems under risk (investor’s perspective)

Risk type Feed-in tariff RO
Price risk  No price risk for generators Great deal of price risk as price depends on
supply—demand interactions
Generators save money from Price likely to fall as supply approaches the
hedging the price risk target volume
Volume No volume risk—obligation to buy Exists
risk all power produced

Individual generators do not have any
guarantee of volume
Once target is met, no security of buying the
entire output
Balancing Side-stepped; no penalty for Balancing risk exists; penalty imposed for out-
risk intermittent generation. of-balance positions.

Source Based on Mitchell et al. (2006)
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depreciation, etc.); rebates or payment grants (that refunds a share of the cost of
installing the renewable capacity), and low interest loans, etc. Normally these
incentives show preferences to particular technologies (hence cherry picking) and
may promote capacity but not necessarily energy generation.

11.5.1.5 Taxing Fossil Fuels

The objective here is to reflect the true costs and scarcity of the fossil fuels in the
prices paid by the consumers to send a clear signal. Taxing fuels for their envi-
ronmental and other unaccounted for damages is one way of ensuring the level
playing field. The Nordic countries are in the fore-front of such environmentally-
oriented taxation. They are the pioneering countries in introducing carbon taxes
(i.e. a tax on CO, emissions), even before the European Union launched a proposal
to introduce community-wide carbon taxes in 1992 (which was never adopted
although individual members have introduced some such taxes). Finland was the
first country to introduce a CO, tax in 1990, followed by Norway and Sweden in
1992 and Denmark in 1992. Besides carbon tax, there are other taxes on energy as
well—these include taxes on fuel and electricity and a tax on SO, emission.
Despite this, it is doubtful whether the polluter is bearing the tax burden as a study
by Eurostat (2003) found that the burden is shifted to residential consumers while
the industry bears a relatively lower burden.

11.6 The Economics of Bio-fuels

The cost of supply of bio-fuels varies widely depending on the technology,
feedstock used and the size of the conversion plant. The energy content of bio-
fuels varies significantly and the energy density of bio-fuels is less compared to
petrol or diesel. Generally, the plant size and feedstock cost play an important role
in the bio-fuel supply cost. However, bio-ethanol and bio-diesel costs do not
follow similar patterns and consequently, it is better to analyse them separately.

11.6.1 Bio-Ethanol Cost Features

Two most important cost elements for bio-ethanol production are (OECD 2006):

a) The cost of feedstock: this is the most important cost in bio-ethanol production
(accounts for around 41% of the cost of supply). The choice of feedstock
explains cost variation across countries to a large extent.

b) Energy and labour costs: These are also quite important in bio-ethanol pro-
duction and account for about 30% of the costs.
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Capital recovery can be about one-sixth of the costs while the rest is attributed
to the cost of chemicals. Some credits are also obtained by selling them and this
could change the economics of bio-fuels to some extent.

Brazil is the least cost supplier of bio-ethanol and produces 30% cheaper
compared to the US cost and almost 2.5 times cheaper compared to the European
production (see Fig. 11.19).

How does bio-ethanol compare with gasoline price? Figure 11.20 provides the
comparison. Except Brazil, no other producer is yet able to produce bio-ethanol at
a competitive price. The cost of ethanol from maize comes close to gasoline prices
in the USA.

The cost of production however falls as the size of the conversion plant
increases. In fact, it is reported that the new plants coming up in the USA are
exploiting this feature to gain competitive advantage.

As the feedstock demand increases with higher fuel demand, the feedstock price
will increase. Higher feedstock price would affect food prices and would
encourage diversion of land and agricultural activities towards fuel feedstock
supply. This could have adverse consequences for food supply, water use, and for
competitiveness of bio-ethanol. In fact, this is one of the main concerns about the
first generation bio-fuels.

11.6.2 Bio-Diesel Costs

The feedstock cost plays a much higher role in the case of bio-diesel—almost 80%
of the operating costs (Balat and Balat 2008). An example using tallow-based
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bio-diesel is provided based on Balat and Balat (2008) in Fig. 11.21. The com-
petition from high value cooking use affects the feedstock price and the cost of
production. As a result, nowhere in the world bio-diesel is yet a cost effective
solution (see Fig. 11.22).

As bio-diesel or bio-gasoline is not yet competitive, support mechanisms have
been developed to promote them.

11.6.3 Support Mechanisms

The generic support mechanisms are quite similar to that used for renewable
electricity. The quota system (e.g. EU Directive on Bio-fuels), renewable obli-
gation (UK Renewable Transport Fuel Obligation, RTFO), standards based system
and financial incentives are commonly used.''

EU Bio-fuels directive: The European Union issued a directive in 2003
requiring members to ensure a minimum level of bio-fuel supply in their markets.
The indicative targets set in the Directive were to supply 2% (on energy content
basis) of all petrol and diesel used for transport by end of 2005, rising to 5.75% (on
energy content basis) by 2010. Most of the members failed to meet the 2005 target

""" For a brief review of support policies see OECD (2006, pp. 16-21). Also see Chap. 7 of IEA
(2004).
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and the progress towards 2010 remains limited. In 2009, the Renewable Energy
Directive has set a target of 10% share of renewable energy in the transport sector.

RTFO: This is the main instrument being used by the UK to promote bio-fuels
in the transport sector.'” This obligation came in to force in 2008 and the target for
2009/10 is 3.25% renewable fuel use by volume in the transport sector. The
mechanism is similar to that of the renewable obligation being used for electricity
generation. Each transport fuel supplier (above a certain threshold) has a specific
obligation to supply renewable fuels. They can claim certificates for renewable
fuel supply and at the end of the compliance period redeem the certificates to
demonstrate compliance. The supplier also has a buy-out option in case of non-
compliance, set at 15 pence per litre in the first 2 years, rising to 30 p/l from the
2010/11 reporting period.

However, promotion of bio-fuels has raised concerns about food security, water
scarcity and adverse effects on the poor. The competition for land for food and fuel
production and the limited net energy benefits of the first generation bio-fuels have
been highlighted by many, including FAO (2008) and WWI (2006). A careful
analysis is therefore required before embarking on a large-scale promotion and
supply of bio-fuels.

11.7 Conclusion

This chapter has provided an overview of renewable energy use and has introduced
the economic concepts for analysing the developments. The levelised costs for
electricity generation from renewable sources are discussed and the cost structure
of bio-fuel is presented. The supporting mechanisms used by the government to
promote renewable energies are also discussed to bring out the essential features
and remaining challenges. Surely, renewable energies will play an important role
in the energy mix in the future but many challenges remain before such energies
can compete with fossil fuels.

References

Awerbuch (2003) Determining the real cost: why renewable power is more cost-competitive than
previously believed, Renewable Energy World (see http://www.awerbuch.com/shimonpages/
shimondocs/REW-may-03.doc)

Balat M, Balat H (2008) A critical review of bio-diesel as a vehicular fuel. Energy Convers
Manag 49(10):2727-41

Bomb C, McCormick K, Deuwaarder E, Kaberger T (2007) Biofuels for transport in Europe:
lessons from Germany and the UK. Energy Policy 35(4):2256-67

12 See Department for Transport website http://www.dft.gov.uk/pgr/roads/environment/rtfo/.



Chapter 14
International OQil Market

14.1 Introduction

This chapter focuses on the international oil market and presents an overview of
the developments in this industry by looking at the resource positions, production
and consumption patterns. It also traces the changes in the organisational pattern of
this industry over time and highlights the nature of market interactions in these
industries. The purpose of the chapter is to capture the essence of the changes in
the industry without entering into an elaborate analysis or discussion, which is
outside the scope of this chapter. This chapter is organised as follows: first a brief
history of the evolution of the oil market is presented by considering two important
phases of development—pre-OPEC era and OPEC era. This is followed by an
analysis of some key aspects of the market.

14.2 Developments in the Qil Industry

Oil was discovered by Colonel Drake and William A. Smith in 1859. The oil
industry has undergone four distinct phases between 1859 and 1960, when OPEC
was formed. Here a brief description of the pre-OPEC and post-OPEC era is given.
Detailed discussions can be found in, among others, IFP (2007).

14.2.1 Pre-OPEC Era

The four phases of this period are: the period of gold rush, the phase of Standard
Oil domination, the internationalization of the industry and the rise of the Seven
Sisters. Each phase is described below.

S. C. Bhattacharyya, Energy Economics, DOI: 10.1007/978-0-85729-268-1_14, 325
© Springer-Verlag London Limited 2011
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But this practice of “sweating out” of the reserves in the OECD region leaves
the countries vulnerable in terms of their ability to supply in the future. The
reserve to production (R/P) ratio for oil is the lowest for the OECD region (see
Fig. 14.15). The preference for short-term gains by private companies compared to
the societal preference for long-term benefits drives such a development.

As indicated earlier, oil demand traditionally originated from the OECD
countries (see Fig. 14.16). More than 70% of oil demand came from this region in
1965 but the share has been falling as the demand from developing countries
started to pick up in the 1980s. Although OECD demand still accounts for more
than 50% of global oil demand, the developing country share has reached above
40% in 20009.
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China has emerged as the second largest oil consuming country in the world
after the USA, while India became the fourth largest oil consuming country in
2009. There are now indications that the oil demand in the industrialized world has
past its peak and is in the decline phase. The average growth rate of demand
between 2000 and 2009 was —0.7% in the OECD region, as opposed to a growth
of 3.5% in the rest of the world (excluding the Former Soviet Union countries).
China’s oil demand has grown at an average rate of about 7% during this period,
showing clear indications of a major shift in the centre of attention in terms of
global oil requirements.

As a consequence of the regional demand—supply imbalances, the trade volume
has been growing over time (See Fig. 14.17). While Europe and North America
(mainly the USA) remain major importers, the growth in trade since 1990 is
originating from the other areas (mainly Asia—Pacific). The level of oil import has
more than doubled in this region between 1990 and 2009. In terms of sources of
supply, the return of the Former Soviet Union supply to its normal level and a
greater participation in international trade is clearly evident. The share of the
Middle Eastern supply in the trade did not change significantly, which implies that
a greater diversification of sources and trading partners has occurred over the past
two decades.
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14.3.2 Constrained Majors

The history of the 150 year-old oil industry has been dominated by the interna-
tional oil companies (IOC). Only since the emergence of OPEC and the sub-
sequent nationalization of the oil industry, the national oil companies (NOC)
became relevant. Although NOC depended on various services by the IOC and still
in many countries the co-operation continues, the canvass has changed quite
dramatically. Over time, the role and the power of the NOC became more
important and according to Jaffe and Soligo (2007), “14 out of 20 top upstream oil
and gas companies in the world are national oil companies” in terms of reserves
holdings. In the 1970s and 1980s, when OPEC was pursuing the policy of market
control by restricting its output, IOC have invested heavily in non-OPEC countries
and benefited from OPEC market regulation which reduced the market
uncertainty.

However, as the old fields deplete and concerns for long-term supply security
start to bite, IOC start to face stiff competition for acquiring non-OPEC oppor-
tunities. The aggressive expansion of China in acquiring overseas reserves, cou-
pled with similar strategies by other developing countries has reduced access for
IOC. Chinese success followed a different strategy where the oil company or the
Chinese government entered into strategic alliances with the host government for
wider economic development of the host country, thereby giving it a special
advantage compared to IOC offers. At the same time, the high oil prices of the new
millennium have also revitalized resource nationalism especially in Venezuela and
Russia. Consequently, IOC while still healthy in financial terms, are finding it
difficult to replace their reserve to ensure future sustainability (see Fig. 14.18).

Moreover, the production is already declining in the case of a number of majors
and their R/P ratio in recent times is precariously low—ranging between 6 and
13 years (see Fig. 14.19). Contrast this with the average R/P ratio of OPEC of
above 90 years in 2009—clearly, the effect of limited access to reserves on the
Majors’ activities becomes evident.

Oil Major’s low R/P ratio along with the precarious R/P ratio of OECD
countries clearly justifies their concern for long-term oil supply security. No
wonder that the debate about peak oil has a strong developed country bias—and
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support of the Majors. After all, the future of major oil companies looks very
uncertain if their exclusion from the oil-rich region continues.

14.3.3 Analysis of the OPEC Behaviour

There is a vast literature analyzing the OPEC behaviour and strategies (see for
example Slant 1976; Percebois 1989; Greene 1991; MacAvoy 1982; Griffin 1985;
Dahl and Yucel 1991, Alhajji and Huettner 2000a, b and Ramcharran 2001). As
usual in such an area, there is no consensus about how best OPEC can be
described. This difficulty arises because OPEC has followed different strategies at
different times to determine prices and production levels (Fattouh 2007). In this
section, a simple, diagrammatic presentation of the models analyzing OPEC
behaviour is presented.

The models on OPEC behaviour can be categorized into broad groups of models:
(a) cartel models such as the dominant firm model or (b) non-cartel models such as
target revenue model, and the competitive model. Only a few models were statis-
tically tested and results have been contested by others due to model weaknesses.

14.3.3.1 Cartel Model

A cartel occurs when a group of firms or organizations enter into an agreement to
control the market by fixing price and/or limiting supply through production
quotas. A cartel may work in a number of ways: as if there is a single monopoly
producer, or with market-sharing agreements. The objective is to reduce compe-
tition and thereby generate higher profits for the group. In the absence of any
agreement, the competitive market conditions will prevail and the price p. and
quantity g. will be obtained in Fig. 14.20. However, if the producers enter into an
agreement to enforce a monopoly price (p,,) in the market, they will have to agree
to reduce supply to ¢y, in such a way that the marginal revenue equals the marginal
cost. Each member of the cartel then receives a higher price for the output but any
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producer will be interested to participate only if it can extract more benefits
compared to a competitive environment. As long as this condition is satisfied,
members will be happy to support the collusive behaviour.

But, each member would have the tendency to increase its output based on its
marginal cost of supply so that its individual profit is maximized. This tendency to
cheat will lead to an overproduction (g;) and the market will see a return of the
competitive market price. This represents a natural threat for internal cohesion of
any cartel.

Any cartel thus faces a number of problems: in most jurisdictions it is illegal for
firms to enter into such a collusive behaviour. OPEC as a group of sovereign
nations escapes from this argument. The tendency to cheating by members for
individual gains by undermining the collective position is another major threat.
Finally, in order to control the market, the group must have accurate information
about the shape of the demand and supply curves, elasticity of demand, and actual
production by members. Often this information is not readily available although
some generic idea may be available.

Stability of any cartel then depends on a number of factors:

a. Group size: A small group is better placed to have a tighter control than a large
group.

b. Group characteristics: Homogeneous group members acting on a product with a
captive demand or inelastic demand is more likely to succeed than a hetero-
geneous group.

c. Dispersed, large number of buyers: Widely dispersed consumers will have little
chance of colluding with each other. This is an essential requirement for a
cartel.
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d. Member gains: Each member of the cartel must benefit from the action—
otherwise, there is no incentive to join the group.

e. Group discipline: A group that is committed to play by the rules of the cartel is
also an important condition.

f. Policing: Any cartel being vulnerable to cheating would need an effective
policing mechanism to detect cheating.

Clearly, these requirements are difficult to satisfy in reality.

14.3.3.2 Cartel with a Leader (Dominant Firm Model)

Because of the inherent issue of cohesion, a cartel needs to ensure that the group is
able to maintain the market power even if some members are cheating. A cartel
with a leader is such a cartel where one of the members can regulate his behavior
to maintain the group coherence and can make the group agree to its proposals,
thereby protecting leader’s interest. A leader should have an important market
share, high flexibility in capacity utilization, low financing requirement, and be
less sensitive to changes in energy markets.

Consider that the leader knows the market demand D, well and understands the
supply curve of other cartel members (Sp). Based on these, the leader determines
its own demand curve D; such that D; = Dy — S,. Note that the leader will have no
demand when the price rises to pl and it faces the entire demand when the price
falls to p2 level. The leader then decides its output to maximize its profit and
would impose the price p; (Fig. 14.21) on the cartel. Rest of the members produce
qr — qr- The leader is the price maker and the rest are price takers. The elasticity of

Fig. 14.21 Cartel with a
leader
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the country is not enough to meet the investment demand, the country would cheat
or seek an increase in share. If share is more than that required to meet investment
demand, the country may voluntarily reduce output. Only members who are
marginal in oil resources would have tendency to cheat. Rich members may not
prefer to leave oil to ground as the return may not be remunerative. Small pro-
ducers may like to defer production. The behaviour of OPEC production in the
mid-1970s was consistent with the Target Revenue Model (Ramcharran 2001).

A significant amount of research work has since been done to verify, extend and
refine the initial theory. For example, Cremer and Salehi-Isfahani (1980) retained
the target revenue hypothesis but modeled OPEC in a competitive framework.
Teece (1982) also analysed the OPEC behaviour using the competitive framework
with a target revenue constraint. But his analysis differed from Cremer and Salehi-
Isfahani (1980) in a number of respects. Teece (1982) considered investment and
expenditures as fixed whereas Cremer and Salehi-Isfahani (1980) considered them
as endogenous variables. Griffin (1985) used quarterly data for the period between
1973 and 1983 and adopted an ordinary regression model to test the target revenue
hypothesis but did not find strong support to the idea. Dahl and Yucel (1991) tested
two variants of the competitive model and found no support for the competitive
hypothesis. Alhajji and Huettner (2000a) modified Griffin’s model by using static
and dynamic econometric models but the static models did not give good estimates
due to auto-correlation problems. Even the dynamic models did not find support to
the target revenue hypothesis. Using a longer set of data Ramcharran (2001)
examined the production behaviour of OPEC and non-OPEC countries and found
some support for the target revenue hypothesis.

The above shows the differing views on the subject. The results often reflected
the choice of the model, data set used and the econometric method used. Empirical
evidence did not provide any conclusive outcome on the issue.

Irrespective of the approach used in analyzing the OPEC behaviour, it is
important to note that the group represents the interests of major oil producers.
Given the size of their reserves, they will remain an important player in the oil
market and the group cannot remain idle to any challenge that tries to destroy the
captive oil demand arising from the transport sector.

14.3.4 A Simple Analytical Framework of Oil Pricing

To end this chapter, a simple diagrammatic framework is presented based on
Stevens (1995), (1996) that combines the supply and demand curves of oil and can
be used to explain the oil price movements. The framework is captured in
Fig. 14.24.

The demand curve has three segments—highly inelastic for a wide range of
prices, with some elastic segment at very low and very high prices (shown as D in
the figure). This arises due to capital intensive nature of the appliances used for
consuming oil. In the short-run, only some adjustments in the capacity utilization
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Fig. 14.24 A diagrammatic $ D S
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of the appliance is possible, making the demand inelastic over a certain price
range. At very high prices, substitutes will appear and make demand elastic.
Similarly, at very low prices oil would replace other fuels and therefore would
have a greater elasticity of demand.

Similarly, the supply curve has a low cost segment, followed by an increasing
cost segment. The horizontal segment represents the low marginal cost of oil
supply. This is assumed to be same throughout the world but the argument does not
change even if an increasing marginal cost argument is used (as shown by the dotted
line). The vertical segment of the supply curve represents the change in the mar-
ginal cost due to the fixed capacity (or the capacity constraint) at any given time.

Two groups of suppliers are considered—base load and residual suppliers. The
base load suppliers are price takers and supply to capacity for a given price. The
residual suppliers are price makers and try to regulate the price by controlling their
output. If the price regulation is not used, the supply and demand in the market will
decide the price and the market clearing price will be the marginal cost-based. For a
target price, the residual producers are then striving to set a quota that yields the
desired result. However, this act requires accurate information about the demand
and supply. If the information is imperfect, “between a wide range, any price could
be regarded as an equilibrium price which ‘cleared the market’” (Stevens 1996).

This simple demand—supply based framework can be used to explain the price
movements in the oil market. For example, in 2008 when the demand moved out-
wards, the supply became capacity constrained. Consequently, the prices reached
very high levels but the economic consequences of such high prices resulted in
demand destruction and the demand curve moved inward to result in a sharp price
drop.



Chapter 20
Energy Security Issues

20.1 Introduction

Given the paramount importance of energy for all economic activities around the
world, issues related to energy security have gained importance in the wake of
recent high oil prices and the fear of supply shortages for natural gas and elec-
tricity in many countries. Energy security concerns first emerged in the aftermath
of the first oil shock in the 1970s, when oil importing countries were caught
unguarded and had to struggle to cope with the adverse effects of oil price rise.
Since then countries have followed diverse policies to mitigate the problem. Low
oil prices since mid-1980s and the shift of focus in the 1990s to market reform and
restructuring meant little attention to the issue of security of supply. It was
believed that markets would be able to solve the problems of the energy sector.
However, concerns about peaking of oil supply and supply capacity to match the
demand have brought back an era of sustained high oil prices. Once again the issue
of energy security has become a major policy concern.

This chapter intends to provide an understanding of the concept, its economic
dimension and an analysis of various alternative options to deal with it.

20.2 Energy Security: The Concept

“Energy security is commonly defined as reliable and adequate supply of energy at
reasonable prices” (Bielecki 2002). Reliable and adequate supply implies unin-
terrupted supply of energy to meet the demand of the global community. This
segment of the definition establishes the link between adequate supply and energy
demand at any given time. Supply adequacy and reliability is not a matter of
external dependency alone. In many countries (developing and developed) the
internal sources of supply could equally be problematic. However, of the literature
on energy security focuses on external supply alone as the control over external
supply can be limited in most cases.

S. C. Bhattacharyya, Energy Economics, DOI: 10.1007/978-0-85729-268-1_20, 463
© Springer-Verlag London Limited 2011
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Reasonable price on the other hand is a more difficult term as there is no
universally accepted benchmark. Economically it would mean market-clearing
price in a competitive market where supply and demand balances. But as we shall
see below energy security involves externality and therefore internalisation of
costs would be essential for efficient resource allocation.

The term is used by different people to mean different things and accordingly,
energy security has geopolitical, military, technical and economic dimensions
(Bielecki 2002). There is a time dimension of it as well: in the short-term, the main
concern relates to the risks of disruption to existing supplies essentially due to act
of god, technical or political problem; in the long-term, the risks related to future
energy supply also arise.

Like any other concept, this concept is evolving as well. For example, initially,
the focus was only on oil and oil products. Now it covers all energies and various
types of risks to reliable and adequate supplies (including accidents, terrorist
activities, and under investment). The geopolitical, internal and temporal aspects
of the issue require a multi-dimensional policy approach to deal with the problem.

The literature has focused on the oil supply security in particular and identifies a
number of components of the energy security problem (Toman 2002): (a) exercise
of market power by suppliers to raise prices, (b) macroeconomic disruption due to
energy price volatility, (c) threats to infrastructure, (d) localised reliability prob-
lems, and (e) environmental security. But the problem is not limited to oil supply
alone and recent studies focus on the entire gamut of the problem.

20.2.1 Simple Indicators of Energy Security

Two types of indicators are commonly used in the supply security literature: an
indicator that expresses the level of exposure in terms of dependence level and
an indicator of vulnerability. The level of import dependence of a fuel provides an
idea about the price and quantity risks associated with importing the fuel and
accordingly, a higher level of imports is generally considered to be a riskier option.
Similarly, in the case of an electricity system, high dependence on a single fuel is
considered to be a riskier option. But as the risk of supply disruption is associated
with the concentration of supply sources and the probability of disruption of
supply from each source, a highly import dependent system that is well diversified
need not necessarily be a risky one.

20.2.1.1 Indicators of Dependence

Indicators that are relevant for energy diversity and energy security are (IAEA
2005):

(1) Import dependence—this indicator can be used for the overall supply position
of a country or a region or for a particular fuel. For example, the ratio of net
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energy imports to the primary energy supply in a particular year would provide
how reliant the country is on imported supply. If a country consumes 100 Mtoe
of primary energy and 90 Mtoe is imported, its import dependence is 90%.
High import reliance normally tends to increase the price risk and volume risk
related to supply interruption.

Import dependence at the fuel level shows the degree of exposure for each
fuel. Often, the import dependence of different fuels varies significantly and a
country could have a high import dependence for one fuel but highly self-
sufficient in another.

At a more disaggregated level, the import dependence by origin of supply
could provide a more accurate picture about the risk. If a country depends on a
single country for its imports, the risk is particularly high. On the other hand, a
diversified source of imports could reduce the risk of supply disruption.
High import dependence of a fuel does not necessarily mean high risk for a
country. It depends on a number of factors: the importance of the fuel in the
overall demand; how diversified is the source of supply; and the amount of
market power of the suppliers. If all of these factors tend to be adverse for a
country, the risk will be high.

The evolution of import dependence of a country can be viewed from a plot of
the ratio over a period of time. Similarly, using supply forecasts, the expected
changes in the future can be captured.

Fuel Mix—this indicator basically shows the share of a particular fuel in the
energy demand of a country or its importance in the energy supply. Depending
on the focus of the analysis, this ratio can be determined at different levels:

(a) The primary energy consumption mix tells how diversified the overall
energy demand is. For example, if a country used 90% oil and oil products
and 10% gas to meet its primary energy demand, it cannot be said to have
a diversified fuel mix.

(b) The final energy consumption mix gives an indication of fuel diversity at
the end-user level.

(c) The sector level fuel mix provides a similar picture at the end-use sector
level. The extension of the analysis at the sector level provides a clearer
picture of vulnerability of different sectors. For example, if the industry
relies only on electricity and natural gas for its energy needs, and if
electricity is dependent on natural gas supply, then the industry is highly
exposed to changes in the natural gas supply.

(d) Electricity generation mix tells which fuels (and technologies) a country
uses for its electricity supply.

An analysis of the fuel mix trend can be used to identify any possible adverse
changes in the fuel diversity. Corrective policies can then be considered.
Similarly, forecasts of future fuel mix can suggest if the country is moving in
the right direction or not. For example, the expected closure of coal and
nuclear power plants in the UK by 2025 is expected to increase the share of
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gas in the electricity generation mix. With domestic gas supply declining, such
reliance of gas-based power would necessitate gas imports, making the
country vulnerable.

Stocks of critical fuels—this indicates the availability of national stocks of a
fuel and the length of time that the fuel could be used if supply disruption
takes place, assuming current level of consumption. For example, IEA
member countries maintain a 90-day stock of critical fuels.

2.1.2 Indicators of Concentration and Diversity of Supply

The following indicators are commonly used:

(a)

(b)

Herfindahl-Hirschman index: The Herfindahl-Hirschman Index (HHI for
short) is generally used for market concentration analysis. This is measured by
the sum of the squares of the individual market share of each firm in the
industry. The HHI ranges from 0 to 10,000, with the lower range obtained
when very large number of firms exist in the industry and the higher range
reached with a single producer.

The Herfindahl-Hirschman Index is represented as:

HHI = " x} (20.1)

where x; is the market share.

The level of concentration is high with HHI above 1800. For energy security
purposes, the HHI Index can be used to measure the level of concentration of
imports from different sources. Thus, by considering x; to represent the pro-
portion of imports from supply origins, the level of import concentration can
be measured.

The HHI has its own shortcomings as it fails to take into account domestic
production. It cannot take the political risk into consideration. Percebois
(2007) indicated that the HHI of French oil import in 2004 was 2538 and it
was 2469 for natural gas. In 2005, the European Union of 25 had the HHI of
2544 for oil imports and 3538 for gas imports. These indices show high levels
of import concentrations.

Shannon—Wiener index: The Shannon—Wiener-Index (SWI) is a diversity
index. The SW index for the share of imports from different sources is given by:

SW = — in In(x;) (20.2)

where x; represents the import share from each country (or source). The neg-
ative sign at the front of the equation makes sure that the outcome of the SW
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index is always positive. When all imports come from a single source, the
minimum value is reached (which is zero). As the number of countries sup-
plying the fuel increases, the SW index also increases. Therefore, a higher
value of the calculated SWI means good situation as regards imports diversi-
fication and supply security while a lower value means a worse situation. The
main limitations of the HHI remain here also: it cannot take domestic pro-
duction separately from the imports and the political risk cannot be
incorporated.

