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ABSTRACT

This study deals with problems of pricing and capacity planning of electricity and to some extent,
heat, as well as with the evalifcon of research and development projects.

Chapter I presents an introduction. Chapter 2 is a critical review of the discussion in the economic
literature concerning whether the price for public utilities should be based on short-run (SRMC) or
long-run marginal costs (LRMC). We find it advisable to dispense with the LRMC concept altogether
and rely on pricing based on SSMC. Chapter 3 deals with the design of such prices, how they depend
on peak and off-peak loads, locational differences in production, transmission and distribution costs
etc.. particularly when both demand and supply are random. Chapter 4 is a critical analysis of the
high-voltage as well as low-voltage electricity tariffs used in Sweden. The coordinated pricing system
used among power producers in the Nordic countries is found to be an almost ideal application of the
theory. Chapter 5 deals with the problem of deriving an optimal price structure for cogenerated
electricity and heat used for district heating in local communities. Chapter 6 constitutes an attempt to
measure short-run welfare gains of switching from the existing price structure in a stylized local
community to the optimal price structure. Chanter 7 is a critical review of concepts and methods
used to assess the social costs of unsupplied electricity. Chapter 8 treats the problem of determining
methods for dimensioning production capacity for electricity energy in an efficient way. Chapter 9
concerns in a similar way the problems of dimensioning production capacity for electricity in a
socially optimal way. Chapter 10 examines the investment criteria used by the Swedish power
industry. Chapter 11 analyzes criteria for appraisal of energy R A D projects from a governments
perspective. Chapter 12 finally presents a model based on sequential decision making for evaluating
uncertain energy R & D projects.
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Chapter 1.
Introduction

Roland Andersson

This study deals with problems of pricing and capacity planning of public
utilities, in particular electricity and, to some extent, heat, as well as
with the evaluation of research and development projects. The ambition
has been to review the literature on the theory of public utilities and to
study the principles and criteria used in practice in Sweden.

The purpose of this introductory chapter is twofold: to review some
motives for public utiiily pricing and capacity planning, and to present
the disposition of the book.

1.1 Motives for public utility pricing and capacity
planning

Firms in the electricity field have been regarded as public enterprises
for a long time. This is mainly because electricity facilities have impor-
tant indivisibilities. Durability of plants makes it impossible for firms to
reallocate the resources used up at these facilities. Conditions are
similar for district heating.

There are also important^* ante indivisible minimum sizes in production
and distribution; see Williamson (1966) and Walters (1968). Examples
are hydro and nuclear plants, hydro reservoirs and tunnels, transmis-
sion and distribution lines, district heating systems, etc., which indicate
importantincreasingretums to scale. If local demand is small in relation
to a certain indivisible facility, there are cost advantages in having the
supply come from a single firm. This, in turn implies the possibility of
a natural local monopoly.

Electricity cannot be stored. It has to be produced as it is consumed. In
addition, the demand for electricity fluctuates strongly over time, while
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2 Studies in the Economics of Electricity and Heating

capacity is more or less fixed and given at every point in time. Capacity
cannot be varied easily and adapted rapidly and continuously, back and
forth. Thus, there is a strong case for peak-load pricing schemes in this
field. "Congestion" costs may also arise in distribution lines and have to
be taken into account in the form of scarcity rents in pricing aimed at
efficiency.

The existence of a production and distribution system dampens, but does
not change, these conditions to any large extent. If such monopolies have
profit maximization rather than welfare maximization as their objective,
the consequences may be inefficient pricing and allocation of resources
from society's point of view.

The above characteristics should also be analyzed in relation to uncer-
tainty about future demand and supply. The reliability of the production
and distribution system has to be determined. Investments in safety
margins have public good aspects; improvements in reliability benefit
all customers.

In particular, R&D investments are uncertain projects. This means that
the assessment of such projects will entail additional difficulties.

In addition to the market failures discussed above, there are negative
external effects. Several of the fuels used to produce electricity, such as
oil, coal and uranium, have detrimental effects on human health and the
environment.

All these characteristics motivate why cost-benefit analysis based on the
willingness-to-pay criterion should be used by public enterprises which
produce and distribute electricity and heat from district heating, and
why their pricing should be based on short-run marginal costs (srmc), if
their main objective is to achieve socially efficient use of resources. The
investment criterion and the pricing principle are old and well estab-
lished in the economic literature; see Dupuit (1844), Wicksell (1896),
Hotelling (1938), Williamson (1966) and Walters (1968). But, as will
become clear in the subsequent chapters, some leading economists have
not always advanced such principles when dealing with electricity pric-
ing and capacity planning.

1.2 Disposition of the book

This book consists of three parts: Part I "Pricing of Electricity and Heat",
Part II "Electricity Capacity Planning" and Part III "Evaluation of R&D
Projects". Part I deals with problems of designing tariffs for electricity
and heat in district heating when the main objective is to achieve a
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socially efficient use of the resources. The ambition has been to review
the literature on the theory of public utility pricing, with particular
emphasis on the theory developed for electricity pricing. We also attempt
to develop this theory, for instance with respect to pricing cogenerated
electricity and heat in local communities.

The main focus of part II is on problems of dimensioning reserve margins
of electrical energy and production capacity in Sweden. Four chapters
are devoted to these problems. Finally, in Part III, two chapters deal
with problems of allocating resources to research and development
activities in the energy sector.

The contents of each chapter of the book are as follows.

Part I Pricing of Electricity and Heat

Chapter 2 is a critical review of the discussion in the economic literature
concerning whether the price for public utilities should be based on
short-run (srmc) or long-run marginal costs (lrmc).

The equivalence between short-run marginal cost and long-run marginal
cost in a fully adjusted equilibrium has been proved over and over again.
In the literature on public utility pricing, this basic result has been taken
to imply that it is optimal to set prices at lrmc. The equivalence, however,
is valid only under the very restrictive assumption that capacity can be
varied continuously. This means that indivisibilities, irreversibilities
and durability of investments are ignored. Where such phenomena exist,
as in electricity and district heating production and distribution, pricing
according to Irmc is neither valid theoretic;», i v nor applicable in practice.
It is not surprising that it has been difvvult for public enterprises to
define the lrmc concept operationally, i.t., average cost concepts are used
as "approximations". Under these circumstances we find it advisable to
dispense with the lrmc concept altogether and rely on pricing based on
srmc.

Chapter 3 contains a review of some important aspects to be considered
when setting electricity prices in order to achieve socially efficient
utilization of resources. The existence of indivisibilities in the electricity
system explains why prices should be based on short-run rather than
long-run marginal costs. The design of such prices is a practical problem
and depends on changes ii> : >̂ ak and off-peak loads, locational differen-
ces in production, transmission and distribution costs, etc., particularly
when both demand and supply are random. It is emphasized that budget
constraints and other second-best problems should also be taken into
account when designing a pricing policy.
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Chapter 4 is a critical analysis of the high-voltage as well as low-voltage
electricity tariffs used in Sweden, based on the theory of public utility
pricing presented in Chapters 2 and 3. The coordinated pricing system
used among power producers in the Nordic countries is found to be an
almost ideal application of this theory. The Swedish power industry is
criticized, for instance, for its objective of maintaining stable electricity
tariffs. A rough estimate of low-vcltage electricity tariffs indicates a
considerable savings potential for the country of a switch from the
present uniform pricing system to interval pricing based on seasonal and
daytime/nighttime variations.

Chapter 5 deals with the problem of deriving an optimal price structure
for cogenerated electricity and heat used for district heating in local
communities. A fixed production ratio between electricity and heat in a
specific plant is assumed. Electricity can be bought and sold on the
national market by a local producer at exogenously given prices. In most
cases, the price structure given on the national market will be reflected
in the optimal price structure on the local market for electricity, i.e., one
price in peak periods and lower prices in r \f-peak periods. But in several
cases of practical interest, the optimal price structure in the district
heating market will be the reverse, i.e., low in peak periods and higher
in off-peak periods.

It is not surprising that existing price structures for cogenerated
electricity and heat differ from the optimal ones. Chapter 6 constitutes
an attempt to measure short-run welfare gains of switching from the
existing price structure in a stylized local community to the optimal price
structure.

Part Ef Electricity Capacity Planning

Chapter 7 is a critical review of concepts and methods used to assess the
social cost of unsupplied electricity. Some estimations found in the
literature, from Sweden as well as other countries, are presented and
critically analyzed.

Chapter 8 treats the problem of determining methods for dimensioning
production capacity (or electrical energy in an efficient way. The analysis
focuses on evaluation of the willingness to pay to avoid shortages of
electrical energy. At the present time the Swedish power industry
employs a method for evaluating the cost of an energy shortage that does
not depend on the seriousness of the shortage. It is argued that it would
be more appropriate to let the shortage costs used to determine the size
of reserve capacity depend on the graveness of the shortage. Estimates



Chapter 1. Introduction 5

indicate that the reserves of electrical energy in Sweden may be rather
excessive.

Chapter 9 concerns the problem of dimensioning production capacity for
electricity in a socially optimal way. The effects on system reliability are
emphasized, particularly in regard to plants that are large enough to
form a significant proportion of the total production system. An attempt
is made to estimate the optimal capacity reserve for the Swedish power
system, with specific consideration of the recent large nuclear plants.

Chapter 10 examines the investment criteria used by the Swedish power
industry. The so-called combined criterion has several practical ad-
vantages. One is that it facilitates consideration of the value of an
increase in the reliability of the electric power system in terms of energy
and capacity simultaneously. Another is that it can be used to evaluate
expansion and replacement investments, as well as investments in
"pure" reserves. The dimensioning of energy reserves is also discussed;
see Chapter 8.

Part III Evaluation of Energy R&D Projects

Chapter 11 analyzes criteria for appraisal of energy R&D projects from
a government's perspective. The welfare-maximizing criterion of society
is contrasted with the criterion of a profit-maximizing firm. In particular,
the criterion for appraisal of R&D projects considering markets abroad
is described.

Chapter 12 presents a model for evaluating energy R&D projects. It is
based on sequential decision-making and can thus treat changes in the
uncertainty of an outcome over time due to new information obtained at
each revision time. An important feature of the model is consideration
of discrete revision times. In reality the number of revision times is
limited. The discrete model is better adopted to realistic situations than
models that assume continuous revision over time. Bayes' theorem is
used to handle this problem. The capability of the discrete time model is
illustrated by means of a case study on the profitability of a Swedish
research program on fusion energy.
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Chapter 2.
Short- and Long-run Marginal Cost
Pricing.

Roland Andersson and Mats Bohman

There has long been controversy in the literature dealing with public
utility pricing as to whether it is short-run marginal costs (SRMC) or
long-run marginal costs (LRMC) that are relevant in the pricing policy of
public utilities. This controversy seemed to be settled in the post-war
discussion to the advantage of the earlier advocates of short-run mar-
ginal cost pricing, such as Dupuit (1844) Wicksell (1896), and H. Hotell-
ing (1938). (See Ruggles (1949a and 1949b)).

After the second world war, however, a group of French economists
re-established the principle of equivalence between SRMC and LRMC,
and recommended pricing according to LRMC with application to the
electricity field. Marcel Boiteux (1949) played a major role in developing
this principle. Later, other prominent economists have accepted and
advocated this principle of equivalence (Ralph Turvey, for instance). It
seems, therefore, appropriate to clarify under what assumptions this
equivalence is valid and when it is not. That is the aim of this chapter.

In his reviewing article concerning marginal cost pricing in electricity,
Paul Joskow (1976) discusses the contributions of three different schools:
the French, English and American. We will follow a similar pattern. We
start with a critical analysis of the pioneering paper on this subject by
M. Boiteux. Second, analyses by R. Turvey on this subject are reviewed.
Third, the Brown-Johnson model is discussed and fourth, the arguments
of some recent advocates of LRMC pricing (Munasinghe and Warford as
well as Crew and Kleindorfer) are examined.

1 This chapter was published separately in Energy Economics, October 1985.

- 9 -
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2.1 A review of Boiteux' analysis

2.1.1 Boiteux'analysis
The post-war writings of Boiteux and other French economists had a
very practical purpose: to establish pricing and investment rules for
nationalized public utilities in France, which were supposed to be
oriented towards goals other than maximum profits, such as social
efficiency. One such important public enterprise was Electricité de
France. Boiteux worked within this public enterprise (he is still its
chairman) and attempted to derive pricing and investment rules that
were well founded in economic theory. We will concentrate here on the
paper in which he analyses the equivalence SRMC = LRMC (1949).

Boiteux points out that "for optimum plant differential cost pricing in no
way requires the price to be equal to partial cost alone. In fact, plant
development is only justified when demand reaches the point M, that is
to say, when the differential cost rate also pays for this development".
(1949, p 70). He illustrates his reasoning with a figure showing a plant
of a given capacity (see Figure 2.1).

A
Price,
costs

SRMC (y)

\M
_^NZ LRMC (8)

w

Output q

Figure 2.1. The pricing equivalence of optimal capacity.

Boiteux derives the first order conditions for optimality and proves that
in optimum, SRMC(y) is equal to LRMC(8) when the capacity can be
continuously and thus marginally changed (pp 85-86). He then concludes
that when there is an "optimal investment policy short-run pricing is
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also long-term pricing, and there is no longer any contradictions between
the two", (p 70).

He also discusses cases when a plant may be of unsuitable capacity for
various reasons, (pp 70-72). He points out that "under the marginal
theory it would be necessary to fix rates at the differential cost all the
time, so that the optimum use is made of the plant as it stands" (p 70).
But then he says: "But the need to keep rates steady (which has nothing
to do with the marginal theory) makes long-term policy preferable to the
instantaneous optimum use of investments; the underlying principle is
to fix rates equivalent to what the differential costs would be if the plant
were constantly at correct capacity, that is, rates equivalent to the
development costs" (pp 70-71). He demonstrates this statement by a
diagram illustrating the case ofunintentionaloverequipment (see Figure
2.2).

— LRMC

w

Output q

Figure 2.2. Overequipment.

Boiteux comments that "although the differential cost price insures
optimum use of existing plant, it has the fault of being very low" (p 71).
A contraction of investment must proceed (from q0 to q'o) in order to reach
optimal capacity. A major problem with a price based on the low differen-
tial cost (= w) according to Boiteux is that customers will base their
forecasts on an artificially low rate and therefore make the wrong
investments in appliances. So, when contraction of equipment plants is
rapid or when a rapid expansion of demand is expected, "rates should
immediately be fixed at the level they will reach after readaption that is
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equivalent to the development cost" (p 71). Boiteux, however, does not
discuss how fast a rapid contraction is or what to do when this specific
assumption of a rapid readaption is not fulfilled.

Other lumpy situations are also discussed, namely such that can
motivate a deliberate overequipment (no uncertainty) (p 72). He takes
the example of a track tunnel. He points out that it might be efficient in
some cases to build a double-track tunnel even if a single-track tunnel
is sufficient for 10 years. According to Boiteux, however, this case of
lumpy investment under certainty does not differ from the case of
unintentional overequipment concerning implications for the pricing
policy: "If the anticipated expansion of demand is not too slow, it is
advantageous to fix prices constantly at development cost to avoid any
fluctuations which rates would otherwise undergo as each new installa-
tion came into service" (p 72). In a footnote, Boiteux has a reservation.
He has had in mind cases of expanding demand. The situation might be
different when activities are contracting, for instance when the cost of a
tunnel is not "wiped off for 100 years. According to Boiteux, stable rates
are not appropriate for such an "ultralong term" (p 72, note 3).

Boiteux concludes his analysis under the assumption of constant loads
by referring to the value of maintaining stable prices: "Whatever the
capacity of existing plant, the need to keep prices steady generally leads
prices to be fixed as if the plant were of optimum size" (p 72).

The adaptation possibilities assumed for cases of constant loads are
assumed to be impossible "if the cycle of change is shorter than the time
needed to readjust investments. Thermal power cannot be expanded in
winter and reduced in summer; a run-of-the-river hydroelectric plant
cannot be constantly keeping up with the ups and downs of annual water
supply" (pp 72-73). For such cases, Boiteux advocates peak-load pricing
as a means to reach efficiency, with off-peak price equal to SRMC and a
peak-price sufficiently higher than LRMC to cover it totally.

2.1.2 Critical comments
For Boiteux, it was important to find a simple expression for the link
between pricing and investment. By establishing the equivalence
SRMC s LRMC, he found a simple rule to deal with this link. He proved
that this equivalence was valid in optimum. The equivalence in optimum
was derived under the following assumptions:

• The capacity is continuously variable both when expanding and
contracting it (i.e. both back and forth).
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• The investment policy follows a correct forecasting. If not, the
adapting process towards an optimum is rapid.

There can be no doubt about Boiteux' result under these assumptions,
particularly as the conditions have been derived over and over again in
the literature since then, from Steiner (1957) until Crew and Kleindorfer
(1979), Chapter 7).

The question is, however, how realistic Boiteux' assumptions (and those
of his later followers) are in the context of the reality of electricity. A
main problem is that electricity plants are not in general continuously
variable, not even ex ante. The cases of deliberate overequipment (or
underequipment) are normal cases rather than exceptions. Boiteux
himself mentions examples of important indivisibilities ex ante in other
areas such as track tunnels and bridges. But even if the electricity plants
are part of an interconnected system, hydroreservoirs, hydrotunnels (!)
and nuclear power plants are also no trivial examples of such in-
divisibilities ex ante. In such cases, well defined minimum sizes of plants
exist, i.e. the smallest sizes of power stations of various types which
might or might not be built. The choice is then between a number of
definite, indivisible increases in capacity or none at all (all-or-nothing
cases). A customer's demand for a marginal kilowatt hour can hardly be
pointed to as the reason for building such a lumpy plant as for instance
a hydro- or nuclear power plant. It is necessary to calculate the total
willingness to pay from a collective of customers for the total output of
such a lumpy investment over its expected lifetime in order to see if it is
more or less than its total costs; see Williamson (1966), Walters (1968).

There appears to be only one special case where the concept of LRMC
could take on well defined implications in the electricity area, i.e. if an
increase in capacity is under consideration. This would be the case where
the capacity of a plant under consideration could be continuously ex-
tended from a given minimum size. Only in such instances can LRMC
become a relevant concept in the formulation of an investment rule.

As soon as a plant is built, however, it represents a significant in- >
divisibility. It is impossible to contract or expand it continuously and
rapidly. Such ex post indivisibilities may last for a considerable time. If
the demand expands in an anticipated way or not, it may take a decade
or more to reach a long-run optimal situation. It does not matter in
principle if the overequipment was deliberate or erroneous. The impor-
tant thing is that the capacity may not correspond to a fully adjusted
long-run equilibrium for a long time.
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Once a plant has been built, LRMC is an entirely irrelevant cost concept
in decision-making. Resources invested in capacity expansion cannot be
recovered. Hence, this concept cannot be meaningfully used in cases
where a decrease in capacity is called for.

In cases with indivisibilities, the concept of LRMC cannot be operation-
ally defined. The approximation used in reality is that the calculated
total annual costs for a marginal plant are divided by the expected
annual production. This is by definition not a marginal cost concept. It
is the average cost per kWh for a marginal plant that is something quite
different. The distribution of the investment costs over the economic
lifetime can be made in a number of ways; decreasing, constant or
increasing depreciating rules. Boiteux is fully aware of this. Against this
background, the interest in LRMC pricing seems curious.