The UK Energy Digest provides the SW index for the power generation
diversity in the country.

(c

~

Adjusted Shannon—Wiener—-Neumann index (SWN index): The adjusted
Shannon Wiener Neumann Index (SWNI) removes the limitations of the
Shannon—Wiener-Index (SWI). If the political stability factor is included
alone, the index takes the form

SWNI = —> " bx; In(x;) (20.3)

where b; is the political stability factor of the country from where imports are
coming. The World Bank Report on Governance Matters can be used for the
political stability factor. Imports from unstable regions of the world tend to reduce
the original Shannon-Wiener-Index and vice versa.

To include the share of indigenous production, the SWN index can be modified
as follows:

SWN2 = =3~ (bix; In(xi) (1 + &) (20.4)

where g; represents the indigenous production for the country in question.

20.2.2 Diversity of Electricity Generation in Selected European
Countries

The diversity of fuel-mix of electricity generation in some European countries is
considered below. The analysis is presented using two indices: SWI and HHI.
Table 20.1 presents the fuel mix of electricity generation in 5 European
countries retained in this study for 1995 and 2005. As can be seen, coal was
displaced by natural gas in the UK to a large extent and in Spain and Netherlands
to a lesser extent. In Italy, fuel-oil based generation which was the dominant form
of power in the mid-1990s was replaced by natural gas. Natural gas consolidated
its position as the leader in the Netherlands during this period. Dependence on
fossil fuels in electricity generation remained very high in the Netherlands (88%),
Italy (79%) and the UK (above 70%). Spain was moderately dependent on fossil
fuels in the mid-1990s but its exposure has increased in 2005 to around 60%.
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Table 20.1 Fuel-mix of electricity generation in five European countries
Coal (%) Natural gas (%) Oi (%) Nuclear (%) Hydro (%) Others (%)

UK 1995 57.40 15.50 25.20 1.90
2005 40.85 36.65 19.75 2.75
Germany 1995 54.02 8.05 1.67 28.73 4.51 4.02
2005 43.46 11.03 1.70  26.29 431 13.21
Italy 1995 9.93 19.46 50.03 0.00 17.36 3.22
2005 14.36 49.15 15.52 0.00 14.13 6.84
Spain 1995 34.95 2.25 874 33.14 14.68 6.24
2005 25.04 26.87 830 19.57 7.83 12.39
Netherlands 1995 32.16 51.85 4.77 4.96 0.10 6.16
2005 23.45 57.73 2.26 3.99 0.08 12.49

Source Bhattacharyya (2009)

Figure 20.1 presents the level of fuel-mix concentration of generation for the
period between 1995 and 2005 using HHI. As can be seen, all the countries chosen
in the study have HHI above 2000, indicating that the electricity supply in these
countries is highly concentrated. The level of concentration has declined in the UK
in the early 1990s and then stabilized. Similarly, Spain and Italy have also
recorded some improvement in terms concentration in the later half of the 1990s
but the improvement in these two cases were over a longer period compared to the
UK. Germany did not show any change in the level of concentration of generation
fuel mix over the past decade while the situation has deteriorated in the Nether-
lands. Of the five countries considered here, Spain had the lowest HHI since 1996
while the Netherlands, with an HHI of above 4000, had the highest over the same
period. The dominant position of natural gas with a share of above 50% in the fuel
mix of electricity generation has adversely affected the concentration in the
Netherlands while a well distributed fuel mix of Spain has clearly improved its
level of concentration.

Figure 20.2, which provides the trend of SWI of fuel mix for electricity gen-
eration in the above five countries between 1995 and 2005, also leads to the same
observations as above. In all the five cases, the SWI ranged between 1 and 2,
implying that these countries are not dependent on one or two fuels for their
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Fig. 20.1 HHI of electricity generation mix in selected European countries. Source
Bhattacharyya (2009)
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Fig. 20.2 SWI of electricity 1.75
generation mix in selected

European countries. Source E 15 M_//ax/ S—1__

Bhattacharyya (2009) 5 1.25 3
1
0.75 T T T T T
1994 1996 1998 2000 2002 2004 2006
Year
‘ —o— UK —%¢— Germany —— Italy Spain +NL‘

electricity generation but their fuel diversity is not highly commendable either.
Spain has the most diversified generating system in the sample and the level of
diversity has improved during the past decade. Germany and Italy occupy an
intermediate position, where the diversity level in the German system has not
changed appreciably while the Italian system has recorded an improvement until
2001 followed by a somewhat reduction in the diversity. The liberalised markets of
UK and the Netherlands have the least diversified generating systems in the sample
and their level of diversity did not change in the past decade.

It is clear that the above five countries rely on fossil fuels to a great extent for
their electricity generation. Although their systems are not highly concentrated in
terms of fuel mix, they cannot be considered to be in a highly desirable situation
either. As the fossil fuel prices have risen in recent times, their electricity system is
likely to be vulnerable. It is to this aspect that I now turn to.

20.3 Economics of Energy Security

Energy supply disruptions consider interruptions of supply due to a variety of
factors: act of sabotage, failure of a supply technology, breakdown of supply
infrastructure, etc. The level of insecurity is reflected by the risk of a physical, real
or imaginary supply disruption (Owen 2004). Normally, a high level of insecurity
would result in high and unstable prices over a prolonged period.

In order to understand the economics of energy security, it is important to
categorise the sources of insecurity. Two types of supply disruption risks could be
considered (Markandya and Hunt 2004): strategic and random. A strategic risk
would arise due to political instability, market power or even inadequate invest-
ments in supply facilities. OPEC deliberately manipulating the supply and prices
comes under this category. Random shocks such as terrorist acts on the other hand
are more speculative in nature and may not follow any set pattern. Although these
risks could affect both domestic and the international markets, the strategic risk has
less relevance for the domestic systems. The domestic systems on the other hand
could face supply disruption due to insufficient infrastructure, technical failures,
social unrest, or due to acts of terrorism (Owen 2004).
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This section focuses on the economic aspects of two main components of the
energy security issue: the effect of market power on the cost of imported energy
and the cost of supply disruption. Oil is used as an example as it is the most traded
commodity in the world market and oil imports account for a significant share of
imports in many countries. However, the same logic applies to other energies to a
great extent.

First, the cost of oil imports is presented. This is followed by a discussion of the
cost of supply disruption and analysis of measures to mitigate the risks.

20.3.1 External Costs of Oil Imports"

Although oil is a commodity, it has a certain special characteristics:

(a) oil is concentrated in a relatively small area in the Persian Gulf, which allows
for monopolistic behaviour in the oil market;

(b) oil has limited (if at all) substitutes in its main uses, which removes the
flexibility of users to move away from use of oil;

(c) oil supply shocks may leave nations to serious adjustment problems; and

(d) all stages of oil fuel cycle impose unintended and damaging environmental
effects.

Consequently, the market failure argument applies here and the market price of
delivered oil to the consumers departs from the full social cost of oil. The social
costs may include costs due to non-competitive markets, costs due to environ-
mental damages, and economic losses due to price shocks. Oil consumers do not
pay for these costs in the price but the society as a whole pays for them.

One commonly identified externality related to oil import arises due to the
monopsony power of certain importers that affect the price of oil in the world
market. For a price taker in the international oil market, the price paid by the
consumers is equal to the cost of the extra oil to the economy and hence there is no
externality here. But if a consumer has a large market share in consumption (say
the US), then any extra demand for imports by this consumer would adversely
affect the global demand and consequently, the world oil price would increase.
This raises the country’s total oil import bill—for marginal and infra-marginal
imports. While the private cost to consumers is the marginal cost of imports, the
society bears the cost higher payments for the infra-marginal quantities, making
the social cost higher than the private cost. The difference between the social and
private costs is called the monopsony wedge.

The logic of externality would suggest that the market does not convey the
correct signal to the consumers and accordingly, the consumption decision would

! This section relies on Leiby et al. (1997), Toman (1993), Markandya and Hunt (2004) and
Huntington (2009).
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be based on private costs and not on the social costs. This is shown in Fig. 20.3.
While the import based on private cost is Ip, the efficient level of import would be
Is based on the social costs.

The effect monopsony power depends on two factors (Parry and Darmstader
2003): the level of import dependence and the effect of monopsony demand on the
world oil market. If the country does not depend on import (i.e. import dependence
is zero), there is no externality due to monopsony power. With higher level of
import dependence, the monopsony wedge increases. Similarly, if the world oil
market was perfectly elastic and competitive, the extra import demand from a
major consumer would not have any effect on the world oil price and the exter-
nality would not exist. But the presence of the OPEC makes the supply non-elastic
and the world price is affected by the supply from non-OPEC producers as well.

Parry and Darmstader (2003) suggest a simple relation to capture the monop-
sony premium or wedge. Generally, if P is the world price of oil and e is the
elasticity of import supply, then the monopsony wedge (or premium) is given by
P/e. If e is infinite (i.e. the import supply is perfectly elastic), the premium is zero.
For various oil prices and import supply elasticities, the premium would vary as
shown in Fig. 20.4.
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As can be seen from the above plot, the premium could be high for inelastic
import supply; otherwise, the premium fall quite sharply and could be low. The
literature provides a wide range of estimates for the US, ranging from $0 to $14
per barrel, while Parry and Darmstader (2003) prefer to use $5 per barrel as the
premium. However, most of these estimates were based on low oil prices and may
not be valid in a high oil price regime. For example, Leiby (2007) estimated the
monopsony premium for the US at $8.9 per barrel (at $2004 constant prices)
considering the conditions prevailing in the new millennium.

20.4 Optimal Level of Energy Independence

Here the marginal cost approach is used to get some idea of optimal dependence.
This requires us to construct the curve depicting marginal cost of its import
dependence (MDC) and the curve showing marginal cost of security (MSC) as
shown in Fig. 20.5 (Percebois 1989).

The marginal import dependence cost (MDC) curve captures the costs of
increased energy import dependency. This would include direct and indirect costs
to the economy (including military costs, economic disruption costs, etc.). Nor-
mally, this curve is expected to be downward sloping with respect to import
independence. When a country is fully self-sufficient, the marginal cost of import
dependence is zero and it could be very high for 100% import dependence. It is not
easy to develop such a curve as the cost depends on many factors such as import
diversity, ease of energy substitution, importance given by the society on energy
import, etc.

The marginal cost of security curve (MSC) on the other hand is the cost the
society is willing to bear for increasing the national energy independence. A
country could reduce its import dependence through energy stocks, energy
rationing, promoting national supply, etc. The incremental cost of increasing
independence would be captured here. It is generally assumed that the marginal
cost of security is zero for domestic energy supply (although this need not be true).
Costs start to increase at a faster rate with higher levels of independence. So the
curve does not start at the origin (there is an offset) and has a steep slope.

The optimal rate of energy independence is given by the intersection of the two
marginal curves as shown in Fig. 20.5. The graph suggests that: for an optimal
level of energy independence; it is important to consider the costs of ensuring
security of supply and the cost of the damage. It is not economically efficient to
improve energy independence beyond the optimal level; this is so because the cost
of providing the security of supply would be much higher compared to the mar-
ginal dependence cost. There is a price (P*) that the society is willing to pay to

2 This part is based on Percebois (1989).
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Fig. 20.5 Optimal rate of 4 Price and cost of energy
energy independence. Source
Percebois (1989)
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ensure the optimal level of security of supply—this is the premium that has to be
paid to ensure security of energy supply.

20.5 Policy Options Relating to Import Dependence

If oil import imposes external costs to the society, what are the options available to
mitigate them? The literature on energy security has considered a number of
options and we discuss a few of them in the following paragraphs.

20.5.1 Restraints on Imports

Such a policy aims at imposing import restrictions through tariffs or quotas to
mitigate the costs related to import dependence. Alternative policies that would
eventually limit energy imports (such as tax on fuels, promotion of domestic
supply, fuel substitution, promotion of alternative sources of energies, etc.) could
also be considered under this category. We analyse the economic logic of using
import quota and import taxes.

20.5.1.1 Effect of Import Tax and Import Restriction

Let us consider an energy importing country whose energy demand and domestic
supply are given by schedules D and S respectively in Fig. 20.6. If the country
does not participate in international trade, the domestic price would be the market
clearing price pl. Assume that the international price p2 and is lower than pl. In an
open economy, the supply would be met by a combination of local production and
import. The country will produce q3 and import q2—q3. This volume of import
would involve a significant foreign exchange outflow for the country.
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Fig. 20.6 Effect of import tax and import restriction

Consider now that the government is concerned about the energy security and
that it imposes an import tax equal to t. per unit of import. With this tax, importing
energy would be costlier which makes import to shrink. The domestic supply
would be encouraged at this higher level of price, as more domestic suppliers
would be willing to produce. Import volume reduces to q4—q5.

The import demand function for the country is shown in the right hand panel. In
absence of any import tax, the import demand is given by ID. At price pl, the
import demand is zero but it increases to q when the price is p2. When the tax is
imposed, the demand curve shifts to ID,x. At price (pl — t.), the demand is zero
while with tax t., the import volume reduces to q,. Thus, the import schedule shifts
leftwards by (q — qp)-

Now consider the effect of imposing an import quota system. Assume that the
government imposes a quota at level q; (i.e. the imports should not exceed this
level). This is shown in the right hand panel. As the imported supply cannot
exceed the quota, the price rises to p2 + t. level, thereby reducing the demand as
before. The domestic supply receives encouragement at this price and import
remains restricted. In a quota system, the import demand function is represented by
plAq, At prices below p2 + t., the quota is a binding constraint and the level of
import remains fixed at q;.

The tax system is a price-based mechanism. The import demand varies
depending on the oil price and the level of tax. The import demand curve is shown
by ID.x. The effectiveness of the instrument could be less. The tax revenue
accrues to the government. It does not require any additional administrative sys-
tem. In a quota system, there is no ambiguity about the import level (hence a
certain instrument). It requires additional administrative machinery to implement
the quota system. It could also lead to corrupt practices (through grant of
exemptions) or illegal smuggling of the products. More importantly, the higher
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revenue goes to the suppliers and not to the government. In fact, as quota is price
insensitive beyond a threshold, the exporters have incentives to adjust prices to the
higher level.

Thus the two policy options have different economic consequences. In the case
of a quota, revenue transfer to the exporting countries would take place, if they are
in a position to exploit the situation. It may also involve a higher transaction cost.
While in the case of import taxes, the government could earn revenues by reducing
import demand.

Therefore, for an importing country it may be beneficial to use an import tax
system as long as such a system is compatible with the international trade regimes.

20.5.2 Import Diversification

The logic is simple: do not put all the eggs in one basket. This is because the risk
of supply disruption is high when a country relies on a single source for its energy
supply (i.e. becomes a captive consumer).

This risk can be mitigated through diversification of the source of supply. From
an economic point of view, this implies finding the least-cost supply solution
taking supply risks into consideration. However, for oil and to a lesser extent for
gas, the global reliance on the Middle East is expected to increase where most of
the reserves are located. This coupled with political instability of the region and
increasing demand from the developing economies raise concerns for future oil
supply security.

Two new developments in the area of import diversification perhaps are worth
mentioning.

e The first relates to an increased level of activities and investments in production
facilities by importing countries in foreign oil producing regions. Chinese oil
companies are now forerunners of this trend and are investing massively around
the world. Japan also relied on such a strategy in the 1970s and 1980s although
may be less aggressively.

e A second trend appears to be emerging in the form of seeking cooperative
solutions rather than relying on competitive outcomes. This trend is noticed in
various areas:

— Importer-importer co-operation: China which was engaged in competition
with India through rival bidding for acquisition of energy assets elsewhere
have now joined hands to jointly develop and acquire such assets. The
cooperative strategy is expected to reduce the cost of procurement (and hence
the supply) and better use of other resources.

— Importer-exporter cooperation: Joint development by importing and export-
ing countries would ensure flow of required investments for the development
of facilities and could reduce transactional risks.
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The framework of cost-benefit analysis plays a vital role in such decisions. A
nationalised company can employ a different threshold for decisions compared to a
private company (regarding discount rates, profitability ratio, future market con-
ditions, etc.). The long-term nature of these investments and uncertainties about
the future as well as risk-averseness of the investors would influence the decisions.
However, wrong investment decisions may lead to outgo of significant financial
resources and costly supply in the future.

20.5.3 Diversification of Fuel Mix

Diversification of fuel mix in an economy tries to reduce dependence on a par-
ticular fuel and to achieve a diversified portfolio of energy supply options. For
example, Salameh (2003) indicates that the US has been diversifying its fuel mix
for ages to replace oil and coal by natural gas and nuclear. In the future, renewable
and other technologies on which it is investing heavily could add more diversity.

The choice is often limited by: the availability of resources, available techno-
logical options to exploit such resources, costs and investment requirements, and
other considerations including environmental and social concerns.

It is difficult to generalise but a few trends could be indicated.

(a) Effects of restructuring on fuel diversity in electricity: Reliance on market
forces upon restructuring and reform of the energy industries in the 1990s led
to promotion of competitive solutions in the electricity markets. This has
resulted in a shift in technology choice for supply as the private investors are
now looking for quick recovery of investments. Consequently, low cost
options are being preferred compared to capital intensive solutions, reducing
supply diversity.

(b) Come-back fuels: Coal and nuclear are re-emerging as preferred alternative
options for power generation. Stability of coal prices, availability of techno-
logical options and higher availability of coal in the demand areas has created a
positive mood, although environmental considerations act as a hindrance.
Security of supply is forcing many countries to rethink about the nuclear option.

(c) More renewable energies: Renewable energies are being promoted for var-
ious uses to replace or reduce reliance on fossil fuels, thereby adding diversity
and improving security. Various policies such as renewable energy targets or
obligations, fixed feed-in tariffs, quicker depreciation and recovery of capital,
and fiscal incentives are being used to promote renewable energies.

20.5.4 Energy Efficiency Improvements

Efficient use of energy reduces energy demand, which in turn reduces import
requirement. This also reduces environmental damages and resource depletion.
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Although significant efforts have gone into energy efficiency improvements and
demand-side management programmes, availability of cheap energy has reduced
their appeal in the past. With higher energy prices, it could again become easier to
pursue some of these objectives.

In this respect, the importance of rational energy pricing needs to be empha-
sised. If domestic retail prices are maintained at inefficient levels, consumers
remain insulated from the price movements and do not appreciate the need for
efficient use of energies. Removal of energy subsidies could provide the necessary
incentive to consumers, although efforts so far in this direction have yielded little
result. The efforts are hindered by non-availability of information, need for
sophisticated decision-making, use of non-standard procedures, etc.

20.6 Costs of Energy Supply Disruption

Any supply disruption imposes some costs on the economy due to loss of eco-
nomic activities, price effects and costs of alternative supply arrangements. For oil,
it is considered that the supply interruption will lead to higher import prices, given
the dependence of the economy on the imported energy source. This then results in
economic loss directly through loss of outputs, unused factors of production, cost
of stand-by generation capacities, etc., and indirectly, through increased cost of
business due to inefficiencies, misallocation of resources, etc.

The estimation of disruption cost involves the following steps (Razavi 1997):

e formulation of supply interruption scenarios providing information on the vol-
ume of supply unavailability over expected disruption periods; The level of
insecurity is reflected by the risk of a physical, real or imaginary supply dis-
ruption (Owen 2004). Normally, a high level of insecurity would result in high
and unstable prices over a prolonged period.

e assessment of how prices would be affected due to such supply interruptions.

e an estimation of GDP loss due to price increases.

Leiby (2007) suggested that the above can be represented as follows:

Epgy[Cal = Z ¢;[Cra(AP(AQ;))) + Conpa(AP(AQ;))] (20.5)

where C,; = cost of disruption

Cjq = cost due to import disruption

Csnpa = cost of losses due to economic dislocation

¢; = annual probability of supply losses

AP = price change

AQ = quantity change

E (C,;) = Expected cost of disruption

The disruption premium is obtained by considering the marginal change of
the above expected cost with respect to import quantity. Leiby (2007) estimated
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the disruption premium for the US at $4.68 per barrel of oil at ($2004 constant
prices). However, as can be imagined, the estimation of such a premium is not easy
and involves a large number of assumptions and forecasts about future events.
Thus the estimates vary depending quite significantly depending on the choices
made.

An understanding of the disruption cost is important for deciding the mitigation
strategies. If the cost is high, higher levels of supply reliability could be justified
and vice versa.

20.6.1 Strategic Oil Reserves for Mitigating Supply Disruption

The Strategic Petroleum Reserve was a response of the developed countries to the
oil price shocks of the 1970s. The objective was to provide a deterrent to delib-
erate, politically motivated reduction in supplies. This initiative was engineered by
the International Energy Agency (IEA) in 1974 under the auspices of the
Agreement on an International Energy Program.

Under this agreement, IEA member countries hold a stock of oil equivalent to
90 days of net imports in the previous year. Supply can be released in emergency
conditions when the supply disruption exceeds 7% of IEA or any member country
supply. Similarly, the EU also has adopted a comprehensive set of measures
including the obligation to maintain stocks of three types of petroleum products
(namely motor spirit, middle distillates and fuel oil) for at least 90 days of average
daily consumption in the preceding calendar year. Although the IEA program and
EU measures have some minor variations, the two serve similar purposes and
member countries tend to use same stocks for complying with both the obligations
(Bielecki 2002).

There are several advantages of such strategic reserves: (a) stock releases pacify
markets and dampen price rises; (b) allow time for economies to adjust to the
changes, (c) although a few countries are members to the plan, consumers globally
benefit from the stock due to market reaction, and (d) they allow room for
expanded co-operation among countries. The stockpile can be viewed ‘as a pub-
licly provided insurance policy against petroleum market shocks’ (Taylor and Van
Doren 2005). But what justifies public provision of this service?

Public provision of the stock may be required for a number of reasons (Taylor
and Van Doren 2005; Toman 1993):

(a) non-optimal stockpiling by the private sector: privately owned inventory may
be held at a smaller level than the economically efficient level because:

e the market price may not provide effective signals to investors about the total
benefits and costs.

e the presence of externality would create a divergence between the private and
social costs and benefits, requiring such an intervention.
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e Moreover, the private stockholder may not be able to capture the entire benefit
of holding stock when there are significant macroeconomic benefits (Toman
1993; Taylor and Van Doren 2005).

e Finally, changes in the regulatory or fiscal environments could deprive the
stockholder some or most of the benefits of holding the stock and thereby
discourage non-optimal private stockholding (Taylor and Van Doren 2005).

(b) Behavioural problem: private entities guided by profit-maximising behaviour
may hold stock rather than releasing it at the time of high prices in the hope of
higher profits.

(c) Cost consideration: private stockpiling may be costly compared to publicly-
owned stockpiling because of technology choice, storage location and size.

However, for any such strategic reserve, a number of issues arise (Toman
1993):

(a) Reserve sizing: the sizing of the stock and its use are influenced by the cost of
economic disturbance to be mitigated, its probability, size and duration, and
the interaction of private and public stocks could also influence the sizing
decision.

(b) Timing and method of stock utilisation: often the literature on stockpile release
profiles provide little help as the models rely on simplified assumptions.

(c) Arrangements for stock use: the question of institutional arrangements for
using such reserves has been analysed as well. Often it is assumed that the
stocks would be sold in the spot market periodically using sealed-bid auctions.
Forward sales and sale of options to purchase oil from the reserve at prede-
termined strike prices are also possible (Toman 1993).

But such reserves also add to the cost (of building and carrying the stock among
others) and hence the optimal stock size depends on the costs and benefits derived
from the stockpile. Following Razavi (1997) the desired level of stock of strategic
reserve (S*) could be determined using a simple framework by comparing the cost
of maintaining the reserve and the benefits of avoiding a sudden supply shock (see
Fig. 20.7).

Fig. 20.7 Desired level of $/bbl 4
strategic stock. Source
Razavi (1997)
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Although strategic reserves are used as a policy option, its costs are not often
reflected in the pricing of energy. Taylor and Van Doren (2005) question the
economic rationale for maintaining stocks as well for the following reasons:

(a) The cost for maintaining the reserve in the USA was found to be quite high
compared to the oil price. They estimate that each barrel of strategic reserve
costs the taxpayer between $65 and $80 and maintaining such high cost oil for
shortage mitigation does not make economic sense.

(b) The amount of oil stocked is just a fraction of the global oil demand and would
not be able to influence the international oil price to any significant level.

(c) The reserves have been used only three times so far in the US history and the
timing and volume of stock release did not provide much comfort to the
affected population.

20.6.2 International Policy Co-ordination

Security of energy supply has an international public good dimension. This is
because measures taken by any country independently would also benefit (or
impose costs on) others.

International policy coordination helps avoid free-riding and limit opportunistic
behaviour of countries. The crisis-response provisions of the IEA form the
essential mechanism for such co-ordination in industrial countries. At a regional
level, ASEAN has adopted an Emergency Petroleum Sharing Scheme during
shortage and oversupply to assist both importers and exporters of the region
(Bielecki 2002).

Any such international mechanism would have to ensure provision of the public
good in a fair, cost-sharing programme. Normally larger benefits are expected to
accrue to bigger economies. This requires some sort of ‘common but differenti-
ated’ responsibility approach [adopted for the Climate Change policy coordina-
tion] (APERC 2002). Similarly, it may not make sense for smaller countries to go
for own strategic reserves due to adverse cost-benefit characteristics and a co-
operative solution would be preferable. The possibility of economic and political
policy coordination as a group could also be considered.

20.7 Trade-Off between Energy Security and Climate
Change Protection

Concerns about the climate change in recent times have imposed an additional
consideration in the energy security debate. The diversification of energy supply
system to enhance energy security could have a bearing on the climate protection.



Chapter 22
Energy Access

22.1 Problem Dimension

This section presents the gravity of the energy access issue by looking at the
present situation and expected future outlook considering the business as usual
scenario. Most of the information below is based on IEA reports on the subject.

22.1.1 Current Situation

The most commonly cited figures on the lack of access to energy indicate that
there are about 2 billion people without adequate access to clean cooking energy
and about 1.7 billion people are without access to electricity (WEA 2000)."
The origin and genesis of these figures are not easy to find. WEA (2000) does not
elaborate on the source of the estimation or the estimation procedure. The World
Bank report on Energy Services for the Poor (World Bank 2000) indicates that the
estimate of 2 billion people is perhaps outdated. Estimation is difficult due to
imprecise definition of the term “access” and lack of good quality data arising
from poor understanding of the traditional energy use due to dispersed and dis-
tributed nature of this energy and focus on supply of commercial energies in the
national energy balances and less focus on where it is used and by whom.
Although traditional energies play an important role in many developing countries,
the statistics is not reliable and household surveys are not common in all devel-
oping countries.

Information on access to electricity is somewhat better. According to WEO
(2002), which provided detailed country-wise electricity access information, about
1.64 billion or 27% of the world’s population did not have access to electricity in
2000. Since then, IEA has been updating the information on electrification on a

! Similar figures are quoted in DfID (2002).
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regular basis and the most recent information suggests that about 1.4 billion
population do not have access to electricity. The regional distribution is given in
Table 22.1. It shows that two regions have large concentrations of people without
access to electricity—South Asia (614 million or 42% of those lacking electricity
access globally) and Sub-Saharan Africa (587 million or 40% of those lacking
access to electricity).