In later years, it has been recognized that the conditions characterizing
fully adjusted long-run equilibria are not usually met in the electricity
area: "In recent years electric utilities on both sides of the Atlantic have
been operating in a more-or-less continuous set of disequilibrium"; see
Mitchell, Manning and Acton (1978), p 47. One reason for this is that
nowadays it takes several years, perhaps five or six, to build a large
power plant. Under such circumstances, it becomes important to make
a very clear distinction between investment rules to reach an efficient
capacity for such a long-run perspective and pricing (or rating) rules for
the short run, i.e. when the capacity is given. Boiteux was himself aware
that to reach an optimum use of an unintentional overequipment, SRMC
pricing ought to be used. But he was too occupied by the idea that such
a "low" price will be used by the customers in forecasting future prices
and lead to wrong investments in appliances. It is, however, quite
possible for customers to pay, for instance, the actual oil price and still
predict a higher one in their forecast for investments. It is hard to see
why such rational investment behavior would not also characterize
electricity customers.

For cases with fluctuating demand, Boiteux explicitly admits the impos-
sibility of adapting the capacity for non-storeable goods. The reason is
that the cycle of change is considerably shorter than the time needed to
readjust investments. He then advocates a price for off-peak periods
equal to SRMC and a price for peak periods sufficiently higher than
LRMC to make the peak consumers pay the total cost of an expansion.
This means that he implicitly admits the existence of different optimal
equilibria in the short run, in peak as well as in off-peak situations. This
is quite a paradox in relation to the discussion just referred to.
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Boiteux was, at the time he wrote his paper, obviously not well ac-
quainted with the concept of willingness to pay to be used as the
investment criterion when lumpy investments are examined. Nowadays,
the existence of indivisibilities is more recognized. Nevertheless, the
equivalence between SRMC and LRMC is still widely accepted as a basis
for pricing according to LRMC. The LRMC concept is further used as an
investment criterion in public enterprises.

2.2 A review of Turvey's analysis

2.2.1 Turvey*» analysis
Ralph Turvey has dealt on many occasions with the problems of how to
set prices for public utilities and of how to invest in plants and equip-
ment, both in general and in connection with specific branches and above
all with electricity. He usually stresses the importance of being practi-
cal rather than theoretically elegant. As a practical solution, he advo-
cates pricing according to LRMC; see Anderson and Turvey (1977, pp
12-14 and Chapters 9,14 and 17). He claims that this rule is superior to
pricing according to SRMC for several reasons.

One reason appearing already in his early works on electricity is that
long-run and short-run marginal cost pricing are equivalent (1968a, p
93 and 1977, p 13). This equivalence is admitted to be valid only if
anticipations about demand are correct and capacity is optimally ad-
justed through time. But even if these conditions are not met, the lack
ofinformation about consumer response still makes it necessary to base
prices on LRMC (1971a, p 54 and 1977, p 14). Further, the response of
consumers to price is said to be a long-term and gradual one. Tariffs,
therefore, "should reflect the expected future cost structure over a whole
period of years" (1977, pp 218 and 225-226).

So far, uncertainty has not been explicitly mentioned. In most of his
work, Turvey has stressed that one has to take the existence of uncer-
tainty into account. Thus, he states that: "long-run marginal cost pricing
is, in terms of mean expectation, equivalent to the combination of
short-run marginal cost pricing and the optimal investment rule"; see
Turvey (1968a, p 93). When commenting on the Brown-Johnson paper
(1969), Turvey calls their result that price should equal marginal operat-
ing costs an odd one, as it does not coincide with LRMC as in the riskless
model.3 He goes on to give reasons why the Brown-Johnson principle will
not be acceptable as a general rule. The main argument here is that in

2 A list of important papers by Turvey in this field will include 1968a, 1968b, 1969,
1971a, 1971b and Anderson and Turvey 1977.

3 Apart from titles already mentioned, see Turvey (1970). We will return to the
Brown-Johnson paper presently.
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order to keep the risk of failure low to meet quantity demanded, prices
are usually set considerably in excess of operating costs. Even if this
objection is accepted, however, it does not mean that prices will be set
at LRMC. The interpretation closest at hand is that the SRMC will
include a component corresponding to the weighted marginal social cost
of shedding load in an efficient way. This is also the way in which the
same problem is dealt with by Anderson and Turvey (1977).

In Chapter 14, Anderson and Turvey seek to establish the principle of
LRMC pricing under uncertainty. To this end, they construct two models
in which uncertainty is introduced by a "state of the world" parameter
containing both demand and capacity availability, and by an excess
demand variable defined over all states. In the first one, which is a
single-plant, single-period model, the problem is to find in advance the
price and the capacity that will maximize expected social surplus. The
cost function consists of three parts - a constant fuel cost per kWh, a
constant penalty cost per kWh for interruptions and an incremental
capacity cost. The constraints are that: available capacity cannot fall
short of power generated; power generated and excess demand will in
each state be equal to power demanded; and the chosen price will rule
in all states of the world.

The solution is presented as an optimal price and an optimal investment
rule. The optimal price is given as a weighted sum of the fuel cost and
of the penalty cost, which is the expected short-run marginal cost.4 The
optimal investment rule (1977, formula 14.2) states that capacity will be
optimally adjusted when the marginal capacity cost is equal to the
properly weighted savings from increasing the availability of generating
capacity. This saving is the difference between the constant marginal
penalty cost and the marginal fuel cost. As both of these formulae include
marginal fuel cost and marginal penalty cost, the authors proceed by
substituting the optimal investment rule into the expression for optimal
price. In this way, they manage to establish a relation between price and
LRMC.

The second model can be regarded as an extension of the first, as several
periods and several types of generating plants are considered. The
problem is still to find optimal prices and optimal plant mix and capacity
in advance in an uncertain world. The authors allow prices to differ

4 See Equation (14.1), (1977, p 303). When discussing this pricing rule, the authors
claim that if the probability of not meeting demand approaches zero, the optimal
price does not tend to the fuel cost per kWh. The reason is said to be that the penalty
cost will be commensurately larger. But in their model, the penalty cost is aconstant
per kWh not supplied and thus not a function of probabilities. So in their model,
the optimal price will actually approach marginal fuel costs as the probability for
excess derrand approaches zero.
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between periods but restrict the number of prices to two for the whole
time span considered. The model is thus a simple peak/offpeak pricing
model in this respect, with no cross-elasticities of demand between
periods. The results obtained are in principle similar but messier than
those already mentioned. The optimal peak price is still equal to SRMC
in peak including the penalty component. By combining this result with
the optimal capacity rule, the authors derive a relation between peak
price and LRMC in a fully adjusted peak optimum.

In the remainder of the book, two further aspects of optimal pricing are
discussed. The first (Chapter 16) is concerned with tariff structure and
metering. The second (Chapter 17) deals with optimal pricing and
indivisibilities. Before bringing this review of Turkey's recommenda-
tions to an end, let us touch upon the latter of these two subjects. When
discussing the complications that indivisibilities cause for optimal pric-
ing and investment policies, all other difficulties including uncertainty
are disregarded. The pricing rule stated is that "price should equal
whichever is the higher of marginal operating costs or the price neces-
sary to restrict demand to capacity" (1977, p 355). This is actually a
statement of SRMC pricing. For a one-product utility facing a growing
demand and with lumpy capacity, the time pattern of optimal prices and
investments are given in Figure 2.3 which is identical with Anderson
and Turve^s Figure 17.1.

As Figure 2.3 indicates, a continuously growing demand pressing on a
given capacity will call forth a continuous change in prices to secure
equilibrium until new capacity is installed. At that very moment, prices
will drop to the level of the marginal operating costs. The authors state
that such fluctuations may be unacceptable even when disregarding the
difficulties in administering such price changes. A restriction must
therefore be placed on price changes. The restriction chosen also calls
for another interpretation of costs. The relevant cost is said to be the
present worth of bringing forward or postponing the next addition to
capacity in relation to the previously planned date. By determining
simultaneously the uniform price and the optimal commissioning date
for the new capacity, the optimal price is found to be equal to a weighted
average of marginal costs. As this rule is regarded as complicated, a
simplification is proposed which boils down to a recommendation that
price should be equal to the annuitized value of average incremental cost.

5 This is the long-run cost concept presented in Turvey (1969), but dealt with already
in Turvey (1968a). Beside Anderson and Turvey (1977), it has also appeared in
Turvey (1971a), (1971b) and (1976), and in Watford and Turvey (1974). In the last
two papers, the application is to water supplies rather than electricity. For a
discussion of how this concept is related to other interpretations of LRMC and for
a critical analysis of its alleged relevance to pricing of water supply, see Bohman
(1983), Chapter 2.
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Figure 2.3. Changes in optimum prices over time when investments are
discontinuous.

2.2.2 A critical evaluation
In a comment on papers dealing with marginal cost pricing by J.A. Kay,
attention is given predominantly to Turve^s recommendation that price
should equal LRMC; see Kay (1971). Kay asks why "even those
economists who favour marginal cost pricing tend to shrink from its
implications and adopt notions of 'long-run marginal cost' which are
frequently obscure and misleading". He goes on to state that the "concept
of marginal cost relevant to tariff policy is essentially a short-run one.
But the most suitable method of deriving optimal prices is as the solution
to some specified maximization problem in which the relevant con-
straints and assumptions are made explicit, not as the by-product of
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some arbitrary definition of marginal cost" (1971, pp 368-369). We share
this view completely.

The trouble then with most models that Turvey refers to is that in-
divisibilities are ruled out.6 If there are no indivisibilities, either regard-
ing plant size or regarding construction and scrapping time, then there
is no reason to make a distinction between short-run and long-run. But
as soon as there are indivisibilities of one kind or another, it is crucial
for an efficient resource use over time to distinguish between short-run
equilibria with given capacities and long-run equilibria. Indivisibilities
over time are at the heart of the peak-load problem regardless of whether
plants are lumpy. We also know that, even in fully adjusted static
long-run equilibrium with indivisibilities in plant size, profits can be
either positive or negative at the welfare maximum. This is obviously
so as the optimal price will be equal to the short-run social marginal
costs which in turn can exceed or fed short of average costs depending
on whether SRMC includes a scarcity rent in order to restrict demand
to installed capacity, and the height of this rent.

The very existence of indivisibilities can actually be seen as the very
reason for electricity production to take place in public utilities. Turvey
is of course not unaware of this fact. On several occasions he has referred
to how many years it takes to complete new generation units and to the
lumpiness of plant. When deriving the equivalence between LRMC and
SRMC under uncertainty, however, an explicit assumption is "that
forecasts of demand and estimates of cost and plant availability are
correct, that construction schedules proceed as planned, and therefore,
that no "corrective" action through prices is necessary" (1977, p 305).
And when commenting on "the rather confused issue of whether tariffs
should reflect short-run or long-run marginal costs", the authors claim
that "in practice, what is wanted is a tariff structure that will endure for
a longer period and only be modified to reflect major changes in cost
levels". In this connection, they remark that "investment in gas turbines,
which have short lead times, are a typical short-run response to a
situation of capacity shortages and can be thought of as a way of
stabilizing prices. Such investments are a cheaper way of meeting peak
demand at an acceptable probability than price increases" (1977, p 313).

This criticism is equally relevant to all other models assuming diflerentiable
capacity.
This point was made by Williamson in his famous paper on peak-load pricing, first
appearing in American Economic Review, (1966) and reprinted in Turvey (1968c).
The conclusion is reached despite an assumption about (discontinuously) constant
returns to scale which means constant long-run average total costs at capacity
limits rather than constant LRMC, which cannot be defined.
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"Curious constraints normally give curious results..." (Turvey 1968d, p
986). If prices are to be stable over long periods of time, then it is not
surprising that its necessary to rely on investment to secure equilibrium
in the short run. But it is difficult to see why peak-load pricing due to
seasonal variations is acceptable whereas price variations correspond-
ing, for instance, to cyclical variations over two consecutive years are out
of the question. Closer at hand for an economist is to solve for the optimal
prices for one year at a time given the time schedules for indivisible plant
expansions.8 As a constraint on this optimization, one may set a maximal
number of admissible different prices within the year just as Turvey does
in the peak-load case. By reconsidering this number of prices and this
level each year, it will be possible to adjust them not only in nominal
terms to reflect inflation, as Turvey has proposed, but also in real terms
to reflect changing and not previously anticipated demand conditions
and the like. If such yearly tariffs are combined with predictions about
the tariff level over a longer period, the information available to con-
sumers will enable them to take efficient short-run decisions about how
much electricity to use under different parts of the year. Further, they
will be able to base their longer-term investment decisions on the
prediction about future prices. Such a tariff policy can give rise to
substantial savings over the years as compared with a uniform price over
time, just as peak-load pricing can give savings as compared to a uniform
price over the year. It is actually astonishing that Turvey's recommen-
dations have been so widely accepted by the economic profession, which
over the years has argued so much in favour of flexible exchange rates
and so much against fixed rates.

2.3 The Brown-Johnson model reviewed.

2.3.1 The Brown-Johnson model
Brown and Johnson have explicitly introduced the effects of stochastic
demand on public utility pricing in their 1970 paper. They made the
familiar assumptions of the Boiteux-Steiner-Williamson peak-load
model. The authors, however, replaced the periodic demands of the
peak-load model by a one-period stochastic demand model. They as-

8 Anderson and Turvey (1977, p 305) state explicitly: "But prices charged from 1973
onward were decided, say, toward the end of 1972. These prices will reflect,
therefore, the knowledge and expectations of 1972".

9 If it is possible to specify the cost function associated with more complex pricing
structures, it would be preferable U> solve the optimal number of pricing periods as
well, either in two steps as advocated for instance by Walters (1968) and Rees (1976)
or in one step as is done in Craven (1976). See also Pishe (1983).

10 For customers who are willing to specify for many years in advance how much
energy they want to consume and atime profile forthis consumption, the possibility
of long-term contracting might be preferable. If so, such contracts should be
negotiated.
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sumed that the public enterprise was maximizing expected welfare,
taking into account the effect of stochastic demand.

Their result was that price should be set equal to SRMC (p = b) for the
one-periods stochastic model. Their result was in strong contrast to the
corresponding one-period deterministic solution of Boiteux or Steiner,
with price equa* to LRMC (p = 6 +13).

As mentioned above, Turvey found the result "an odd one". He accepted
that the result followed from their assumptions, but questioned "the
usefulness of these assumptions". He found the assumption that price
has to be fixed before it is known whether demand is going to be high or
low a reasonable one. But he questioned the implicit assumption "that
rationing is always preferable to price as a means of restraining con-
sumption at times of high demand". He claimed that "tariffs are usually
set high enough to keep down the risk of failure to a very low level, i.e.
they are at a level considerably in excess of operating costs" (1970, p 485).

In their reply, Brown and Johnson pointed out the following: "By
hypothesis, therefore, capacity costs are sunk costs - independent of
price. This assumption alone is responsible for the conclusion that
optimal price P* should equal short-run marginal costs" (1970, p 489).
They take as an example the classical bridge problem: "The capacity
(investment) decision is made on the basis of the consumer's marginal
valuation of a unit of capacity under the assumption that the long-run
marginal cost will be equated to price, but ex post capacity costs are
ignored and price set equal to SRMC' (p 489). They claim that their
pricing policy p = SRMC (= 6) 'stems from the presence of rather than
the amount of uncertainty" (p 489).

Brown and Johnson agree with Turvey that they ignored the costs of
rationing and that the existence of such costs will increase price. They
point out, however, that to "price so high that there is rarely (never?)
excess demand implies persistent excess supply (idle capacity)" (p 490).

Visscher, like Turvey, also accepted that the formal analysis of Brown
and Johnson was faultless. He argued, however, that they were "in error
of attributing primary responsibility for their conclusions to the random
element in the demand schedule" (1973, p 224). Instead, he claimed that
their result can be shown to depend on their assumption of an unrealistic
rationing system, namely that available output will be allocated by
means of a costless rationing process in accordance with the consumers'
willingness to pay. Visscher demonstrated that under different assump-
tions in this respect, the solution differs from Brown and Johnsons's
result, for instance when a random rationing of available capacity is
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assumed. According to Visscher, optimal price will be "near to that of the
riskless model" (p 229).

In their reply, Brown and Johnson agreed that their assumption con-
cerning the rationing system was an unrealistic one and that Visscher's
contribution was constructive (1973, p 230).

Crew and Kleindorfer have also paid attention to the Brown-Johnson
model. Their opinion was that Brown and Johnsons's solution "implied
an unexplained and counter-intuitive discontinuity in the optimal
stochastic solution as the degree of uncertainty approached zero" (1979,
p 67). Like Turvey, they were of the opinion that Brown and Johnson's
had neglected the costs of rationing and the issue of reliability in their
model. According to Crew and Kleindorfer, the presence of rationing
costs implies a high optimal reliability level. They also claim that "where
uncertainty is small, deterministic problems do in fact serve as
reasonable approximations for corresponding problems under uncer-
tainty" (1978, p 32).

2.3.2 Critical comments
As both Turvey and Visscher have pointed out, it is unrealistic to assume
a costless rationing with a ranking according to willingness to pay as in
the Brown-Johnson's model. The result will depend on the assumption
made in this respect, as Visscher has clearly demonstrated. Turvey also
make an important point when he says that there is a trade-off between,
on the one hand, a price higher than b fixed beforehand to keep the risk
of failure at a low level, and, on the other hand, a lower price plus higher
risk for failure. Crew and Kleindorfer have also quite recently paid
attention to the interdependence between pricing and reliability and
their conclusion is similar to that of Turvey - "The trade-off is simple. If
more reliability is desired, it can be achieved by either increasing price
or capacity, and optimality in the sense of maximizing expected welfare
can be achieved by some (optimal) combination of both of these" (1979,
p 105).

Thus, if Brown and Johnsons's formal analysis was right but their
assumptions unrealistic, what was their real contribution? We believe
that the fact that they strongly questioned the long-accepted optimal
solution p = LRMC (= b + p) has been of great value. This old doctrine
has since then not been really re-established. For instance, Turvey in
his reply only claimed that the price should be greater than b (not
= 6 + p). Visscher demonstrated that b + otp\ under the more realistic
assumption of random distribution of available supply when excess
demand exists, where 0 < a < 1 (1973, p 229). Crew and Kleindorfarhave
shown that as the variance approaches zero, the deterministic solution
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will be re-established. But this result, it seems to us, defines away the
uncertainty effects.

The results from the Brown-Johnson model cast doubts upon the
equivalence doctrine. As has been pointed out above, there are even
stronger arguments against this doctrine. First, when lumpy invest-
ments exist, it may not be possible to reach an ex ante equality between
price and LRMC in an efficient solution under complete certainty.
Optimality is reached when the willingness to pay for a capacity expan
sion is equal to the total costs. The LRMC optimum rule is assumed by
Brown and Johnson as well as by Visscher. They thus also assume a
continuously variable capacity. Second, ex post most investments are
indivisible, irreversible and durable. Capacity is no longer continuously
and rapidly variable back and forth. It thus no longer makes sense to
differentiate with respect to capacity.

Economists have been fond of doing this through the years without
paying too much attention to reality in these respects (with some
distinguished exceptions such as Williamson (1966) and Walters (1968).
But repeating the mistakes makes it no better. As soon as demand
deviates from the forecast, we have an unintentional over(under)equip-
ment, as Boiteux realized.

In the Brown-Johnson model, price and capacity are determined simul-
taneously before demand is known. Capacity and price are determined
on a forecast about demand. The price development will, however, not
imply a constant price for the whole economic lifetime of a durable plant.
Let us in this context quote a Swedish electrical entreprise's motivation
of their brand new tariff: "For different reasons, particularly the uncer-
tain price development of energy and costs for wages, the electricity tariff
cannot in principle be set for more than one year. In order to make it
possible to use longer contract-periods than one year, the tariff has been
complemented by some price regulation clauses. The price forecasts for
the long run announced regularly by the supplier of electricity can be a
complement to the electricity tariff" {Sydkraft 1983, p 6).