A closer look at the data shows that about 70% of those lacking access to
electricity reside in just 12 countries while the rest 30% is dispersed in all other
countries (see Table 22.2). The rural population in most of these countries is
lacking access, although in a few countries the urban population also lacks access.
While the total number of people without access to electricity is high in South
Asian countries, Sub-Saharan Africa fares worse in terms of rate of electricity
access. In fact, out of 10 least electrified countries in the world, nine are from sub-
Saharan Africa and Myanmar is the only country from Asia (see Table 22.3).

It can also be noted that most of these countries:

(a) have low per capita GDP compared with the world average. Except Indonesia,
all countries in Table 22.1 have national average per capita GDP less than 10%
of the world average.

(b) have low per capita primary energy consumption, ranging from 8% to 42% of
the world average.

(c) Have very low per capita electricity consumption -the national average per
capita electricity consumption in these countries ranges between 1% and 15%
of the world average.

WEO (2002) provided some details about biomass use in the developing
countries and estimated that about 2.39 billion people use biomass for cooking and
heating purposes in these countries. This information is available at an aggregated
level, which indicates inadequate knowledge about this important source of energy
and points to poor quality of information. Subsequently, in 2006, IEA revised the

Table 22.1 Level of electrification in various regions

Region Population without Electrification rate (%)
electricity (Millions) Overall Urban Rural

North Africa 2 98.9 99.6 98.2
Sub-Saharan Africa 587 28.5 57.5 11.9
Africa 589 40.0 66.8 22.7
China and East Asia 195 90.2 96.2 85.5
South Asia 614 60.2 88.4 48.4
Developing Asia 809 77.2 93.5 67.2
Middle East 21 89.1 98.5 70.6
Developing Countries 1453 72.0 90.0 584
Transition economies and OECD 3 99.8 100.0 99.5
Global total 1456 78.2 934 63.2

Source: WEO (2009)
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Table 22.2 Major concentration of population with access to electricity

Country Rank in terms Population without Share of population

of population electricity access without access (%)

(Million)
Urban Rural Total

India 2 404.5 6.9 47.5 355
Bangladesh 7 94.9 24 72 59
Indonesia 4 81.1 6 48 355
Nigeria 8 80.6 31 74 532
Pakistan 6 70.4 22 54 424
Ethiopia 15 68.7 20 98 84.7
DR Congo 19 57 75 96 88.9
Myanmar 24 42.8 81 90 87
Tanzania 30 36.6 61 98 88.5
Kenya 32 32.8 48.7 95 85
Uganda 37 29.1 57.5 96 91
Afghanistan 44 233 78 88 85.6

Source: WEO (2009)

Table 22.3 Reliance on biomass for cooking energy needs in 2004

Region Total population Rural Urban

% Million % Million % Million
Sub-Saharan Africa 76 575 93 413 58 162
North Africa 3 4 6 4 0.2 0.2
India 69 740 87 663 25 77
China 37 480 55 428 10 52
Indonesia 72 156 95 110 45 46
Rest of Asia 65 489 93 455 35 34
Brazil 13 23 53 16 5 8
Rest of Latin America 23 60 62 59 9 3
Total 52 2528 83 2147 23 461

Source: WEO (2006)

estimate upward to 2.5 billion. This remains the most recent estimate on the use of
biomass for cooking purposes. Table 22.3 presents some details about traditional
energy consumption in developing countries.

Clearly, such a heavy reliance on traditional energies imposes economic cost on
the society. Combustion of household fuels leads to air pollution. As biomass is
often used in inefficient stoves, one-fifth of the fuel may be diverted as products of
incomplete combustion, thereby creating health hazards. Air pollution is also a
concern where coal is used as household energy. Coal smoke contains particulate
matters as well as emission of health damaging contaminants. The local level
pollution arising from liquid and gas based petroleum products is relatively less
due to higher efficiency of cook stoves and better fuel quality.
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Combustion of biomass energy indoor is a major source of indoor air pollution.
The timing of such pollution (when most of members of the family are present)
and the level of exposure due to poorly ventilated houses make poor households
vulnerable to serious health effects. Four main health effects are attributed to
household use of solid fuels (WEC 2000):

(a) infectious respiratory diseases;

(b) chronic respiratory diseases;

(c) premature deaths

(d) blindness, asthma, heart diseases etc.

As a consequence, 1.5 million premature deaths occur that is directly attrib-
utable to high indoor air pollution (WEO 2006), which represents a major heath
risk in the developing countries. The regional distribution of these pre-mature
deaths follows the biomass use patterns and South Asia and Sub-Saharan Africa
suffer the maximum loss in this respect. Many millions also suffer from other lung
and respiratory diseases as a result of pollution from burning traditional energies.
As women and children are more exposed to such conditions, they are more
vulnerable.

22.1.2 Future Outlook

But more importantly, forecasts by IEA suggest that unless policies are imple-
mented to address the access issue, the number of people without access will not
decline in the 2030 horizon. Although 75 million is expected to gain access to
electricity every year until 2030 (WEO 2002), increases in the population in
developing countries of South Asia and Sub-Saharan Africa will mean that elec-
tricity access will remain a problem. According to WEO (2002) 680 million in
South Asia and 650 million in Sub-Saharan Africa will still live without electricity
access. Significant improvements in the rest of the world are expected by this study
(see Table 22.4).

The situation will be quite similar in the case of traditional energy use for
cooking purposes (see Table 22.5). WEO (2006) suggested that the number of

Table 22.4 Expected future

- i Region 2002 2015 2030

electrification rates (%). -

Source NSSO (2001b) Sub-Saharan Africa 24 34 51
North Africa 94 98 99
South Asia 43 55 66
China and East Asia 88 94 96
Latin America 89 95 96
Middle East 92 96 99
Total 66 72 78

Source: WEO (2004)
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Table 22.5 Outlook for — Reoion 2004 2015 2030

biomass use for cooking in -

2015 and 2030 (million) Sub-Saharan Africa 575 627 620
North Africa 4 5 5
India 740 777 782
China 480 453 394
Indonesia 156 171 180
Rest of Asia 489 521 561
Brazil 23 26 27
Rest of Latin America 60 60 58
Total 2528 2640 2727

Source: WEO (2006)

people using biomass will increase in the 2030 horizon. Most of the population
relying on biomass for cooking will live in Asia and Sub-Saharan Africa.

22.2 Indicators of Energy Poverty

As energy is an essential input for economic development of any country, con-
sequently low access to clean energy hinders economic growth and therefore,
requires special attention. However, the empirical evidence of energy-poverty link
is often presented in simple graphs showing that energy consumption increases
with income, or the human development index (HDI) improves with income and
higher energy use. Pachauri et al. (2004) indicate that there are three types of
measures normally found in the literature to indicate existence of energy poverty:
1) economic measures such as energy poverty line, 2) engineering measures of
minimum energy needs, and 3) measures based on access to energy services.

The economic approach tries to find out how much consumers lying below the
national poverty line spend on energy and how this expenditure compares with the
overall household expenditure. If for example, a consumer spends more than 10%
of her expenditure on energy, the consumer may be regarded as lying below the
fuel poverty line. Such a definition is used in the U.K. However, the expenditure
depends on the fuel mix, level of efficiency of the appliances, size of the household
and prices in the market. Therefore, while a large budget share could indicate fuel
poverty, it may give wrong signals as well.

The engineering approach uses an estimation of the energy needs to satisfy the
basic requirements of any household. These are normative levels often used by
government authorities to plan for energy needs of a community or a country.
They are based on some assumptions about the types of activities generally per-
formed by households and the energy requirement using available technologies.
Clearly, such a norm will vary from one country to another and can vary over time.
However, an understanding of the basic needs can help analyse various implica-
tions of non-availability of such supplies to the target groups.

Finally, the approach based on access to services departs from the above two in
the sense that it tries to find out whether consumers have physical access to the
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Table 22.6 Factor goalposts for EDI in 2002

Factor Maximum Minimum

Per capita commercial energy consumption 9.4 toe (Bahrain) 0.01toe (Togo)
Share of commercial energy in total final energy 100% 8% (Ethiopia)
Electrification rate 100% 2.6% (Ethiopia)

Source: WEO (2004)

Table 22.7 Example of EDI for India

Factor Formula Indicator
Per capita commercial energy consumption (0.33—0.01)/(9.4—0.10) 0.034
Share of commercial energy in total final energy (56—8)/(100—8) 0.519
Electrification rate (46—2.6)/(100—2.6) 0.445
Average index (0.034+0.519+0.445)/3 0.332

Source: WEO (2004)

supply of energy, and access to markets for equipment. Generally, the poor will
have limited choice in terms of access to fuels and equipment choices compared to
the well-off consumers. However, this is more data intensive and it may be difficult
to compare two situations quantitatively using this approach.

WEO (2004) has presented an index, Energy Development Index (EDI) along
the line of HDI. EDI is composed of the following three factors:

e per capita commercial energy consumption,
e share of commercial energy in total final energy use,
e share of population with access to electricity.

An index is created for each factor by considering the maximum value and
minimum values observed in the developing world and determining how a par-
ticular country has performed. The following formula is used for this index

. (Actual value — minimum value)
Factor index =

: — (22.1)
(maximum value — minimum value)

The goalposts (maximum and minimum values) are taken from the observed
values within the sample of developing countries considered. For example, for
calculating the factor goalposts for EDI in 2002, WEO (2004) used the values
shown in Table 22.6.

The simple average of three indicators gives the overall EDI.

For any country, e.g. India, EDI can be calculated using Eq. 22.1 and noting the
goalposts as well as actual data for the country. For 2002, India’s per capital
commercial energy consumption was 0.33 toe, share of commercial energy in the
final energy was 55.75% and the rate of electrification was 46%. The individual
indicators are shown in Table 22.7.

Although this indicator provides a numerical value, it is not devoid of problems.
It perpetuates the idea that higher level of energy consumption is synonymous to
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Fig. 22.1 Energy ladder
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economic development. Accordingly, countries in the Middle East with high per
capita energy use rank better in this index. It also assumes that biomass energy use
represents a symbol of under-development, which need not be the case, depending
on how it is used. Finally, it also assumes that the grid-based electrification is
essential for development, which is not true either.

22.3 Energy Ladder and Energy Use

Itis normally noticed that the energy mix varies significantly among the poor and the
rich. Normally, people in the lower income group tend to use more traditional
energies to meet their needs. But with higher income people tend to move up the
energy ladder and tend to use more commercial energies and less traditional ener-
gies. The general idea is presented in Fig. 22.1. As energy is a derived demand, the
ability to use any modern fuel is dependent on the affordability of energy-using
appliance and the ability to pay for the fuel on a regular basis. This can be an issue
with the poor and hence they tend to rely on cheap technology and fuels.

The issue is not restricted to rural areas alone—often the poor in the urban
setting are also using traditional energies, but there are urban—rural differences in
energy consumption patterns.

An example from India is shown in Fig. 22.2, which shows that 76% of the
rural households in 1999-2000 relied on firewood and chips, while only 22% of
the urban households used this fuel. Urban households relied more on commercial
fuels (LPG, kerosene) and the situation changed quite significantly between 1993—
94 and 1999-2000. Indian Census 2001 reported that more than 139 million
households in India (72% of all households)” rely on traditional energies for their

2 According to Census 2001, there were around 192 million households in India, of which
around 72% reside in rural areas and the rest in urban areas. The average household size was 5.3
persons in 2001.
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cooking needs. Out of this, more than 124 million households reside in rural areas,
while the remaining 15 million live in urban areas.

Energy consumption pattern by different income groups is more difficult to
obtain. Sample data from NSSO (2001b) was used to generate energy consump-
tion® by different expenditure classes separately for rural and urban areas (see
Figs. 22.3 and 22.4). Figure 22.3 suggests that firewood is the main cooking
energy in rural India irrespective of income level, although its share falls from
around 90% for the lowest expenditure class to around 64% in the highest
expenditure class. Yet, as the higher expenditure classes consume more cooking
energy per capita, firewood consumption in absolute terms is more for the higher
expenditure classes and the highest expenditure class consumes almost 50% more
wood fuel compared to the lowest class. This clearly indicates that the issue of

3 The data for Figs. 22.3 and 22.4 covers all household energy consumption and does not
differentiate between cooking and lighting. However, it is reasonable to assume that electricity is
mainly used for lighting while firewood and LPG are used for cooking. Kerosene may be used for
both lighting and cooking. NSSO (2001b) provides data in physical units (kg or litres). The
following conversion factors were used to arrive at ton of oil equivalent figures: firewood—~0.32
kgoe/kg, electricity—0.086 kgoe/kWh, kerosene—0.836 kgoe/l, LPG—1.13 kgoe/kg and coal—
0.441 kgoe/kg.
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access to clean cooking energy in rural areas has a much bigger dimension and is
not limited to the poor households alone.

The picture changes significantly in urban areas. The use of firewood dimin-
ishes quite appreciably with higher expenditure class while the use of cleaner fuels
such as LPG or electricity increases. Even at the lowest expenditure class firewood
plays a significantly lower role compared to the rural areas (around 70% share
compared to 90% in rural areas). High levels of electricity and LPG use by higher
expenditure classes suggest that they are unlikely to have affordability problems.
Therefore, the problem of access to clean energies in urban areas is a problem
faced by the poor households to a large extent. Figures 22.3 and 22.4 also suggest
that there is not much difference in the per capita energy consumption in the lower
expenditure classes between urban and rural areas. But the highest expenditure
class in urban area has a much higher per capita consumption compared to the rest
of the households in the country.

This brings us to the drivers influencing the choice decision. This is discussed
below.

22.4 Diagnostic Analysis of Energy Demand by the Poor

Energy demand in poor households normally arises from two major end-uses:
lighting and cooking (including preparation of hot water).® Cooking energy
demand is predominant in most cases and often accounts for about 90% of the
energy demand by the poor. Such a high share of cooking energy demand arises

* In some climatic conditions space heating may also be an important source of energy demand.
However, for this discussion space heating demand is not considered.
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partly from the low energy efficiency and partly due to limited scope of other end-
uses.

Any energy use involves costs and resource allocation problems. Both tradi-
tional energies (TE)® which play a crucial role in the energy profile of the poor,
and modern energies impose private and social costs. The private cost may be in
monetary terms or in terms of time spent by the family members to collect the TEs.
For collected TEs, the problem of valuation of the cost arises and the collected fuel
is considered as free fuel by many, even perhaps by the poor themselves, as no
monetary transactions are involved. However, depending on the quantity of col-
lected fuel, its source and the type of labour used in the collection process, the
private cost and social cost can be substantial. The social cost arises due to
externalities arising from pollution and other socio-economic problems related to
particular forms of energy use.

The entire decision-making process for use of any modern energy form (elec-
tricity, kerosene or LPG, or renewable energies) as opposed to any other form of
traditional energies revolves around monetary transactions. Any commercial
energy requires monetary exchanges and the decision to switch to commercial
energies can be considered as a three-stage decision-making process. First, the
household has to decide whether to switch or not (i.e. switching decision). Second,
it decides about the types of appliances to be used (i.e. appliance selection deci-
sion). In the third stage, consumption decision is made by deciding the usage
pattern of each appliance (i.e. consumption decision).

While the costs do not always lend themselves to monetary-based accounting,
the switching decision is largely determined by monetary factors: the amount and
regularity of money income, alternative uses of money and willingness to spend
part of the income to consume commercial energies as opposed to allocating the
money to other competing needs. Appliance selection is affected by similar fac-
tors: cost of appliance, the monetary income variables described above and the
availability of financing for appliance purchases through formal and informal
credit markets. Finally, the consumption decision depends on, among others,
family size, activities of the family members, availability of appliances and family
income.

This framework of three-stage decision-making (presented in Chap. 3) helps in
analysing the problem in a logical manner. The poor normally lack regular money
income flows due to unemployment or part-employment, both of which sometimes
produce in-kind payments as compensation. Moreover, they often participate in
informal sector activities, where barter rather than monetised transactions prevail.
It is rational for any household or individual to focus on private monetary costs
rather than social and/or non-monetised costs due to the inherent subjectivity and
complexity of the valuation problem. Moreover, any modern energy has to com-
pete with other goods and services (including saving for the future) procured by

5 1 have preferred to use the term traditional energies to non-commercial energies to avoid any
confusion arising out of monetisation or commercialisation of some of such fuels. .
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the household for an allocation of monetary resources. Given above characteristics
and constraints, it is quite logical for the poor to have a natural preference for the
fuel that involves no or minimum money transactions. Reliance on firewood and
other traditional energies used for cooking, which constitute the major source of
energy demand by the poor, can be explained using this logic.

For any commercial energy to successfully penetrate the energy demand of the
poor would then require satisfaction of the following economic factors:

(a) The energy should be suitable and perhaps versatile for satisfying the needs;

(b) It should have a competitive advantage that would place no or little demand
for money transactions (in other words, the low cost supplies) in the present
circumstances, and/or

(c) the use of modern energy should result in supply of adequate money flows to
the poor so that they become willing to spend some part of the money on
purchasing commercial energies.

Other supply- and demand-related issues and social factors (such as availability
of fuel, social acceptance, ease of use, pollution, etc.) will also affect fuel choice
and its use, but they are secondary to economic factors.

The second stage (i.e. appliance selection decision) has a deciding influence
on energy demand. Often energy appliance has a relatively long life (5-10
years) and its initial costs are high relative to the income level of the poor. In
order to, in a sense, amortise the costs the appliances will likely have to be
used for sometime, thereby introducing strong path dependence in energy
demand. Strong path dependence affects fuel switching possibility and respon-
siveness of the consumers to external changes. Fuel switching option will be
limited by the appliance choice decision and will involve potentially sizeable
capital expenditure. The rigidity or strong path dependence leaves limited
options to consumers in the event of sudden changes in prices or supply
conditions in the short run, who have to depend on their existing stock of
appliances in any case.

The appliance selection decision has important bearings for the poor as well.
First, high initial cost of appliances for using modern energy is a major deterrent.
Consumers naturally prefer low cost appliances, although they are often energy
inefficient. This also results from the difficulty of mental calculations for an
economic appliance selection that involve factors such as operating costs, discount
rates and appliance life. Second, appliances which the poor consider as essential
and affordable will be selected, thereby restricting the choice to a bare minimum.
Third, the poor are inherently adverse to experimentation and are unlikely to
commit themselves to uncertain and unproven technologies on their own. Fourth,
strong path dependence of modern energies is likely to add to the reluctance of the
poor to invest in modern energies.

Once a decision is made to switch to a modern fuel and the appliance is
purchased, the only variable left in the hand of the user is its utilisation. The short
term response of consumers to demand arises from this factor, which is quite
limited.
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22.5 Evaluation of Existing Mechanisms
for Enhancing Access

Although a wide range of options are adopted to enhance access to energy, the
existing policies rely on the state to provide access by subsidising supply to
consumers. A number of energies come under this purview: kerosene for lighting
and cooking purposes, LPG for cooking purposes and electricity. Subsidies for
such energies could be supported from social considerations: as some minimum
amount of energy is required for sustaining livelihood, those who are unable to
procure such energies could be supported to procure them. This is essentially the
argument behind using lifeline rates for electricity. This is explained in Fig. 22.5
below. If the price is pe, then consumers with low income will not be able to enter
the market as they cannot afford the service. If the consumer surplus of low income
consumers multiplied by an appropriate social weight is greater than the social cost
of supply, adoption of a lifeline rate could be justified. This does not affect the
overall efficiency of the pricing scheme as those having demand above the min-
imum level of demand Qmin would face the rate at p..

The externality argument could also be used to support subsidies: as the use of
traditional energies imposes considerable health effects on the population, by
switching to clean energies the social cost of health damage could be reduced.
As long as the benefits of fuel switching are greater than the social cost, such a
subsidy scheme could be followed.

But subsidised energy supply in developing countries has come under scrutiny
and the following criticism can be identified:

(a) the subsidy is not targeted, implying that the benefits do not reach the desired
group. In many cases all consumers have been given the benefits of subsidy for
administrative simplicity, which allows the rich to benefit more as their per
capita consumption is higher than the poor. Where the benefit is restricted to

Fig. 22.5 Lifeline rates 4
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the poor, lack of administrative verification and monitoring allows consider-
able leakage of subsidy, allowing others to benefit.

As energy cannot be used without owning appliances and as subsidies are
granted for energy consumption (not for appliance ownership), subsidised
supply helps those who can afford appliances. Thus subsidies for LPG and
electricity often accrue to the rich.

Continued use of subsidised supply has given rise to a sense of right to this
privilege, making subsidy removal politically difficult.

Subsidised supply distorts price signals and increases demand, which in turn
requires more investment for supply systems. This can be seen from Fig. 22.6
(also see Chap. 13). As most of the residential consumers contribute to the
peak demand, higher consumption requires extra peaking capacity, which is
costly but at the same time may not be remunerative for the supplier. Capacity
shortage results in absence of new capacities, imposing social costs due to
non-availability of supply.

Subsidy imposes revenue burden on the supplier and the state, and when the
subsidy is not timely provided, the financial performance of the supplier gets
affected.

Inefficient energy use through subsidies adds to pollution and contributes to the
climate change problem.

Getting energy prices right essentially means rebalancing the prices by

removing subsidies and cross-subsidies. There are two issues involved here: cor-
rect prices would make energy supply a commercially attractive proposition but at
the same time, commercial energies will become less the competitive as compared
to the traditional energies. However, as observed earlier, the subsidy system for
petroleum products is not targeted to the poor and such improperly targeted
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subsidies could be removed without much effect on the poor. But strategic sub-
sidies would remain a key policy tool of the state to promote commercial energies
amongst the poor.

22.6 Effectiveness of Electrification Programmes
for Providing Access

To resolve the energy access problem, rural electrification initiatives need to be
analysed considering the factors presented in the diagnostic analysis. A number of
observations/inferences can be made:

e Electricity is mainly used for lighting purposes and accounts for a minor share
of households’ energy needs. In order to resolve the energy access problem
through electrification, electricity use has to meet the cooking energy require-
ments of the poor. A number of issues arise in this respect:

— Competitiveness: electricity is unlikely to be competitive when compared
with traditional energies used for cooking purposes. Subsidized supply to
household belonging to lower income groups normally will allow them to use
electricity for lighting. Promotion of electricity supply is unlikely to reduce
reliance on traditional energies for cooking per se.

— Quality of supply: As the power supply to rural areas gets low priority, even
when access is available, actual supply may be limited, especially during peak
demand periods due to prevailing capacity shortage conditions. Lack of
adequate supply acts as a hindrance to expansion of electricity use in pro-
ductive and other activities.

— Initial investment. Use of electricity for cooking entails significant initial
investment when compared with traditional energy use. Cash-strapped poor
households are unlikely to switch to electric cooking even if quality elec-
tricity is available at an affordable rate.

Thus, electricity has a less chance of succeeding in the cost competition with other
fuels. This in turn implies that demand for lighting cannot justify the investment in
electrification of an area. Consequently, rural electrification alone cannot resolve
the problem of energy access in rural areas, as other fuels would be used by the
poor to meet cooking demand. It appears that policy makers tend to ignore or
forget this simple truth, may be because of better prestige and visibility of elec-
trification projects (and hence for better political mileage).

For economic and financial viability of rural electrification projects, expansion
of productive use of electricity is essential. Integrating other rural development
programmes with rural electrification could create a synergy for promoting agro-
based industrial activities and productive use of electricity in rural areas.
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Additionally, countries with a poor record of credible subsidy management
system due to resource constraints, sustainability of subsidized schemes is highly
doubtful. A credible alternative has to rely on development mechanisms that
ensure adequate money supply to the poor on a regular basis. This makes it
necessary for rural energy supply issues to be set in a broader canvass of overall
development. But experience so far hardly supports the catalytic role of electri-
fication programmes. Rural industry or commerce has not developed as a thriving
business proposition so far in many rural areas. Thus, sustainability of subsidized
rural electrification system may remain a thorny issue for a long time to come.

Energy sector reform has not been a great success in countries where most of
the poor are concentrated and is progressing quite slowly. Electricity reform has
not produced the desired results so far and even the progress has been dismal in
most areas. Simultaneously, the state funding for electricity has been drastically
reduced, without any concomitant participation from the private sector. Private
participation in power distribution does not seem to be gaining momentum and it is
quite likely that the privately-owned distribution companies will be least interested
in undertaking a loss-making activity. Depending on reforms for solving the
energy access problem will be synonymous to inaction. This is not suggest that
reforms are not required or should not be followed. Energy sector reforms are
essential but being a politically sensitive process, making it a pre-condition for
providing access to the poor is not a logical approach.

22.7 Renewable Energies and the Poor

Many place great hopes on new technologies for solving the problem (WEC 2000;
DfID 2002; World Bank 1996). New technologies that are suitable for distributed
energy supplies are now available and can be cost-effective compared to grid-
based supplies. Such technologies often have the added advantage of being
environment friendly and hence their promotion would be beneficial for the world
as a whole. However, despite extensive research and commercialisation efforts
over past three decades, these energies are not competitive yet, without subsidies
of some sort or other. Using subsidies for creating a market for new technologies
has the disadvantage that subsidy removal becomes difficult, as the LPG case
demonstrates. The technical fix of the problem does not appear to be an answer.
Consider now the case of renewable energies to analyse whether they meet the
above requirements indicated earlier in the diagnostic analysis. As cooking and
lighting constitute two major energy demands of poor households (excluding space
heating), we consider these two separately. As there are different types of renewable
energies (solar, wind, hydro and even sustainable biomass), we focus on solar energy
here. Similar arguments can perhaps be advanced for other energies as well.®

S The specific arguments may have to be adjusted in some cases but the generic argument
remains valid.
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Chapter 7

Energy

The Transition from Depletable
to Renewable Resources

If it ain’t broke, don’t fix it!
—OId Maine proverb

Introduction

Energy is one of our most critical resources; without it life would cease. We derive energy from
the food we eat. Through photosynthesis, the plants we consume—Dboth directly and indirectly
when we eat meat—depend on energy from the sun. The materials we use to build our houses
and produce the goods we consume are extracted from the earth’s crust, and then transformed
into finished products with expenditures of energy.

Currently, many industrialized countries depend on oil and natural gas for the majority of
their energy needs. According to the International Energy Agency (IEA), these resources
together supply 59 percent of all primary energy consumed worldwide. (Adding coal, another
fossil fuel resource, increases the share to 86 percent of the total.) Fossil fuels are depletable,
nonrecyclable sources of energy.

According to depletable resource models, oil and natural gas would be used until the
marginal cost of further use exceeded the marginal cost of more abundant and/or renewable
substitute resources. In an efficient market path, the transition to these alternative sources
would be smooth and harmonious. Have the allocations of the last several decades been
efficient or not? Is the market mechanism flawed in its allocation of depletable resources?
If so, is it a fatal flaw? If not, what caused the inefficient allocations? Are the problems
correctable?

In this chapter we shall examine some of the major issues associated with the allocation of
energy resources over time and explore how economic analysis can clarify our understanding
of both the sources of the problems and their solutions.
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Natural Gas: From Price Controls to Fracking

Some Early History

In the United States, during the winter of 1974 and early 1975, serious shortages of natural
gas developed. Customers who had contracted for and were willing to pay for natural gas
were unable to get as much as they wanted. The shortage (or curtailments, as the Federal
Energy Regulatory Commission [FERC] calls them) amounted to 2 trillion cubic feet of
natural gas in 1974-1975, which represented roughly 10 percent of the marketed production
in 1975. In an efficient allocation, shortages of that magnitude would never have materialized.
What happened?

The simple answer is regulation. The regulation of natural gas began in 1938 with the
passage of the Natural Gas Act. This act transformed the Federal Power Commission (FPC),
which subsequently become FERC, into a federal regulatory agency charged with maintaining
“just” prices. In 1954 a Supreme Court decision forced the FPC to extend their price control
regulations beyond pipeline companies to include producers as well.