Price can be used for the actual time period to reach a short-run optimal
equilibrium for a given capacity; it can be changed considerably more
rapidly than the capacity. When determining the capacity, it is not only
the actual price or tariff that is of interest, but also a forecast of the future
prices (or tariffs) during different periods. Where customers are con-
cerned, they can quite easily be informed of such forecasts as suggested
by Sydkraft.



24 Studies in the Economics of Electricity and Heating

2.4 Recent advocates of long-run marginal cost pric-
ing.

Convinced advocates of long-run marginal cost pricing still exist. A
recent example in favour of such a pricing principle i s Electricity Pricing,
by M. Munasinghe and J. Warford (1982). The aim of this section is to
review their arguments. As they refer to Crew-Kleindorfer, the latter's
contribution is also briefly reviewed.

2.4.1 Munasinghe-Warford's arguments.
Munasinghe and Warford claim that a tariff based on "strict LRMC" is
consistent with the objective of an efficient allocation of resources in
contrast to the traditional "accounting approach concerned with recover-
ing historical or sunk costs" (p 11). In their analysis, they emphasize the
importance of determining the optimal reliability, not assuming some
exogenously given constraints to fulfill. According to Munasinghe and
Warford, "the optimal reliability rule ensures that the marginal outage
and capacity costs are also equal. Therefore, when the system is optimal-
ly planned and operated - that is, capacity and reliability are optimal -
SRMC and LRMC coincide" (p 23). For a more rigorous proof of this
result, they refer to Crew and Kleindorfer (1979), Chapter 7 (we shall
later also review this briefly). Munasinghe and Warford stress the
intimate link between optimal investment and pricing rules (p 25): "A
pricing policy based on LRMC effectively permits the burden for the
cost-benefit analysis to be placed on the electricity consumer, because
he signals the justification of further investment by his willingness to
pay the marginal cost of electricity supply" (p 27). According to Munasin-
ghe and Warford the estimation and use of the "strict LRMC" is simplest
when the system is near optimum.

They are, however, aware of the fact that there can occur significant
deviations between SRMC and LRMC when the system plant is subop-
timal. When a significant excess capacity occurs, for instance, demand
charges could be reduced below the LRMC level until the demand grows
sufficiently. They are also aware that when there are, conversely, sig-
nificant shortages, the economically efficient short-run solution would
be to raise prices to ration the limited supply.

They find, however, such price increases to be impractical; large price
fluctuations are, according to Munasinghe and Warford, unacceptable
to customers (p 18). They therefore stress the importance of having
prices adapted to LRMC that are quite stable over time. This smooth-
ing-out of costs during a long period is especially important given the
large size or "lumpiness" of the power system investments (p 12).
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On the other hand, they have observed the recent advances in solid state
switching, metering and communications technology that have made it
possible to vary prices continuously instead of relying on a predeter-
mined schedule. Prices can then be set at any moment to reflect marginal
supply costs (Cf. Vickery 1971).

2.4.2 Munasinghe-Warfbrd's argument reviewed
Most of Munasinghe and Warford's arguments are not new; they repeat
what their predecessors have said before. But to motivate LRMC pricing
by referring to the lumpiness of the investments in the electricity power
system is a quite new and somewhat curious argument. The problem is
that the marginal willingness to pay for a customer's demand of an extra
kWh can never motivate a lumpy investment such as a nuclear power
plant. Such a plant must be motivated by the total willingness to pay of
a collective of customers over its expected lifetime, an investment rule
which needs to be repeated. The Ii k between pricing and investment is
not as simple as they assume.

Even if they are aware of the existence of over- and underequipment
situations during long periods, they simply repeat the Boiteux solution
and thus dispel such situations. In their world, the possibilities of rapid
adjustments of investments to achieve an optimal situation are assumed
to be the normal case. We do not need to stress once again how unrealistic
such a picture is of the real world of electricity.

On the other hand, Munasinghe and Warford describe how, by technical
progress in electronic metering, it might be possible to use instantaneous
pricing, at least for bigger customers, in accordance with instantaneous
changes in supply and demand. They seem to raise no criticism of or
doubts about such a future possibility. This, however, is pure SRMC
pricing aimed at establishing short-run equilibria. Will LRMC pricing
then be wrong, or was it wrong all the time? In our opinion it was wrong
all the time.

2.4.3 Crew-Kleindorfer'8 arguments
Besides treating the pricing problem under uncertainty referred to
above, Crew and Kleindorfer have a dynamic analysis of the pricing
problem under deterministic conditions (1979, Chapter 7). Their result
is the well known one, p = SRMC = LRMC, and in optimum the capital
stock is adjusted to this condition. But, like their predecessors, they have
assumed continuously variable capacity, i.e. the existence of in-
divisibilities is ignored. That a dynamic analysis is applied does not
make their assumptions more realistic.
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2.5 Conclusions

Since Boiteux, economists have repeatedly proved the equivalence
SRMC s LRMC ex post (Anderson and Turvey, Crew and Kleindorfer,
Munasinghe and Warford). But the derivation of this optimum condition
is made under restrictive assumptions, namely that the capacity is
rapidly and continuously variable back and forth. This assumption
ignores the existence of ex ante indivisibilities. The ex post lumpiness of
investments in the electricity field is not even fully recognized in the
models that have been used. Thus as soon as an investments is made, if
not before, it becomes an indivisible, irreversible and durable unit.
Under these conditions there is no clear-cut meaning of LRMC even if
demand is growing over time. For an industry that faces a shrinking
demand, the concept of LRMC is meaningless.

When such indivisibilities exist, it is necessary to use the concept of
willingness to pay as an investment criterion (as has been lucidly
demonstrated by O. Williamson and A.A. Walters) in order to reach an
efficient allocation of resources. The corresponding pricing rule is based
on SRMC. In order to make this rule generally valid, the SRMC must be
defined to include the potential scarcity rents needed to secure ex ante
equilibrium at the given capacity level. With this interpretation of costs
the peak-load pricing scheme is a straightforward application of the
optimal pricing rule. The same is true of the price variations between
two consecutive years if demand or capacity availability vary in an
anticipated way. The problem with the Boiteux-Turvey analysis is that
prices have been restricted from varying in such a way from year to year.
This restriction that prices have to be constant over time is however not
a result of a thorough analysis but rather an ad hoc constraint. We have
challenged the validity of this constraint.

The situation with lumpy investments has made it difficult to define the
concept of LRMC operationally. The approximate measures used in the
electrical industries are average cost concepts; total cost are divided by
an expected number of kilowatt hours produced by a planned plant (or
several) over its economic lifetime. Thus LRMC pricing as described in
theory boils down to nothing more than average cost pricing in practice.
We believe that it would be wise to dispense with this concept altogether
and rely on pricing based on SRMC with due consideration of budget
constraints and other second best restrictions.



Chapter 3.
Efficient Pricing of Electricity. Some
Essential Aspects

Roland Andersson and Mats Bohman

3.1. Introduction

The technology of electricity production exhibits important ex post in-
divisibilities. Durability and indivisibility of plants make it impossible
for firms to reallocate, in a marginal sense, the resources tied up in these
facilities. But, there are also important^ ante indivisibilities concerning
plant size in production and distribution. Both these reasons explain
why electricity is regarded as a public utility. As such, firms providing
it should base their pricing on short run marginal costs (SRMC) if socially
efficient use of resources is to be achieved; see e.g. Dupuit (1844),
Wicksell (1896), Hotelling (1938), Williamson (1966), Walters (1968),
and Kay (1971).

However, this fundamental pricing principle cannot be applied without
due consideration of many complicating factors that characterize the
electricity market. The aim of this chapter is to review some of the more
important issues to be taken into account when determining efficient
prices. In section 3.2 the implications of important ex ante indivisibilities
are dealt with. When investments are indivisible, there is a very strong
case for relying on pricing as a means to secure an efficient use of the
system available at each specific point of time.

In section 3.3 the implications of varying demand in the short run are
reviewed. The peak-load problem can also be said to emerge from the
existence of important ex post indivisibilities in plant capacity. The
actual configuration of load curve, existing production, technologies and
rationing devices will determine the efficient price structure.

In section 3.4 the implication of the spatial localization of consumers and
production units are considered. A simple model is used to establish how

- 2 7 -
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optimal prices can be determined along a given transmission line. These
prices will depend on transmission direction and distance. Thus, there
is a strong case for a spatial differentiation of prices.

When considering the implications of these complications uncertainty
both on the demand side and on the supply side has been disregarded.
In section 3.5 we discuss how uncertainty can affect the pricing policy.
Since Boiteux several prominent economists have argued for maintain-
ing stable electricity prices. In section 3.6 we comment on this alleged
need.

So far budget constraints as well as other second-best complications have
been disregarded. However, such constraints are part and parcel of the
realities confronting those who have to design actual tariffs. We there-
fore in section 3.7 also review pricing related to budget constraints and
other second-best problems. Finally, we present some conclusions in
section 3.8.

3.2. Pricing and indivisibilities

3.2.1 Indivisibilities: meaning and implications.
The existence of important ex ante indivisibilities is very pronounced in
electricity production and transmission. Strictly technical, indivisibility
is a characteristic of a production possibility set or equivalently of a
production function. In principle it can refer to either goods output or
activities (netput bundles) and the implication of its existence is that the
production possibility set will not be convex.

Concerning the good electricity it can be argued that it is divisible.
Generators can be constructed that can produce a fraction of a watt per
unit of time up to several thousands of megawatt (MW). But divisibility
of the good is only a necessary and not sufficient condition for having
divisible activities. It is the capacity part of the activity that is in-
divisible. Thus, an efficient input bundle for creating a 1000 MW nuclear
reactor, which is reduced to, say, one tenth will not be a feasible bundle
for a 100 MW reactor. The same thing is true for an efficient bundle for
a 1200 MW reactor.

Given this specification of the technology where the production pos-
sibility set is compact but not convex the existence of indivisibilities
implies increasing returns to scale. Of course, such indivisibilities can
reach an end at some scale of the activity and thereby close the range in
which the increasing returns to scale in plant construction are to be
found. But, as soon as this range is not negligibly small, we encounter
an investment problem, at least if demand is assumed to grow over time.
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This problem typically involves some trade off between operating costs
and capacity costs and it is further aggravated by the durability and the
irrevisibility of plants once the construction has started. Another com-
plicating factor is the necessary lead time in plant construction. Is
usually takes more than half a decade to get a big nuclear reactor into
operation from the commissioning date. It can take even more time to
complete a huge hydro station.

The investment problem following from the existence of indi visibilities
thus consists of chosing some specific plant size or plant mix, commis-
sioning date or dates and a construction time table of an, in principle,
infinite number of ex ante possibilities. Normally, the solution in an
expanding system means that production capacity is increased in a
stepwise, non-marginal, fashion at some given point of time. If further
capacity expansion is warranted there will occur a new non-marginal
step at some later point of time. This stepwise expansion will occur in
spite of the fact that the boundary of the ex ante production possibility
set is continuous and differentiable and thus that the long run cost
function is well defined and also differentiable.

Another common specification of the ex ante production possibility set
to cope with indivisibilities is to regard output (x) as perfectly divisible
but to regard the function if), f(y) = x as not continuous, where y
represents the vector ofinputs. In such a case the production possibility
set will be neither convex nor compact. This kind of specification is
compatible with either discretely increasing, decreasing or constant
returns to scale. But, whatever the exact shape of these returns to scale
we will encounter an investment problem as soon as there is some change
in demand conditions, be it a once-and-for-all shift or some continuous
change over time. If a capacity expansion is regarded as worthwhile it
will take the form of a non-marginal step at each instance new units are
taken into operation. In a growing system the time profile ofinstalled
capacity can be similar to the one discussed above when the ex ante
production possibility set was regarded as compact. But, in the case of a
non-compact set the long run cost function will not be continuous and
thus not differentiable.

3.2.2 Pricing under indivisibilities
The existence of important ex ante indivisibilities does not only lead to
an investment problem when demand conditions are changing. The
stepwise, non-marginal, pattern in capacity expansion will also give rise
to a short-run problem of how to use the system available at each specific
point of time. The problem is a pricing problem the solution of which will
depend on the goal (what is to be maximized) and the constraints.
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If social efficiency is aimed at, the problem consists of finding the price
or the price pattern that will support an optimal allocation. Williamson
(1966) has shown that prices should equal shoit-run marginal costs
(SRMC) in order to secure an efficient use of existing plants when capacity
expansion is characterized by discontinuously constant returns to scale.
This rule should be followed also in a fully adjusted long-run equilibrium
to fulfill the requirement of a welfare maximum.

However, this pricing rule has not been the one recommended in much
of the literature dealing with electricity pricing. Instead, there exists a
long tradition advocating that electricity prices should be set equal to
the long-run marginal costs (LRMC); see chapter 2. We will not repeat the
critical comments made there. Instead we will start by reestablishing
the important result by Williamson. This is done in section 3.2.2.1. We
then proceed in section 3.2.2.2 to show that the importance of basing
prices on SRMC rather than LRMC is greater the more lumpy capacity
expansion is.

3.2.2.1 A reestablishment of Williamson's result
For our purpose it is quite sufficient to assume a very simple cost
structure that can be described as discontinuously constant returns to
scale. As these conditions are the same as those assumed by Williamson
(1966), we may clearly have either positive or negative profits in a fully
adjusted long-run static equilibrium. The impact of the indivisible plant
on optimal price (p) is thus to make it either exceed or fall short of the
sum of the average fixed cost and marginal operating costs. This can be
seen most easily in a model where capacity (Q) is first assumed to be
continuously variable (the indivisibilities are assumed away). The prob-
lem is thus to find equilibrium quantity and capacity which will maxi-
mize social welfare (w), represented by the difference between the area
under the inverse demand function p(Q) and total cost c(Q) + bq where
b represents a constant marginal operating cost and c is the cost function
for new capacity, subject to the constraint that quantity demanded (q)
can be supplied. This may be written as

max w - }p(q) dq-bq- c(Q) s.t.q < 0 (1)
0

The Lagrangian for this problem is

max L = Jp(q)dq-bq-c(Q)-X(q- Q) &>
q,Q,^ o

and at an optimum the following conditions hold:
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^=p(q) - b - X < 0 and q{p(q) -b - X) = 0 (3)
aq

H = -(7+Q>0 and

Condition (3) states the well-known fact that optimal price is equal to
marginal operating cost b and the scarcity rent X, the sum of which is to
be interpreted as the short-run marginal cost (SRMC) in cases where the
capacity constraint is binding. Condition (5) shows that at the optimum,
equilibrium will be reached at the capacity limit whereas condition (4)
states that at the optimum, the scarcity rent is equal to marginal

capacity cost ^ = ($, so that price will also be equal to the long-run

marginal cost (LRMC) =b + (3.

Now, the introduction of indivisibilities into this simple model merely
implies that the capacity measure (Q) cannot be continuously varied,

dcwhich means e.g. that the derivative r ^ cannot be defined. With the

assumption of discontinuously constant returns to scale we can define a
unit of capacity (E) so that every feasible plant can be expressed by E
times a positive integer. The plant inherited from the past in a given
situation can thus be represented as Qo = nE. We can either keep this
plant as it stands or increase it in steps of E up to (n + i)E, i = 1,2,....m,
if demand is known to increase.

Let cx represent the annuity of the fixed cost for creating E so that
cx

average fixed costs per period of capacity expansion are -= = 8. Let

p*(<7)represent the new level after a given once-and-for-all increase in
demand. If this is not anticipated early enough to allow capacity to be
changed, we have to rely on prices to secure equilibrium in the short run.
The price that will lead to this result will still fulfill condition (3), but
the level of the scarcity rent X will be higher due to the demand increase.
By solving the problem

max L = J p*(q) dq-bq- $iE - X(q - Q)
q,Q,X 0

(6)
forQ = Qi = (n + i)E i = 0,1 m
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we will reach a new capacity level (n + l)E at which the scarcity rent
Xl will be at least equal to {$, whereas the scarcity rent at capacity
(n +1 + 1)25, X̂ +i, will fall short of p. We can be certain that one of these
two capacity limits will be optimal because the marginal willingness to
pay at the capacity limit exceeds average total costs up to the level
(n + l)E. By comparing the total willingness-to-pay for increasing
capacity from (n + l)E to (n + / + \)E with the total cost for this expansion,
we can determine which of these levels is optimal. If it is (n + l)E, then
the optima) price will beP(n-U) = 6+A^>6 + p. But if (n + / + \)E turns
out to be the optimal capacity, then the optimal price will be
b <pn+l+i = b + Xi+i < b + p. If optimal production is q < (n +1 + 1)E, it
then follows that Xi+l = 0 and PoPT = b in the long-run optimal equi-
librium.

So far we have only re-established Williamson's result that optimal price
will generally deviate from average cost at the capacity limit when there
are indivisibilities in plant size. Equilibrium at the capacity limit will be
reached only by chance when the price charged is set at b + p. In all other
cases, although the marginal willingness-to-pay exceeds marginal
operating costs, this price will result in either a shortage or unused
capacity, neither of which is an optimal solution. Thus, confronted with
the type of indivisibility under study, adherence to pricing according to
"long-run marginal cost" (6 + p) will, in the general case, prevent the
realization of a long-run optimal solution.

3.2.2.2 Pricing and the size of the indivisibility
Let us now examine how the size of the indivisibility affects the optimal
solution. The size of an indivisibility is determined by the capacity index
E that corresponds to a given quantity of production per period. If this
is larger, that is, if capacity expansion is more lumpy, the divergence
between the optimal price and a price equal to b + P is likely to be greater.
This in turn implies that the welfare loss is likely to be greater due to
adopting the stable price (6 + P), if the technology is characterized by
more lumpy capacity.

We may begin the explanation of this outcome by defining the expression
"more lumpy". If a unit of capacity Eo can produce a given quantity of
output qo per period of full use and another unit of capacity E\ can
produce q\ per period, then E\ is more lumpy than Eo if
qo<qi = Qo(l + a) where a > 0. Now it is obvious that if a takes only
integer values, then each specific capacity limit which can be attained
through a given number of steps of size E\ can also be attained by a
greater number of steps of size Eo. But intermediate values can also be
reached using the technology of step size Eo. Thus, by means of this less
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lumpy technology, we can come as close or closer, with installed capacity,
to the quantity demanded atp = b + p.

If we come as close to this quantity by using technology J57o as by means
of Ei, then the optimal price will be the same at the optimum. This holds
provided that the price sensitivity of demand can be assumed to be
independent of the technology in question and thus of the same mag-
nitude, regardless of the number of steps required to reach the optimal
production capacity. On the other hand, if we can come closer to the
quantity which would be demanded atp = b + p by using technology JSo
than by means of Ei, then the optimal price will be as close or closer to
the level 6 + p. The divergence will not be smaller in all cases because
the optimal price will never fall short of b. But in the case where the
scarcity rent will be zero at the optimum with the less lumpy capacity,
then we have at least saved the fixed costs of one or more steps as
compared to the more lumpy technology.

In the analysis above we did not make any assumption about the size of
the once-and-for-all shift in demand. If we now assume that this shift is
very large as compared to step size in the more lumpy technology, then
the preceding arguments apply, at least as an approximation, even if a
takes other values than integers. When a takes intermediate values and
the demand shift is not very large, the arguments have to be placed in a
probabilistic context. The demand shift in this respect can be thought of
as a number randomly drawn from a given and finite interval. The lee
lumpy technology (Eo) can be represented by a given number (no) of
numbers evenly distributed over this interval. The same is true for the
more lumpy technology (Ei) which is associated with (n\) numbers that
fall inside the interval where, of course, no ̂  n\. As soon as this is a strict
inequality, that is, as soon as there is at least one more step of size Eo
than of size, the technology (Eo) is more likely to be associated with an
optimal price that falls in a given small interval around (b + p) than the
more lumpy technology (Ei).

A corollary to this proposition is that the lower the absolute value of the
own price elasticity of demand for a given relative Iumpiness of capacity,
the greater the divergence is likely to be between optimal price and
(b + P). Of course, this corollary could also have been reversed, i.e., an
equivalent statement is that the higher the relative lumpiness of
capacity for a given absolute value of the own price elasticity of demand,
the greater the divergence is likely to be between optimal price and
(6 + p).
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Relative lumpiness is simply the size of step E in relation to the given

production capacity (Q°) inherited from the past, i.e., —Q. The optimal

short-run price is, of course, given by po = b + HQ ) as long as capacity

is fixed at Q . po must naturally exceed (6 + p) if capacity expansion is
to be warranted. Thus, we can specify the range of the admissible price
variation as po - b = X(Q°). In the new equilibrium, however, if the
optimal price will be equal or close to (b + J3), then the range for the price
variations is reduced closer to (X.(Q ) -13). Now, given the relative lum-
piness of capacity 7- and the elasticity of demand i\ = ̂  - p , it is quite

Q° Q°
marginal capacity step will be greater, the lower the absolute value of
T). And the higher Ap becomes, the greater the likelihood that Ap will
exceed the smaller range (X(Q°) - |J), while failing inside the range
X(Q°). We can thus conclude that the importance of letting prices be
based on SRMC instead of using LRMC prices as an approximation will be
greater the more lumpy the capacity expansion is.

3.3. Peak-load pricing

The theory of peak-load pricing originated in work by Boiteux (1949) and
Steiner (1957), and was further developed by Hirshleifer (1958). Their
seminal work showed that peak-load pricing led to better use ofinstalled
capacity and to smaller capacity requirements as compared to average
cost pricing. These results were derived in models based on several
simplifying assumptions. One is that the load within two periods of equal
length is uniform. In reality the load changes continuously over time.
Another is constant returns to scale. Williamson (1966) presented a
method for dealing with periods of unequal length and an easy way to
handle more than two periods. Turvey (1968 b) stressed the need to take
supply variations into account when identifying peaks and off-peak
periods, Pressman (1970) developed a formal analysis where any number
of demand periods could be considered; he also incorporated the pos-
sibility of cross elasticities between subperiods and the use of a more
general cost structure than the one used so far. Gravell (1976) and
Nguyen (1976) considered how the peak load solution is affected by
storage possibilities. Panzar (1976) analyzed peak load pricing using a
neo-classical cost function. Crew and Kleindorfer (1971,1976 and 1979)
and Wenders (1976) took into account the existence of different tech-
nologies i.e., one for base loads, another for intermediate loads and a
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third kind for extreme peak situations. A survey of peak load pricing in
theory and practice is given in Mitchell-Manning-Acton (1978) and in
Crew-Kleindorfer (1979).

By taking diverse technology and positive cross elasticities between
subperiods into account, while retaining many of the other simplifying
assumptions, we can illustrate the essence of the theory of peak-load
pricing.

Prices,
Marginal costs

G

Gas turbines

Hydro power
otherwise
waste water

Nuclear
pciWr
C

Pe = uniform price, PN = off-peak price, PD = peak price
In = original short-run demand, summer nights
En - original short-run demand, winter days

= short-run demand, summer nights after substitutions
= short-run demand, winter days after substitutions

Figure 3.1. Social benefits of a switch from uniform pricing to price
differentiation.

First, in a system of uniform pricing, the price is set excessively high
during off-peak periods. By comparison, price differentiation gives rise
to social benefits (illustrated by the triangle ABC in Figure 3.1). Second,
the peak price is set too low under uniform pricing. As a result, the
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demand which is met during peak periods is higher than in the case of
price differentiation when costs exceed the willingness-to-pay. In this
instance, price differentiation implies social benefits (illustrated by the
area EFGH in Figure 3.1).

But this reduction in the off-peak price and increase in the peak price
will, of course, affect the price ratio between the subperiods. The con-
sumers will respond to this change by moving part of this peak demand
to the off-peak period, This is illustrated in Fig. 3.1 as a shift from £>?

to £>2 in peak and the corresponding shift from In to D$ in off-peak. As
these shifts according to the Slutsky condition, will ce of the same
magnitude, we can calculate the savings in operating costs as
&q • PD-Aq pN = &q fpD - PNYillustrated by the area IDKJ in Fig. 3.1).

In the longer run the demand for electricity may be more responsive to
price than the short-run demand. The reason is that in the short run
prices provide signals for the consumption of electricity for some given
stock of consumers' appliances. In the long run, households can adapt
through investments in new appliances and industrial customers
through changes in production technology. As a consequence planned
capacity expansion may be postponed which also is a benefit of a
peak-load pricing scheme. Thus the benefits of a change from average to
peak-load pricing will be greater over a longer than over a shorter period.

Savings in terms of what may otherwise be regarded as expansion of
extra reserve power stations should, of course, also be included as a
benefit of price differentiation. This should be kept in mind when such
pricing reforms are under evaluation and when drawing conclusions
from pricing experiments.

The benefits of a given peak-load pricing scheme net of production costs
have been reviewed above. But, there are other costs associated with
peak-load pricing. These include the costs of more complicated and
therefore more expensive meter equipment and administration. For
different reasons (e.g. a lack of cheap sophisticated meters), only a very
limited number of prices can be used in a peak-load pricing scheme for
customers. Determination of a peak-load pricing scheme involves several
practical problems, such as

• How many prices should be used?

• What are the optimal differentials between them?

• Where should the limits for the different rating periods be set?
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Many public enterprises still regard the solution of these problems as a
challenging task; see Rees (1976) and Fishe (1982). Some large con-
sumers of high-voltage power already have the equipment necessary for
this kind of pricing system. But most subscribers of low-voltage
electricity could have to supplement their meters or obtain new ones.
The optimal frequency of price changes cannot be determined without
first ascertaining the size of additional costs for administration, infor-
mation, meters, measurement and charging with respect to more far-
reaching price differentiation based on the differences in SRMCs; see
Bohm (1974), Capehart-Storin (1983) and Andersson (1984).

3.4. Pricing in an interconnected system

3.4.1 Production - transmission
The space dimension of the pricing problem has not yet been explicitly
taken into account in this chapter. The question of how to determine
optimal prices in different nodes on a transmission line has been explicit-
ly addressed by Boiteux & Stasi (1952). Turvey (1968a) has treated a
related problem, viz. the problem of minimizing the costs of generation
and transmission along a line. Bohn, Caramanis and Schweppe (1984)
have treated the problem of establishing optimal prices in electrical
networks over space and time. These contributions are not reviewed
here. Instead we will in a simple analytical framework show how
marginal supply costs vary at different locations and therefore how
varying prices over space can be determined. Our analysis was inspired
by the Weber-Alonso location model (1928 and 1964).

Assume the existence of thermal power plants at one node called T and
hydro power plants at another node called H. These two nodes are
connected by a high-voltage transmission line. This line contains a
number \M) of other nodes of given location, where power can be
withdrawn from the transmission line and delivered to energy con-
sumers in the neighborhood. As there are consumers also localized at
the production nodes T and H, we have M + 2 nodes where energy is
demanded but only 2 nodes where energy can be produced. We assume
that the installed generation capacity in both thermal and hydro plants
is large enough to serve the demand from the entire line provided there
is sufficient fuel or water available.

Given the localization of production plants and consumers, the problem
is to determine how much energy should be produced in the different
plants and how energy should be shipped on the transmission line. More
specifically, the problem is to minimize the marginal cost of supply at
each node on the line The marginal cost of supply is simply the sum of
two components: marginal operating costs in the plant delivering the
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energy and marginal costs of transmitting the energy from the produc-
tion node to a consumption node.

The marginal operating costs in hydro production are in a sense indeter-
minate. During periods with abundant water inflow when the production
potential of the plant is in excess of demand, the marginal operating costs
are virtually zero. At all other times when precipitation is less, the
marginal operating costs are equal to the scarcity rent that creates
equilibrium between demand and available supply. In thermal produc-
tion, however, the marginal operating costs are well defined, as has been
lucidly expressed by Boiteux (1957, p 137):

"The cost of the additional kilowatt-hour is therefore equal... to the cost
of the coal required for the production of this kilowatt-hour by the
marginal station".

The second cost item is transmission costs. These costs are due to the
fact that some energy is lost during transmission. The amount lost when
transmitting a marginal kilowatt-hour a unit of distance on a given line
depends on the voltage and the area of the transmission cable. As long
as the transmission line is not overloaded, the marginal transmission
costs are given solely by these losses. But when the capacity of the
transmission line is approached, declines in power tension, known as
"voltage drops", can occur. These voltage drops represents deterioration
in the quality of service which, during overload periods, represents an
additional cost item as part of marginal transmission costs (quite similar
to the marginal congestion costs in urban traffic).

The two production nodes T and H and distance between them are
indicated in Figure 3.2. The marginal operating costs for thermal produc-
tion are b per kilowatt-hour. The marginal transmission loss per unit of
distance is x which is a technically given constant. The marginal cost of
energy supply stemming from T at any node up to H will thus be given
by the function 6(1 + xdi), i - T,..., H, where dh indicates the distance
between node i and T. The slope of this marginal cost function is constant
and given by bx.

In the same way, Figure 3.2 illustrates different marginal cost functions
Pi, Pi and Pz of energy supply stemming from node H. Each one of these

will show the costs at each node j depending on the distance dk from
node H, on precipitation R and thus on the scarcity rent for hydro

Relaxing the assumption of sufficient thermal generation capacity would lead to
the possibility of a scarcity value of thermal capacity XH>0. The marginal coat of
supply stemming from T would then be (Ä+Ä.wXl-MtfV) * = T...H.
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v=T,...fl

N2 N3 H Distance

Figure 3.2. Optimal price structure along a transmission line

production. Rw indicates a very wet year, R^ a year with intermediate
precipitation and Rr a dry year. It is worth noting that not only the
intercept, but also the slope, will be determined by this scarcity rent.

Now, given any specific configuration of marginal supply cost functions
for thermal and hydro it is easy to determine how to use the different
operating plants and how to ship energy on the transmission line to serve
the demand from the different nodes on the line in an efficient way, For
instance, in a very wet year when condition R prevails, the scarcity
rent for hydro production will be Pi. Under these circumstances the
marginal cost of hydro supply at each node j is given by the function
PY(1 +%dii)J = H,...,T. As the marginal cost of hydro supply at node T
will be Pi < b, no thermal production is warranted. This will also be true

for years with less precipitation (Ä^) than Ä as long as
(1 +xdii) P^\R )<b. In the limiting case where equality holds, some
thermal production may be needed in order to secure equilibrium at node
T at an energy price equal to b.

When condition R^ prevails, the scarcity rent for hydroproduction is
Pf. Although Pz < b, both the hydro plant and the thermal plant are
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required. This is because hydro capacity Q^fir^J will be totally ex-
hausted by the demand arising at nodes between N2 and H at the scarcity

rent F$. If more demand is directed towards H, the scarcity rent would
increase, indicating a higher marginal cost of supply at every node. Thus
the remaining JV2 - T nodes must be supplied from T. At the equilibrium

nodeN2 we have that 6(1 + xS2) = p¥{l +

In a dry year, indicated by Br hydro capacity will be reduced to
(^]R I As a consequence the equilibrium node will lie closer toH than
under condition / r \ In Figure 3.2. this node is indicated by N3 and the
scarcity rent at node H by P3.

The cost functions presented in Figure 3.2 do not only determine how to
operate the system and the localization of an equilibrium node A/*
somewhere along the line between T and H. They also show the optimal
price structure over the line as a function of the parameters R, b, z and
the demand functions at each node. Under periods when both thermal
and hydro production are warranted the optimal energy price at node
T will be 6. If the equilibrium node iV* is situated between T and H the
optimal prices will increase from b to b(l + xSr), i = T,...^*, as we move

from one node to another between T and iV*. From iV* the optimal energy
price at each node will be declining as we proceed towards node H. Thus,
there is a strong case for differentiating electricity prices over space and
between years with different precipitation, even if peak-load problems
on the demand side do not arise.

3.4.2 Distribution of medium and low voltage electricity
Unlike the situation in the production and the transmission part of the
supply system there are certain fixed costs in the local distribution
system that can be allocated in an objective way among the different
consumers. As Boiteux-Stati, (B-S), have pointed out "the capacity to be
provided for the connection of each client C. is directly determined by
the maximum demand of this client" (1952, p 111). The customer will
"rent" this connection exclusively for himself, over its economic lifetime.
Thus, as B-S suggest, the individual customer can be made responsible
for the total costs of such an investment (e.g. by a fixed connection charge
corresponding to an annuity of cost). If this fixed connection charge is
higher than this, the customer has an incentive to underdimension the
connecting cable (and conversely).

However, the importance of such costs has decreased in densely popu-
lated areas as the length of those individual connection cables has been
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reduced. Nowadays, a "circle cable" joining several consumers is quite
often used. In such cases it is not possible to define an individual cost for
this cable. The situation is then like any collective network, since the
load depends on the number of customers and their different consump-
tion patterns. Thus, the investment costs for such a segment cannot be
distributed among customers except in an arbitrary way. (Of course,
investment costs have to be financed somehow).

Customers usually have different consumption patterns; they demand
different amounts of energy in different periods. If peak consumption
differs systematically and can be staggered to some extent, the maxi-
mum demand of all customers will not occur at the same time. Thus, by
using this kind of semi-individual (or semi-collective) network, its
capacity can be dimensioned to be less than the consumers' aggregated
maximum demand. How much less depends on the customers' demand
diversity, i.e., the irregularity of their demand in relation to a collective
peak. Contrary to B-S, we believe that any attempts to determine
customers' "cost responsibility" for such semi-collective installations in
an overall tariff will always be arbitrary.

The costs for an extra kilowatt-hour distributed on such a medium or
low voltage network are equal to the costs of energy losses in transfor-
mation and distribution during off-peak periods and the scarcity rents
either in the transformation stations or in the distribution network
during peak hours. In addition, extra demand will cause voltage drops.
At the margin, extra demand would then lead to deterioration in the
service supplied to all customers. Thus, the demand for an extra
kilowatt-hour at peak hours will have a negative external effect. Of
course, this negative external effect represents a cost which has to be
considered along with other real costs.

3.5. Pricing under uncertainty

Uncertainty concerning future demand is a complicating factor in
several respects. It is particularly relevant in determining the capacity
and composition of an electrical power system and in formulating a
practical pricing policy; see Boiteux and Sta si (1952), Brown and
Johnson (1969,1970 and 1973), Turvey (1970), Turvey-Anderson (1977)
and Crew and Kleindorfer (1976,1978 and 1979). Available capacity is
also subject to stochastic changes, which have to be taken into considera-
tion; see Liokas (1983).

We now comment on the implications of uncertainty in regard to pricing
policy. The paper by Brown and Johnson (1969) and the discussion
following that paper were reviewed in some detail in chapter 2.
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Pricing plays an equilibrating role in the market economy. Given this
role, an electricity shortage might initially seem curious. In theory there
is always a set of prices which will clear the market, even when e.g. the
quantity supplied decreases drastically.

However, it is difficult and in some cases impossible to adapt prices to
stochastic changes in demand and supply. Nowadays, changes in prices
to customers are not used as a means of achieving equilibrium in
shortage situations. Instead, electricity is rationed or, if this does not
suffice, some users may be disconnected periodically.

Electricity producers, at least in Sweden, make a rather sharp distinc-
tion between energy and capacity shortage; see Sanghvi (1982). Energy
shortages occur when the electricity system cannot deliver the total
energy demand during e.g. a year. Lack of water in a hydro-based
system, as in Sweden or France, may cause an energy shortage. Capacity
shortage occurs when the available capacity of plants and distribution
lines is not sufficient to supply the instantaneous demand for electricity
during peak-load hours. An energy shortage may be announced some
months in advance, so that customers will have time to adopt. This is
not possible when there is a capacity shortage. Thus the possibilities of
using prices as a means to clear markets are considerably greater in
cases of an energy shortage than when capacity shortage occur; cf.
Andersson-Taylor (1985).

If the electricity price is not adjusted to stochastic changes in supply and
demand, substantial gross losses in efficiency will result. These losses
are in principle similar to those in Figure 3.1 above for a uniform
electricity price as compared to peak-load pricing in cases of complete
certainty. The question of whether and to what extent prices should be
adjusted to stochastic changes is primarily a practical problem. The
optimal degree of fluctuation in electricity prices should be determined
on the basis of cost/benefit evaluations of the practical and feasible
alternatives for different consumer categories.

There are some exceptions in practice to the rule of not using instan-
taneous pricing as a means to achieve equilibrium in shortage situations.
The exceptions are spot markets for exchanges among the power
producers themselves and some specific contracts on rebates for "second
rate" power on a interruptible basis in extreme peak-load situations to
a limited number of large customers. For example, some large customers
can be offered contracts on "second-rate" power at a lower price. In return
for the lower price, these users have to be prepared to have their power
supply interrupted when the risk of a shortage arises (interruptible
rates).
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Electricité de France has been testing rates which particularly take
stochastic changes into account; see Penz (1981). This system is aimed
at allowing consumers to assume comparatively greater payment
liability for their demand during periods with potential risks of
electricity shortages in return for an offer of lower electricity prices
during other periods. Customers who choose the new tariff through a
prearranged contract may have to pay a considerably higher price during
a certain number of periods throughout the year when electricity
shortages are anticipated. Such periods are announced in advance, but
on relatively short notice. The customers do not know exactly when these
periods could occur. They either have to ensure themselves of access to
their own reserve capacity by making preparations well in advance or
else accept consumption at the substantially higher price. The incentive
for choosing the new rate is that the price will be so much lower during
the rest of the year that many customers will find it worthwhile.

The use of such pricing alternative can, of course, reduce the require-
ments of reserve capacity in the power industry. This new control
mechanism can lead to an increase in total energy demand on an annual
basis, whereas demand during peak periods, especially during extreme
peaks, will be reduced.

In order to guard against interruptions in the supply of electricity, power
companies maintain a reserve margin. When determining the reserve
margin, the particular pricing and rationing regime to be used in the
event of a shortage has to be defined in advance; cf. Visscher (1973) and
Crew-Kleindorfer (1978). Some actual price structure, determined in
advance, will usually be retained regardless of what happens to demand
or to short-term changes in supply conditions.

If electricity prices are set in advance and are not altered continuously,
the energy price should include a weighted cost to cover the risk of
connecting up power stations with a SRMC higher than that which would
apply to the energy type most likely to be utilized. A weighted cost for
the risk that a shortage could arise at given prices during peak periods
should also be incorporated; see Boiteux and Stasi (1952).

As has been pointed out by Turvey (1968a and 1970, p. 485) and Crew
and Kleindorfer (1979, p. 105), a simple trade-off exists between pricing
and investments in safety margins. If more reliability is desired, it can
be achieved either by raising the price beforehand or by increasing
capacity. Moreover welfare gains can be achieved by a discriminating
price policy if the irregularity or uncertainty in the demand of different
customer groups is considered explicitly when pooling demand in a
collective or semi-collective network; see Boiteux and Stasi (1952). Then
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the capacity required can also be reduced. In addition, customers can
have a reserve capacity of their own simply by choosing e.g. radiators
which can be heated by both electricity and oil. Such a choice will to a
large extent depend on whether the tariff structure provides them with
incentives to do so.