Because the process of setting price ceilings proved cumbersome, the hastily conceived
initial “interim” ceilings remained in effect for almost a decade before the Commission was
able to impose more carefully considered ceilings. What was the effect of this regulation?

By returning to our models in the previous chapter, we can anticipate the havoc this would
raise. The ceiling would prevent prices from reaching their normal levels. Since price increases
are the source of the incentive to conserve, the lower future prices would cause an inefficiently
large amount of the resource to be used in earlier years. Consumption levels in the earlier
years would be higher under price controls than without them.

Effects on the supply side would also be expected to be significant. Producers would
produce the resource only when they could do so profitably. Once the marginal cost rose to
meet the price ceiling, no more would be produced, regardless of the demand for the resource
at that price. Thus, as long as price controls were permanent, less of the resource would
be produced with controls than without so production would also be skewed toward the
earlier years.

The combined impact of these demand-and-supply effects would be to distort the allocation
significantly (see Figures 7.1a and 7.1b). While a number of aspects differentiate this alloc-
ation from an efficient one, several are of particular importance: the market would react to
price controls by (1) leaving more of the resource in the ground, (2) increasing the rate of
consumption, (3) causing the time of transition to be earlier, and (4) creating an abrupt
transition, with prices suddenly jumping to new, higher levels. All are detrimental. The first
effect means we would not be using all of the natural gas available at prices consumers
were willing to pay. Because price controls would cause prices to be lower than efficient, the
resource would be depleted too fast. These two effects would cause an earlier and abrupt
transition to the substitute, possibly before the technologies to use it were adequately
developed.

The discontinuous jump to a new technology, which results from the fact that price controls
eliminate price flexibility, can place quite a burden on consumers. Attracted by artificially low
prices, consumers would invest in equipment to use natural gas, only to discover—after the
transition—that natural gas was no longer available.

One interesting characteristic of price ceilings is that they affect behavior even before they
are binding."! This effect is clearly illustrated in Figures 7.1a and 7.1b in the earlier years. Even
though the price in the first year is lower than the price ceiling, it is not equal to the efficient
price. (Can you see why? Think what effect price controls have on the marginal user cost faced
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by producers.) The price ceiling causes a reallocation of resources toward the present, which,
in turn, reduces prices in the earlier years.

It seems fair to conclude that, by sapping the economic system of its ability to respond
to changing conditions, price controls on natural gas created a significant amount of turmoil.
When this kind of political control occurs, the overshoot and collapse scenario can have
some validity. In this case, however, it would be caused by government actions rather than
any pure market behavior. If so, the adage that opens this chapter becomes particularly
relevant!

Politicians may view scarcity rent as a possible source of revenue to transfer from producers
to consumers. As we have seen, however, scarcity rent is an opportunity cost that serves
a distinct purpose—the protection of future consumers. When a government attempts to
reduce scarcity rent through price controls, the result is an overallocation to current consum-
ers and an underallocation to future consumers. Thus, what appears to be a financial transfer
from producers to consumers is, in large part, also a transfer of the affected commodity
from future consumers to present consumers. Since current consumers mean current votes
and future consumers may not know whom to blame by the time shortages appear, price
controls are politically attractive. Unfortunately, they are also inefficient; the losses to future
consumers and producers are greater than the gains to current consumers. Because controls
distort the allocation toward the present, they are also unfair to future consumers. Thus,
markets in the presence of price controls are indeed myopic, but the problem lies with the
controls, not the market per se.

After long debating the price control issue, Congress passed the Natural Gas Policy Act on
November 9, 1978. This act initiated the eventual phased decontrol of natural gas prices. By
January 1993, no sources of natural gas were subject to price controls.

Fracking

Natural gas production remained relatively stable from the mid-1970s until the middle of the
first decade of the twenty-first century, when a new technology dramatically changed the cost
of accessing new sources of natural gas in shale, a type of sedimentary rock.? Hydraulic
fracturing, or fracking as it is known popularly, is a form of technical progress that combines
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horizontal drilling with an ability to fracture deep shale deposits using a mixture of high
pressure water, sand, and chemicals. Not only does the fractured shale release large quantities
of natural gas, but this extraction process also costs less than accessing more conventional
sources.

The introduction of this new technology has increased production dramatically in the
United States and fracked gas is likely to play an even larger role over the next few decades
according to the Energy Information Agency, the statistical arm of the U.S. Department
of Energy. If ever there were an example of the profound effect a technical change can have,
this is it!

While this production is dramatically changing the energy situation in the United States,
that change comes with some controversy (see Debate 7.1).

Oil: The Cartel Problem

Much of the world’s oil is currently produced by a cartel called the Organization of the
Petroleum Exporting Countries (OPEC). The members of this organization collude to exercise
power over oil production and prices. As established in Chapter 2, seller power over resources
due to a lack of effective competition leads to an inefficient allocation. When sellers have
market power, they can restrict supply and thus force prices higher than otherwise.

Though these conclusions were previously derived for products, they are valid for depletable
resources as well. By restricting supply a monopolist can extract more scarcity rent from a
depletable resource base than competitive suppliers can. The monopolistic transition results
in a slower rate of production and higher prices.> The monopolistic transition to a substitute,
therefore, occurs later than a competitive transition. While monopolistic exploitation raises
the net present value of profits to the sellers, it reduces the net present value of net benefits to
society. Although the slower consumption on balance reduces the social costs associated with
climate damages, as we shall see in Chapter 17 this outcome is not efficient since many lower-
cost ways to reduce these social costs are available.

The cartelization of the oil suppliers has, historically apparently been quite effective (Smith,
2005). Why? Are the conditions that make it profitable unique to oil, or could oil cartelization
be the harbinger of a wave of natural resource cartels? What is the outlook for the oil cartel
in the future? To answer these questions, we must isolate those factors that make cartelization
possible and profitable. Although many factors are involved, four stand out: (1) the price
elasticity of demand in both the long run and the short run; (2) the income elasticity of
demand; (3) the supply responsiveness of the producers who are not cartel members; and
(4) the compatibility of interests among members of the cartel.

Price Elasticity of Demand

The price elasticity of demand is an important ingredient because it determines how responsive
demand is to price. When demand elasticities are between 0 and -1 (i.e., when the percentage
quantity response is smaller than the percentage price response), price increases lead to
increased revenue. Exactly how much revenue would increase when prices increase depends
on the magnitude of the elasticity. Generally, the smaller is the absolute value of the price
elasticity of demand (the closer it is to 0.0), the larger are the gains to be derived from forming
a cartel.

The price elasticity of demand depends on the opportunities for conservation, as well as
on the availability of substitutes. As storm windows cut heat losses, the same temperature can



DEBATE 7.1

Does the Advent of Fracking Increase Net Benefits?

While fracking will no doubt lower U.S. dependency on energy imports (the
subject of the next section) and provide an economic boost by lowering
energy costs in the United States as it displaces more expensive fuels, it
also comes with some costs. The main short-term concerns involve water
contamination (fracking chemicals leaking into local wells), water depletion
(the extraction process uses large quantities of water), air quality issues
(some of the toxic fracking chemicals can escape into the surrounding air)
and “leakage” (methane, one of the primary components of natural gas
and a powerful greenhouse gas that contributes to climate change, can leak
into the atmosphere as a result of the fracking process). Further, over the
longer run, according to the International Energy Agency, an excessive
reliance on natural gas would be incompatible with reaching proposed
climate policy goals.

If fracking comes with high benefits and high costs, does it make economic
sense? The simple answer is that we don’t know yet. For one thing, as Chapter
3 reminds us, it would depend on the accounting stance (geographic scope)
of the analysis. The geographic regions that benefit may not be the same
regions that bear the costs. Different accounting stances could produce
different results.

More fundamentally, even if a national benefit-cost analysis could be
revealing, many of the components of that analysis are not yet known with
sufficient certainty to provide much confidence in the answers this early in
the game. To take just one example of our ignorance, if the leakage rate
exceeds 3.2 percent, natural gas is apparently no better for the climate than
coal or oil. Unfortunately, we have a firm grasp on the leakage rate for only
a few specially studied wells. Furthermore, the expected costs from the
associated water and air contamination are not yet fully known either.
Finally, even if we were able to derive a reasonable answer for the current
period prior to much regulation, the answer is likely to be much more
favorable to fracking once a regulatory framework to reduce the problems
is in place.

Fortunately, studies are underway to fill in the information gaps and
regulations that control the most negative net benefit aspects of the industry
are likely to follow. Stay tuned.

Sources: Alvarez, R. A, Pacala, S. W., Winebrake, J. J., Chameides, W. L., & Hamburg,
S. P.(2012). Greater focus needed on methane leakage from natural gas infrastructure.
PNAS, 109, 176435-176440; Jackson, R. B., et al. 2013. The environmental costs
and benefits of fracking. Annual Review of Environment and Resources, 39,
327-362.

N\

~

J

Energy

149



Energy

150

be maintained with less heating oil. Smaller, more fuel-efficient automobiles reduce the amount
of gasoline needed to travel a given distance. The larger the set of these opportunities and the
smaller the cash outlays required to exploit them, the more price-elastic the demand. This
suggests that demand will be more price-elastic in the long run (when sufficient time has
passed to allow adjustments) than in the short run.

The availability of substitutes is also important because it limits the degree to which prices
can be profitably raised by a producer cartel. Abundant quantities of relatively inexpensive
fuels that could substitute for oil can set an upper limit on the cartel price. Unless the cartel
controls those alternative sources as well—and in oil’s case it doesn’t—any attempts to raise
prices above those limits would cause the consuming nations to simply switch to these
alternative sources; the cartel would have priced itself out of the market.

Income Elasticity of Demand

The income elasticity of demand is important because it indicates how sensitive demand
for the cartel’s product is to growth in the world economy. As income grows, demand should
grow. This continual increase in demand fortifies the ability of the cartel to raise its prices.

The income elasticity of demand is also important, however, because it registers how sensi-
tive demand is to the business cycle. The higher the income elasticity of demand, the
more sensitive demand is to periods of rapid economic growth or to recessions. Economic
downturns led to a weakening of the oil cartel in 1983 as well as to a significant fall in oil
prices starting in late 2008. Conversely, whenever the global economy recovers, the cartel
benefits disproportionately.

Nonmember Suppliers

Another key factor in the ability of producer nations to exercise power over a natural resource
market is their ability to prevent new suppliers, not part of the cartel, from entering the market
and undercutting the price. Prior to fracking, OPEC produced about 45 percent of the world’s
oil, but that is changing due to the increase in production from fracked oil. When non-OPEC
producers expand their supply dramatically, prices can be expected to fall along with OPEC’s
market share. If this supply response is large enough, the cartelized allocation of oil would
approach the competitive allocation.

Recognizing this impact, the cartel must take the nonmembers into account when setting
prices. Salant (1976) proposed an interesting model of monopoly pricing in the presence
of a fringe of small nonmember producers that serves as a basis for exploring this issue. His
model includes a number of suppliers. Some form a cartel. Others, a smaller number, form a
“competitive fringe.” The cartel is assumed to set its price so as to maximize its members’
profit, taking the competitive fringe production into account. The competitive fringe cannot
directly set the price, but, since it is free to choose the level of production that maximizes its
own profits, its output does affect the cartel’s pricing strategy by increasing the available supply.

What conclusions does this model yield? The model concludes first of all that a resource
cartel would set different prices in the presence of a competitive fringe than in its absence.
With a competitive fringe, it would set the initial price somewhat lower than the pure
monopoly price and allow price to rise more rapidly. This strategy maximizes cartel profits
by inducing the competitive fringe to produce more in the earlier periods (in response to
higher demand) and eventually to exhaust their supplies. Once the competitive fringe has
depleted its reserves, the cartel would raise the price and thereafter prices would increase much
more slowly.



Thus, the optimal strategy, from the point of view of the cartel, is to hold back on its own
sales during the initial period, letting the other suppliers exhaust their supplies. Sales and
profits of the competitive fringe, in this optimal cartel strategy, decline over time, while sales
and profits of the cartel increase over time as prices rise and the cartel continues to capture a
larger share of the market.

Another fascinating implication of this model is that the formation of the cartel raises
the present value of competitive fringe profits by an even greater percentage than it raises the
present value of cartel profits. Those without the power gain more in percentage terms than
those with the power!

Though this may seem counterintuitive, it is actually easily explained. The cartel, in order
to keep the price up, must cut back on its own production level. The competitive fringe,
however, is under no such constraint and is free to take advantage of the higher prices caused
by the cartel’s withheld production without cutting back its own production. Thus, the profits
of the competitive fringe are higher in the earlier period, which, in present value terms, are
discounted less. All the cartel can do is wait until the competitive suppliers become less of a
force in the market. The implication of this model is that the presence of a competitive fringe
matters, even if it controls as little as one-third of the production.

The impact of this competitive fringe on OPEC behavior was dramatically illustrated by
events in the 1985-1986 period. In 1979, OPEC accounted for approximately 50 percent of
world oil production, while in 1986 this had fallen to approximately 30 percent. When the
recession cut global demand by 10 percent, the cartel’s attempts to keep prices as high as
possible by reducing its own production were thwarted by a competitive fringe that simply
kept producing. The real cost of crude oil imports in the United States fell from $34.95 per
barrel in 1981 to $11.41 in 1986. OPEC simply was not able to hold the line on prices because
the necessary reductions in its own production were too large for the cartel members to sustain
in the face of continuing supplies from the competitive fringe.

With global economic growth, however, the tide was turned. In the summer of 2008,
the price of crude oil soared above $138 per barrel. Strong worldwide demand was
coupled with restricted supply from Iraq because of the war. However, these high prices also
promoted the major oil companies’ search for more unconventional sources of oil including
the tar sands in Canada and the use of fracking to extract oil from shale in the United
States. Once again the cartel’s power was subject to limits, this time imposed by nonmember
suppliers.

Compatibility of Member Interests

The final factor we shall consider in determining the potential for cartelization of natural
resource markets is the internal cohesion of the cartel. With only one seller, the objective of
that seller can be pursued without worrying about alienating others who could undermine the
profitability of the enterprise. In a cartel composed of many sellers, that freedom is no longer
as wide ranging. The incentives of each member and the incentives of the group as a whole
may diverge.

Cartel members have a strong incentive to cheat. A cheater, if undeterred by the other
members, could lower its price and capture a larger share of the market. Formally speaking,
the price elasticity of demand facing an individual member is substantially higher than that
for the group as a whole, because some of the increase in individual sales at a lower individual
price represents sales reductions for other members. When producers face markets characterized
by high price elasticities, lower prices maximize profits. Thus, successful cartelization
presupposes a means for detecting cheating and enforcing the collusive agreement.
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In addition to cheating, however, cartel stability is also threatened by the degree to which
members fail to agree on pricing and output decisions. Oil provides an excellent example
of how these dissensions can arise. Since the 1974 rise of OPEC as a world power, Saudi
Arabia has frequently exercised a moderating influence on the pricing decisions of OPEC.
Why?

One highly significant reason is the size of Saudi Arabia’s oil reserves. Controlling about
22 percent of OPEC’s proven oil reserves in 2015 (second only to Venezuela’s 24.8 percent)
Saudi Arabia has an incentive to preserve the value of those resources. Setting prices too high
would undercut the future demand for its oil. As previously stated, the demand for oil in the
long run is more price-elastic than in the short run. Countries with smaller reserves, such as
Nigeria, know that in the long run their reserves will be gone and therefore these countries
are more concerned about the near future. Countries with small reserves want to extract more
rent now, but countries with large reserves want to preserve future rent.

This examination of the preconditions for successful cartelization suggests two things:
(1) creating a successful cartel is not an easy path for natural resource producers to pursue,
and (2) it is quite likely that OPEC’s difficulties in exercising control over the market will only
increase in the future.

Fossil Fuels: National Security Considerations

Vulnerable strategic imports such as oil have an added cost that is not reflected in the
marketplace. National security is a classic public good. No individual corporate importer
correctly represents our collective national security interests in making a decision on how
much to import. Hence, leaving the determination of the appropriate balance between imports
and domestic production to the market generally results in an excessive dependence on
imports in terms of both climate change and national security considerations (see Figure 7.2).

In order to understand the interaction of these factors, five supply curves are relevant.
Domestic supply is reflected by two options. The first, S, , is the long-run domestic supply
curve without considering the climate change damages resulting from burning more oil, while
the second, S ,, is the domestic supply curve that includes these per-unit damages.

While climate change policy is the subject of Chapter 17, we can introduce its relationship
to energy choice here. All fossil fuels contain carbon. When these fuels are combusted, unless
the resulting carbon is captured, it is released into the atmosphere as carbon dioxide, a
contributor to climate change. How much CO, is released varies with the type of fuel since
energy sources contain different amounts of carbon. As can be seen from Table 7.1, among
the fossil fuels, coal contains the most carbon per unit of energy produced and natural gas
contains the least.

The upward slopes of these supply curves reflect increasing availability of domestic oil at
higher prices, given sufficient time to develop those resources. Imported foreign oil is reflected
by three supply curves: P reflects the observed world price, P , includes a “vulnerability
premium” in addition to the world price, and P, adds in the per-unit climate change damages
due to consuming more imported oil. The vulnerability premium reflects the additional national
security costs caused by imports. All three curves are drawn horizontally to the axis to reflect
the assumption that any single importing country’s action on imports is unlikely to affect the
world price for oil.

As shown in Figure 7.2, in the absence of any correction for national security and climate
change considerations, the market would generally demand and receive D units of oil. Of this
total amount, A would be domestically produced and D — A would be imported. Why?
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[Figure 7.2 The National Security Problem ]

Table 7.1 Carbon Content of Fuels Pounds of CO, Emitted per Million Btu
of Energy for Various Fuels

Coal (anthracite) 228.6
Coal (bituminous) 205.7
Coal (lignite) 215.4
Coal (subbituminous) 214.3
Diesel fuel & heating oil 161.3
Gasoline 157.2
Propane 139.0
Natural gas 117.0

Source: Energy Information Administration. Retrieved from https://www.eia.gov/tools/faqs/faq.
php?id=73&t=11 (accessed January 28, 2017).
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In an efficient allocation, incorporating the national security and climate change
considerations, only C units would be consumed. Of these, B would be domestically produced
and C - B would be imported. Comparing these two outcomes, note that, because national
security and climate change are externalities, the market in general tends to consume too much
oil and vulnerable imports exceed their efficient level.

What would happen during an embargo? Be careful! At first glance, you would guess that
we would consume where domestic supply equals domestic demand, but that is not right.
Remember that S, is the domestic supply curve, given enough time to develop the resources.
If an embargo hits, developing additional resources cannot happen immediately (multiple-
year time lags are common). Therefore, in the short run, the supply curve becomes perfectly
inelastic (vertical) at A. The price will rise to P* to equate supply and demand. As the graph
indicates, the loss in consumer surplus during an embargo can be very large indeed.

How can importing nations react to this inefficiency? As Debate 7.2 shows, several
strategies are available.

The importing country might be able to become self-sufficient, but should it? If Figure 7.2
adequately represents the situation, then the answer is clearly no. The net benefit from self-
sufficiency (the allocation where domestic supply S, crosses the demand curve) is clearly lower
than the net benefit from the efficient allocation (C).

DEBATE 7.2 ™\

How Should Countries Deal with the Vulnerability of
Imported 0Oil?

Many countries import most of their oil. Since oil is a strategic material, how
can the resulting vulnerability to import disruption be addressed?

One vision focuses on a strategy of increasing domestic production, not
only of oil, but also of natural gas and coal. This vision includes opening up
new oil fields in such places as coastal waters or public lands, as well as
expanding the production of newer sources such as tar sands or oil shale. Tax
incentives and subsidies could be used to promote domestic production.

Another vision emphasizes energy efficiency and energy conservation. Pointing
out that expanded domestic production could exacerbate environmental prob-
lems (including climate change), this vision promotes such strategies as mandat-
ing standards for fuel economy in automobiles, enacting energy efficiency
standards for appliances, and making buildings much more energy efficient.

Using economic analysis, figure out what the effects of these two different
strategies would be on the implementing country with respect to (1) oil
prices in the short run and the long run, (2) emissions affecting climate
change, and (3) imports in the short run and the long run. What strategy or
strategies would you like to see chosen by your country? Why? J

Why, you might ask, is self-sufficiency so inefficient when embargoes obviously impose so
much damage and self-sufficiency could grant immunity from this damage? Why would we
want any imports at all when national security is at stake?



The simple answer is that the vulnerability premium is lower than the cost of becoming
self-sufficient, but that response merely begs the question, “why is the vulnerability premium
lower?” It is lower for three primary reasons: (1) embargoes are not certain events—they may
never occur; (2) steps can be taken to reduce vulnerability of the remaining imports; and
(3) expanding current domestic production via subsidies would incur a user cost by lowering
the domestic amounts available to future users.

The expected damage caused by one or more embargoes depends on the likelihood of
occurrence, as well as the intensity and duration. This means that the P _, curve will be lower
for imports having a lower likelihood of being embargoed. Imports from countries less hostile
to our interests are more secure and the vulnerability premium on those imports is smaller.*

For any remaining vulnerable imports, certain contingency programs can be adopted to
reduce the damage an embargo would cause. The most obvious measure is to develop a
domestic stockpile of oil to be used during an embargo. The United States has taken this route.
The stockpile, called the strategic petroleum reserve, was originally designed to contain
1 billion barrels of oil (see Example 7.1). A 1 billion barrel stockpile could replace 3 million
barrels a day for slightly less than 1 year or a larger number of barrels per day for a shorter
period of time. This reserve could serve as a temporary alternative domestic source of supply,
which, unlike other oil resources, could be rapidly deployed on short notice. It is, in short, a
form of insurance. If this protection can be purchased cheaply, implying a lower P, imports
become more attractive.

To understand the third and final reason that paying the vulnerability premium would be
less costly than self-sufficiency, we must consider vulnerability in a dynamic, rather than static,
framework. Because oil is a depletable resource, a user cost is associated with its efficient use.
To reorient the extraction of that resource toward the present, as a self-sufficiency strategy
would do, reduces future net benefits. Thus, the self-sufficiency strategy tends to be myopic
in that it solves the short-term vulnerability problem by creating a more serious one in the
future. Paying the vulnerability premium creates a more efficient balance between the present
and future, as well as between current imports and domestic production.

We have established the fact that government can reduce our vulnerability to imports,
which tends to keep the risk premium as low as possible. Certainly for oil, however, even after
the stockpile has been established, the risk premium is not zero; P and P _, will not coincide.
Consequently, the government must also concern itself with achieving both the efficient level
of consumption and the efficient share of that consumption borne by imports. Let’s examine
some of the policy choices.

As noted in Debate 7.2, energy conservation is one possible approach to the problem. One
way to accomplish additional conservation is by means of a tax on fossil fuel consumption.
Graphically, this approach would be reflected as a shift inward of the after-tax demand
curve. Such a tax could reduce energy consumption and emissions of greenhouse gases to an
efficient level. It could not, however, achieve the efficient share of imports, since the tax falls
on all energy consumption, whereas the security problem involves only imports. While energy
conservation may increase the net benefit, it cannot ever be the sole policy instrument used or
an efficient allocation will not be attained.

Another strategy, the expansion of domestic supply, is already occurring due to fracking
in places such as the Bakken Formation. According to the U.S. Geological Service, one of the
larger domestic discoveries in recent years of unconventional oil can be found in the Bakken
and associated formations in Montana and North Dakota. Parts of these shale formations

w2

extend into the Canadian Provinces of Saskatchewan and Manitoba. The introduction of
hydraulic fracturing technology to the region in 2008 caused a boom in production and a
reduction in imports.
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Strategic Petroleum Reserve

The U.S. strategic petroleum reserve (SPR) is the world’s largest supply of emergency
crude oil. The federally owned oil stocks are stored in huge underground salt caverns
along the coastline of the Gulf of Mexico.

Decisions to withdraw crude oil from the SPR are made by the president under the
authority of the Energy Policy and Conservation Act. In the event of an “energy emer-
gency,” SPR oil would be distributed by competitive sale. In practice, what constitutes
an energy emergency goes well beyond embargoes. The SPR has been used rarely and no
drawdown involved protecting against an embargo. Some examples of drawdowns
include:

® During Operation Desert Storm in 1991, sales of 17.3 million barrels were used to
stabilize the oil market in the face of supply disruptions arising from the war.

® After Hurricane Katrina caused massive damage to the oil production facilities,
terminals, pipelines, and refineries along the Gulf regions of Mississippi and Louisiana
in 2005, sales of 11 million barrels were used to offset the domestic shortfall.

® A series of emergency exchanges conducted after Hurricane Gustav, followed shortly
thereafter by Hurricane Ike, reduced the level by 5.4 million barrels.

® During 2011, 30.59 million barrels were sold in response to sustained interruptions
in global supplies due to civil unrest in Libya. President Obama authorized the sale
as part of a larger coordinated release of petroleum by International Energy Agency
countries.

Building up the reserve is accomplished by the Royalty-in-Kind program. Under the
Royalty-in-Kind program, producers who operate leases on the federally owned Outer
Continental Shelf are required to provide from 12.5 to 16.7 percent of the oil they
produce to the U.S. government. This oil is either added directly to the stockpile or sold
to provide the necessary revenue to purchase oil to add to the stockpile. In April 2011,
however, Congress rescinded all funding for the SPR expansion project.

Subsequently as part of its 2018 budget, the Trump administration proposed to sell
off half the oil in the Strategic Petroleum Reserve and use the money to reduce the
deficit. Do you think this reduction in size improves efficiency? Why or why not? If you
think it is a good idea, do you believe it was always too big or have circumstances
changed? If the latter, what circumstances have changed, and how has that lowered the
optimal level of the strategic petroleum reserve?

Source: U.S. Department of Energy Strategic Petroleum Reserve website, http://energy.gov/fe/services/
petroleum-reserves/strategic-petroleum-reserve (accessed October 20, 2016).

J

As Example 7.2 points out, however, even a local community that takes advantage of

that boom can be in for a rocky ride if its economy depends exclusively or primarily on that

sin,

gle commodity.

Diagrammatically, the effect of the fracking induced expansion in domestic oil production
would be portrayed in Figure 7.2 as a shift of the domestic supply curve to the right. Notice



L EXAMPLET.2 2

Fuel from Shale: The Bakken Experience

The boom in oil production made possible by fracking resulted in North Dakota becom-
ing the most rapidly growing state in the nation. Population increased in response to rising
wages and lots of retail activity and public infrastructure was built to accommodate the
rising population.

Then in 2014 dropping oil prices (in part due to an oil glut resulting from increased
production from domestic shale) reversed the process. As the prices fell, small rural
towns were hit particularly hard.

Williston, North Dakota, for example, experienced job losses both in the oil industry
and in the retail sectors built up to serve the influx of new workers. Not only did the
population begin to decline, but the investments in public infrastructure made to
accommodate the larger population become more difficult to finance. During the boom
Williston had built a new $57 million high school, but declining economic activity
caused by the lower prices caused a decline in the tax base needed to pay for that school.

Boom-and-bust cycles can be especially devastating to small, resource-dependent
communities like Williston. With little diversification of their economic base they become
especially vulnerable to swings in the prices of the resources on which they depend so
heavily.