3.6. The question of stable prices

There exists in the literature dealing with electricity pricing a long
tradition that argues in favour of stable energy prices over time. Thus
many prominent economists, among all Boiteux and Turvey, have em-
phasized the need to keep energy prices stable. Usually -heir recommen-
dations mean that prices should be set at the level of the long-run
marginal costs (LRMC), defined in some way or another, and be kept at
this level for a number of years. Further, they often refer to real prices
implying that nominal prices have to be changed frequently during an
era with considerable inflation.

In this section we will not review all the aspects of this doctrine; for a
critical review of arguments in favour of LRMC-pricing with reference to
electricity, see chapter 2. Instead we will confine the discussion of the
question of stable prices to the theoretical validity of the proposition. Let
us start by establishing that the view that prices should be stable over
time is in strong contrast with the implications of the theory reviewed
so far in this chapter. Given the existence of important ex ante in-
divisibilities in plant construction and of cyclical variations in demand
and given further the spatial concentration of production and the disper-
sion of consumers as well as the stochastic nature of demand and supply
conditions, the theory tells us that efficient prices should vary over time
and space according to the in reasonable time foreseeable variations in
the short-run marginal costs (SRMC). As soon as there are important
variations in the SRMC adherence to stable prices will hinder the attain-
ment of short-run optimal equilibria and oi'a long-run optimal stepwise
capacity adapting. Thus, stable prices are not consistent with the aim of
achieving a first-best solution in a partial equilibrium context, neither
in the short run nor in the long run.

Many of the proposers of stable prices are of course aware of this fact. In
quest of a rationale for stable prices they contend that pricing according
to SRMC will lead to wrong investments in appliances by the consumers.
Stable prices are seen as a prerequisite for efficient investment
strategies by the consumers. But in order to be a superior pricing policy
the welfare gains attributable to such an improved investment strategy
must more than outweigh the efficiency losses in the market for
electricity by adopting an inefficient pricing policy.
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Whether this standpoint is true or not is, of course, ultimately an
empirical question. That cannot be settled here. But there are at least
two features that cast doubt on the validity of this proposition. First, it
seems as if prices known in advance rather than stable prices would be
of importance for the consumers' investment strategies. Prices can be
known even if they vary over time and space in a predetermined way.
These variations can incorporate some specific peak load scheme over
nights and days and over season and some spatial differentiation based
on transmission directions and distances just as well as a given profile
over the time interval between two consecutive dates when new capacity
is taken into operation. What would be needed is a tariff specifying the
energy price at different points of time and places valid for the number
of years that are deemed necessary for the consumers to form optimal
investment strategies. Such a tariff could be based on the expected real
value of the SRMC at different dates and places, given some expectation
about how demand develops over time. The only things that are not
incorporated in such a scheme are the stochastic elements in demand
development, in precipitation and the availability of production units
and in prices for inputs.

Second, why is it so important that real prices are known with certainty
in advance in this field? The investment decision s taken by the electricity
consumers are of course also influenced by prices on competing energy
resources, such as gas, oil or coal, just as well as other inputs and on
outputs. These real prices are not known with certainty several years in
advance by the investor. This is so as the factors that influence demand
and supply, and thus prices, in these other markets are subject to
stochastic variations just as the conditions are in the market for
electricity. Guaranteeing the real price for electricity will thus give the
investors a biased view of these stochastic elements in the different
markets. Of course, risk-adverse investors can prefer and be prepared
to pay for an insurance hedging from price changes. But, why force this
kind of insurance on every investor? And why should not the electric
supplier guarantee the level of all real prices that are of importance for
the investor? Our obvious answer to these questions is that it might be
preferable to leave this kind of hedging to the insurance market, so that
each investors is free to take the specific insurances he considers worth
while. Compulsory insurance seldom improve on such an allocation of
risks.

With these two features in mind it is difficult to see how inefficient
pricing can give rise to the right investment decisions. It is not stable
prices that are leading to efficiency, but a stable pricing principle. Pricing
according to foreseeable variations over time and space in SRMC can
further be combined with forecasts of the expected price level during the
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next years to come. Such forecasts can improve the information on the
consumers' side and thus help to improve investment decisions.

3.7. Pricing related to second-best problems

3.7.1. Pricing under a budget constraint
Une problem that has been analyzed extensively is the fact that strict
marginal cost pricing does not guarantee revenues which will secure the
financial survival of operations characterized by decreasing cost. P: ;<nng
based on SRMC or LRMC do not guarantee that total costs will be covered.
Boiteux (1952, pp. 125-126 and 1956) was clearly aware of the fact that
this would occur only by chance.

A financial deficit must be covered in one way or another. In a first-best
solution this can be done by lump-sum transfers from the government.
However, if sufficient lump-sum taxes are not available, this alternative
is impossible by definition. Public funds could be raised to cover the
deficit, although not without costs; see Vickery (1963).

If subsidies from public funds are ruled out, a break-even constraint has
to be placed on the public utility. That is, the utility has to raise sufficient
revenues through its tariff to cover all the costs of operation. This can
be accomplished either by letting linear prices deviate from marginal
cost or by adopting some kind of nonlinear pricing schedule such as two-
or multi-part tariffs or block tariffs. The optimal pricing scheme, of
course, is the one that fulfills the constraint while distorting resource
allocation as little as possible.

Boiteux analyzed the problem of finding optimal linear prices under a
budget constraint. In fact, Tresch (1981) called this "the Boiteux Prob-
lem", although it is closely related to the problem of optimal taxation, as
pointed out by Baumol and Bradford (1970).

Boiteux and several others analyzed this problem by using a general
equilibrium model with many individuals, goods and factors; see Rees
(1968), Turvey (1971), Hagen (1979) andTresch (1981). The government
was assumed to be able tc redistribute income in a nondistortive way so
as to satisfy equity ambitions. This means that distributional considera-
tions could be omitted and the analysis could be focused on the allocation
problem of finding prices for public outputs that will maximize social
welfare, given the break-even or budget constraint. The pricing rule
derived in this way has been called Ramsay pricing or the inverse
elasticity ru'e; see Ramsay (1927). Given the revenue requirement,
prices will dit* tr from marginal costs to a larger extent for goods that are
characterized '»y low demand (own price) and/or supply elasticities than
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for goods with more elastic (compensated) demand or supply; see also
the discussion in Baumol-Bradford (1970).

One particular feature of this approach is that the reason for relying on
second-best pricing is obscure when the government is assumed to have
access to lump-sum taxes to redistribute income, at least if the rest of
the economy is assumed to be perfectly competitive. Under such cir-
cumstances it is, of course, preferable from an efficiency point of view to
choose the first-best solution by using lump-sum subsidies from public
funds. In order for Ramsay pricing to be of real interest as a solution of
the Boiteux problem, such lump-sum transfers should not be assumed.
Carlin (1974) tackled this pricing problem and Bös (1983) presented an
analysis in an extended Boiteux model without assuming lump-sum
taxes. The way in which optimal linear prices will deviate from marginal
cost in this model depend on the price sensitivity of the ordinary Mar-
shallian demand and on distributional objectives.

Instead of relying solely on Ramsay pricing to meet a given budget
constraint, it might be preferable to adopt some kind of nonlinear pricing.
In practice block tariffs as well as two- and multi-part tariffs have been
used extensively in rate-setting, even if the welfare implications of these
tariffs have not been given due considerations. However, the theoretical
aspects of using two-part tariffs in particular have received more atten-
tion; see Oi (1971), Ng and Weisser (1974), Leland and Meyer (1976),
Bohm (1977), Spence (1977), Willig (1978), Auerback and Pellechio
(1978), Mitchell (1978), Brown and Heal (1980), Ordover and Panzar
(1980) and Berg (1983). In addition to a charge per unit consumed, a
two-part tariff includes a component which is independent of the volume
consumed. Ideally, the fixed charge should not exceed the consumer's
surplus at a per-unit price equal to the SRMC for any potential consumer,
in which case the tariff will secure a first-bets solution. If this is not
feasible, a combination of a linear price and a two-part tariff, with an
option for the consumer to choose how his own consumption should be
billed, can be preferable to either pricing scheme in isolation.

The determination of the budget constraint is often rather arbitrary,
geographically as well as temporally. First of all, the size of the
geographical area to be encompassed by a budget constraint is not
self-evident. Should it cover a particular transmission line, a whole
collective network, a region or the entire country? In general, the larger
the area covered by a budget constraint, the fewer the restrictions in
regard to achieving efficient utilization of existing capacity. Second, it is
not obvious whether a budget constraint should be applied for, e.g., one
fiscal year at a time or a considerably longer budgetary period. In this
case as well, the possibilities of achieving efficient capacity utilization
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increase if the budget constraint is defined over a longer period; see
Bohman (1983 ch. 4). Third, the budget constraint is affected by the
choice of required rate of return, repayment period, depreciation prin-
ciples, etc. Narrowly formulated budget constraints in a geographical
and temporal sense reduce the possibilities of achieving efficient utiliza-
tion prices, and vice versa.

3.7.2 Other second-best problems
It is debatable whether considerations of a budget constraint for a public
utility should be regarded as a second-best problem or not. In addition
to the terminology issue, there are other reasons why second-best solu-
tions have to be chosen with respect to pricing and investment decisions
in the public sector:

• Market imperfections, e.g., monopolistic conditions en the market
for substitutes or complements to the commodity in question or the
existence of distortive taxation;

• Limited possibilities of achieving income distribution by means of
general instruments.

The Boiteux model presented above is also well suited for taking market
imperfections into account. If such imperfections cannot be eliminated,
a piecemeal policy based on marginal cost pricing may be quite mislead-
ing from an efficiency point of view. Instead, there are efficiency reasons
for letting prices for public outputs deviate from marginal costs. How
they should deviate depends on whether public outputs are complements
or substitutes to the price-distorted commodities; see Hagen (1979) and
Bös (1983).

So far the objective of public utility pricing has been formulated to
achieve efficient utilization in the production and distribution of public
utilities. Another objective or constraint on the efficiency maximization
problem appears if income distribution effects have to be taken into
account; see Feldstein (1971), Spence (1977), Aurbach and Pellechio
(1978), and Bös (1983). However, such considerations complicate and
limit the possibilities of reaching a price or tariff aimed at efficiency.
First, it may be difficult to design a sufficiently simple tariff based on
such considerations. Second, there are coordination problems; for ex-
ample, will some public utility repeat what some other public utility (or
the government) has already considered in its tariff? The problems of
designing a clear and simple tariff and decentralizing the responsibility
for more than one objective should be tackled prior to determining
whether income distribution should be regarded as an objective in
designing electricity tariffs.
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3.8. Conclusions

The way in which electricity tariffs are designed is important with
respect to

a) How the at each instant existing production and distribution system
is used

b) The financial outcome for suppliers, and to a smaller degree to

c) The distribution of real incomes in society.

The technology of electricity production and distribution is characterized
by important indivisibilities, ex ante as well as ex post. The ex ante
indivisibilities lead to that capacity can only (economically) be changed
in a stepwise non-marginal way. Economic theory tells us that when
capacity is lumpy in this way adherence to pricing according to SRMC is
a means to achieve an optimal use of existing capacity. Such a pricing is
also compatible with an optimal timing and dimensioning of new
capacity into the system. SRMC pricing thus leads to an optimal solution
of a).

The ex post indivisibilities in a system consisting of different kinds of
plants with different variable cost levels lead to variations in the SRMC
as a consequence of variations in demand over time. Efficient use of
existing capacity calls for a peak load pricing scheme to cope with
demand variations over day/night and seasons.

The existence of indivisibilities makes it efficient to concentrate produc-
tion to a limited number of places. Consumption is usually more dis-
persed. To overcome distances transmission lines are used, which in
themselves also represent an indivisibility. As there are costs associated
with the use of such a transmission line, in the form of energy losses,
and as these costs depend on transmission direction and distance, energy
prices should also be differentiated over space.

Both demand and supply arc subject to stochastic changes. Instan-
taneous non-foreseeable changes in such conditions cannot generally be
translated into price signals to achieve equilibrium. When such changes
occur, rationing in one way or another may be the only way out. This
may also be true for changes foreseeable only at short notice. But,
specially designed tariffs can be a supplementary means to cope with
such situations. However, many types of stochastic variations, i.e. cycli-
cal and precipitating variations, can with reasonable accuracy be
foreseeable early enough to permit price changes to be announced well
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in advance and thus giving consumers a reasonable time to reconsider
and adjust consumption plans. So SRMC-pricing is still an important
means to achieve an optimal solution of a) even when uncertainty is
taken into account.

In the literature of electricity pricing stable prices have often been said
to be a prerequisite for efficient investment strategies by the consumers.
Even if this is an empirical question we have on theoretical grounds
challenged the validity of this preposition. It is not stable prices but a
stable pricing principle that leads to efficiency.

Pricing based on SRMC will normally not lead to an acceptable solution
to b). In a fully adjusted long-run equilibrium optimal prices can either
exceed or fall short of average costs. In many short-run equilibria the
optimal prices will not generate enough revenue to cover the total costs
of the system. If subsidies from public funds are not feasible, it is then
necessary to design tariffs considering a budget constraint. If linear
prices are chosen and distributional aspects are disregarded, our solu-
tion is to let prices deviate from SRMC according to the inverse elasticity
rule. Another solution can be to use some non-linear pricing choice such
as two- or multipart tariffs. In many cases a combination of linear prices
and a two-part tariff is preferable to get an acceptable solution of b) with
the least possible deadweight loss in terms of a).

Another feature that can be a rationale for deviating from SRMC-pricing
is when there are important market imperfections in related markets.
If such imperfections cannot be dealt with directly, an indirect way to
tackle them can be to adjust electricity prices. Depending on whether
the goods in these related markets are complements OT substitutes to
electricity and the type of imperfection in question second best electricity
prices can either exceed or fall short of SRMC in order to solve a) in an
optimal way. In cases where it would be second best optimal to set energy
prices below SRMC, such a pricing policy may be difficult to combine with
an acceptable solution of b).

A tariff that sustains an optimal allocation in terms of a) and fulfills a
restriction in terms of b) may of course also be resented from a distribu-
tional point of view. In such a case, it might be in order to choose another
tariff design with more acceptable distributional characteristics. How-
ever, to use electricity tariffs in order to improve the income distribution
can be difficult as well as expensive in terms of dead-weight losses. Many
problems concerning choice of distributional means, simplicity in tariffs
and decentralization of more than one objective should be tackled prior
to making income distribution to a decisive feature when designing
electricity tariffs.



Chapter 4.
Electricity Tariffs in Sweden1

Roland Andersson

The electricity tariffs used in Sweden are anf'/zed in this chapter. This
critical analysis is based on the mainstream theory of public utility
pricing, i.e. that the price should be based on short-run marginal cost
(SRMC); see Chapters 2 and 3.

First, the so-called coordinated pricing system practiced among power
producers in the Nordic countries are discussed. The high- and low-volt-
age tariffs used in Sweden are then analysed. In this context the net
benefits of a switch to time-differentiated pricing are estimated for the
country as a whole (see Appendix). Finally, some conclusions and a brief
account of recent Swedish developments in regard to electricity tariffs
are presented.

4.1 Coordinated prices in the Nordic countries

Producers of electric power in the Nordic countries already have a
practical, well functioning market, where the price is momentarily
adjusted to variations in the SRMC. The coordinated system involves an
exchange of energy at prices based on SRMCs which vary hourly, as part
of the overall effort to minimize the total costs of producing electric
power. As Figure 4.1 shows, these costs are highly affected by variations
in different uncertain variables (see Lalander).

The prices for these power producers in the Nordic countries that are
members of the coordinated system vary with random changes in
demand and supply, i.e., according to mild or severe winters, economic
downturns or upswings, dry or rainy years, technical malfunctions, etc.
Thus, this Nordic system may be regarded as an almost ideal application

This chapter was published in Energy Economics, April 1984.
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of the principle inherent in the mainstream theory of public utility
pricing, that is, in accordance with variations in SRMCs.

Howev er, the customers of these power companies are restricted to either
fixed tariffs set in advance or specific long-term contracts. Even if these
tariffs are designed to coincide to some extent with the .»nnciples of
public utility pricing, there are also pronounced deviations.

4.2 High-voltage tariffs in Sweden

A brief description of high-voltage tariffs in Sweden is followed by an
analysis of the implications of pricing based on the concept of long-run
marginal cost. High-voltage tariffs are then surveyed critically on the
basis of this analysis.

4.2.1 Description
According to Statens Vattenfallsverk (the National Swedish Power Ad-
ministration), the main principle used to determine tariff levels is
adjustment with respect to full cost. The main objective associated with
this principle is that the tariff level should correspond to the long-run
marginal cost (LRMC). This implies that new electricity consumption
should provide the supplier with adequate income to cover all production
and distribution costs for the increase in supply. More precisely, this
amounts to the estimated total cost of a projected expansion of the power
system divided by the number of kWh, i.e., an average or mean cost for
expanding the power system. Thus, according to the Power Administra-
tion, the aim is not to estimate the LRMC associated with the marginal
future power stations. At the same time, a tariff level based on LRMC as
outlined above provides the Power Administration with an opportunity
to evaluate consumers' willingness to pay. Such information is important
in order to make correct decisions regarding expansion.

Another objective in formulating the tariff is efficient utilization of
production and distribution facilities. This is fulfilled primarily by let-
ting the energy price correspond in principle to the mean value of
expected SRMCs. Previously, when oil prices were regarded as stable,
prices could be determined for five-year periods. More recently, however,
the time period was reduced to two years. The tariff also includes an
energy price surcharge linked to oil prices.

The Power Administration now uses a multipart tariff which in principle
was introduced in 1973. A distinction is made between high-voltage and
low-voltage tariffs. The former apply to large consumers such as in-
dustrial firms and local power plants, the latter to small business and
households. Examples of the Power Administration's high-voltage tariffs
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Figure 4.1. National Swedish Power Administration tariffs, 1978.

are listed in Table 4.1. The high-voltage tariff is divided into four
components: fixed charge, subscriber charge, peak-load charge and
energy price.

Table 4.1. National Swedish Power Administration tariffs, 1978.
Tariff block
Supply voltage (kV)
Tariff
Fixed charge (thousand SEK/yr)
Subscriber charge (SEK/kW (lh), yr
Peak-load charge (SEK/kW (6h). yr)
Energy price, May-Aug (öre/kWh)
Energy price, Sep-Apr (öre/kWh)
Energy price, 6 am-10 pm (öre/kWh)
Energy price, 10 pm-6 am (öre/kWh)
Index surcharge on all of the above
tariffs (%)
Energy price surcharge (öre/kWh)

l a

130-70
Nl
200
15
140
5.8
6.7
—
—

2
40-20
N2
35
20
185
6.1
7.0
—
—

0.50
(C-3.5)

N3
1.6
30
240
6.4
7.3
—
—

0.2
(K-415)

3
10-6
D3
1.6
30
__

—

17.2
7.3

0.53
(C-3.5)

E3
1.35
30

15.2

N = standard tariff; D = double tariff; E = basic tariff; K = consumer price
index; C = oil price in öre/kWh
"Source: Helzén, 1980.

Fixed charge (per year). This charge is intended to cover measurement
and billing costs.
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Subscriber charge (per kW). This is an effect power charge which is
reported to reflect the share of the power cost that correspond to in-
dividual, local network costs. These costs refer to the part of the network
where the consumer himself is responsible for the maximum load.

Peak-load charge (per kW). This charge is intended to cover the remain-
ing share of the effect power costs, i.e., additional costs for daytime
energy in winter, as compared to other winter energy, and distribution
costs for the central transmission network.