Sources: USGS releases new oil and gas assessment for Bakken and Three Forks formations. Retrieved from

www2.usgs.gov/blogs/features/usgs_top_story/usgs-releases-new-oil-and-gas-assessment-for-bakken-and-three-
forks-formations/; Hydraulic fracturing, www.epa.gov/hydraulicfracturing (accessed February 4, 2016);
Oldham, Jennifer, & Philips, Matthew. (2016). The Bakken bust hits North Dakota hard (February 4),
www.bloomberg.com/news/articles/2016-02-04/the-bakken-bust-hits-north-dakota-hard (accessed

October 11, 2016); Millsap, Adam. (2016). What the boom and bust of Williston, North Dakota

teaches us about the future of cities (June 7), www.forbes.com/sites/adammillsap/2016/06/07/
williston-nd-and-the-rise-and-fall-of-american-cities/#66ae277a6c81 (accessed October 11, 2016).
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that one effect would be to reduce the share of imports in total consumption (an efficient
result) and that is already happening. Net energy imports (imports minus exports) peaked in
2005. Since 2005, imports have declined while exports have increased (see Figure 7.3).

The domestic supply expansion would, however, increase climate change emissions (an
inefficient result). This strategy also tends to drain domestic reserves faster, which could make
the nation more vulnerable in the long run (another inefficient result). The expansion of
domestic fossil fuels reduces imports, but the lower prices and resulting increased consumption
also tend to intensify the climate change problem.

A third approach would tailor the response more closely to the national security problem.
One could use either a tariff on imports equal to the vertical distance between P, and P , or
a quota on imports equal to C — B. With either of these approaches, the price to consumers
would rise to P, total consumption would fall to C, and imports would be C — B. This
achieves the appropriate balance between imports and domestic production (an efficient
result), but it does not internalize the climate change cost from increasing domestic production
(an inefficient result). As developed in more detail in Chapter 17, imposing a separate price
on carbon would be a necessary component of the package in order to internalize the climate
externality.
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Figure 7.3 Total Energy Production and Consumption 1980-2040
Source: U. S. Energy Information Administration, Annual Energy Outlook 2015, p.17

Electricity: The Role of Depletable Resources

Most observers who think about energy futures see electricity as assuming an increasingly
large role in the total energy picture. Evolving technologies for using electricity for both
heating and cooling (heat pumps) and transportation (electric vehicles) figure importantly in
this perspective.

What energy sources should be used to generate that electricity? While the industrialized
world currently depends on conventional sources of oil, coal, and gas for most of our energy,
over the long run, in terms of both climate change and national security issues, the obvious
solution involves a transition to domestic renewable sources of energy that do not emit
greenhouse gases. What role does that leave for the other depletable resources such as natural
gas and uranium, which are used to generate electricity?

Although some observers believe the transition to renewable sources of electricity will
proceed so rapidly that using these fuels as a bridge will be unnecessary, many others believe
that depletable fuels will continue to play a significant transition role.

In the United States, coal, previously a contender, has been losing out to natural gas due
mainly to its lower costs resulting from the expansion of fracking. However the increasing
focus on reducing greenhouse gases is also a factor since natural gas has a lower carbon
content when combusted.

Although other contenders do exist, the fuel other than natural gas receiving the most
attention (and controversy) as a transition fuel is uranium. As a potential transition fuel used
in nuclear electrical-generation stations, nuclear has its own limitations—safety and economics.

With respect to safety, two sources of concern stand out: (1) nuclear accidents or sabotage,
and (2) the storage of radioactive waste. Is the market able to make efficient decisions about
the role of nuclear power in the energy mix? In both cases, the answer is no, given the current
decision-making environment. Let’s consider these issues one by one.



The production of electricity by nuclear reactors involves radioactive elements. If these
elements escape into the atmosphere and come in contact with humans in sufficient concentra-
tions, they can induce birth defects, cancer, or death. Although some radioactive elements may
also escape during the normal operation of a plant, the greatest risk of nuclear power is posed
by the threat of nuclear accidents or deliberate sabotage.

As the accident in Fukushima, Japan, in 2011 made clear, nuclear accidents could inject
large doses of radioactivity into the environment. Unlike other types of electrical generation,
nuclear processes continue to generate heat long after the reactor is turned off. This means
that the nuclear fuel must be continuously cooled, or the heat levels will escalate beyond the
design capacity of the reactor shield. If the high heat causes the reactor vessel to fracture,
clouds of radioactive gases and particulates will be released into the atmosphere.

An additional concern arises from the need to store nuclear wastes. The waste-storage issue
relates to both ends of the nuclear fuel cycle—the disposal of uranium tailings from the mining
process and spent fuel from the reactors—although the latter receives most of the publicity.
Uranium tailings contain several elements, the most prominent being thorium-230, which
decays with a half-life of 78,000 years to a radioactive, chemically inert gas, radon-222. Once
formed, this gas has a very short half-life (38 days).

The spent fuel from nuclear reactors contains a variety of radioactive elements with quite
different half-lives. In the first few centuries, the dominant contributors to radioactivity are
fission products, principally strontium-90 and cesium-137. After approximately 1000 years,
most of these elements will have decayed, leaving the transuranic elements, which have
substantially longer half-lives. These remaining elements would remain a risk for up to
240,000 years. Thus, decisions made today affect not only the level of risk borne by the current
generation—in the form of nuclear accidents—but also the level of risk borne by a host of
succeeding generations (due to the longevity of radioactive risk from the disposal of spent fuel).

Nuclear power has also been beset by economic challenges. New nuclear power plant con-
struction has become much more expensive than previously, in part due to the increasing regula-
tory requirements designed to provide a safer system. In the late twentieth century as its economic
advantage over coal dissipated, the demand for new nuclear plants declined. For example, in
1973, in the United States, 219 nuclear power plants were either planned or in operation. By the
end of 1998, that number had fallen to 104, a difference due primarily to cancellations.

The transition to lower carbon fuels has created some renewed interest in the nuclear
option. The first new nuclear generator in the United States in 20 years entered commercial
operation in Tennessee in 2016, a year in which globally nuclear power plants provided a bit
over 11 percent of the world’s electricity. The World Nuclear Association announced in 2016
that some 440 nuclear power reactors were operating in 31 countries and that over 60 power
reactors were currently being constructed in 13 countries. China was constructing eight new
reactors a year.

What future role nuclear power will play in other countries after Fukushima remains to be seen.

Electricity: Transitioning to Renewables

Ultimately, our energy needs will have to be fulfilled from renewable energy sources, either
because the depletable energy sources have been exhausted or, as is more likely, the environmental
costs of using the depletable sources have become so high that renewable sources will be cheaper.
Many of these renewable sources of energy, such as hydroelectric power, wind, photovoltaics,
and ocean tidal power are used to generate electricity. These sources not only allow electricity
generation to be more sustainable, but they reduce the country’s dependence on fossil fuels.
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Renewable energy comes in many different forms. Different sources will have different
comparative advantages so, ultimately, a mix of sources will be necessary. As Debate 7.3
suggests, the path to greater reliance on renewables is certainly not free of controversy even
within the environmental community.

DEBATE 7.3 ™

Dueling Externalities: Should the United States Promote
Wind Power?

On the surface the answer seems like a no-brainer, since wind power is a
renewable energy source that emits no greenhouse gases, unlike all the fossil
fuels it would be likely to replace. Yet some highly visible, committed
environmentalists, including Robert F. Kennedy, Jr., have strongly opposed
wind projects. Why has this become such a contentious issue?

Opposition to wind power within the environmental community arises for
a variety of reasons. Some point out that the turbines can be noisy for those
who live, camp, or hike nearby. Others note that these very large turbines
can be quite destructive to bats and birds, particularly if they are constructed
in migratory pathways. And a number of opponents object to the way the
view would be altered by a large collection of turbines on otherwise-pristine
mountaintops or off the coast.

Both the benefits from wind power (reduced air pollution including impact
on the climate) and the costs (effects on aesthetics, birds, and noise) are
typically externalities. This implies that the developers and consumers of
wind power will neither reap all of the environmental benefits from reduced
impact on the climate, nor will they typically bear all the environmental
costs. Making matters even more difficult, some of the environmental costs
will be concentrated on a relatively few people (those living nearby), while
the benefits will be conferred on all global inhabitants, most of whom will
bear absolutely none of these costs. Since the presence of externalities
typically undermines the ability of a market to produce an efficient outcome,
it is not surprising that the permitting process for new wind power facilities
is highly regulated. Regulatory processes generally encourage public
participation by holding hearings. The concentrated costs imposed on those
living nearby may be an effective motivator to attend the public hearings,
which are likely to be held near the proposed site; the diffuse benefits will
likely be a less effective motivator for attendance by proponents.

With environmental externalities lying on both sides of the equation and
with many of the environmental costs concentrated on a relatively small
number of people, it is understandable that these hearings have become so
contentious, and that the opposition to wind power is so strong.

Sources: Kennedy Jr., R. F. (December 16, 2005). An ill wind off Cape Cod (op-ed). The
New York Times; Barringer, F. (June 6, 2006). Debate over wind power creates
environmental rift. The New York Times. J




The extent to which these sources will penetrate the market will depend upon their relative
cost and consumer acceptance. New systems are usually initially less reliable and more
expensive than old systems. Once they mature, reliability normally increases and cost declines;
experience is a good teacher.

Since the early producers and consumers—the pioneers—experience both lower reliability
and higher costs, procrastination can be an optimal individual strategy. From an individual
point of view, waiting until all the bugs have been worked out and costs come down reduces
the risk of making the investment.

From a social point of view, however, if every producer and consumer procrastinates
about switching, the industry will never be able to reach a sufficient scale of operation and
will not be able to gain enough experience to reach the level of reliability and lower cost
that will be necessary to reach the specified renewable goals. How can these initial barriers
be overcome?

One strategy involves establishing specific renewable resource goals with deadlines for
meeting them. For example, the E.U. Renewable Resource Directive, which establishes an
overall policy for the production and promotion of energy from renewable sources in the E.U.,
requires at least 20 percent of its total energy needs be filled by renewables by 2020. In
addition, under the Directive all E.U. countries must also ensure that at least 10 percent of
their transport fuels come from renewable sources by 2020.

More recently, E.U. countries have agreed on strengthening their initial renewable target
to assure that at least 27 percent of final energy consumption is met from renewables in the
E.U. as a whole by 2030. One of the expanding sources is offshore wind. In June 2017
Germany, Denmark, and Belgium backed a pledge to install 60 gigawatts of new offshore
wind power next decade, more than five times the world’s existing capacity.

Another strategy subsidizes pioneer investments via the tax code.’ This is commonly done,
for example, with production or investment tax credits. Once the market is sufficiently large
that it can begin to take advantage of economies of scale and overcome the initial sources of
unreliability, the subsidies could be eliminated.

Another common policy approach for overcoming these obstacles involves combining
Renewable Portfolio Standards (RPS) for electricity generation with Renewable Energy
Credits (RECs). Renewable portfolio standards stipulate a minimum percentage of the total
electricity that must be generated by each generator from specified renewable sources such
as wind, hydro, or solar. The generating entity can either meet that standard directly by
generating the requisite proportion from the specified renewable sources, or indirectly
by purchasing renewable energy credits from independent generators.

An independent generator of electricity from a renewable source actually produces two
saleable commodities. The first is the electricity itself, which can be sold to the grid, while the
second is the renewable energy credit that turns the environmental attributes (such as the
fact that it was created by a qualifying renewable source) into a legally recognized form of
property that can be sold separately. Generally, renewable generators create one REC for every
1000 kilowatt-hours (or, equivalently, 1 megawatt-hour) of electricity placed on the grid.

Providing this form of flexibility in how the mandate is met lowers the compliance cost,
not only in the short run (by allowing the RECs to flow to the areas of highest need), but also
in the long run (by making renewable source generation more profitable in areas not under a
RPS mandate than it would otherwise be). By 2013 some 29 states and the District of Columbia
had a renewable energy standard, with seven more having non-binding goals. Many of those
also had REC programs.

How cost-effective have these polices been? Example 7.3 discusses a study that looks
specifically at that question.
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L EXAMPLET.3 2

The Relative Cost-Effectiveness of
Renewable Energy Policies in the
United States

The United States depends on both renewable portfolio standards, and a suite of produc-
tion and investment tax credits to promote renewable resources that reduce carbon
emissions. It also uses a completely different approach to reduce carbon emissions, one
that puts a price directly on those emissions. Although we discuss this carbon-pricing
approach in some detail in Chapters 15 and 17, here we simply ask how cost-effective
a comprehensive policy such as carbon pricing is relative to policies that are targeted
exclusively on promoting renewable resources.

Using a highly detailed model of regional and interregional electricity markets Palmer
et al. (2011) examine this question over a time horizon covering the period from 2010 to
2035. The analysis evaluates each of these policy approaches in terms of their relative
effectiveness and cost-effectiveness in reducing carbon emissions, their effectiveness in
promoting renewable resource electricity generation, and their effects on electricity prices.

Between the two renewable resource policies the tax credit was found to be the least
cost-effective, with the renewable portfolio somewhat better. Because it involves a subsidy
and the other polices do not, the tax credit leads to relatively lower electricity prices,
which supports greater electricity consumption and hence relatively larger emissions. This
offsetting increase in emissions diminishes the tax credit’s cost-effectiveness.

However the best policy turned out to be the third, a particular form of carbon
pricing known as cap-and-trade. As we shall see in more detail in Chapter 17, the price
a cap-and-trade policy puts on emissions creates very cost-effective incentives for
emissions reduction. The dominance of this approach should therefore not be surprising.
Additionally it is the only considered policy that increases the relative cost of using
nonrenewable higher carbon sources. Neither the tax credit nor the renewable portfolio
standard discourage the use of high-carbon nonrenewable technologies at all; they apply
only to renewable sources.

Source: Palmer, K., Paul, A., Woerman, M., & Steinberg. D. C. (2011). Federal policies for renewable
electricity: Impacts and interactions. Energy Policy, 39(7), 3975-3991.
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Another quite different approach to promoting the use of renewable resources in the
generation of electric power is known as a feed-in tariff. Used more commonly in Europe, a
feed-in tariff specifies the prices received by anyone who installs qualified renewable capacity
that sells electricity to the grid. The level of these prices (typically determined in advance by
the rules of the program) is based upon the costs of supplying the power. Specifically they are
set sufficiently high so as to assure installers that they will receive a reasonable rate of return
on their investment. While in Germany this incentive payment is guaranteed for 20 years for
each installed facility, each year the magnitude of the payment for newly constructed generators
is reduced (typically in the neighborhood of 1-2 percent per year) in order to reflect expected
technological improvements and economies of scale.



A feed-in tariff actually offers two different incentives: (1) it provides a price high enough
to promote the desired investment and (2) it guarantees the stability of that price over time
rather than forcing investors to face the market uncertainties associated with fluctuating fossil
fuel prices or subsidies that come and go.

Of course, when higher prices are paid to renewable investors, these costs must be borne
by someone. In Germany the higher costs associated with the feed-in tariffs were typically
passed along to electricity ratepayers. German electricity rates have been, as a result, relatively
high. In principle these higher costs should be temporary, since rising fossil fuel costs would
be expected to rise above the relatively stable prices dictated by feed-in tariffs. Will that prove
to be true in practice? Stay tuned.

Spain took a different approach that produced different results. It refused to allow its
electric utilities to pass on the increased cost of electricity resulting from the feed-in tariffs to
consumers. As a result, its electricity system financial deficit became unsustainable, and in
2013 Spain halted new feed-in tariff contracts for renewable energy.

As we have seen so often in other policy circumstances, the implementation details
matter.

Electricity: Energy Efficiency

As the world grapples with creating the right energy portfolio for the future, energy-efficiency
policy is playing an increasingly prominent role. An activity is said to be energy efficient
if it is produced with the minimum amount of energy input necessary to produce a given level
of that activity. Activities covered by this definition can be as diverse as heating or lighting
a building, driving 100 miles, or producing a ton of paper. In recent years the amount of
both private and public money being dedicated to promoting energy efficiency has increased
a great deal.

The role for energy efficiency in the broader mix of energy polices depends, of course, on
how large the opportunity is. Estimating the remaining potential is not a precise science, but
the conclusion that significant opportunities remain seems inescapable.

The existence of these opportunities can be thought of as a necessary, but not sufficient,
condition for government intervention. Depending upon the level of energy prices and the
discount rate, the economic return on these investments could be too low to justify intervention.
In that case the costs of the policy intervention would exceed any gains that would result.

The strongest case for government intervention flows from the existence of externalities.
Markets are not likely to internalize these external costs on their own. The natural security
and climate change externalities mentioned above, as well as other external co-benefits such
as pollution-induced community health effects, certainly imply that the market undervalues
investments in energy efficiency.

The analysis provided by economic research in this area, however, makes it clear that the
case for policy intervention extends well beyond externalities. Internalizing externalities is a
very important, but incomplete, policy response.

Consider just a few of the other foundations for policy intervention. Inadequately informed
consumers can impede rational choice, as can a limited access to capital (preventing paying
the up-front costs for the more energy-efficient choice even when the resulting energy savings
would justify the additional expense in present value terms). Perverse incentives can also play
a role, as in the case of someone who lives in a room (think dorm) or apartment where the
amount of energy used is not billed directly, resulting in a marginal cost of additional energy
use of zero for the occupant. Another related case of perverse incentives arises for rental
housing units (Example 7.4).
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Energy Efficiency in Rental
Housing Markets

Economic analysis can not only help us understand the empirical finding that rental-
housing units are typically less energy efficient than owner-occupied units, but also help us
to understand the relative efficacy of policies to promote less energy waste in rental units.

To understand the sources of energy waste, consider the incentives. In an owner-
occupied unit, the owner bears all the costs and receives all the benefits (the resulting
lower energy costs) from an investment in energy efficiency. In a typical rental unit,
however, the renter pays for the energy used, while the landlord would pay for any energy
efficient investments (such as insulation or an efficient heating system). When prospective
renters have no access to credible information on the energy costs associated with this unit
(a common case), the rents for various units would not reflect their energy cost differences.
Since the costs of investments to reduce energy waste in the rental unit in this case cannot
normally be recovered via higher rents, a landlord would underinvest in energy efficiency.

Yet energy efficiency is clearly a cost-effective way not only to reduce waste (by
lowering energy costs), but also to lower carbon emissions as well. Can these market
barriers be overcome?

A recent experimental economics study addresses this question by examining four
policy treatments: (1) mandatory and (2) voluntary energy-efficiency ratings for the unit
(similar to energy-efficiency stars for appliances), (3) a performance regulatory standard
(similar to energy-efficiency standards for appliances), and (4) a cost-sharing arrangement
where landlords would be required to pay a fixed percentage of their tenant’s energy bill.

In the baseline treatment (no policies), the authors confirm the theoretical expectation
that owners typically invest more in owner-occupied units than landlords invest in
rental units.

Among the policy treatments they find that the availability of verified and cost-
less information on rental unit energy costs unequivocally reduces waste, with manda-
tory information and voluntary information both achieving a high level of efficiency.
The regulatory approach was found to result in a higher average investment than the
mandatory and voluntary information schemes, but it resulted in fewer properties avail-
able in the market; apparently some landlords chose to leave the rental market rather
than comply with the regulation. A cost-sharing policy achieves similar efficiency levels
as the regulatory standard, but a significantly lower level of efficiency than the voluntary
and mandatory information schemes.

The effectiveness of information strategies found by this study is good news indeed,
but two caveats must be kept in mind. First, most actual information strategies are not
costless to landlords, as they were assumed to be in this study. To the extent that landlords
bear some or all of the costs of providing certified information, this study would overesti-
mate (to some unknown degree) the effectiveness of these strategies. Second, experimental
economics studies work with participants in a lab, not with data based upon actual
market choices. As noted in Chapter 1, lab results are typically informative, but they do
not always produce the results drawn from actual field experience.

Source: Burfurd, I., Gangadharan, L., & Nemes, V. (2012). Stars and standards: Energy efficiency in rental
markets. Journal of Environmental Economics and Management, 64(2), 153-168.




Could policies to increase energy efficiency (such as subsidizing the cost of weatherizing
your home) trigger offsetting responses that reduce their effectiveness? As Example 7.5 points
out, in principle they could.

Electricity: Targeted Distributed Energy

One characteristic of distributed energy sources, such as solar, wind, or even energy efficiency,
is that they can be located near users. Contrast this with large power plants, which are
centrally located. By locating close to users, distributed energy sources can lower the distance
(and hence the cost) of transporting electricity from source to user.

Could targeting these distributed sources at areas facing transmission constraints
eliminate the expense of building new transmission lines and hence be a cost-effective
component in the energy mix needed by that region? As Example 7.6 points out, in the right
circumstances, it can.

. EXAMPLETS 2

Energy Efficiency: Rebound and
Backfire Effects

Energy efficiency policies can trigger offsetting feedbacks that lower their effectiveness.

The literature distinguishes two possible outcomes—the rebound effect and the backfire
effect.

Consider an example. A weatherization subsidy lowers both the amount and cost
of energy needed to heat or cool the space in your home. Would a homeowner
respond to that lower cost by turning up (or down) the thermostat or heating or cooling
more rooms? Any increased energy consumed in response to its lower cost is known
as a rebound effect. The backfire effect occurs when the rebound effect is so large
that a weatherization subsidy actually causes an increase in the amount of energy
consumed.

What is the evidence on these effects? A review of the studies seeking to answer this
question finds “that the existing literature does not support claims that energy efficiency
gains will be reversed by the rebound effect” (Gillingham et al., 2016, p. 85). In other
words the existing literature provides little, if any, support for a backfire effect. It does,
however, find evidence of rebound effects that can, depending upon the context, range
as high as 60 percent.

What does this imply for the effectiveness of energy efficiency policy? The authors
conclude that this evidence does imply that energy efficiency policies may be less effective
in reducing energy (and reducing carbon emissions) than thought, since rebound effects
can offset to some degree the direct energy-reducing effects of the policy. They also,
however, note that the welfare effects of the rebound effects are ambiguous—while the
increased energy use lowers welfare due to the offsetting increase in damaging climate
change impacts, it raises the welfare arising from having more comfortable homes. The
existing literature does not provide answers as to which is larger.

Source: Gillingham, Kenneth, Rapson, David, & Wagner, Gernot. (2016). The rebound effect and energy
efficiency policy. Review of Environmental Economics and Policy, 10(1) (Winter), 68-88.
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Thinking about Cost Reduction Outside
of the Box: The Boothbay Pilot Project

The Boothbay Harbor region, a popular summer tourist destination on the Maine coast
at the end of a peninsula, has a problem. The existing electricity transmission line
serving the area does not have the capacity to handle its large and growing summer
electrical demand. The traditional response, upgrading the transmission line, would be
very expensive. Could the problem be solved at lower cost in another way?

The Maine Public Utilities Commission decided to discover whether non-transmission
alternatives (NTAs)—such as distributed generation, efficiency, storage, and new smart
grid technologies—could solve electric grid reliability needs at lower cost and with less
pollution than new transmission lines or transmission system upgrades. In 2012, the
Commission established the Boothbay Smart Grid Reliability Pilot project to test the NTA
hypothesis. In its first 3-year initial phase, the Boothbay Pilot sought to provide experience-
based evidence on whether a portfolio of NTAs could reduce electricity load under peak
conditions on specific transmission assets in the Boothbay subregion of Central Maine by
2 megawatts (MW), thereby avoiding an estimated $18 million transmission line rebuild.

What did the pilot project show? Based upon the results for the initial phase of this
project the evidence suggests that the net cost of the accepted NTAs, together with
administrative and operational expenses, is projected to be less than 33 percent of the
cost of building a new transmission line and would save ratepayers approximately
$18.7 million (including energy savings) over the 10-year project life through 2025.

These results suggest that targeting an integrated package of distributed solutions at
those geographic areas facing transmission constraints can produce grid benefits well
beyond the direct services they provide to individual customers.

Source: Grid Solar LLC, Final report: Boothbay Sub-Region Smart Grid Reliability Pilot Project
(January 19, 2016).
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Another new niche for distributed energy sources is to supply remote areas that previously
have never had access to the electrical grid. As Example 7.7 points out, townships in Africa
are using solar microgrids and novel, technology-based financing models to supply these
remote areas.

The Economics of Solar Microgrids in Kenya

Entrepreneurs are constructing solar photovoltaic microgrids in remote rural areas of
Kenya. Microgrids in Kenya are small electricity generation and distribution systems
that can operate independently of larger grids. Due to their small scale they typically

~




cannot supply electricity as cheaply as the larger grid, but for remote areas that do not
have access to the larger grid, the electricity from solar microgrids is typically cheaper
than the other local energy alternatives such as producing electricity via diesel generators.

Installing these microgrids requires capital investment and these villages are typically
poor and do not have access to this capital. How do they get around this significant
barrier? Entrepreneurs supply the capital, own the solar panels, and sell the electricity
to local homes and businesses. The product is electricity, not panel installation.

In one financial model, cloud-based software keeps track of consumption and pay-
ments via smart meters. The smart meters measure and control power to each customer
in town by communicating remotely with payments software. Although power is cut off
when the prepaid credit is exhausted, customers can top up their credit when they wish,
in amounts as small as a few cents.

One problem is that the greatest demand for power is at night when the sun is not
shining, but that problem is overcome with battery storage units that typically hold up
to 24 hours of electrical consumption. Storage adds to the cost, but the cost increase
apparently is not enough to eliminate the economic advantages of the microgrid to local
residents or the profitability to the entrepreneurs. Analysis at the Lawrence Berkeley
National Lab suggests that wind and solar can now be economically and environmentally
competitive for a large portion of Africa.

Sources: Pearce, Fred. (2015). African lights: Solar microgrids bring power to Kenyan villages (October 27)

Yale Environment 360. Available at: http://e360.yale.edu/features/african_lights_microgrids_are_bringing_
power_to_rural_kenya; Lawrence Berkeley National Laboratory. (2017). The economic case for wind,

solar energy in Africa. ScienceDaily (March 27). Available at: www.sciencedaily.com/
releases/2017/03/170327172829.htm.
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Summary

We have seen that the relationship between government and the energy market is not
always harmonious and efficient. In the past, price controls have tended to reduce energy
conservation, discourage exploration and supply, cause biases in the substitution among fuel
types that penalize future consumers, and create the potential for abrupt, discontinuous
transitions to renewable sources. This important example makes a clear case for less, not
more, regulation.

This conclusion is not universally valid, however. Other dimensions of the energy problem,
such as climate change and national security, suggest the need for some government role.
Insecure foreign sources require policies such as tariffs and strategic reserves to reduce
vulnerability and to balance the true costs of imported and domestic sources. In addition,
government must ensure that the costs of energy fully reflect not only the potentially large
environmental costs, including climate change, but also the national security costs associated
with a dependence on foreign sources of energy.

Economic analysis reveals that no single strategy is sufficient to solve the national security
and climate change problems simultaneously. Subsidizing domestic supply, for example,
would reduce the share of imports in total consumption (an efficient result), but it would
reduce neither consumption nor climate change emissions (inefficient results). On the other
hand, energy conservation (promoted by a tax on energy consumption, for example) would
reduce energy consumption and the associated emissions (efficient outcomes) but would not
achieve the efficient share of imports (an inefficient result) since an energy tax falls on all
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energy consumption, whereas the national security problem involves only imports. An energy
tax also would fail to produce a fully efficient resolution for climate impacts since it would
focus on energy per se, not the actual emissions emitted by that energy use, a factor that varies
widely among fuels. A carbon tax, not an energy tax, would be needed to make this kind of
distinction among fuels.

Given the environmental difficulties with all of the depletable transition fuels (tar sands,
fracked oil and gas, as well as coal and uranium), energy efficiency and the promotion
of renewable sources of energy are now playing (and will presumably continue to play) a
larger role.