Energy price (per kWh). In principle this price is set equal to average
variable production and distribution costs for existing plant capacity
plus energy losses in the central network.

These charges make up most of the expected SRMCs. However, a shortage
risk tariff should also be included which, in the Power Administration's
tariff system, is covered by the peak-load charge. The energy price is
differentiated to some extent for the winter and summer seasons, al-
though hardly in full agreement with the variations in variable costs.
This has to do with the fact that the peak-load charge is intended to
replace such a differentiation in energy prices. Estimates for the next
few years indicate that the difference between daytime and nighttime
energy is expected to be relatively small. As a result, the Power Ad-
ministration has not yet found it necessary to differentiate between day
and night prices. Since the tariff normally remains in force for several
years, it also has to take into account the general price trend (consumer
price index) and fuel prices. Alongside this official tariff, long-term
contracts are signed with large industrial subscribers and local govern-
ments.

4.2.2 Pricing based on long-run marginal cost
The concept of long-run marginal cost (LRMC) has been and still is an
important component of electricity tariff policy in Sweden and in other
countries (see for example Munasinghe and Warford). But this concept
has been interpreted ambiguously in both the theoretical discussion and
tariff policy in practice; see Chapter 2. As a basis for the critical survey
of electricity tariffs in Sweden, this section is devoted to a brief explana-
tion of the different interpretations of the LRMC concept as it is used in
various contexts.

In economic theory, LRMC is defined as the lowest possible cost of
producing an additional unit of a commodity in a long-run perspective
of sufficient duration that the input of all production factors can be varied
'freely'. If the input of all production factors could be varied freely and
continuously, the SRMC would coincide with the LRMC. Boiteux is among
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those who have recommended that the tariff level should be set constant-
ly with respect to the LRMC:

"long-term pricing must guide the customer's decisions according to what
it would cost to supply energy if the plant were constantly maintained
at optimum capacity and not according to monetary conditions of overe-
quipment or underequipment."

Boiteux' recommendation is motivated by his strong emphasis on *,he
value of maintaining a stable energy tariff:

"Whatever the capacity of existing plant, the need to keep prices steady
generally leads prices to be fixed as if the plant were of optimum size."

Boiteux' approach has influenced Swedish power producers in general,
and the National Power Administration in particular, in their views as
to what constitutes an efficient electricity tariff. Thus, as indicated
above, efforts have been made to keep the electricity tariff as 'stable and
uniform as possible', based on the LRMC. Turvey has proposed another
version of the concept of LRMC for choosing between different investment
strategies (see Anderson and Turvey).

The Swedish power companies claim that the tariff level is determined
on the basis of LRMCs. But this level depends on the cost of the power
stations expected to be constructed during the next 5-10 year period. This
cost is divided by the anticipated number of kWh produced over an
expected economic lifetime. However, this is an average cost which does
not have very much in common with the concept of LRMC as defined in
economic theory. There is an explanation for the approach adopted. The
theoretical assumption that production and distribution capacity can be
continuously adjusted to a decreasing or fluctuating demand for
electricity cannot, in fact, even be approximated in reality. This is
primarily because electricity is not a storable commodity and that there
are ex post indivisibilities and irreversibility far into the future due to
the long-range durability of investments.

Once a plant has been built, LRMC is an entirely irrelevant cost concept
in decision-making. On the whole the resources invested in capacity
expansion cannot be recovered. Hence, the concept of LRMC cannot be
used in cases where a decrease in capacity is called for. Nor does the
concept of mean cost have any relevance for expected capacity expansion
during the next 5-10 years when contraction is anticipated; it amounts
to a contradictio in adjecto which exposes the arbitrariness of the chosen
principle.
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Use of the LRMC concept should be limited to situations where capacity
expansion will actually be carried out. But even in such cases its
applicability is restricted due to well defined indivisible minimum sizes
of capacity, e.g. the smallest size of power station which might or might
not be built. The choice in this instance is between a definite, indivisible
increase or none at all. There appears to be only one special case where
the concept of LRMC could take on well defined implications in the
electricity area. If an increase in capacity is under consideration, this
would be the case where capacity could be further extended from a given
indivisible minimum size. In such instances, LRMC can become a relevant
concept in the formulation of an investment rule; see Chapter 2.

4.2.3 Critical survey of high-voltage tariffs
There are several similarities between the tariff principles used by the
National Swedish Power Administration and those of Electricité de
France. One important difference is that pricing based on load variations
is used to a much larger extent in the French tariff system by differen-
tiating between daytime/nighttime load variations. However, power
producers in both countries have refrained from raising energy prices to
keep pace with recent, high increases in oil prices.

The French and Swedish tariff systems are similar in that both are
aimed at achieving efficiency under a budget constraint. However, the
budget constraint is not restrictive in France. It is no secret that this is
purely accidental (see Boiteux and Stasi). There is normally either a
financial surplus or deficit. This depends on whether the unit price rises
or falls.

As indicated previously, the National Swedish Power Administration
earlier designated its particular way of defining the tariff level as pricing
based on LRMC. However, it was shown in the preceding section that their
tariff level is not determined according to LRMC, but as a 'mean cost' of
new power plants to cover future production. This distinction between
tariff principles based on LRMC and mean cost is particularly important
if the cost level of the marginal power station clearly deviates from the
mean cost of all future stations. The choice between consistent applica-
tion of tariff determination based on LRMC or the current principle of
mean cost also has a substantial effect on the expected volume of future
electric power consumption. This is so if, for instance, the additional
power station planned at the margin is much more costly than the other
station.

Let us examine some of the alleged reasons for choosing a stable price
level on the LRMC.
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First, it is suggested that the objective of the high-voltage tariff is to be
as 'stable and uniform as possible' in order to provide subscribers with
a reliable base for investment decisions. However, this objective is
incompatible with the goal of efficient utilization.

If consistent pricing based on SRMC were used, the price would be
differentiated according to variations in demand, ̂ he fact that this does
not occur has been justified on the grounds that such a system would
make pricing policy seem 'spasmodic'. According to the Swedish Power
Administration:

"One year, heat output may be very large with high marginal values;
other years, if several favorable factors concur, the marginal price may
be determined by nuclear power which has a much lower variable cost.
As a result, pricing based solely on this principle would 'create confusion
among electricity consumers', who would then find it difficult to estimate
the long-run development of electricity prices."

Furthermore, the Power Administration claims that consumers would
not have time to adapt to pricing contingent on economic trends and
annual rainfall. The idea, however, is that the intention to use such
flexible rates for a longer period of time will be announced well in
advance. Only then will it be profitable for firms and local administra-
tions to carry out investments whereby they could benefit from flexible
rates. These rates would thus seem stable in the sense that they are
regarded as recurrent and not temporary changes. In relation to the
electricity surplus in off-peak periods expected during the 1980s, more
flexible (i.e., lower) rates would lead to better utilization of existing
capacity than rigid prices.

In addition to the present electricity tariff, which should be adjusted to
current over- and undercapacity according to economic theory, it is not
only possible but also highly recommendable that a forecast be made of
future price trends and the probable future tariff level. This would
provide subscribers with a basis for correct investment decisions through
continuous information from the power companies and electric power
stations concerning the total estimated costs per kWh for planned
expansion.

Second, pricing based on LRMC has been said to ensure complete cost
coverage as compared to pricing in accordance with SRMC. Let us begin
by discussing the case of efficiently adjusted capacity. In the continuous-
ly variable case, income will be of equal size regardless of whether LRMC
or SRMC is used. However, the possibility of covering all costs depends
on the cost structure of electricity production and distribution.
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Let us now turn to the case of inefficient capacity dimensions in the
presence of permanent indivisibilities, irreversibility and uncertainty.
In this case, which is of considerable interest in practice, the financial
outcome will differ depending on the pricing principle chosen. During
periods of under(over) capacity, pricing based on SRMC will result in a
higherdower) percentage allowance to cover fixed costs than pricing
based on LRMC. For example, assume a situation where capacity is too
low, in combination with a dry year, a severe winter and an economic
upswing. At the margin, a gas turbine has to be switched on at SEK
l/kWh. This quickly gives rise to an extremely high percentage al-
lowance to cover the fixed costs of the intramarginal production units.
Assume instead that overcapacity exists. Assume further a rainy year,
a mild winter and an economic downturn. This leads to financial losses
when the price is set equal to SRMC (not to be confused with welfare losses
which arise when the price is not set equal to SRMC). However, the
surplus from 'abundant' years can easily be funded as a reserve for 'lean'
years. In the long run, there will not be any large differences in financial
outcome, as long as incorrect investment criteria are not used which
would, for example, result in constantly overdimensioned electricity
production. An additional advantage of pricing based on SRMC is that
power producers would be confronted with an automatic financial
liability for incorrect investments in a situation of overcapacity. When
there is a risk of financial losses, any tendencies towards overexpansion
are rapidly weakened.

This analysis indicates that it is difficult to find any significant efficien-
cy-related grounds for the Swedish Power Administration's earlier ad-
herence to stable rates based on the LRMC.

Let us now discuss the high-voltage tariff as it is depicted in Table 4.1.
As described above, Power Administration uses a multipart tariff with
a fixed charge in combination with load charges and energy prices. The
annual fixed charge covers measurement and billing costs. This gives no
cause for objection. In the past, the fixed charge was raised in order to
satisfy a given budget constraint, which can easily result in some
distortions in resource utilization.

The subscriber charge is calculated on the basis of the average length of
an electric cable for which a consumer can be held individually respon-
sible. Thus, the subscriber charge is determined by the maximum power
drawn by the consumer. The cost consists of an estimated annual cost
(annuity) for investments in electric cables and an average operating and
maintenance cost for the average cable length. The area (dimension) of
the cable is related to the maximum effect demanded by the consumer.
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The peak-load charge is aimed at reducing the maximum amount of
electric power drawn during peak-load periods. Part of the peak-load
charge is comprised of an effect power cost, while the remainder may be
regarded as a 'paraphrased' energy cost. This implies that the differen-
tiation between peak-load and off-peak periods is somewhat too large as
compared to the actual SRMC relations between winter days and winter
nights.

Alternatively, energy prices during different periods could be differen-
tiated with even greater precision. The peak-load charge evens out the
energy drawn during the entire peak-load period (7 am - 9 pm) and
so-called unstable peaks are avoided. Therefore, the Power Administra-
tion regards the peak-load charge as more advantageous than further
differentiation of the energy price.

To some extent, the peak-load charge does have a positive control effect.
But this effect is limited as compared to the control which can be
achieved by a more highly differentiated energy price, due to the fact
that only the peak output of energy is reduced. A price experiment may
well be a worthwhile means of examining whether the peak-load output
charge should be replaced solely by a more highly differentiated energy
price.

The energy price component of the Power Administration's electricity
tariff is in principle determined by an average variable cost of the last
produced and distributed kWh. Thus, the Power Administration has
already implemented a form of interval pricing in accordance with public
utility pricing principles. But a study should still be carried out to
ascertain whether a more highly differentiated energy price would have
greater control effect than the peak-load charge now in use.

In many cases, subscribers with long-term contracts have obtained
electric power at prices considerably lower than the official tariff. There-
fore, this price structure should perhaps be revised somewhat. This
brings us to the question of the extent to which the Swedish Power
Administration practices the principles described above. It should be
kept in mind that, in reality the Power Administration does not set prices
according to LRMC; instead the tariff level is determined on the basis of
the 'mean cost' of new power stations for a 5-10 year planning period.
One of the main principles of this pricing system is that the price level
should be adjusted to cover the full cost. The level of the prices reported
above has been set to correspond to a requirement on the rate of return
imposed on the Power Administration's operating capital. The price level
motivated by the mean cost of a marginal power station was adjusted
downwards by 15 % through a reduction in the energy price. In other
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words, the price increase was less than that estimated on the basis of
the pricing principle recommended by the Power Administration. This
has been particularly explained out of concern for the structural
problems of energy-intensive industries during the current economic
recession. Power Administration authorities claim that the structural
problems of these industries would be even more severe if the LRMC
principle had been applied consistently. But if pricing had been based
on the SRMC, a lower tariff level would have emerged automatically
during the recession as a result of adjustment to the decrease in
electricity demand. Analogously, the tariff level would be raised during
a future economic upswing due to an increase in the demand for
electricity.

This discussion indicates that the earlier tariff principles of the Swedish
Power Administration do not conform to the principle of public utility
pricing in several respects. There is thus a reason to believe that the
following pricing problems should be analyzed in detail:

• the value of stable tariffs over a long period of time versus a more
fluctuating tariff;

• the need for price variations between peak-load and off-peak periods;

• the distribution of a budget constraint between fixed and variable
charges;

• the design of long-term contracts.

4.3 Low-voltage tariffs

After briefly describing the low-voltage tariffs currently in use, they are
analyzed in terms of the theory of public utility pricing.

4.3.1 Description
Swedish Association of Supply Undertakings (SEF) is a trade association
comprised of local retail distributors of low-voltage electricity. The SEF
had model tariffs drawn up to serve as recommendations for its member
firms. The purpose of these rates is to achieve a uniform structure for
low-voltage tariffs, but not to recommend a uniform tariff level. Each
redistributor is supposed to determine the level of individual tariff
components on the basis of his own cost conditions and 'desired income'.

The idea behind these model tariffs is that low-voltage rates should have
the same fundamental structure as high-voltage tariffs. Therefore the
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model tariffs are also composed of a four-part base tariff. However, this
tariff structure would burden numerous categories of small subscribers
with high measurement and administrative costs. This is why the base
tariff has been supplemented by other tariffs which do not require such
extensive measurements (so-called intermediate and basic tariffs). Sub-
scribers whose user profile deviates from that of other categories may
request special charges known as auxiliary tariffs. We limit this brief
description to those tariffs most relevant for normal household con-
sumers, i.e., the basic and intermediate tariffs.

The costs of supplying low-voltage electricity are composed of charges
for crude energy, the central network and local transmission (so-called
limit costs). Administrative costs are, of course, also included.

The basic tariff refers to current with a voltage of 10 kV as well as 400
V. It differs from the base tariff in that it does not contain any peak-load
(power effect) charge. Instead, this charge has been incorporated into
the energy price by distributing the central network costs over the
price/kWh. The basic tariff for 10 kV current is intended primarily for
industrial firms and similar institutions where large amounts of electric
energy are required for limited periods of time, as well as for firms with
low consumption during a large part of the year. The basic tariff for 400
V current predominates with respect to the majority of small sub-
scribers. The fixed charge included in the basic tariff is somewhat lower
than the corresponding charge in the base tariff. The recent basic tariff
for small subscribers (400 V current) has been:

Fixed charge: SEK S/year (where S = 400 for 16 A)

Energy price: SEK 0.19/kWh.

The intermediate tariff is an additional rate established for subscribers
with relatively high consumption of 400 V current, e.g. consumers with
electrically heated homes. It may be regarded as a technical compromise
between the base and basic tariffs. Instead of a peak-load charge to cover
the power cost (as in the base tariff), subscribers pay a reduced peak-load
charge and a higher energy price. In all cases, a nonrecurrent charge is
also levied on new subscribers. This charge is designed as a contribution
to financing the investment costs of electricity suppliers. Thus the size
of the annual charges included in the different tariffs also depends on
the level of the one-time charge.

4.3.2 Time variations in prices for low-voltage electricity
As the tariffs recommended by the SEF and high-voltage tariffs have
identical structures, both types of tariffs may be subjected to the same
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criticism. As a result of the simplified average estimates which underlie
low-voltage tariffs, their energy price component is an even poorer
reflection of the time variation in SRMCs. Low-voltage tariffs are to a
large extent devoid of any temporal variation in the price of electricity
based on changes in variable costs. Instead, low-voltage tariffs have been
designed with a simplifying purpose in mind, so as to take into account
available meters and consumers' limited possibilities of reacting to
temporal variations in electricity prices. The main disadvantage is that
a kWh supplied during a weekday in winter costs as much as a kWh
delivered in the middle of summer, even though the variable production
costs (SRMCs) may differ considerably; approximately SEK l/kWh fore
such extreme peak loads in winter that gas turbines have to be switched
on as compared to approximately SEK 0.08/kWh for nuclear power in
summer.

In Sweden today, there is a growing interest in favour of efforts to
introduce low-voltage electricity prices which reflect time variations.
One reason is a desire to utilize surplus electric energy during off-peak
periods. Another is an attempt to limit the requirements for expansion
of the distribution system mainly to a foreseeable increase in demand
during peak-load periods. This, in turn, depends on a wave of innovations
in heating, prompted by the drastic increase in oil prices during the past
fifteen years. Examples are composite furnaces for electricity, oil and/or
solid fuels, electric cartridges and cassettes for flexible heating, heat
pumps, new heat-storage systems, log-fire stoves, etc. The rapid tech-
nological development of meters is another important factor in explain-
ing this growing interest.

Two different kinds of time variation in the price of low-voltage
electricity are currently under discussion in Sweden:

• interval pricing, whereby the price of electricity is differentiated
among different time intervals but remains constant within each
interval;

• momentary pricing, whereby the price of electricity is continuously
adjusted according to variations in SRMCs.

In a comparison between interval and momentary pricing, the following
differences should be taken into account. First, when interval pricing is
adopted, the consumer knows relatively far in advance what the energy
price will be and has time to adapt to it. In momentary pricing, the price
for the coming 24-hour period is hardly known in advance, although this
can be accompanied by approximate forecasts. Second, when interval
pricing is in effect, the consumer receives some kind of price guarantee,
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even if costs may deviate considerably from this price; whereas in
momentary pricing, the gain or loss which arises when the energy price
drops or rises is passed on directly to the consumer. The advantages of
momentary pricing are greatest for subscribers with the most flexible
heating systems. Thus this pricing provides higher incentives to acquire
flexible systems than interval pricing.

New meters are under development in Sweden which are capable of
adjusting to stochastic variations in SRMCs (see Karlsson Hjalmarsson
and Hélzen). This does not imply that consumers have to keep a constant
watch on variations in the SRMCs in order to make a decision. The meters
are programmed to switch different electrical appliances on or off auto-
matically in accordance with changes in the price of electricity. One of
the implications of access to efficient and cheap meters of this type is
that the coordinated Nordic market for high-voltage electricity could be
extended so that, in addition to the power producers, it could also serve
other consumers of high-voltage electricity. Some consumers of low-volt-
age electricity might also be interested in installing such meters. This
would, for example, facilitate an automatic changeover to electricity
during off-peak periods for composite heating systems (such as oil and
electricity). The size of the demand for these meters from consumers of
both high- and low-voltage electricity will depend on the price at which
the meters can be manufactured.

As shown in the Appendix, a switch from uniform to interval pricing of
low-voltage electricity in Sweden is socially efficient to a high degree.
The extent to which further time adjustment is even more profitable for
some consumers has not yet been determined and is much more difficult
to evaluate.

4.4 Electricity Tariffs in Sweden — a reply

The sections above were published as an article in Energy Economics,
April 1984. It was criticized by Hjalmarsson and Veiderpass in a com-
ment in Energy Economics, January 1986.

In this section some points dealt with by Hjalmarsson and Veiderpass
in their comments on my article are clarified; see also Energy Economics,
January 1986.

4.4.1 Past and present tariffs
First Hjalmarsson and Veiderpass pointed out that electricity tariffs in
Sweden have been changed to a large extent. I agree. In the conclusion
of my article, I pointed out that 'there are several indications that the
structure of Swedish electricity tariffs will be revised and improved in
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the near future...' (p. 128). Since then the new tariff introduced by
Sydkraft has been followed by similar tariffs from other members of the
Swedish Power Plant Association. If a careful evaluation of Swedish
electricity tariff policy was made today, it would probably be consider-
ably more positive than the assessment in my article. This would be the
case especially for Sydkraft and those companies which have adopted
similar tariffs, but much less so for the tariff policy conducted by the
Swedish State Power Board. However, this does not mean that every-
thing has become perfect. As will be clear from below, there are still
several aspects of current tariff policy which should be taken into account
in a tariff revision.