The menu of energy options as the economy transitions to renewable sources offers a large
number of choices. It is far from clear what the ultimate mix will turn out to be, but it is very
clear that government policy is a necessary ingredient in any smooth transition to a sustainable-
energy future. Since many of the most important costs of energy use are externalities, an
efficient transition to these renewable sources will not occur unless the playing field is leveled
by internalizing the externalities. The potential for an efficient and sustainable allocation of
energy resources by our economic and political institutions clearly exists, even if historically
it has not always been achieved.

Discussion Questions

1. Should benefit-cost analysis play the dominant role, a complementary role, or no role in
deciding the proportion of electric energy to be supplied by nuclear power? Why or why
not?

2. Economist Abba Lerner once proposed a tariff on oil imports equal to 100 percent of the
import price. This tariff is designed to reduce dependence on foreign sources as well as
to discourage OPEC from raising prices (since, due to the tariff, the delivered price would
rise twice as much as the OPEC increase, causing a large subsequent reduction in
consumption). Should this proposal become public policy? Why or why not?

3. Does the fact that the strategic petroleum reserve has never been used to offset shortfalls
caused by an embargo mean that the money spent in creating the reserve has been wasted?
Why or why not?

Self-Test Exercises

1. During a worldwide recession in 1983, the oil cartel began to lose market share. Why
would a recession make the cartel likely not only to lose sales, but also to lose market
share?

2. Assume the demand and marginal cost conditions given in the second self-test exercise in
Chapter 2. In addition, assume that the government imposes a price control at P = $80/3.
(a) Find the consumer and producer surplus associated with the resulting allocation.
(b) Compare this price control allocation to the monopoly allocation in part (c) of that
self-test exercise.

3. Some time ago, a conflict between a paper company and a coalition of environmental
groups arose over the potential use of a Maine river for hydroelectric power generation.
As one aspect of its case for developing the dam, the paper company argued that without
hydroelectric power the energy cost of operating some specific paper machines would be
so high that they would have to be shut down. Environmental groups countered that the
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energy cost was estimated to be too high by the paper company because it was assigning
all of the high-cost (oil-fired) power to these particular machines. That was seen as
inappropriate because all machines were connected to the same electrical grid
and therefore drew power from all sources, not merely the high-cost sources. They
suggested, therefore, that the appropriate cost to assign to the machines was the much
lower average cost. Revenue from these machines was expected to be sufficient to cover
this average cost. Who was right?

. Peaking plants, those that are only called into service during times of peak demand, are

typically cheaper to build (compared to base-load plants, which operate all of the time),
but have relatively high operating costs. Explain why it makes sense for utilities to use
this lower-capital, high-operating-cost type of plant for peaking and the high-capital,
lower-operating-cost type of plant for base load.

. If OPEC raised the price of oil high enough, would that be sufficient to promote an

efficient energy mix?
Label the following as true, false, or uncertain and explain your choice. (Uncertain means
that it can be either true or false depending upon the circumstances.)

a. All members of a resource cartel share a common objective, namely increase prices
as much and as soon as possible.

b. By holding prices lower than they would otherwise be, placing a price control on a
depletable resource increases both the speed with which the resource is extracted over
time and the cumulative amount ultimately extracted.

c. A price control actually has no influence on the extraction path of a depletable
resource until such time as the market price actually reaches the level of the price
control.

d. Forcing companies that drill offshore for oil to compensate victims of any oil spill
from one of its facilities would be an efficient requirement.

Explain why the existence of a renewable energy credit market would lower the compliance
costs for utilities forced to meet a renewable portfolio standard.

. Using Figure 7.2, show how the level of oil imports and the price level would be affected

if the country represented in that figure acted to internalize national security issues, but
ignored climate change impacts.

. a. Some new technologies, such as LED light bulbs, have the characteristic that they

cost more to purchase than more conventional incandescent alternatives, but
they save energy. How could you use the present value criterion to decide how
cost-effective these new technologies are? What information would you need to do
the calculations? How would the calculations be structured? How would you use the
results of these calculations to decide on their cost-effectiveness?

b. A typical monthly electrical bill has two components: (1) a fixed monthly change
(e.g. $10.00 a month) and (2) a usage component (e.g. $0.14 per kilowatt-hour
consumed). If a utility is planning to raise the amount they charge customers for
electricity, would you expect that increase to discourage, encourage, or have no effect
on the demand for LED light bulbs? Does it depend on which component they
change? Why or why not?

Electric heat pumps are technologies that in the right circumstances can be cost-effective
sources of heating. In a cold climate they frequently complement more typical energy
sources such as oil or natural gas boilers in order to reduce total energy costs. In order
to be cost-effective, however, the savings on oil and natural gas from using the heat pumps
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must be large enough to justify both their initial costs and the subsequent cost of the
additional electricity to run them. Would you expect the number of heat pump sales to
be affected by the magnitude of local interest rates? Why or why not?

Notes

1 For a complete early recognition of this point, see Lee (1978).

2 Although we focus here on the role of fracking in natural gas production from shale, as noted
in Example 7.1, it is also being used to increase oil production from shale.

3 The conclusion that a monopoly would extract a resource more slowly than a competitive
mining industry is not perfectly general. It is possible to construct demand curves such that the
extraction of the monopolist is greater than or equal to that of a competitive industry. As a
practical matter, these conditions seem unlikely. That a monopoly would restrict output, while
not inevitable, is the most likely outcome.

4 It is this fact that explains the tremendous U.S. interest in Canadian and Latin American oil,
in spite of the fact that, historically, it has not necessarily been cheaper.

5  While we focus here on renewable technologies used to generate electricity, in general tax
credits and other subsides are also used to promote renewable technologies such as biofuels or
solar energy installations used to directly heat buildings.
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1. CAUSES AND CONSEQUENCES OF CLIMATE CHANGE

Concern has grown in recent years over the issue of global climate change®. In
terms of economic analysis, greenhouse gas emissions, which cause planetary climate
changes, represent both an environmental externality and the overuse of a common
property resource.

The atmosphere is a global commons into which individuals and firms can release
pollution. Global pollution creates a “public bad” born by all -- a negative externality
with a wide impact. In many countries environmental protection laws limit the release of
local and regional air pollutants. In these situations, in economic terminology, the
negative externalities associated with local and regional pollutants have to some degree
been internalized. But few controls exist for carbon dioxide (CO,), the major greenhouse
gas. This global air pollutant has no short-term damaging effects at ground level, but
atmospheric accumulations of carbon dioxide and other greenhouse gases will have
significant effects on global temperature and weather, although there is uncertainty about
the probable scale and timing of these effects (See Box 1).

If indeed the effects of climate change are likely to be severe, it is in everyone’s
interest to lower their emissions for the common good. If no agreement or rules on
emissions exist, actions by individual firms, cities or nations will be inadequate. Climate
change can thus be viewed as a public good issue, requiring collaborative action. Since
the problem is global, only a strong international agreement binding nations to act for the
common good can prevent serious environmental consequences.

NOTE — terms denoted in bold face are defined in the KEY TERMS AND CONCEPTS
section at the end of the module.

! The issue, often called global warming, is more accurately referred to as global climate change. The phenomenon
will produce complex effects — with warming in some areas, cooling in others, and generally increased variability in
weather patterns.




BOX 1: WHAT IS THE GREENHOUSE EFFECT?

The sun’s rays travel through a greenhouse’s glass to warm the air inside, but the
glass acts as a barrier to the escape of heat. Thus plants that require warm weather can be
grown in cold climates. The global greenhouse effect, through which the earth’s
atmosphere acts like the glass in a greenhouse, was first described by French scientist
Jean Baptiste Fourier in 1824.

Clouds, water vapor, and the natural greenhouse gases carbon dioxide (CO,),
methane, nitrous oxide, and ozone allow inbound solar radiation to pass through, but
serve as a barrier to outgoing infrared heat. This creates the natural greenhouse effect,
which makes the planet suitable for life. Without it, the average surface temperature on
the planet would average around -18° C (0°F), instead of approximately 15°C (60° F).

The possibility of an enhanced or human-induced greenhouse effect was
introduced one hundred years ago by the Swedish scientist Svante Arrhenius. He
hypothesized that the increased burning of coal would lead to an increased concentration
of carbon dioxide in the atmosphere, and would warm the earth. Since Arrhenius’ time
greenhouse gas emissions have grown dramatically. Carbon dioxide concentrations in
the atmosphere have increased by about 35% over pre-industrial levels. In addition to
increased burning of fossil fuels such as coal, oil and natural gas, synthetic chemical
substances such as chlorofluorocarbons (CFCs) as well as methane and nitrous oxide
emissions from agriculture and industry contribute to the greenhouse effect.

Scientists have developed complex computer models that estimate the effect of
current and future greenhouse gas emissions on the global climate. While considerable
uncertainty remains in these models, virtually all scientists agree that the human-induced
greenhouse effect poses a significant threat to the global ecosystem. The global average
temperature has increased by about 0.7°C (1.3°F) during the 20" century. The
Intergovernmental Panel on Climate Change (IPCC) concluded in 2001 that humans are
already having a discernable impact on the global climate: “most of the observed
warming over the last 50 years is likely to have been due to the increase in greenhouse
gas concentrations.” In 2007 they reaffirmed and strengthened this conclusion.

Current emissions trends will lead to a doubling of greenhouse gas concentration
over pre-industrial levels by around 2050. The IPCC projects a global average
temperature increase of 1 to 6 degrees Centigrade, or 2 to 10 degrees Fahrenheit, by
2100. This would have significant impacts on climate throughout the world.

Sources: Cline, 1992; Fankhauser, 1995; IPCC, 2001, 2007.




Because CO, and other greenhouse gases continuously accumulate in the
atmosphere, stabilizing or “freezing” emissions will not solve the problem. Greenhouse
gases persist in the atmosphere for decades or even centuries, continuing to affect the
climate of the entire planet long after they are emitted. Greenhouse gases are stock
pollutants: only major reductions in emissions, to a level consistent with the planet’s
absorptive capacity (thought to be 50-80% below current emissions levels), will prevent
ever-increasing atmospheric accumulations.  The development of national and
international policies to combat global climate change is a huge challenge, involving
many scientific, economic, and social issues.

Trends and Projections for Global Carbon Emissions

Global emissions of carbon dioxide from the combustion of fossil fuels rose
dramatically during the 20" century, as illustrated in Figure 1. The use of petroleum is
currently responsible for about 42% of global carbon emissions, while coal is the source
of another 36%. The United States is presently the world’s largest emitter of CO, —
releasing about one-quarter of the global total while having less than 5% of the world’s
population. China, the world’s second largest source of CO, emissions, is likely to
surpass the U.S. within the next few years’.

Figure 1. Global Carbon Dioxide Emissions from Fossil Fuel Combustion,
1860-2004
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Source: Carbon Dioxide Information Analysis Center (CDIAC),
http://cdiac.esd.ornl.gov/trends/emis/em_cont.htm.

2 1n June 2007, a Dutch research group reported that China had surpassed the U.S. in carbon emissions, but as of
November 2007 this had not been confirmed. Data on recent carbon emissions are not necessarily precise.



Progress on combating global climate change has been slow, despite three global
conferences dealing with the issue — the 1992 United Nations Conference on
Environment and Development (UNCED) at Rio de Janeiro, a 1997 meeting in Kyoto,
Japan that produced the agreement known as the Kyoto Protocol, and the World Summit
on Sustainable Development in 2002 — as well as numerous follow-up negotiating
sessions. Current projections show carbon emissions continuing to increase in the future
(see Figure 2).

Figure 2. Projected Carbon Dioxide Emissions through 2030, by Region
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Source: U.S. Department of Energy, 2007. The vertical axis in Figure 2 measures million metric tons of
carbon dioxide (The vertical axis in Figure 1 shows million metric tons of carbon; the weight of a given
amount of emissions measured in tons of carbon dioxide is about 3.67 times the total weight in carbon)

Figure 2 projects an increase in global carbon dioxide emissions of about 27%
between 1990 and 2004. The growth in carbon emissions is expected to continue in the
coming decades. According to the U.S. Energy Information Administration, global CO,
emissions are projected to increase by approximately 59% between 2004 and 2030. These
projections are for the U.S.E.1LA.’s “reference case”, which assumes business as usual,
with no major efforts to reduce carbon emissions. As we will see, strong polices to shift
away from carbon-based fuels could alter these projections.



As of 2004, the industrialized countries were responsible for just over half of
global carbon emissions. However, as seen in Figure 2 most of the growth in future
carbon emissions is expected to come from rapidly expanding developing economies
such as China and India. For example, CO, emissions in China are projected to grow by
140% between 2004 and 2030.

Although carbon emissions are projected to grow fastest in developing nations,
per-capita emissions in 2020 will still be much higher (about six times higher) in the
industrialized countries, as shown in Figure 3. The developing nations argue that they
should not be required to limit their emissions while the industrial nations continue to
emit so much more on a per-capita basis. The global imbalance in per-capita emissions is
a critical issue that has yet to be adequately addressed in the policy debate on global
climate change.

Figure 3. Per-Capita Emissions of Carbon Dioxide by Region,
with projections to 2020
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Trends and Projections for Global Climate

The earth has warmed significantly since reliable weather records have been kept
(Figure 4). Over the last 100 years the global average temperature has risen about 0.7°C,
or about 1.3°F. Global temperatures since 2000 have been particularly warm — six of the
seven warmest years on record have occurred since 2000. There is also evidence that the
rate of warming, currently about 0.13°C per decade, is increasing. Not all areas are
warming equally. The Arctic and Antarctic regions have been warming at about double
the global rate.’

Warmer temperatures have produced noticeable effects on ecosystems. In most
regions of the world, glaciers are retreating. For example, Glacier National Park in
Montana had 150 glaciers when the park was established in 1910. As of 2005 it had only
27 glaciers remaining and by 2030 it is estimated that the park will no longer have any of
its namesake glaciers. Climate change is also leading to rising sea levels. Sea-level rise
is attributed to the melting of glaciers and ice sheets, and to the fact that water expands
when it is heated. The oceans warmed, on average, about 0.1°C between 1961 and 2003.
The combination of warmer oceans and melting ice has led to sea levels rising at about
two millimeters per year.

Figure 4: Temperature Trend, 1850-2005
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Although some warming may be a natural trend, the Intergovernmental Panel on
Climate Change (IPCC) in 2007 concluded that:

Most of the observed increase in global average temperatures since the mid-20" century is very
likely due to the observed increase in anthropogenic greenhouse gas concentrations. Discernable
human influences now extend to other aspects of climate, including ocean warming, continental-
average temperatures, temperature extremes, and wind patterns. (IPCC, 2007, Summary for
Policymakers, p. 10)

Future projections of climate change depend upon the path of future emissions.
Even if all emissions of greenhouse gases were ended today, the world would continue
warming over the next few decades because the ultimate environmental effects of
emissions are not realized immediately. Based on a wide range of models with different
assumptions about future emissions, the IPCC estimates that during the 21% century
global average temperatures will rise between 1.1°C (2°F) and 6.4°C (11°F), with the
range more likely to be between 1.8°C (3°F) and 4°C (7°F). The range of possible
temperature increases is shown in Figure 5.

Figure 5. Global Temperature Trends Projected to 2100
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The magnitude of actual warming and other effects will depend upon the level at
which atmospheric concentrations of CO, and other greenhouse gases are ultimately
stabilized. The current atmospheric CO, concentration is around 380 ppm. When we
consider the contribution of other greenhouse gases, the overall effect is equivalent to a
concentration of 430 ppm of CO,, referred to as CO,e. Figure 6 below relates the
stabilization level of greenhouse gases, measured in CO.e, to the resulting rise in global
average temperatures, incorporating the degree of uncertainty. The solid bar at each level
of CO,e represents a range of temperature outcomes that is likely to occur with a 90%
probability. The dashed line extending beyond this interval at either end represents the
full range of predicted results from the major existing climate models. The vertical line
around the middle of each bar represents the mid-point of the different predictions.

Figure 6. The Relationship between the Level of Greenhouse Gas Stabilization and
Eventual Temperature Change
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This projection suggests that stabilizing greenhouse gas concentrations at 450 ppm
CO,e would be 90% likely to eventually result in a temperature increase between 1.0 and
3.8°C, with a small probability that the rise could be significantly more than this. With
current greenhouse gas concentrations in the atmosphere at 430 ppm CO.e, stabilization
at 450 ppm would be extremely challenging. As we will see later, even stabilization at
550 ppm CO,e would require dramatic policy action.



BOX 2: PACIFIC ISLANDS DISAPPEAR AS OCEANS RISE

Veu Lesa, a 73-year old villager in the Pacific island nation of Tuvalu, does not
need scientific reports to tell him the sea is rising. The evidence is all around him. The
beaches of his childhood are vanishing. The crops that used to feed his family have been
poisoned by salt water. In April 2007 he was evacuated when a high tide flooded his
home, showering it with rocks and debris.

For Tuvalu, a string of nine picturesque atolls and coral islands, global warming is
not an abstract danger; it is a daily reality. The tiny South Pacific nation, only 4m above
sea level at its highest point, may not exist in a few decades. Its people are already in
flight; more than 4000 have moved to New Zealand, and many of the remaining 10,500
are planning to join the exodus. Neighboring islands have already disappeared as a result
of rising sea level. So far the seas have completely engulfed only uninhabited, relatively
small islands, but the crisis is growing all along the shores of the world's atolls.

Almost the entire coastline of the 29 atolls of the Marshall Islands is eroding.
Second World War graves on its main Majuro atoll are being washed away, roads and
sub-soils have been swept into the sea and the airport has been flooded several times
despite being supposedly protected by a high sea wall.

The people of Tuvalu are finding it difficult to grow their crops because the rising
seas are poisoning the soil with salt. In both Kiribati and the Marshall Islands families are
desperately trying to keep the waves at bay by dumping trucks, cars and other old
machinery in the sea and surrounding them with rocks. The story is much the same in the
Maldives. The Indian Ocean is sweeping away the beaches of one-third of its 200
inhabited islands. "Sea-level rise is not a fashionable scientific hypothesis,” says
President Gayoom. "It is a fact."”

The seas are rising partly because global warming is melting glaciers and nibbling
away at the polar ice caps, but mainly because the oceans expand as their water gets
warmer. Scientists have estimated that these processes will raise sea levels by a foot or
more over the next century, quite enough to destroy several island nations.

The higher the seas rise, the more often storms will sweep the waves across the
narrow atolls, carrying away the land - and storms are expected to increase as the world
warms up. Moreover, many islands will become uninhabitable long before they
physically disappear, as salt from the sea contaminates the underground freshwater
supplies on which they depend.

Adapted from: Lean, Geoffrey, “They’re Going Under: Two Islands Have Disappeared Beneath the Pacific Ocean -
Sunk by Global Warming.” The Independent, June 13, 1999, p. 15; “A Vanishing Pattern of Islands,” The Canberra
Times, July 21, 2007.
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2. ECONOMIC ANALYSIS OF CLIMATE CHANGE

Scientists have modeled the effects of a projected doubling of accumulated carbon
dioxide in the earth’s atmosphere. Some of the predicted effects are:

Loss of land area, including beaches and wetlands, to sea-level rise

Loss of species and forest area, including coral reefs and wetlands
Disruption of water supplies to cities and agriculture

Health damage and deaths from heat waves and spread of tropical diseases
Increased costs of air conditioning

Loss of agricultural output due to drought

Some beneficial outcomes might include:

Increased agricultural production in cold climates
Lower heating costs
Less deaths from exposure to cold

In addition to these effects, there are some other, less predictable but possibly
more damaging effects, including:

Disruption of weather patterns, with increased frequency of hurricanes and
other extreme weather events

A possible rapid collapse of the Greenland and West Antarctic Ice Sheets,
which would raise sea levels by 12 meters or more, drowning major coastal
cities

Sudden major climate changes, such as a shift in the Atlantic Gulf Stream,
which could change the climate of Europe to that of Alaska

Positive feedback effects,* such as an increased release of carbon dioxide from
warming arctic tundra, which would speed up global warming

The IPCC projects that with increasing emissions and higher temperatures,
negative effects will intensify and positive effects diminish (Table 1). As shown in Figure
5, there is considerable uncertainty about the expected global warming in the next
century. We need to keep such uncertainties in mind as we evaluate economic analyses
of global climate change.

* A feedback effect occurs when an original change in a system causes further changes that either reinforce the
original change (positive feedback) or counteract it (negative feedback).
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Table 1. Possible Effects of Climate Change

Type of Eventual Temperature Rise Relative to Pre-Industrial Temperatures
Impact 1°C 2°C 3°C 4°C
Freshwater | Small glaciers | Potential water | Serious Potential water
Supplies in the Andes supply droughts in supply
disappear, decrease of 20- | Southern decrease of 30-
threatening 30% in some Europe every 50% in
water supplies | regions 10 years Southern
for 50 million | (Southern 1-4 billion Africa and
people Africa and more people Mediterranean
Mediterranean) | suffer water
shortages
Food and Modest Declines in 150-550 Yields decline
Agriculture increase in crop yields in million more by 15-35% in
yields in tropical regions | people at risk | Africa
temperature (5-10% in of hunger Some entire
regions Africa) Yields likely to | regions out of
peak at higher | agricultural
latitudes production
Human At least 40-60 million 1-3 million Up to 80
Health 300,000 die more exposed more million more
each year from | to malaria in potentially people exposed
climate-related | Africa people die to malaria in
diseases annually from | Africa
Reduction in malnutrition
winter
mortality in
high latitudes
Coastal Increased Upto 10 Upto 170 Up to 300
Areas damage from million more million more million more
coastal people exposed | people exposed | people exposed
flooding to coastal to coastal to coastal
flooding flooding flooding
Ecosystems | At least 10% of | 15-40% of 20-50% of Loss of half of
land species species species Acrctic tundra
facing potentially face | potentially face | Widespread
extinction extinction extinction loss of coral
Increased Possible onset | reefs
wildfire risk of collapse of
Amazon forest

Sources: Stern, 2007; IPCC, 2007.
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Given these uncertainties, some economists have attempted to place the analysis of
global climate change in the context of cost-benefit analysis. Others have criticized this
approach as an attempt to put a monetary valuation on issues with social, political, and
ecological implications that go far beyond dollar value. We will first examine
economists’ efforts to capture the impacts of global climate change through cost-benefit
analysis, and then return to the debate over how to implement greenhouse gas reduction
polices.

Cost-Benefit Studies of Global Climate Change

Without policy intervention, carbon emissions can be expected to continue to rise
approximately as projected in Figure 2. Aggressive and immediate policy action would
be required first to stabilize and then to reduce total CO, emissions in the coming
decades. In performing a cost-benefit analysis, we must weigh the consequences of the
projected increase in carbon emissions versus the costs of current policy actions to
stabilize or even reduce CO, emissions. Strong policy action to prevent climate change
will bring benefits equal to the value of damages that are avoided®. These benefits must
be compared to the costs of taking action. Various economic studies have attempted to
estimate these benefits and costs. The results of one such study for the U.S. economy are
shown in Table 2.

The study is based on an estimated doubling of CO, over pre-industrial levels.
When the monetized costs are added up, the total annual U.S. damages are estimated at
approximately $60 billion (1990 dollars). This is about 1% of U.S. GNP. Although
different economic studies come up with different estimates, most of them are in the
range of 1-2% GNP. Cost estimates for larger temperature change over the longer term
rise to around 5% of GNP (the far-right column of Table 2).

Note, however, that there are also some “Xs” and “Ys” in the totals — unknown
quantities that cannot easily be measured. The damages from species extinctions, for
example, are difficult to estimate in dollar terms: the estimates used here show a cost of
at least $4 billion in the short term and $16 billion in the long term, with additional
unknown costs in both the short and long term.

® These benefits of preventing damage can also be referred to as avoided costs.
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Table 2. Estimates of Annual Damages to the U.S. Economy from Global Climate

Change (billions of 1990 dollars)

Short-term warming

Very long-term warming

based on doubling CO, (+10 degrees C)

Type of Damage levels (+2.5 degrees C)
Agriculture 17.5 95.0
Forest loss 3.3 7.0
Species extinctions 4.0 + X3 16.0 + Y,
Sea-level rise 35.0

Building dikes, levees 1.2

Wetlands loss 4.1

Drylands loss 1.7
Electricity requirements 11.2 64.1
Non-electric heating -1.3 -4.0
Human amenity X2 Y,
Human life loss 5.8 33.0
Human morbidity X3 Y3
Migration 0.5 2.8
Increased hurricanes 0.8 6.4
Construction costs +/- Xy +/- Yy
Loss of leisure activities 1.7 4.0
Water supply costs 7.0 56.0
Urban infrastructure costs 0.1 0.6
Air pollution

Tropospheric ozone 3.5 19.8

Other air pollution Xs Ys
Total 61.1 + X1 + Xy + X3 +/- 335.7+Y1+ Yo+ Y3+/-Y,

Xa+ Xsg +Ys

Source: Cline, 1992.

In addition to the Xs and Y's, other monetized estimates could also be challenged
on the grounds that they fail to capture the full value of potential losses. For example,
oceanfront land is more than just real estate. Beaches and coastal wetlands have great
social, cultural, and ecological value. The market value of these lands fails to capture the
full scope of the damage society will suffer if they are lost. Valuing human health and
life is very controversial — this study follows a common cost-benefit practice of assigning
a value of about $6 million to a life, based on studies of the amounts people are willing to
pay to avoid life-threatening risks, or are willing to accept (for example in extra salary for
dangerous jobs) to undertake such risks.®

® For more discussion on the controversy over valuation of life, see Harris, 2006, Chapter 6.
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In addition, these estimates omit the possibility of the much more catastrophic
consequences that could result if weather disruption is much worse than anticipated.
Hurricane Katrina in August 2005, for example, caused over $80 billion in damage, in
addition to loss of over 1800 lives. If climate changes cause severe hurricanes to become
much more frequent, the estimate given in Table 2 of less than one billion annual losses
could be much too low. Another of the unknown values — human morbidity, or losses
from disease — could well be enormous if tropical diseases extend their range
significantly due to warmer weather conditions.

Clearly, these damage estimates are not precise, and are open to many criticisms.
But suppose we decide to accept them — at least as a rough estimate. We must then
weigh the estimated benefits of policies to prevent climate change against the costs of
such policies. To estimate these costs, economists use models that show how economic
output is produced from factor inputs such as labor, capital, and resources.

To lower carbon emissions, we must cut back the use of fossil fuels, substituting
other energy sources that may be more expensive. In general, economic models predict
that this substitution would reduce GNP growth. One major study showed GNP losses
ranging from 1 to 3 percent of GNP for most countries, with higher potential long-term
losses for coal-dependent developing nations such as China’.

How can we weight the costs of taking action on global warming against the
benefits in terms of avoided damage? Much depends on our evaluation of future costs and
benefits. The costs of taking action must be born today or in the near future. Many of
the benefits of taking action (the avoided costs of damages) are further in the future.
How can we decide today how to balance these future costs and benefits?

Economists evaluate future costs and benefits by the use of a discount rate. Costs
and benefits in the future are considered to have a lower dollar value than the same costs
and benefits today, with the size of the difference depending on the choice of discount
rate (see Box 3). The problems and implicit value judgments associated with discounting
add to the issues of ethics and judgment that we have already noted in valuing costs and
benefits. This suggests that we should consider some alternative approaches — including
techniques that incorporate ecological as well as economic costs and benefits.

" Manne and Richels, 1992.
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BOX 3: DISCOUNTING

Economists calculate the present value of a cost or benefit of $X that occurs in
years in the future using the equation:

Present Value ($X) = $X/ (1 +r)"

where r is the discount rate. So, for example, if we want to determine the present value
of a benefit of $50,000 received 25 years from now with a discount rate of 5%, it would
be:

$50,000 / (1 + 0.05)* = $14,765

The choice of a discount rate becomes more important the further out in time one goes. Figure 7
below shows the present value of $100 for different time periods into the future using several
discount rates that have been used in climate change cost-benefit analyses. We see that when a
discount rate of 5% or 7% is used, costs or benefits 100 years into the future are negligible —
worth only $0.76 and $0.12 respectively. Even with a discount rate of 3%, the value of $100 is
only $5.20 after 100 years. But when the discount rate is 1%, impacts 100 years into the future
are still significant — worth about $37.

Figure 7. The Effects of Different Discount Rates
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3. ANALYZING LONG-TERM EFFECTS OF CLIMATE CHANGE

Economic studies dealing with benefit-cost analysis of climate change have come
to very different conclusions about policy. According to a study by William Nordhaus
and Joseph Boyer®, the “optimal” policy strategy would be only a small reduction in
greenhouse gas emissions below current projections. This would require few changes in
the carbon-based energy path typical of current economic development.

Until recently, most economic studies of climate change reached conclusions
similar to those of the Nordhaus and Boyer study, although a few recommended more
drastic action. The debate on climate change economics altered in October 2006, when
Nicholas Stern, a former chief economist for the World Bank, released a 700-page report,
sponsored by the British government, titled “The Stern Review on the Economics of
Climate Change”.® Publication of the Stern Review generated significant media attention
and has intensified the debate about climate change in policy and academic circles.
While most previous economic analyses of climate change suggested relatively modest
policy responses, the Stern Review strongly recommends immediate and substantial
policy action:

The scientific evidence is now overwhelming: climate change is a serious global threat, and it
demands an urgent global response. This Review has assessed a wide range of evidence on the
impacts of climate change and on the economic costs, and has used a number of different
techniques to assess costs and risks. From all these perspectives, the evidence gathered by the
Review leads to a simple conclusion: the benefits of strong and early action far outweigh the
economic costs of not acting.

Using the results from formal economic models, the Review estimates that if we don’t act, the
overall costs and risks of climate change will be equivalent to losing at least 5% of global GDP
each year, now and forever. If a wider range of risks and impacts is taken into account, the
estimates of damage could rise to 20% of GDP or more. In contrast, the costs of action —
reducing greenhouse gas emissions to avoid the worst impacts of climate change — can be limited
to around 1% of global GDP each year.'

What explains the dramatic difference between these two approaches to economic
analysis of climate change? One major difference is the choice of the discount rate to use
in valuing future costs and benefits.

The present value (PV) of a long-term stream of benefits or costs depends on the
discount rate. A high discount rate will lead to a low present valuation for benefits that
are mainly in the longer-term, and a high present valuation for short-term costs. On the

® Nordhaus and Boyer, 2000.

° Now available in book form (Stern, 2007). The full Stern Review is available online at http://www.hm-
treasury.gov.uk/independent _reviews/stern_review_economics_climate change/sternreview_index.cfm, including
both a 4-page and 27-page summaries.

1% Stern Review, Short Executive Summary, page Vi.
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other hand, a low discount rate will lead to a higher present valuation for longer-term
benefits. The estimated net present value of an aggressive abatement policy will thus be
much higher if we choose a low discount rate (see Box 3).

While both the Stern and Nordhaus/Boyer studies used standard economic
methodology, Stern’s approach gives greater weight to long-term ecological effects. The
Stern Review uses a low discount rate of 1.4% to balance present and future costs. Thus
even though costs of aggressive action appear higher than benefits for several decades,
the high potential long-term damages sway the balance in favor of aggressive action
today. These are significant both for their monetary and non-monetary impacts. In the
long term, damage done to the environment by global climate change will have
significant negative effects on the economy too. But the use of a standard discount rate
of in the 5-10% range has the effect of reducing the present value of significant long-term
future damages to relative insignificance.

Another difference between the two studies concerns their treatment of
uncertainty. Stern’s approach gives a heavier weighting to uncertain, but potentially
catastrophic impacts. This reflects the application of a precautionary principle: if a
particular outcome could be catastrophic, even though it seems unlikely, strong measures
should be taken to avoid it. This principle, which has become more widely used in
environmental risk management, is especially important for global climate change
because of the many unknown but potentially disastrous outcomes possibly associated
with continued greenhouse gas accumulation (see Box 4).

A third area of difference concerns the assessment of the economic costs of action
to mitigate climate change. Measures taken to prevent global climate change will have
economic effects on GDP, consumption, and employment, which explains the reluctance
of governments to take drastic measures to reduce significantly emissions of CO,. But
these effects will not all be negative.

The Stern Review conducted a comprehensive review of economic models of the costs of
carbon reduction. These cost estimates are very much dependent on the modeling
assumptions that are used. The predicted costs of stabilizing atmospheric accumulations
of CO, at 450 parts per million range from a 3.4 percent decrease to a 3.9.percent
increase in GDP. The outcomes depend on a range of assumptions including:

The efficiency or inefficiency of economic responses to energy price signals

The availability of non-carbon “backstop” energy technologies

Whether or not nations can trade least-cost options for carbon reduction

Whether or not revenues from taxes on carbon-based fuels are used to lower other
taxes
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e Whether or not external benefits of carbon reduction, including reduction in
ground-level air pollution, are taken into account™

Depending on which assumptions are made, policies for emissions reduction could range
from a minimalist approach of slightly reducing the rate of increase in emissions to a
dramatic CO, emissions reduction of 50% - 80%.

Climate Change and Inequality

The effects of climate change will fall most heavily upon the poor of the world.
For example, analysis by the IPCC found that a 2.5°C temperature increase would result
in a loss of 1.0 to 1.5% of GDP in developed countries but a 2-9% loss of GDP in
developing countries.® While the richer countries may have the economic resources to
adapt to many of the effects of climate change, poorer countries will be unable to
implement preventative measures, especially those that rely on the newest technologies.

The way in which economists incorporate inequality into their analyses can have a
significant impact on their policy recommendations. If all costs are evaluated in dollars,
a loss of, say, 10% of GDP in a poor country is likely to be much less than a loss of 3%
of GDP in arich country. Thus the damages from climate change in poor countries,
which may be large as a percentage of GDP, would receive relatively little weight
because the losses are relatively small in dollar terms. The Stern Review asserts that the
disproportionate effects of climate change on the world’s poorest people should increase
the estimated costs of climate change. Stern estimates that, without the effects of
inequity, the costs of a BAU scenario will be 11-14% of global GDP. Weighing the
impacts on the world’s poor more heavily gives a cost estimate of 20% of global GDP.

Thus we see that assumptions about the proper way to evaluate social and
environmental costs and benefits can make a big difference to policy recommendations.
Most economists who have analyzed the problem agree that action is necessary (see Box
5) but there is a wide scope of opinion on how drastic this action should be, and how
soon it should occur.

1 Stern Review, Chapter 10: “Macroeconomic Models of Costs”.
2 IpCC, Second Assessment Report, 1996.
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BOX 4: CLIMATE TIPPING POINTS AND SURPRISES

Much of the uncertainty in projections of climate change relates to the issue of
feedback loops. A feedback loop occurs when an initial change, such as warmer
temperatures, produces changes in physical processes which then amplify or lessen the
initial effect (a response that increases the original effect is called a positive feedback
loop; a response that reduces it is a negative feedback loop). An example of a positive
feedback loop would be when warming leads to increased melting of arctic tundra,
releasing carbon dioxide and methane, which add to atmospheric greenhouse gas
accumulations and speed up the warming process.

As a result of various feedback loops associated with climate change, recent
evidence suggests that warming is occurring faster than most scientists predicted just 5 or
10 years ago. This is leading to increasing concern over the potential for “runaway”
feedback loops which could result in dramatic changes in a short period. Some scientists
suggest that we may be near certain climate tipping points which, once exceeded, pose
the potential for catastrophic effects.

Perhaps the most disturbing possibility would be the rapid collapse of the
Greenland and West Antarctic Ice Sheets. While the IPCC forecasts a sea level of rise of
0.2 to 0.6 meters by 2100, the melting of these two ice sheets would raise sea levels by 12
meters or more. Such a scenario is still controversial, and considered unlikely to occur in
the 21% century, but new research suggests that changes can occur much faster than
originally expected. Scientists used to think that ice melting on the top of an ice sheet
would take 10,000 years to penetrate to the bottom of the ice sheet, where it can lubricate
the ice sheet and cause it to slide more rapidly towards the ocean. But in 2006 scientists
observed the rapid draining of several lakes of melted ice on the Greenland Ice Sheet
which resulted in changes in the movement of the surface ice in a matter of hours — a
phenomenon that could lead to much more rapid collapse of the whole ice sheet.

Rapid climate change has occurred before. During the last ice age, sea levels rose
at a rate of about 5 meters per century. Ice core data indicate that about 11,000 years ago
temperatures in the Arctic rose 16°F or more within a decade, perhaps within a single
year. Some of the feedback loops that produce such changes are only starting to be
understood.

Source: “Melting Ice Turns up the Heat,” Fred Pearce, Sydney Morning Herald, November 18, 2006.
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4. POLICY RESPONSES TO CLIMATE CHANGE

Two types of measures can be used to address climate change; preventive
measures tend to lower or mitigate the greenhouse effect, and adaptive measures deal
with the consequences of the greenhouse effect and trying to minimize their impact.

Preventive measures include:

e Reducing emissions of greenhouse gases, either by reducing the level of
emissions-related economic activities or by shifting to more energy-efficient
technologies that would allow the same level of economic activity at a lower level
of CO, emissions.

e Enhancing carbon sinks.*® Forests recycle CO, into oxygen; preserving forested
areas and expanding reforestation have a significant effect on net CO, emissions.

Adaptive measures include:

e Construction of dikes and seawalls to protection against rising sea level and
extreme weather events such as floods and hurricanes.

e Shifting cultivation patterns in agriculture to adapt to changed weather conditions
in different areas, and relocating people away from low-lying coastal areas.

e Creating institutions that can mobilize the needed human, material, and financial
resources to respond to climate-related disasters.

For any particular preventive or adaptive measure, an economic approach suggests
that we should apply cost-effectiveness analysis in considering which policies to adopt.
The use of cost-effectiveness analysis avoids many of the controversies associated with
cost-benefit analysis. While cost-benefit analysis attempts to offer a basis for deciding
whether or not a policy should be implemented, cost-effectiveness analysis accepts a goal
as given by society, and uses economic techniques to evaluate the most efficient way to
reach that goal.

In general, economists favor approaches that work through market mechanisms to
achieve their goals (see Box 5). Market-oriented approaches are considered to be cost-
effective; rather than attempting to control market actors directly, they shift incentives so
that individuals and firms will change their behavior to take account of external costs and

13 Carbon sinks are areas where excess carbon may be stored. Natural sinks include the oceans and forests. Human
intervention can either reduce or expand these sinks through forest management and agricultural practices.
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benefits.  Examples of market-based policy tools include pollution taxes and
transferable, or tradable, permits. Both of these are potentially useful tools for
greenhouse gas reduction. Other relevant economic policies include measures to create
incentives for the adoption of renewable energy sources and energy-efficient technology.

BOX 5: ECONOMISTS’ STATEMENT ON CLIMATE CHANGE

1. The review conducted by a distinguished international panel of scientists under the
auspices of the Intergovernmental Panel on Climate Change has determined that "the
balance of evidence suggests a discernible human influence on global climate.” As
economists, we believe that global climate change carries with it significant
environmental, economic, social, and geopolitical risks, and that preventive steps are
justified.

2. Economic studies have found that there are many potential policies to reduce
greenhouse-gas emissions for which the total benefits outweigh the total costs. For the
United States in particular, sound economic analysis shows that there are policy
options that would slow climate change without harming American living standards,
and these measures may in fact improve U.S. productivity in the longer run.

3. The most efficient approach to slowing climate change is through market-based
policies. In order for the world to achieve its climatic objectives at minimum cost, a
cooperative approach among nations is required -- such as an international emissions
trading agreement. The United States and other nations can most efficiently
implement their climate policies through market mechanisms, such as carbon taxes or
the auction of emissions permits. The revenues generated from such policies can
effectively be used to reduce the deficit or to lower existing taxes.

This statement has been endorsed by over 2,500 economists, including eight Nobel laureates.

Source: Redefining Progress, http://www.rprogress.org/publications/2001/econstatement.htm

Policy Tools: Carbon Taxes

The release of greenhouse gases in the atmosphere is a clear example of a negative
externality that imposes significant costs on a global scale. In the language of economic
theory, the current market for carbon-based fuels such as coal, oil, and natural gas takes
into account only private costs and benefits, which leads to a market equilibrium that
does not correspond to the social optimum. From a social perspective the market price
for fossil fuels is too low and the quantity consumed too high.
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A standard economic remedy for internalizing external costs is a per-unit tax on
the pollutant. In this case, what is called for is a carbon tax, levied exclusively on
carbon-based fossil fuels in proportion to the amount of carbon associated with their
production and use. Such a tax will raise the price of carbon-based energy sources, and
SO give consumers incentives to conserve energy overall, as well as shifting their demand
to alternative, non-carbon sources of energy (which are not taxed). Demand may also
shift from carbon-based fuels with a higher proportion of carbon, such as coal, to those
with relatively lower carbon content, such as natural gas.

“Carbon taxes would appear to consumers as energy price increases. But since
taxes would be levied on primary energy, which represents only one part of the
cost of delivered energy (such as gasoline or electricity) and more important, since
one fuel can in many cases be substituted for another, overall price increases may
not be jolting. Consumers can respond to new prices by reducing energy use and
buying fewer carbon-intensive products (those that require great amounts of
carbon-based fuels to produce). In addition, some of these savings could be used
to buy other less carbon-intensive goods and services.

“Clearly, a carbon tax creates an incentive for producers and consumers to avoid
paying the tax by reducing their use of carbon-intensive fuels. Contrary to other
taxed items and activities, this avoidance has social benefits — reduced energy use
and reduced CO, emissions. Thus, declining tax revenues over time indicate
policy success — just the opposite of what happens when tax policy seeks to
maintain steady or increasing revenues.”*

Table 3 shows the impact that different levels of a carbon tax would have on the
prices of coal, oil, and natural gas. A $10/ton carbon tax, for example, raises the price of
a barrel of oil by about a dollar, equivalent to only about two cents per gallon.®> A
$100/ton carbon tax would equate to an increase in gasoline prices of about 24 cents per
gallon.

“ Dower and Zimmerman, 1992.
> There are 42 gallons in a barrel of oil.
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Table 3. Alternative Carbon Taxes on Fossil Fuels

Coal Qil Natural Gas
Tons of carbon per 0.015/Mcf (thousand
unit of fuel 0.574/ton 0.102/barrel cubic feet)
Average price (2007) $25.16/ton $88.79/barrel $5.90/Mcf
Carbon tax amount per unit of fuel:
$10/ton of carbon $5.74/ton $1.02/barrel $0.15/Mcf
$100/ton of carbon $57.42/ton $10.15/barrel $1.49/Mcf
$200/ton of carbon $114.85/ton $20.31/barrel $2.98/Mcf
Carbon tax as a percent of fuel price:
$10/ton of carbon 23% 1% 3%
$100/ton of carbon 228% 11% 25%
$200/ton of carbon 456% 23% 51%

Source: Carbon emissions calculated from carbon coefficients and thermal conversion factors available
from the U.S. Department of Energy. Qil price is mid-November 2007 world average. Natural gas price is
August 2007 average U.S. wellhead price. Coal price 2006 U.S. average. All price data from the U.S.
Energy Information Administration.

Will these taxes affect people’s driving or home heating habits very much? This
depends on the elasticity of demand for these fuels. Elasticity of demand is defined as:

Percent changein demand

Elasticity of demand = - -
Percent changein price

Economists have measured the elasticity of demand for different fossil fuels,
particularly gasoline. One study'® surveyed all the available research on the elasticity of
demand for motor fuels and found that within the short-term (about one year or less)
elasticity estimates averaged -0.25. This means that a 10% increase in the price of
gasoline would be expected to decrease gasoline demand in the short term by about 2.5%.

In the long-term (about 5 years or so) people are more responsive to gasoline price
increases as they have time to purchase different vehicles and adjust their driving habits.
The average long-term elasticity of demand for motor fuels was -0.64. According to
Table 3, a $200 carbon tax would increase the price of gasoline by 48 cents per gallon.
Assuming a retail price of $3 per gallon, this would translate to a 16% price increase. A

18 Phil Goodwin, Joyce Dargay, and Mark Hanly. “Elasticities of Road Traffic and Fuel Consumption with respect
to Price and Income: A Review,” Transport Reviews, 24(3):275-292, May 2004.

7 A 2006 paper by Jonathan E. Hughes, Christopher R. Knittel, and Daniel Sperling (“Evidence of a Shift in the
Short-Run Price Elasticity of Gasoline Demand,” NBER Working Paper No. W12530, September 2006) indicates
that the short-run price elasticity of demand for gasoline may have significantly declined in recent years. They
estimate an elasticity of demand for 2001-2006 of -0.03 to -0.08, compared with their estimate of an elasticity of
demand for 1975-1980 of -0.21 to -0.34.
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long-term elasticity of -0.64 suggests that once people have time to fully adjust to this
price change, we would expect the demand for gasoline to decline by about 10%.

Figure 8 shows a cross-county relationship between gasoline prices and per capita
consumption. (Since the cost of producing a gallon of gasoline varies little across
countries, variations in the price of gallon in different countries is almost solely a
function of differences in taxes.) Notice that this relationship is similar to that of a
demand curve: higher prices are associated with lower consumption, lower prices with
higher consumption. The relationship shown here, however, is not exactly the same as a
demand curve; since we are looking at data from different countries, the assumption of
“other things equal”, which is needed to construct a demand curve, does not hold.
Differences in demand may, for example, be partly a function of differences in income
levels rather than prices. Also, people in the United States may drive more partly
because travel distances (especially in the Western U.S.) are greater than in many
European countries. But there does seem to be a clear price/consumption relationship.
The data shown here suggest that it would take a fairly big price hike — in the range of
$0.50- $1.00 per gallon or more — to affect fuel use substantially.

Figure 8. Gasoline Price versus Use in Industrial Countries, 2003
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Would such a tax ever be politically feasible? Especially in the United States,
high taxes on gasoline and other fuels would face much opposition, especially if people
saw it as infringing on their freedom to drive. As Figure 8 shows, the U.S. has by far the
highest consumption per person and the lowest prices outside of the Middle East. But
let’s note two things about the proposal for substantial carbon taxes:
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First, revenue recycling could redirect the revenue from carbon and other
environmental taxes to lower other taxes. Much of the political opposition to high
energy taxes comes from the perception that they would be an extra tax — on top of
the income, property, and social security taxes that people already pay. If a carbon
tax was matched, for example, with a substantial cut in income or social security
taxes, it might be more politically acceptable. The idea of increasing taxes on
economic “bads” such as pollution, while reducing taxes on things we want to
encourage, such as labor and capital investment, is fully consistent with principles
of economic efficiency’®. Rather than a net tax increase, this would be revenue-
neutral tax shift - the total amount which citizens pay to the government in taxes
Is unchanged. Some of the tax revenues could also be used to provide relief for
low-income people to offset the burden of higher energy costs.

Second, if such a revenue-neutral tax shift did take place, individuals or businesses
whose operations were more energy-efficient would actually save money overall.
The higher cost of energy would also create a powerful incentive for energy-
saving technological innovations and stimulate new markets. Economic
adaptation would be easier if the higher carbon taxes (and lower income and
capital taxes) were phased-in over time.

Policy Tools: Tradable Permits

An alternative to a carbon tax is a system of tradable carbon permits. A carbon

trading scheme could be national in scope, or include several countries. An international
permit system would work as follows:

Each nation would be allocated a certain permissible level of carbon emissions.
The total number of carbon permits issued would be equal to the desired national
goal. For example, if carbon emissions for a particular country are currently 40
million tons and the policy goal is to reduce this by 10%, then permits would be
issued to emit only 36 million tons. Note that different nations could be obliged to
meet different targets, which is the case under the Kyoto Protocol.

Permits are allocated to individual carbon-emitting sources in each nation.
Including all carbon sources (e.g., all motor vehicles) in a trading scheme is
clearly not practical. Instead, under most proposals permits would be allocated to
the largest carbon emitters, such as power companies and manufacturing plants, or
else to the suppliers through which carbon fuels enter the country — oil importers,
coal mines, etc. These permits could initially be allocated for free on the basis of

'8 To encourage higher investment, carbon tax revenues could be used to lower capital gains or corporate taxes.
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past emissions, or could be auctioned to the highest bidders. Economic theory
indicates that the effectiveness of the trading system should be the same regardless
of how the permits are allocated. However, there is a significant difference in the
distribution of costs and benefits: giving permits out for free essentially amounts
to a government subsidy to the polluters, while auctioning permits imposes real
costs upon firms and generates public revenues.

e Firms are able to trade permits freely among themselves. Firms whose emissions
exceed the number of permits they hold must purchase additional permits or else
face penalties. Meanwhile firms that are able to reduce their emissions below their
allowance at low cost will seek to sell their permits for a profit. Firms will settle
upon permit prices through free market negotiations. It may also be possible for
environmental groups or other organizations to purchase permits and retire them —
thus reducing overall emissions.

e Nations and firms could also receive credit for financing carbon reduction efforts
in other countries. For example, a German firm could get credit for installing
efficient electric generating equipment in China, replacing highly polluting coal
plants.

From an economic point of view, the advantage of a tradable permit system is that
it would encourage the least-cost carbon reduction options to be implemented.
Depending on the allocation of permits, it might also mean that developing nations could
transform permits into a new export commodity by choosing a non-carbon path for their
energy development. They would then be able to sell permits to industrialized nations
who were having trouble meeting their reduction requirements.

To demonstrate the economic impacts of a tradable carbon permit system, we can
use the analytical concept of marginal net benefits. Figure 9 shows the marginal net
benefit of carbon emissions to producers and consumers.”® We would expect the marginal
net benefit curve to slope downward because the initial carbon emissions are used to
produce those goods and services which are most valued by producers and consumers.
Subsequent carbon emissions are used to produce goods and services of lower net value.

The emissions level Qg will result if there are no limits on emissions — this is the
market equilibrium, where consumers and producers maximize net benefits. We can see
that the marginal benefits of the last units of carbon emissions are rather small. However,
producers and consumers interacting in a market do not take into account environmental
externalities. Thus the overall level of carbon emissions is too high from the perspective
of maximizing social welfare.

19 The marginal net benefit curve is derived from the demand and supply curve (in this case for carbon-based fuels),
showing the marginal benefits of the product minus the marginal costs of the supply.
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Under a permit system, Q* represents the total number of permits issued. The
equilibrium permit price will then be P*, reflecting the marginal net benefit of carbon
emissions at Q*. It is advantageous for emitters who gain benefits greater than P* from
their emissions to purchase permits, while those with emissions benefits less than P* will
do better to reduce emissions and sell any excess permits.

Figure 9. Determination of a Carbon Permit Price
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Q* Qe Carbon Emissions

Figure 10 shows how this system affects carbon reduction strategies. Three
possibilities are shown. In each case, the graph shows a marginal cost of reducing
carbon emissions through a particular policy or technology. These marginal costs
generally rise as more units of carbon are reduced, but they may be higher and increase
more rapidly for some options than others. In this example, replacement of power plants
using existing carbon-emitting technologies is possible, but will tend to have high
marginal costs — as shown in the first graph in Figure 10. Reducing emissions through
greater energy efficiency has lower marginal costs, as seen in the middle graph. Finally,
carbon storage through forest area expansion has the lowest marginal costs. The permit
price P* (as determined in Figure 9) will govern the relative levels of implementation of
each of these strategies. Firms will find it profitable to reduce emissions with a given
policy option so long as the costs of that option are lower than the cost of purchasing a
permit. In this example, we see that forest expansion would be used for the greatest share
of the reduction, while plant replacement would be used for the lowest share.

Nations and corporations who participate in such a trading scheme can decide for
themselves how much of each control strategy to implement, and will naturally favor the
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least-cost methods. This will probably involve a combination of different approaches.
Suppose one nation undertakes extensive reforestation. It is then likely to have excess
permits, which it can sell to a nation with few low-cost reduction options. The net effect
will be the worldwide implementation of the least-cost reduction techniques.

This system combines the advantages of economic efficiency with a guaranteed
result: reduction in the overall emissions level Q*. The problem, of course, is to achieve
agreement on the initial allocation of permits. There may also be measurement problems,
and issues such as whether to count only commercial carbon emissions, or to include
emissions changes resulting from land use patterns.

Figure 10. Carbon Reduction Options with a Permit System
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Other Policy Tools: Subsidies, Standards, R&D, and Technology Transfer

Although political problems may prevent the adoption of sweeping carbon taxes or
transferable permit systems, there are a variety of other policy measures which have
potential to lower carbon emissions. These include:

e Shifting subsidies from carbon-based to non-carbon-based fuels. Many countries
currently provide direct or indirect subsidies to fossil fuels. The elimination of
these subsidies would alter the competitive balance in favor of alternative fuel
sources. If these subsidy expenditures were redirected to renewable sources,
especially in the form of tax rebates for investment, it could promote a boom in
investment in solar photovoltaics, fuel cells, biomass and wind power — all
technologies which are currently at the margin of competitiveness in various areas.
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e The use of efficiency standards to require utilities and major manufacturers to
increase efficiency and renewable content in power sources. A normal coal-fired
generating plant achieves about 35% efficiency, while a high-efficiency gas-fired
co-generation facility achieves from 75% to 90% efficiency. Current automobile
fuel-efficiency standards in the United States do not exceed 27.5 miles per gallon,
while efficiencies of up to 50 miles per gallon are achievable with proven
technology. Tightening standards over time for plants, buildings, vehicles, and
appliances would hasten the turnover of existing, energy-inefficient capital stock.

e Research and development (R&D) expenditures promoting the commercialization
of alternative technologies. Both government R&D programs and favorable tax
treatment of corporate R&D for alternative energy can speed commercialization.
The existence of a non-carbon “backstop” technology significantly reduces the
economic cost of measures such as carbon taxes, and if the backstop became fully
competitive with fossil fuels carbon taxes would be unnecessary.

e Technology transfer to developing nations. The bulk of projected growth in
carbon emissions will come in the developing world. Many energy development
projects are now funded by agencies such as the World Bank and regional
development banks. To the extent that these funds can be directed towards non-
carbon energy systems, supplemented by other funds dedicated specifically
towards alternative energy development, it will be economically feasible for
developing nations to turn away from fossil-fuel intensive paths, achieving
significant local environmental benefits at the same time.

Climate Change Policy in Practice

Climate change is an international environmental issue. Each individual nation
has little incentive to reduce its emissions if other nations do not agree to similar
reductions, because unilaterally reducing emissions could impose significant costs while
having a negligible effect on overall emissions. Thus a binding international agreement
IS necessary, especially if the policy goal is to reduce emissions by 50-80%.

The most comprehensive international agreement on climate change has been the
Kyoto Protocol. Under the treaty industrial countries agreed to emission reduction
targets by 2008-2012 compared to baseline emissions in 1990. For example, the United
States agreed to a 7% reduction, France to an 8% reduction, and Japan to a 6% reduction.
Developing nations such as China and India are not bound to emissions targets under the
treaty, an omission that the United States and some other countries objected to. As of
October 2007, the Kyoto Protocol has been ratified by 176 countries. The United States
signed the treaty in 1998 but has never ratified it. In 2001, the Bush administration
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rejected the Kyoto Protocol, arguing that negotiations had failed and that a new approach
was necessary. While this has dealt a serious blow to efforts to control global greenhouse
gas emissions, the Kyoto Protocol nonetheless entered into force in early 2005 after
Russia ratified the treaty in November 2004.