4.4.2 The price-leading role of the Swedish State Power Board
Hjalmarsson and Veiderpass emphasize the price leadership of the
state-owned public utility, the Swedish State Power Board. But, as has
been indicated above, Sydkraft, the largest utility, seems to have played
the leading role in introducing a new tariff policy. Thus, in their new
tariff, Sydkraft has not only divided the year into smaller tariff periods,
but has also differentiated the energy price between weekdays (Monday
to Friday, 06.00-22.00) and other times. This latter differentiation is not
incorporated into the new tariff of the Swedish State Power Board.
Further, the emphasis on the fixed 6 h demand charge is now much less
pronounced in Sydkraft's tariff (See below). So, the Swedish State Power
Board cannot be regarded as the leading utility in introducing more
efficiency-oriented tariffs.

4.4.3 Tariff level
Hjalmarsson and Veiderpass agree that the principle of LRMC pricing
was maintained for several years in Sweden. But they point out that as
soon as the rate level derived from this came into conflict with another
goal, it was either changed or abandoned. According to Hjalmarsson and
Veiderpass this principle was already permanently discarded in the
early 1980s. In this case Hjalmarsson is, of course, well informed, since
he was a member of the Board of Swedish State Power Board.

However, there is no doubt that the official doctrine was that the tariff
level should be based on LRMC, defined as the average cost of a marginal
power station; see Helzén , 'Pris på energi', and Proposition 1982 . But
they are correct in stating that deviations from this principle have
occurred. In my article I also show that I am aware of this fact. For
instance, I do mention that the price level in 1978 was adjusted
downwards by 15 % through a reduction in the energy price, as compared
with a tariff level motivated by the LRMC principle. Also, an earlier
decrease in the tariff level was motivated by a decrease in the real
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discount rate from 10 % to 4 %, but this was done by maintaining the
LRMC doctrine.

4.4.4 Definition of the budget constraint
Hjalmarsson and Veiderpass also point out that the price level of
electricity 'is to a large degree determined by the rate of return required
by the government as well as by the Swedish State Power Board's
depreciation principles'. This, according to Hjalmarsson and Veiderpass
is 'a well defined target for budgeting, since it can be expressed in a
specific sum of money for each year'. It is true that the budget constraint
is formally well defined in this way. But, I strongly question whether it
is a well functioning target. If a year is particularly wet, ceteris paribus,
a financial surplus will occur, as compared with a dry year in a hydro-
based system such as the Swedish one. The Swedish State Power Board
has to find artificial means of transferring money from wet years to dry
years in order to fulfill the given budget constraint per year. I therefore
claim that a budget constraint redefined for a period of several years
would be better than the present budget-constraint per year.

4.4.5 High-voltage tariff structure
In my article, I recommended that the fixed peak-load charge should be
replaced by a more highly varied energy price. This demand charge is
levied on the actual maximum average rate of demand over any 6 h
period throughout part of the winter season. Hjalmarsson and Veider-
pass want to defend this tariff element and claim that'neither theoretical
nor empirical results supporting (my) conclusions are presented'. In my
article I recognize that the peak-load charge does have a positive control
effect; this indirect charge price will dampen the maximum load. But it
will also provide incentives for high consumption during other peak-load
periods as compared with a more differentiated energy price, which,
theoretically, is preferable. Of course, it is important to determine the
pricing intervals so that needle peaks are avoided; this is a practical
problem in both alternatives. It might be worthwhile mentioning that
nowadays, contrary to the Swedish State Power Board, Sydkraft places
less emphasis on this tariff element.

4.4.6 Low-voltage tariff structure
Hjalmarsson and Veiderpass agree totally with my suggestion that the
energy price should vary seasonally and by time-of-day as regards the
low-voltage level. They point out that such rates have been introduced
on an optional basis at an introductory stage. But it is inefficient to offer
an optional peak-load pricing alternative in addition to existing unit
price. This is because all the customers whose consumption occurs
mostly during the peaks in the system will choose the unit price tariff.
Thus, the last alternative should disappear. Sydkraft has therefore
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decided to offer only the peak-load pricing alternative from the beginning
of 1985 for deliveries over 10 000 kWh/year, contrary to the Swedish
State Power Board.

4.4.7 Stable tariffs or stable principles?
Boiteux' classical recommendation of LRMC as a basis for the tariff level
was motivated by his strong emphasis on the value of maintaining a
stable tariff; see Chapter 2. His approach influenced the Swedish State
Power Board to keep the electricity tariff 'as stable and uniform as
possible' for several years. Now, Hjalmarsson and Veiderpass claim thct
I have misunderstood the concept of stability. They themselves interpret
this concept to mean that the basic tariff principles should be stable over
several years.

I am quite puzzled by this criticism. To the best of my knowledge, I have
not claimed anything else!. But, stable tariff principles, e.g., that the
energy price should be set at the short-run marginal cost, do not imply
stable prices. As pricing decisions always deal with the future, this
principle means that foreseeable variations in the short-run marginal
cost, for instance between years, should be reflected in a varying energy
price between years in the tariff (see below).

4.4.8 Tariffs and uncertainty
Hjalmarsson and Veiderpass dislike my suggestion that electricity
prices should vary in order to take into account the abundance of cheap
electricity during a wet year and restrict consumption during a dry year.
They seem to mean that the set of markets now available in the Swedish
system works sufficiently well in these respects. They appear to believe
I am suggesting that energy charges should fluctuate more or less
randomly. However, this impression is completely wrong. It is quite
possible to announce a variation in energy prices in the way suggested,
some months befoie the change actually Lakes place. A stable tariff
principle in this context means that it is announced that such flexible
tariffs will be used in the foreseeable future. Under such conditions it will
be rational for different firms to invest in order for them to profit from
the flexible tariffs. Hjalmarsson and Veiderpass have misunderstood
this suggestion when they believe that energy charges should fluctuate
more or less randomly. Also, they do not see the benefits of such a pricing
scheme; that existing electricity capacity will be used more efficiently
and the reserve capacity required will be smaller in the future than
under the current pricing scheme.

Of course the optional contracts introduced for interruptible power are
a splendid price experiment and in line with my suggestions. But, if the
still more flexible rates suggested should come into operation, there
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would be more incentive to use alternative energy sources. Besides, it
can be questioned whether the five-year contracts used by Sydkraft are
preferable, considering the uncertainty costs that must be paid by the
rest of the customers.

4.4.9 Instantaneous pricing or interval pricing?
For some reason, Hjalmarsson and Veiderpass want to turn me into a
naive advocate of instantaneous pricing, whereby the price of electricity
is continuously adjusted according to variations in SRMCs. However, I
hardly take a stand without reservations for instantaneous pricing in
my article. I try to discuss differences between such a pricing scheme
and interval pricing.

My suggestion in this context is that 'the coordinated Nordic market for
high-voltage electricity could be extended so that, in addition to the
power producers, it could also serve other customers of high-voltage
electricity'. Furthermore, I do not exclude the possibility that some
consumers of low-voltage electricity might be interested in such a pricing
scheme.

However, I do not advocate that all electricity should be supplied under
such conditions. To make my view explicitly clear; the main tariff used
by the bulk of consumers of both high- and low-voltage electricity should
quote an energy price equal to the forecasted short-run marginal cost in
the coming year. In this way, the informative aspect of energy prices will
not be lost, but rather strengthened, as compared to the present situa-
tion. And it is difficult to see how the uncertainty inherent in such a
scheme would be more severe than the risk of being cut off from supply
at short notice, as in the tariff for interruptible deliveries.

Hjalmarsson and Veiderpass are quite eager to give a good impression
of the current organization of the electricity market. They conclude their
comment by claiming that the present organization 'with the major share
of electricity supplied at a fixed price and with the markets for interrupt-
ible and temporary power as a buffer stock... is a more efficient market
organization than a market where all electricity is supplied at an
uncertain price'. But who would claim anything else? I certainly would
not!.

4.4.10 Summary
My reply has led to the following main points:

• If a careful re-evaluation of Swedish electricity tariff policy were
made today, 1 believe that it would be considerably more positive



68 Studies in the Economics of Electricity and Heating

than the one expressed in my article, due to the substantial improve-
ments which have taken place during recent years.

• However, several aspects of an even better tariff policy remain to be
considered, such as; transforming the budget constraint from a per
year definition to a requirement defined for a longer period; replac-
ing the peak-load charge by a more highly differentiated energy
price; making the peak-load pricing alternative compulsory in the
low-voltage tariff over a certain consumption level; and varying
prices to cover the abundance of cheap electricity during a wet as
compared to the situation during a dry year.

The Swedish State Power Board could well play a more active role in
these respects and thereby become an outstanding price leader.

4.5 Conclusions

Our critical analysis of electricity tariffs in Sweden has led to the
following main conclusions:

• The coordinated prices used by the power producers in the Nordic
countries for purchases and sales on the international spot market
constitute an almost ideal application of the theory of public utility
pricing.

• The same cannot be said about the official electricity tariffs. The
value of maintaining stable tariffs over long periods of time, using a
tariff level which corresponds to a somewhat ambiguously defined
LRMC, seems to be exaggerated. Instead, the tariff should be more
closely adjusted to short-run variations in supply and demand. In
addition, forecasts of long-run tariff development should be carried
out and passed on to consumers.

• The fixed peak-load charge should be replaced by a more highly
varied energy price.

• The low-voltage tariff should be varied over time in relation to
comparatively large changes in variable costs, particularly among
different seasons and on a daytime/nighttime basis. A numerical
estimate presented in the Appendix indicates that such a tariff
reform would involve significant savings for the country as a whole.

However, there are several indications that the structure of Swedish
electricity tariffs will be revised and improved in the near future.
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Appendix. Potential savings from a switch to interval
pricing

In an appendix to its report, the Swedish Committee on Electric Con-
sumption presented a numerical example for determining the average
temporal differentiation of electricity prices, given the temporal varia-
tion in production and distribution costs. These electricity prices refer
to conditions under long-run equilibrium and thus not to the situation
of a surplus of electricity (see ELAK, Appendix 6).

Temporal differentiation Electricity price
(SEK/kWh)

Winter, daytime (7 am - 9 pm) 0.35
Winter, other hours 0.20
Fall/spring, daytime (7 am - 9 pm) 0.20
Fall/spring, other hours 0.15
Summer 0.10

The various aspects to be considered in analyzing the advantages of
introducing a flexible tariff system for low-voltage electricity may be
divided into the following categories:

* improved utilization of existing production and distribution
capacity;

* less need for future capacity expansion at the production and dis-
tribution stages;

* improved supply safeguards (reduction in dependency on oil);

* lower risks of health and environmental damages.

According to the Committee on Electric Consumption in Sweden, the
gains from introducing a flexible tariff system low-voltage electricity are
estimated at SEK 2-3 billion (at present value). However, this figure does
not include any positive effects on supply safeguards. Possible savings
in terms of health and environmental risks are also neglected. Nor does
it appear that savings in capacity expansion which would otherwise be
required have been taken into account. In other words, if this estimate
is correct with respect to the items that have been included in the
computations, then it may be regarded as a minimum figure.

Let us verify roughly the items included in the Committee's estimates
(see ELAK, 20, Appendix 6). As our first example, take the case where
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household subscribers in small private homes equipped with individual
oil heating can switch to electrically heated water during the summer
when the price of electricity is, of course, at its lowest. The size of the
gains from this procedure is illustrated by the following numerical
example:

Cost of heating warm water by an individual oil furnace during summer:

1500 kWh • SEK 0,44/kWh = SEK 650 (excluding tax)

Cost of electrically heated water during summer:

1500 kWh • SEK 0,10/kWh = SEK 150 (excluding tax)

Annual meter cost:

Annual cost of electric water heater:

X 2

(1+rf-l

Gain per subscriber/year:

SEK 500 - (xi+*2)

The potential energy transfer from day to night for a household sub-
scriber with electricity consumption amounting to 5000 kWh/year is
estimated at 625 kWh during winter and 500 kWh during
'•utumn/spring. The saving which can be made, in addition to the above
gain (and without extra cost) is:

625 kWh • (0.35-0.20)SEK/kWh+500 kWh • (0.20-0.15) SEK/kWh = SEK
120/year

A third possibility may be a household consumer equipped with an oil
furnace who installs electricity cartridges or cassettes to provide addi-
tional heat or alternative fuels to be used primarily during winter. The
following estimate is obtained for this alternative:

Cost of oil heating during autumn/spring with an oil furnace:
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~SEK 1200

Cost of electric heating with a cassette (or cartridge):

~SEK 700

Cost of electricity cartridges/year:

2000.^^=3'

afi
Gain per subscriber/year:

SEK 500 -y

Let us now assume that these gains could be extended to include 200,000
existing small homes with oil furnaces during a 20-year period. Given a
required discount rate of 8%, we obtain the following present value of
the total gain in this case:

200000 [(500+120+500) 9 n
U ""° ' -500-3500-2000]«

1.0820 0 0 8

SEK 1.1 billion

This gain refers to existing small homes whose oil furnaces are converted
for some electricity consumption when flexible tariffs are introduced.
There are also inherent gains for small homes which already have
electric furnaces or electric radiators, or those which are expected to
install electric heatingin the future. Estimates indicate that a subscriber
with electric heating and total consumption of 25 000 kWh/year can
make a day-to-night transfer of 2700 kWh during winter and 2200 kWh
during autumn/spring. This would reduce costs as follows:

Gains from the difference in day and night prices:
Winter

2700 kWh • (0.35-0.20) SEK/kWh = SEK 400
+ autumn/spring

2200 kWh • (0.20-0.15) SEK/kWh = SEK 110
- meter cost = xi
Total saving = SEK 510 -x\

Under an assumption that about 200,000 existing electric heating sub-
scribers could immediately take advantage of these potential savings,
the corresponding present value in this case is:
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1 1 Of i 2 O f -1
2 0 0 0 0 0 [ 5 1 0 - — i f ^ » -500] = SEK 900 million

1.0820 0 0 8

where 500 as before is the meter cost. Savings for small homes which
will be equipped with electric heating in the future should also be added
to the above figure. Assume that 10 000 electric heating units are
installed annually, evenly distributed over a 20-year period. The savings
would then be (1980 value):

20 _N

£(10000-459) ̂ Q Q ? —~jy = SEK 362 million

where the figure 459 is obtained as follows:

0 08-1 O820

510-500UU° zr* =459
1.08-1

andiV= 1,..., 20 years.

After checking these rough estimates, the net savings from improved
utilization of existing capacity would appear to amount to about SEK 2.4
billion (at present value).

L



Chapter 5.
Pricing Cogenerated Electricity and
Heat in Local Communities.

Mats Bohman and Roland Andersson

The purpose of this chapter is to analyze the problem of finding socially
efficient prices for the joint products of a cogeneration plant. This is a
short-run efficiency problem. The goods in question are electricity and
heat used for district heating. This is a pricing problem for a local public
utility that has a monopoly on the distribution of the two goods within
the boundaries of its community.

5.1. Background

5.1.1. Cogeneration: basic characteristics.
Cogeneration means boiling water to obtain steam, which can then be
used for two simultaneous purposes. Steam can be used to produce
electricity and it can also be utilized to heat residences, provided that
there exists a district-heating network. Thus cogeneration involves the
joint production of two goods: electricity and heat.

The main advantage of a cogeneration plant is that the energy inputs
are used more efficiently than if heat and power are produced in separate
plants. Of course there are incremental fixed costs associated with the
construction of a cogeneration plant as compared to a conventional
hot-water boiler or a condensation power plant.2 However, all the dif-
ferent trade-offs involved when designing a cogeneration plant are not
considered here. [For a discussion of such investment aspects, see Camm

1 This chapter is one part of an article published in The Journal of Public Economics,
33,1987

2 The joint features of the production process may differ depending on the specific
design chosen for the plant. Thus the degree of complementary in production is not
determined before the plant is built. But, as w« only consider existing plants, we
assume a fixed coefficient.

-73-
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(1981) and Joskow & Jones (1983).] Regardless of how these investment
problems have been solved, the existence of considerable lead times with
respect to plant construction always makes it important to determine
the optimal use of existing plants.

5.1.2. The market for the joint products.
The coguieration plant is connected to an existing district-heating
system. The public utility is, of course, a price maker in the district-heat-
ing market. The cogeneration plant is also connected to an electricity
distribution network covering the whole community area and to a
national grid for high-voltage power. This means that it is possible to
sell electricity from the cogeneration plant on the national grid and buy
electricity from the grid to supply the local market. The prices for
electricity on the grid are determined by the national market for high-
voltage power. The cogeneration capacity of the local public utility is
insignificant as compared to the national system for production of
high-voltage power. Thus, the decisions taken by the public utility
concerning its production of electricity will not affect prices on the
national market, i.e., the public utility is a price taker in its trade on the
national grid. But it is free to set its own electricity prices within its own
boundaries.

Electricity prices on the national grid vary over time according to the
load pattern. The exogenously given high-voltage tariff contains n dif-
ferent pricing periods. One set of prices applies for deliveries from the
grid and another set of prices at a lower level for deliveries to the grid
from the public utility. The supply of electricity from the grid to the local
community is perfectly elastic at the price for deliveries in each period.

Electricity and heat can be substitutes. However, substitutability on the
demand side is disregarded in this chapter for two reasons. First, the
analysis is confined to deriving conditions for optimal energy prices and
their structure over periods with decreasing loads. In static equilibrium
analysis of this kind, substitutions will not alter the formal expression
of the equilibrium conditions. Second, substitution between electricity
and district heating or between heating and insulation usually involves
investments in equipment, replacement of furnaces, etc. Such invest-
ments in the housing stock normally take considerable time to imple-
ment.

Another reason for disregarding substitutability follows from the fact
that the choice between different heating modes depends not only on the
relative energy price structure, but also on the relative cost structure.
As both electricity and heat are supplied predominantly at multipart
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tariffs, the level of all the elements in the tariffs is relevant to the relative
cost structure and thus to the direction and size of the substitution. But
this kind of analysis in a comparative static equilibrium context goes far
beyond the scope of this chapter.

5.2. The model.

5.2.1 Statement of the problem.
The problem is to find the prices for both heat and electricity locally
consumed that will maximize the net social benefits of the use of a
cogeneration plant with given capacity. This may be expressed as:

maxW=TB-TC (5.1)

where TB is total willingness-to-pay for the cogeneration output and TC
is the total cost function.

The maximization of (5.1) is subject to a capacity constraint. This
problem has to be solved by considering two given parameters:

• buying and selling prices for electricity on the national grid, and

* the distribution capacity for district heating.

Budget constraints are not considered. Thus the problem dealt with may
be referred to as solely an efficiency problem.

The joint feature of the supply can be specified by a simple propor-
tionality factor as:

^ i=l,...,n (5.2)

where qi indicates the hourly quantity of electricity, measured in kWh,
during a given period i and Qi denotes the hourly amount of steam for
district heating measured in kWh during the same period. The coeffi-
cient a is a constant independent of the volume of electricity produced
and of the period3. This makes it possible to use electricity output as the
variable of optimization.