To achieve the goals of the Protocol in a cost effective manner, the treaty includes
three “flexibility mechanisms.” One is the trading of emissions permits among nations
that are bound by specific targets. Thus one nation unable to meet its target could
purchase permits from another nation that reduces its emissions below its requirements.
The European Union has set up a carbon trading system which went into effect in 2005.
(see Box 6).

Another flexibility mechanism is joint implementation, whereby an industrial
nation receives credit for financing emission-reducing projects in other countries bound
to emissions targets, mainly in transitional countries such as Russia and Lithuania. The
third is the clean development mechanism, whereby industrial nations can obtain credit
for financing emission-reducing or emission-avoiding projects in developing nations not
bound to specific emissions targets, including China and India.

As the Kyoto Protocol approaches its 2012 expiration date, will the treaty meet its
objectives? The overall goal was a 5% reduction (compared to the 1990 baseline) in
greenhouse gas emissions among participating countries. As of 2004, total emissions
among countries that have signed the treaty, including countries that haven’t ratified it
such as the U.S. Australia, have declined about 3% compared to the 1990 baseline.”
This appearance of success is largely illusory, for much of the decline is a result of
economic collapse in the former Soviet Union and other Eastern European countries. For
these transitional nations, overall emissions have declined by 37%. For the remaining
participating countries, overall emissions have increased by 11%. Canada, for example,
agreed to a 6% reduction but its emissions had increased 27% over the baseline as of
2004. Negotiations are currently underway to draft a successor to the Kyoto Protocol
when it expires in 2012. A central question in these negotiations is whether it will be
possible to obtain agreements from the United States and developing nations to meet
emissions targets.

2 United Nations Framework Convention on Climate Change, “National Greenhouse Gas Inventory Data for the
Period 1990-2004 and Status of Reporting,” October 19, 2006.
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BOX 6: THE EUROPEAN UNION CARBON TRADING SYSTEM

In 2005 the European Union launched its Emissions Trading Scheme (ETS),
which covers about 12,000 facilities that collectively emit about 40% of the EU’s
carbon emissions. Under the ETS, each nation develops a National Allocation Plan
to determine the overall number of permits available in the country, and the number
of permits to allocate to each facility. So far, permits have been allocated to firms.
for free. Any unneeded permits can be sold on the open market.

The effectiveness of the ETS has proven to be disappointing. The problem is
that national governments have been too generous in allocating the free permits,
resulting in a declining price for carbon permits. While the going price of a permit to
emit a ton of carbon gradually rose during the first year or so of the program, up to
about 30 euros, the price crashed in May 2006 to under €10 per ton and then
continued to fall, going below €1 per ton in early-2007. EU statistics indicate that
93% of the facilities included in the ETS emitted less carbon than allowed by their
permit allocation in 2006. With a glut of permits available, those firms emitting
above their allocation were able to purchase permits at very low prices. Statistics
also show that the ETS has had little effect on overall carbon emissions in the EU.

The EU is currently moving towards the second phase of the ETS, which will
cover the 2008-2012 period. EU nations have recognized that permits were over-
allocated in the initial phase and intend to reduce the number of permits available in
the second phase, with the goal of increasing the permit price in the future and thus
creating greater incentives for firms to reduce emissions.

Sources: “Q&A: Europe’s Carbon Trading Scheme,” BBC News, December 20, 2006; “Smoke Alarm: EU
Shows Carbon Trading is not Cutting Emissions,” The Guardian, April 3, 2007.

While the United States has dropped out of the Kyoto Protocol, it has set its own
climate change goals. Unlike the Kyoto Protocol, these goals are voluntary rather than
binding. In 2002 President Bush set a goal of reducing greenhouse gas intensity by 18%
between 2002 and 2012. Greenhouse gas intensity is defined as the quantity of
greenhouse gas emissions per unit of GDP. Thus even if actual emissions remain
constant greenhouse gas intensity will decline as long as the economy is growing. In
fact, it is possible for greenhouse gas intensity to decline even while actual emissions
increase.

Does the goal of reducing greenhouse gas intensity by 18% represent an ambitious
goal? It does not. Consider that greenhouse gas intensity fell by 21% during the 1980s
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and 16% in the 1990s, without any active policies to limit greenhouse gas emissions.
Thus the plan essentially amounts to a business-as-usual approach. We see in Figure 11
that greenhouse gas emissions in the U.S. are increasing. Even if the Bush
Administration’s goal is met, greenhouse gas emissions in the U.S. are projected to be
about 24% higher in 2012 as compared to the 1990 baseline for the Kyoto Protocol (see
Figure 11). Contrast this emissions increase to the 7% decrease that would have been
required for the U.S. under the Kyoto Protocol.

Figure 11. Historical and Projected Greenhouse Gas Emissions in the United States
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Sources: Historical emissions from the U.S. Inventory of Greenhouse Gas Emissions and Sinks, U.S.
Environmental Protection Agency. Projected emissions from Fourth Climate Action Report to the UN
Framework Convention on Climate Change, U.S. Department of State, 2007.

The Future of Climate Change Policy

Will the limited policy measures now being taken to control greenhouse emissions
be sufficient? Recent evidence of increased rapidity of climate change suggests that the
cumulative impact of emissions may be more severe than anticipated. Arctic ecosystems
have shown clear signs of breakdown as temperatures rise, raising the possibility of
feedback effects from tundra melting, which would further accelerate global warming.?!

2! Richard B. Alley, “Abrupt Climate Change,” Scientific American November 2004; Clifford Kraus, “Eskimos Fret
as Climate Shifts and Wildlife Changes,” New York Times, September 6, 2004.
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A report prepared for the U.S. Department of Defense cited the possibility of large-scale
drought in critical agricultural regions; a collapse of the North Atlantic Gulf Stream,
causing an abrupt shift to much colder temperatures in Europe and the Northern U.S.; and
widespread civil unrest and mass migration caused by disruption of water and food
supplies.?? The costs of such developments would be clearly be very high, well into the
higher range of estimates in Table 2, amounting to hundreds of billions of dollars per
year.

The Intergovernmental Panel on Climate Change has estimated that the
stabilization of atmospheric CO, levels would require reduction of CO, emissions to a
small fraction of current levels. This goal is far beyond the Kyoto Protocol targets, and
would require major policy intervention to redirect the world’s economies towards non-
carbon energy sources. The IPCC also finds, however, that opportunities for reductions
of 30-70% in greenhouse gas emissions are available at a net cost below $100 per ton of
carbon equivalent; a substantial portion of these cuts would have low or even zero
marginal cost. According to these figures, the IPCC’s maximum estimated reduction, of
5 billion tons, could be achieved at a net cost of several hundred billion dollars — a large
amount, but probably less than the cost of the high-scenario damages, even using
standard discount rates.”® Certainly the low-cost cuts look like a good investment.

Economic analysis could thus justify much more aggressive climate change
policy, but significant political barriers stand in the way of such policies, especially in the
U.S. As the ratifying nations move to implant the Kyoto Protocol, and as attention
focuses on future policies “beyond Kyoto”, the economic policy measures discussed in
this chapter will certainly become increasingly important. Political leaders and the public
will determine how strongly we will respond to this major issue of the twenty-first
century, but economic policies will be central to accomplishing the goals we choose.

%2 peter Schwartz and Doug Randall, “An Abrupt Climate Change Scenario and Its Implications for U.S. National
Security,” October 2003, available at http://www.ems.org/climate/pentagon_climate_change.html.
2 |PCC 2001, 2007.
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SUMMARY

Climate change, arising from the greenhouse effect of heat-trapping gases, is a
global problem. All nations are involved in both its causes and consequences. Currently
developed nations are the largest emitters of greenhouse gases, but emissions by
developing nations will grow considerably in coming decades. The most recent scientific
evidence indicates that effects during the twenty-first century may range from a global
temperature increase of1.1°C (2°F) to as much as 6.4°C (11.5°F). In addition to simply
warming the planet, other predicted effects include disruption of weather patterns and
possible sudden major climate shifts.

One approach to economic analysis of climate change is cost/benefit analysis. The
benefits in this case are the damages potentially averted through action to prevent climate
change; the costs are the economic costs of shifting away from fossil fuel dependence, as
well as other economic implications of greenhouse gas reduction. Cost-benefit studies
have estimated both costs and benefits in the range of several percent of GDP. However,
the relative evaluation of costs and benefits depends heavily on the discount rate selected.
Since the damages are expected to increase with time, the use of a high discount rate
leads to a lower evaluation of the benefits of avoiding climate change. In addition, some
effects such as species loss and effects on human life and health are difficult to measure
in monetary terms. Also, depending on the assumptions used in economic models, the
GDP impacts of policies to avoid climate change could range from a 3.4% decrease to a
3.9% increase in GDP.

Policies to respond to global climate change could be preventive or adaptive. One
of the most widely discussed policies is a carbon tax, which would fall most heavily on
fuels causing the highest carbon emissions. The revenues from such a tax could be
recycled to lower taxes elsewhere in the economy, or they could be used to assist people
in lower income brackets, who will suffer most from higher costs of energy and goods.
Another policy option is tradable carbon emissions permits, which could be bought and
sold by firms or nations, depending on their level of carbon emissions. Both these
policies have the advantage of economic efficiency, but it has been difficult to obtain the
political support necessary to implement them. Other possible policy measures include
shifting subsidies away from fossil fuels and towards renewable energy, strengthening
energy efficiency standards, and increasing research and development on alternative
energy technologies.

The Kyoto Protocol mandating reductions of greenhouse gases by industrialized
nations went into force in 2005, but the U.S. refused to participate. Effective climate
change policy in the future will require involvement of the U.S. as well as China, India,
and other developing nations. Much more ambitious reduction targets will be needed to
avoid the costs associated with long-term climate change.
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KEY TERMS AND CONCEPTS
Adaptive measures: policies intended to adapt to adverse environmental impacts.
Avoided costs: costs avoidable through environmental preservation or improvement.

Carbon sinks: portions of the ecosystem with the ability to absorb certain quantities of
carbon dioxide, such as forests, soils and oceans.

Carbon tax: a per-unit tax on goods and services based on the quantity of carbon dioxide
emitted during the production or consumption process.

Clean development mechanism: a component of the Kyoto Protocol that allows
industrial countries to receive credits for helping developing countries to reduce their
carbon emissions.

Common property resource: a resource not subject to private ownership and available
to all, such as a public park, or the oceans, or the capacity of the Earth and its atmosphere
to absorb carbon.

Cost-benefit analysis: a tool for policy analysis that attempts to monetize all the costs
and benefits of a proposed action, in order to determine the net benefits.

Cost-effectiveness analysis: a policy tool that determines the least-cost approach for
achieving a given goal.

Discount rate: the annual rate at which future benefits or costs are discounted relative to
current benefits or costs.

Elasticity of demand: the sensitivity of the quantity demanded to prices.

Externality: an effect of a market transaction on individuals or firms other than those
directly involved in the transaction.

Feedback effects: the process of changes in a system leading to other changes that either
counteract or reinforce the original change.

Global climate change: the changes in global climate, including temperature,
precipitation, and storm frequency and intensity, that result from changes in greenhouse
gas concentrations in the atmosphere.

Global commons: global common property resources such as the atmosphere and the
oceans.
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Greenhouse effect: the effect of certain gases in the earth’s atmosphere trapping solar
radiation, resulting in an increase in global temperatures and other climactic changes.

Greenhouse gas: gases such as carbon dioxide and methane whose atmospheric
concentrations influence global climate by trapping solar radiation.

Greenhouse gas intensity: the amount of greenhouse gas emissions per unit of economic
output.

Joint implementation: a component of the Kyoto Protocol whereby industrial nations
can obtain credit for financing carbon-reducing projects in other industrial nations.

Marginal net benefit: the net benefit of the consumption or production of an additional
unit of a resource; equal to marginal benefit minus marginal cost.

Pollution taxes: a per-unit tax based on the pollution associated with the production of a
good or service.

Public goods: goods available to all, whose use by one person does not reduce their
availability to others.

Precautionary principle: the principle that policies should take steps to avoid outcomes
damaging to health or environment, even if the damaging outcomes cannot be predicted
with certainty, and especially when such outcomes are potentially catastrophic or
irreversible.

Preventive measures: policies intended to prevent adverse environmental impacts.
Revenue-neutral tax shift: policies designed to balance tax increases on certain products
or activities with reductions in other taxes, such as a reduction in income taxes that offset
a carbon-based tax.

Stock pollutant: a pollutant that accumulates in the environment, such as carbon dioxide
and chlorofluorocarbons (CFCs).

Technology transfer: the process of sharing technological information or equipment,
particularly among nations.

Transferable (tradable) permits: permits that allow a certain quantity of pollution and
that may be traded among firms or nations.
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DISCUSSION QUESTIONS

1. Do you consider cost-benefit a useful means of addressing the problem of climate
change? How can we adequately value things like the melting of arctic ice caps and
inundation of island nations? What is the appropriate role of economic analysis in
dealing with questions that affect global ecosystems and future generations?

2. Which policies to address climate change would be most effective? How can we
decide which combination of policies to use? What kinds of policies would be especially
recommended by economists? What are the main barriers to effective policy
implementation?

3. The process for formulating and implementing international agreements on climate
change policy has been plagued with disagreements and deadlocks. What are the main
reasons for the difficulty in agreeing on specific policy actions? From an economic point
of view, what kinds of incentives might be useful to induce nations to enter and carry out
agreements? What kinds of “win-win” policies might be devised to overcome
negotiating barriers?
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EXERCISES

1. Suppose that under the terms of an international agreement, U.S. CO, emissions
are to be reduced by 200 million tons, and those of Brazil by 50 million tons.

Here are the policy options that the U.S. and Brazil have to reduce their emissions:

USA:
Total emissions reduction
Policy options (million tons carbon) Cost ($ billion)
A: Efficient machinery 60 12
B: Reforestation 40 20
C: Replace coal fueled power
plants 120 30
Brazil:
Total emissions reduction
Policy options (million tons carbon) Cost ($ billion)
A: Efficient machinery 50 20
B: Protection of Amazon
forest 30 3
C: Replace coal fueled power
plants 40 8

a) Which policies are most efficient for each nation in meeting their reduction targets?
How much will be reduced using each option, at what cost, if the two nations must
operate independently? Assume that any of the policy options can be partially
implemented at a constant marginal cost. For example, the U.S. could choose to
reduce carbon emissions with efficient machinery by 10 million tons at a cost of $2
billion. (Hint: start by calculating the average cost of carbon reduction in dollars per
ton for each of the six policies).

b) Suppose a market of transferable permits allows the U.S. and Brazil to trade permits to
emit CO,. Who has an interest in buying permits? Who has an interest in selling
permits? What agreement can be reached between the U.S. and Brazil so that they can
meet the overall emissions reduction target of 250 million tons at the least cost? Can
you estimate a range for the price of a permit to emit one ton of carbon? (Hint: use
your average cost calculations from the first part of the question.)
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2. Suppose that the annual consumption of an average American household is 2000
gallons of oil in heating and transportation and 300 ccf (hundred cubic feet) of natural gas.
Using the figures given in Table 2 on the effects of a carbon tax, calculate how much an
average American household would pay per year with an added tax of $10 per ton of
carbon. (One barrel of oil contains 42 gallons.) Assume that this relatively small tax
initially causes no reduction in the demand for oil and gas. Figuring 100 million
households in the United States, what would be the revenue to the U.S. Treasury of such a
carbon tax?

What would be the national revenue resulting from a tax of $200 per ton of carbon?
Consider the issue of the impact of increased prices on consumption — a reasonable
assumption about consumption elasticity might be that a $200 per ton tax would cause the
quantity of oil and gas consumed to decline by 20%. How might the government use such
revenues? What would the impact be on the average family? Consider the difference
between the short-term and long-term impacts.
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WEB LINKS

1. http://epa.gov/climatechange/index.html The global warming web site of the U.S.
Environmental Protection Agency. The site provides links to information on the causes,
Impact, and trends related to global climate change.

2. http://www.ipcc.ch/ The web site for the Intergovernmental Panel on Climate Change,
a United Nations-sponsored agency “to assess the scientific, technical, and socioeconomic
information relevant for the understanding of the risk of human-induced climate change.”
Their web site includes assessment reports detailing the relationships between human
actions and global climate change.

3. http://climate.wri.org/ World Resource Institute’s web site on climate and atmosphere.
The site includes several articles and case studies, including research on Clean
Development Mechanisms.

4. http://www.unfccc.de/ Home page for the United Nations Framework Convention on
Climate Change. The site provides data on the climate change issue and information
about the ongoing process of negotiating international agreements related to climate
change.

5. http://www.weathervane.rff.org/ A web site sponsored by Resources for the Future
devoted to climate change issues. The site includes several research papers on the trading
of greenhouse gas emissions permits.
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1. INTRODUCTION

The environmental Kuznets curve (EKC) is a
hypothesized relationship between various
indicators of environmental degradation and
income per capita. In the early stages of eco-
nomic growth degradation and pollution
increase, but beyond some level of income per
capita, which will vary for different indicators,
the trend reverses, so that at high income levels
economic growth leads to environmental
improvement. This implies that the environ-
mental impact indicator is an inverted U-shaped
function of income per capita. Typically, the
logarithm of the indicator is modeled as a
quadratic function of the logarithm of income.
An example of an estimated EKC is shown in
Figure 1. The EKC is named for Kuznets (1955)
who hypothesized that income inequality first
rises and then falls as economic development
proceeds.

The EKC concept emerged in the early 1990s
with Grossman and Krueger’s (1991) path-
breaking study of the potential impacts of
NAFTA and the concept’s popularization
through the 1992 World Bank Development
Report (IBRD, 1992). If the EKC hypothesis
were true, then rather than being a threat to the
environment, as claimed by the environmental

movement and associated scientists in the past
(e.g., Meadows, Meadows, Randers, & Beh-
rens, 1972), economic growth would be the
means to eventual environmental improvement.
This change in thinking was already underway
in the emerging idea of sustainable economic
development promulgated by the World Com-
mission on Environment and Development
(1987) in Our Common Future. The possibility
of achieving sustainability without a significant
deviation from business as usual was an obvi-
ously enticing prospect for many—letting

*1 thank Cutler Cleveland, Quentin Grafton and two
anonymous referees, for comments on drafts of this
manuscript. Participants at seminars at the University of
Wollongong, Clark University, University of York,
University of Cambridge, Rensselaer Polytechnic Insti-
tute, and the Australian National University and at
conferences organized by the Association of American
Geographers in Los Angeles and the International
Society for Ecological Economics in Sousse, Tunisia
aided in developing my arguments. Additionally, I am
grateful to my collaborators Mick Common, Roger
Perman, and Kali Sanyal for their contributions dis-
cussed in this paper. Final revision accepted: 23 March
2004.
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Figure 1. Environmental Kuznets curve for sulfur emissions. Source: Panayotou (1993) and Stern, Common, and
Barbier (1996).

humankind “have our cake and eat it” (Rees,
1990, p. 435).

The EKC is an essentially empirical phe-
nomenon, but most of the EKC literature is
econometrically weak. In particular, little or no
attention has been paid to the statistical prop-
erties of the data used—such as serial depen-
dence or stochastic trends in time-series '—and
little consideration has been paid to issues of
model adequacy such as the possibility of
omitted variables bias. > Most studies assume
that, if the regression coefficients are nominally
individually or jointly significant and have the
expected signs, then an EKC relation exists.
However, one of the main purposes of doing
econometrics is to test which apparent rela-
tionships, or “stylized facts,” are valid and
which are spurious correlations.

When we do take diagnostic statistics and
specification tests into account and use appro-
priate techniques, we find that the EKC does
not exist (Perman & Stern, 2003). Instead, we
get a more realistic view of the effect of eco-
nomic growth and technological changes on
environmental quality. It seems that emissions
of most pollutants and flows of waste are
monotonically rising with income, though the
“income elasticity” is less than one and is not a
simple function of income alone. Income-inde-
pendent, time-related effects reduce environ-
mental impacts in countries at all levels of
income. The new (post-Brundtland) conven-
tional wisdom that developing countries are
“too poor to be green” (Martinez-Alier, 1995)

is, itself, lacking in wisdom. In rapidly growing
middle-income countries, however the scale
effect, which increases pollution and other
degradation, overwhelms the time effect. In
wealthy countries, growth is slower, and pol-
lution reduction efforts can overcome the scale
effect. This is the origin of the apparent EKC
effect. The econometric results are supported by
recent evidence that, in fact, pollution problems
are being addressed and remedied in developing
economies (e.g., Dasgupta, Laplante, Wang, &
Wheeler, 2002).

This paper follows the development of the
EKC concept in approximately chronological
order. I do not attempt to review or cite all of
the rapidly growing number of studies. The
next two sections of the paper review in more
detail the theory behind the EKC and the
econometric methods used in EKC studies. The
following sections review some EKC analyses
and their critique. Sections 6 and 7 discuss the
more important recent developments that have
changed the picture that we have of the EKC.
The final sections discuss alternative approa-
ches—decomposition of emissions and efficient
frontiers—and summarize the findings.

2. THEORETICAL BACKGROUND

The EKC concept emerged in the early 1990s
with Grossman and Krueger’s (1991) path-
breaking study of the potential impacts of
NAFTA and Shafik and Bandyopadhyay’s
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(1992) background study for the 1992 World
Development Report. The EKC theme was
popularized by the World Bank’s World
Development Report 1992 (IBRD, 1992), which
argued that: “The view that greater economic
activity inevitably hurts the environment is
based on static assumptions about technology,
tastes and environmental investments” (p. 38)
and that “As incomes rise, the demand for
improvements in environmental quality will
increase, as will the resources available for
investment” (p. 39). Others have expounded
this position even more forcefully with Beck-
erman (1992) claiming that “there is clear evi-
dence that, although economic growth usually
leads to environmental degradation in the early
stages of the process, in the end the best—and
probably the only—way to attain a decent
environment in most countries is to become
rich.” (p. 491). In his highly publicized and
controversial book, The Skeptical Environmen-
talist, Lomborg (2001) relies heavily on the
1992 World Development Report (Cole, 2003a)
to argue the same point, while many environ-
mental economists take the EKC as a stylized
fact that needs to be explained by theory. All
this is despite the fact that the EKC has never
been shown to apply to all pollutants or envi-
ronmental impacts and recent evidence, * dis-
cussed in this paper, challenges the notion of
the EKC in general. The remainder of this
section discusses the economic factors that
drive changes in environmental impacts and
may be responsible for rising or declining
environmental degradation over the course of
economic development.

If there were no change in the structure or
technology of the economy, pure growth in the
scale of the economy would result in growth in
pollution and other environmental impacts.
This is called the scale effect. The traditional
view that economic development and environ-
mental quality are conflicting goals reflects the
scale effect alone. Proponents of the EKC
hypothesis argue that

at higher levels of development, structural change to-
wards information-intensive industries and services,
coupled with increased environmental awareness,
enforcement of environmental regulations, better
technology and higher environmental expenditures,
result in leveling off and gradual decline of environ-
mental degradation (Panayotou, 1993, p. 1).

Thus there are both proximate causes of the
EKC relationship—scale, changes in economic
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structure or product mix, changes in techno-
logy, and changes in input mix, as well as
underlying causes such as environmental regu-
lation, awareness, and education, which can
only have an effect via the proximate variables.
Let us look in more detail at the proximate
variables:

(a) Scale of production implies expanding
production at given factor-input ratios, out-
put mix, and state of technology. It is nor-
mally assumed that a 1% increase in scale
results in a 1% increase in emissions. This
is because if there is no change in the in-
put—output ratio or in technique there has
to be a proportional increase in aggregate
inputs. However, there could, in theory, be
scale economies or diseconomies of pollu-
tion (Andreoni & Levinson, 2001). Some
pollution control techniques may not be
practical at a small scale of production
and vice versa or may operate more or less
effectively at different levels of output.
(b) Different industries have different pollu-
tion intensities. Typically, over the course of
economic development the output mix
changes. In the earlier phases of develop-
ment there is a shift away from agriculture
toward heavy industry which increases
emissions, while in the later stages of devel-
opment there is a shift from the more re-
source intensive extractive and heavy
industrial sectors toward services and light-
er manufacturing, which supposedly have
lower emissions per unit of output.

(c) Changes in input mix involve the substitu-

tion of less environmentally damaging inputs

for more damaging inputs and vice versa.

Examples include: substituting natural gas

for coal and substituting low sulfur coal in

place of high sulfur coal. As scale, output

mix, and technology are held constant, this

is equivalent to moving along the isoquants

of a neoclassical production function.

(d) Improvements in the state of technology

involve changes in both:

o Productivity in terms of using less, ceteris
paribus of the polluting inputs per unit of
output. A general increase in total factor
productivity will result in lower emis-
sions per unit of output even though this
is not necessarily an intended conse-
quence.

e Emissions specific changes in process re-
sult in lower emissions per unit of input.
These innovations are specifically in-
tended to reduce emissions.
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This framework applies most directly to
emissions of pollutants. For concentrations of
pollutants, decentralization of economic activity
with development is also important (Stern et al.,
1996). Deforestation is also a flow of envi-
ronmental degradation. Improved technology
would imply more replanting, selective cutting,
wood recovery etc. that reduces deforestation
per unit wood produced. Stock pollutants or
impacts need a different, dynamic framework.

Though any actual change in the level of
pollution must be a result of change in one of
the proximate variables, those variables may be
driven by changes in underlying variables that
also vary over the course of economic devel-
opment. A number of papers have developed
theoretical models of how preferences and
technology might interact to result in different
time paths of environmental quality. The vari-
ous studies make different simplifying assump-
tions about the economy. Most of these studies
can generate an inverted U-shape curve of
pollution intensity but there is no inevitability
about this. The result depends on the assump-
tions made and the values of particular
parameters. Lopez (1994) and Selden and Song
(1995) assume infinitely lived agents, exogenous
technological change and that pollution is
generated by production and not by consump-
tion. John and Pecchenino (1994), John, Pec-
chenino, Schimmelpfennig, and Schreft (1995),
and McConnell (1997) develop models based
on overlapping generations where pollution is
generated by consumption rather than by pro-
duction activities. In addition, Stokey (1998)
allows endogenous technical change and Lieb
(2001) generalizes Stokey’s (1998) model,
arguing that satiation in consumption is needed
to generate the EKC. Finally, Ansuategi and
Perrings (2000) incorporate transboundary
externalities. Magnani (2001) discusses how
individual preferences are converted into public
policy. Andreoni and Levinson (2001) argue
that none of these special assumptions is
needed and economies of scale in abatement are
sufficient to generate the EKC. Most studies
model the emission of pollutants. Lopez (1994)
and Bulte and van Soest (2001), among others,
develop models for the depletion of natural
resources such as forests or agricultural land
fertility. It seems easy to develop models that
generate EKCs under appropriate assumptions.
None of these theoretical models has been
tested empirically. Furthermore, if, in fact, the
EKC for emissions is monotonic, as more
recent evidence suggests, the ability of a model
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to produce an inverted U-shaped curve is not a
particularly desirable property.

3. ECONOMETRIC FRAMEWORK

The earliest EKCs were simple quadratic
functions of the levels of income. But, eco-
nomic activity inevitably implies the use of
resources and, by the laws of thermodynamics,
use of resources inevitably implies the produc-
tion of waste. Regressions that allow levels of
indicators to become zero or negative are
inappropriate except in the case of deforesta-
tion where afforestation can occur. A logarith-
mic dependent variable will impose this
restriction. Some studies, including the original
Grossman and Krueger (1991) paper, used a
cubic EKC in levels and found an N-shape
EKC. This might just be a polynomial
approximation to a logarithmic curve. The
standard EKC 