The value oi the coefficient a may differ from one production unit to another and
usually falls somewhere in the range 0.25 £ a £ 0.6. Small production units (in
MW) often have a lower a-value than larger units. In reality a cogeneration \ lant
may consist of several production units of different sizes with different a-values.
Such complications are disregarded in this analysis, i.e., it is assumed that the
a-: actor is fixed.
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5.2.2. The total benefit function.
The total benefits of a cogeneration plant to a local community will
depend on the quantities produced. Formally TB in (5.1) can be ex-
pressed as

i=l,...,n, ( 5 3 a )

or by the use of (5.2) as

TBi = tfffi). * = I.-.», ( 5 3 b )

where TBi in (5.3a) or (5.3b) represents the hourly gross benefit in each
period i. [If substitution for each of the goods over periods were taken
into account, the arguments in (5.3a) could be expressed as output
vectors qi = (q\,...,qn) and qf = (q^,...,qn). Furthermore, substitution
between the two goods in each period could be included by letting

= q?(Qi), i = 1,-> n. Thus (3a) could be written as

and (3b) as
TB = cjXtf).]

In order to keep the number of indices at a manageable level, we assume
that the benefit schedules will be constant in each period i, but may vary
between periods.

If there were no possibilities of trading with the grid, the marginal
benefit function for electricity would be the inverse demand function
attributable to local consumers. But, as it is possible to sell any amount
of electricity the cogeneration plant can produce in a given period i to
the grid at the energy price for sales in the high-voltage tariff (p?),
demand becomes perfectly elastic at this price. It is also possible to buy
any amount of electricity from the grid in a given period i at a fixed price
ipf). Thus for each period, the marginal benefit of electricity must lie in

a closed interval bounded from above bypf and from below hyp?.

We write the gross hourly benefits of the electricity supplied in each
period as

The Bi function in (5.4) is one part of (5.3a) or (5.3b). The second stems
from the production of heat. Provided that the utility behaves so that
excess demand never occurs in the district-heating market, the total
willingness to pay for various quantities of heat produced will provide a
measure of the second part. In symbols this value is given by
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TV? = TV?(q?) i = I,.»,» (5 '5)

For simplicity, the periods used for decomposition of the benefits of heat
production are identical to the periods given by the high-voltage tariff.

Using (5.2), (5.5) can be rewritten as

TVPiq?) = TVfW= TVffof) i = l,...,n (5.6)

The total hourly benefit is thus

i = l,...,n (5.7)

The marginal hourly benefit, MBi, of a variation in output level is

which amounts to a vertical summation of the parts.4 The joint aspect
of supply thus gives a public-good flavor to determination of the marginal
value of the cogeneration output.

In order to obtain the total annual benefits, we have to sum over all
periods:

n n

TB = ̂ UTBiiqf) = J[jli[TVf(qf}+Bf(qt)] ^.9)
»=l i = i

where U represents the exact duration of the subperiods as specified in
the high-voltage tariff.

5.2.3. Cost conditions and capacity constraints.
The technologies for both cogeneration production and local electricity
and heat distribution are assumed to give rise to constant unit cost-rigid
capacity cost conditions.5 As the problem addressed here is to determine
prices at the cogeneration plant, the operating costs for local electricity
F.nd heat distribution can be se it zero in the subsequent analysis
without loss of generality.

Thus, the production costs of cogenerated output in terms of electricity
can generally be expressed as:

4 If substitution between heat and electricity were taken into account, the demand
functions would not be additively separable. But it would, of course, still be possible
to obtain a marginal benefit function directly from (5.3b).

5 Such a cost assumption is frequently employed in this kind of context; see e.g. Crew
& Kleindorfer (1979) and Rees (1984).
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.ren1 (5-10)

where P is the marginal capacity cost per year, Q is the cogeneration
capacity, and ce is a constant operating cost per kWh.

The cogeneration capacity can be limited by several facers such as the
steam-production capacity of the boiler, electrical condensation capacity,
the district-heating network capacity and design, etc. In order to keep
the exposition simple, we let the condensation production capacity in
MW electricity represent the capacity constraint Q. The capacity con-
straint can thus be formulated as:

hQ>qi i=l,...,n (5.11)

where h indicates one hour.

5.2.4. Optimum conditions.
The Lagrangian for the problem stated in (5.1) can, using (5.9), (5.10)
and (5.11), be expressed as:

max L = X UiTVfiqi) + Bf(gf) - c ql + k(hQ-qi)} - PQ (5.12)

qf,Q, U ''=1

The following conditions hold at an optimum:

dqf dqi dqf
and i=l,...,n (5.13)

dTVf dB! \
= 0

and (5.14)

Q
n ^

i=\

= 0
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and i = l,...,n (5.15)

ce in (5.13) is tTie constant marginal operating cost. A* is the dual variable
to the capacity constraint. This term expresses the scarcity value at-
tributable tv, the capacity limit in each specific period. The function
dTVf/dqf in condition (5.13) indicates a district-heating consumer's
marginal willingness-to-pay for a marginal kWh of heat in terms of the
corresponding quantity of electricity. According to (5.8), this term can be
expressed aspiiqi). BBi /dqi is the derivative of the gross benefit function
for electricity sold to local or national consumers. This derivative is given
by:

for qi<qi
fi(qi) for qi < qi < qi i = \,...,n (5 16)
pf forqi<qi

depending on where optimal production qi happens to fall. The limits

qi and qi show how much electricity is demanded locally at an energy
price equal to the price given in the high-voltage tariff for power bought
from <pf) and sold to (pf) the grid during the given period. fi(qi) shows
the local consumers' marginal willingness-to-pay for optimal electricity
production.

Given this specification of the terms in (5.13) and provided that qi > 0,
we can rewrite (5.13) as#

= l n (5.17)
dq!

Expression (5.17) defines not only the optimal electricity production
(qi) in every period, but also the optimal prices for heat and locally
distributed electricity in each period.

According to (5.15), the scarcity rents X* > 0 in all periods in which the
capacity constraint is binding. Jn all periods./ where the capacity con-
straint is not binding, expression (5.13) simplifies x>:

Jc:i
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Condition (5.18) tells us that the optimal quantity will be given at the
production level where the sum of district-heating and electricity
consumers' marginal willingness to pay equals the marginal operating
cost.

Condition (5.14) defines optimal capacity, provided that there are no
indivisibilities in capacity expansion or construction. Summing condi-
tion (5.13) over all n periods weighing each term with the duration li and
substituting this sum in (5.14), the following optimal capacity condition
is obtained:

p = h £ l[pt((??) + ̂  - ce] = hj^Uki (5.19)
«=i °Q* ;=i

This condition simply means that at optimum, the weighted sum of
capital rentals across pricing periods equals the marginal cost of
capacity.

However, even if capacity is perfectly divisible in the long-run perspec-
tive, it is usually not the case in the short run due to the lead times of
capacity formation. In the following, we confine the analysis to the
short-run problem of using existing capecity, regardless of whether it is
at the long-run optimum level or not.

5.3. Optimal price structure

When interpreting the results derived in the preceding section, it is
important to distinguish between cases with binding and nonbinding
capacity constraints. We also have to distinguish among regimes when
the equilibria in consecutive periods with decreasing load represent
sales, purchase or no trade at all. We now use the conditions derived to
determine optimal prices for the joint products and analyze how an
optimal price structure can be established in different cases. This price
structure refers to consecutive periods with decreasing load, ordered
according to the load pattern reflected by the energy prices in the
high-voltage tariff.

5.3.1 Pricing with non-binding constraints.
Let us start with cases where the constraints are not binding. Condition
(5.18) determines the optimal quantity in each period. By inserting this
optimal quantity into (5.16), we can calculate the optimal energy price
for electricity in each period. This price will, of course, fall somewhere
in the closed interval pf, pj i. Subtracting the optimal price from ce

gives us pjiqj), the price for heat in terms of electricity. This price is
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easily transformed into a price per kWh of heat as pj - ap], where pj
denotes the price per kWh of heat. As the level and size of the interval
pf, pf normally differs between sub-periods and ce is a constant, the

optimal price for heat in electricity terms also differs between subperiods
with less than full capacity utilization.

If an equilibrium in a given period represents a regime with either sales
or purchases of electricity, ther the price on the grid will determine the
local electricity price. The optimal price for district heating will therefore
be determined residually. Over consecutive periods with decreasing
load, the prices on the grid decline. As a consequence, local electricity
prices over the periods exhibit the normal peak-load pattern. But under
these circumstances, optimal energy prices for heat will vary in a reverse
pattern in spite of the similarity between electricity and district heating
on the demand side.

Another possibility occurs when there is no trade with the grid. In such
cases the local price for electricity is not determined by the prices on the
grid. Thus, the price for district heating cannot be determined residually
in the simple way outlined above. Condition (5.18) is, of course, still valid,
Optimal prices for electricity in these cases will fall inside the price span

If no trade occurs in two subsequent periods with decreasing load, then
optimal prices for electricity may either increase, decrease or remain
constant. This is also true in regard to optimal prices for heat. But the
price structure for heat will be the mirror-image of the structure for
electricity. Thus, either electricity prices or heat prices, but not both, can
exhibit the normal peak-load pricing pattern. The likelihood of having
no trade in two subsequent periods depends to a large extent on the price
interval between the buying and selling price on the grid and the price
interval between two consecutive periods. If the first price interval is
small and the second is large, then this configuration is not likely to
occur.

So far we have dealt with pure cases in the sense that the utility is a
seller, a buyer or does not trade in the different periods under considera-
tion. Other possibilities imply switching from one regime to another. The
optimal price structure for heat and electricity can still be found by
applying condition (5.18). For instance, when switching from selling to
buying, the price for heat may increase, decrease or remain constant,
depending on the relation between pj andpfni, where a higher subscript

indicates a lower load. If pf >pj+i, then py <pjiv, if pf = pj+l, then
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pj1 = Pjii; finally if pf <pj+i, then pf >pj+\. Thus, as soon as optimal
electricity prices exhibit the normal peak-load pricing pattern, optimal
heat prices will exhibit the reverse.

5.3.2. Pricing with binding constraints.
Let us now turn to the analysis of optimal prices during periods (k) of
full capacity utilization, i.e. where X* > 0, indicating a higher short-run

marginal cost than ce. In such cases the quantity of electricity produced
will be equal to hQ.

Different cases may occur depending on where this capacity limit hQ
happens to fall in relation to the quantity of electricity demanded. With
reference to expression (5.17), we can establish the optimal price for all
such cases.

When interpreting condition (5.17), it should be kept in mind that the
scarcity value Xk refers to the joint product which, in optimum, will be
distributed between the two goods. The share assigned to electricity
Q&) depends on how hQ is related to the ranges in the benefit function
for electricity, i.e., whether the public utility is a buyer or a seller or no
trade occurs with the grid. The share that is assigned to district heating
is denoted X£.

The utility is a seller to the grid.

We start with the regime where the public utility is a seller to the grid,
i.e., hQ>q%, which is quite common in peak periods; cf. Camm (1981).
As is evident from (5.17), the optimal local price for electricity is then
/>£. Further, ifpf > ce, it is immediately clear that the share of X* which
will be assigned to electricity ispf - ce = Xl > 0.

This is actually an equilibrium condition for the electricity market. As
the value X* is determined by (5.17), it is also evident that the share of

the scarcity value which is assigned to district heating (X£) is determined
residually as X* - X| = X£ (see Figure 5.1). It is also quite possible that

X* = XI and thus that XJ? = 0. This implies that production of heat is so
high that marginal kWh of heat will not be of any value to district-heat-
ing consumers. Then the cogeneration plant is on the margin used solely
as a thermal-generation plant. Thus there may be peak periods in which
it is optimal to have a zero energy price for heat.
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On the other hand, if pk = ce, then the scarcity value X* will be assigned

entirely to district heating so that X* = X*. Finally, if pf < ce, then we

have X| < 0. As a result, XJ? = X* + X|, which means that the scarcity rent

which should be referred to district heating X£ will be greater than the
scarcity value X* which refers to the cogeneration plant. This outcome
simply means that district-heating consumers will have to pay part of
the marginal operating cost ce.

In order to establish the optimal price structure, it is important to find
out whether or not the capacity constraints are binding in consecutive
periods with lower demand. Indicating the peak period by index k and
the consecutive period by k+1, we always have thatpf >pf+i. If the
public utility sells to the grid in both periods, it is clear that the optimal
electricity price will decrease. The effect on optimal energy prices for
heat depends on whether or not the capacity is binding in period k+1. If
it is binding, and since ce is constant, it is obvious that X& > \%+\. Of

course, X* > X*+i as k is the peak period. But since X| - X|+i can be greater

than X* - X*+i, it is possible to get the result Xj? < X*+i. It is therefore
quite possible that the price structure for heat will retain the reverse
price pattern as compared to the price structure for electricity, ex en
when the capacity constraints are binding in some periods.

However, there are i-wo other possibilities, i.e., the case where i) th;*>

capacity is not binding in k+l, and ii) XJ? > X&4. In both cases, the optimal
price for heat will be higher in period k than in period k+l, thus
modifying the previous result. But the price structure over the off-peak
periods will still vary in a reverse pattern from the electricity prices
during these periods.

The utility is a buyer from the grid

Another regime of practical interest is when the public utility buys from
the grid during the relevant periods, i.e., where hQ < q%. From (5.17) we
can conclude thatpjf is the relevant peak price for electricity. Aspf and

ce are constants, Xj? = X* - X& will still hold. Thus, in this case, the
optimal energy price for heat is also determined residually. All of the
price structures already dealt with for hQ > q% may also occur in this
case.
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Prices,
marginal
costs
A

P
hQ
Ik

n

hQ Quantity of
electricity

MB = marginal benefit function
ce = constant marginal operating cost per kWh of electricity
pe

n = price or value of heat in electricity terms
= price obtained by the utility when selling electricity to the grid
- binding electricity capacity constraint
= scarcity value for the joint product
= share of X* assigned to electricity
= share of X* assigned to district heating

Figure 5.1: Optimal structure when capacity constraints are binding

No trade with the grid

A third possibility is that q% < hQ < q%, indicating that no trade will occur
with the grid in peak periods. The optimal prices for electricity and heat
are still obtained from (5.17). But in this case the price for heat cannot
be residually determined.
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The optimal price pattern still depends on the price structure on the grid
and on whether the public utility is a seller or a buyer or does not trade
with the grid, even in off-peak periods. If it becomes a seller, then the
pattern will be similar to the one dealt with under the heading "The
utility switches from buying to selling" presented below. On the other
hand, if the utility becomes a buyer, then the analysis below concerning
a switch from seller to buyer is relevant. If the public utility does not
trade even in off-peak periods, then the prices for either heat or
electricity may decrease, increase or remain constant over consecutive
periods with decreasing load.

The utility switches from selling to buying.

Regimes where the utility switches from selling in the peak period to
buying from the grid in off-peak periods may also occur. It is not
necessary to discuss determination of the scarcity value and its distribu-
tion, as this procedure is the same as in the cases already treated. The
new aspect concerns the level pt as compared to ps+i-

In principle p£ can be greater than, less than or equal to pif+i. If

pk+\ Sp£, then the optimal price structure for heat will include a higher
price in peak than off-peak periods; i.e., a normal peak-load pattern. The
factors which determine such an outcome are the size of the interval

R,nSPm Pm

the size of B. K
PrriPm

, and the size of the difference pB -pB+\. The greater

and the smaller the difference pB -pB+\, the more
likely the outcome specified above will occur. However, when this out-
come does occur, the optimal electricity price pattern will not show the
usual peak-load structure.

B **
If, on the other hand,p£+i < pY., that is if the price structure for electricity
exhibits the usual pattern, then the optimal price structure for heat may
exhibit any one of the patterns observed when the utility sells to the grid.

The utility switches from buying to selling.

However, it may also be optimal for the utility to buy electricity in the
peak period and then switch to becoming a seller in subsequent periods.
Under such circumstances, it is absolutely certain thatpf > p*+i, regard-
less of whether or not the capacity constraint is binding in period k+1.
The reverse price structure for heat is therefore ceteris paribus more
likely to occur in this case.
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5.4. Conclusions

By use of the conditions for optimal pricing and standard peak-load
pricing analysis, we have derived the price structures under different
regimes. The results obtained can be summarized as follows:

i) Capacity constraints are not binding:

• whenever the utility is either selling or buying on the grid during
two consecutive periods, the optimal local electricity prices are given
by the prices on the grid. This means that these prices will show the
normal peak/off-peak pattern. The corresponding optimal price
structure for heat shows a reverse pattern.

• whenever the utility does not trade with the grid in two consecutive
periods, local electricity prices do not necessarily show the normal
peak/off-peak pattern, as they are no longer determined by the prices
on the grid. Whatever pattern the electricity prices show, the optimal
heat price structure will be a mirror-image of it.

ii) Capacity constraints are binding:

• whenever the utility is either selling or buying on the grid during
two consecutive periods, the scarcity rents of the joint product and
the local electricity prices will vary in the normal peak/off-peak
pattern. But the price for heat may under these circumstances be
higher in peak than in some off-peak periods as the demand for heat
has to be kept compatible with the capacity. However, during off-
peak periods, the prices for heat will show a reverse pattern to that
of electricity prices.

• whenever the utility does not trade with the grid or switches from
one rogime to another between two consecutive periods, different
price structures can be found for each specific configuration. They
depend on the structures of prices for buying and selling on the
national grid and on the distribution of the scarcity value between
the two goods over the different periods.

Let us finally interpret the main result of oar analysis, i.e., that the
optimal price structure for heat can be the reverse of the price structure
for electricity both on the grid and on the local market. The price on the
grid is high in peak periods indicating that electricity during such
periods has a high value. In the simple case when cogeneration capacity
isnotbindingin peak periods, then thepriceforheatislow.Theeconomic
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significance of this is that the price sensitivity of heat demand is
"exploited" in order to increase the heat production and so the production
of electricity during peak periods when an increase in electricity produc-
tion has a high value. During periods with a lower price for electricity,
the value of "exploiting" the heat demand is less. It is therefore
worthwhile to decrease the heat load during such periods. However, in
cases where (»generation capacity is binding in peak periods, the price
for heat may yet have to be higher than during some off-peak periods in
order to keep district-heating demand compatible with the capacity.
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Optimal conditions for pricing of electricity and heat in different periods
from a -p^neration plant in a local community were derived in the
preced i chapter. The main result was that if the prices of electricity
in difi .- ->i, periods on the national grid vary in the usual peak/off-peak
perio ' t\ »ern, then the prices for heat may have a reverse pattern, i.e.,
lowe \ n es tor heat during winter peaks and higher prices in off-peak

Sine this result is a new one, it is not at all surprising that the price
str \ ares used in reality by local utilities differ from the optimal one.
Tht .ask of this chapter is to measure the short-run welfare gains of
swifc hing from the existing price structure for cogenerated electricity
and heat in a stylized Swedish local community to the optimal one. Data
assv. nptions used are mainiy taken from the city of Västerås. In order
to obtain an optimal price structure, the price for heat has to decrease
considerably, particularly for the peak period during the winter. The
short-run welfare gains measured for our local community are found to
be substantial.

A summary of his chapter was published separately as part of an article in The
Journal of Public Economics, 33,1987.
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6.1. Principles for the estimation of welfare gains.

The welfare gains of switching from existing to optimal prices in prin-
ciple consist of the following items:

i) the consumers' surplus arising from the heat-pric^ reduction for the
joint product net of the revenue decrease for the producer,

ii) the scarcity value for heat times the increase in the heat production
measured in electricity terms,

iii) the scarcity value for electricity times the increase in the electricity
production sold to the grid,

iv) the consumers' surplus arising from the price change for the
electricity sold on the local market net of the revenue decrease.

The sum if the first three item is, of course, equal to the net willingness-
to-pay for the increase in the production of the joint product. The fourth
item can also be expressed as the net willingness-to-pay for the increase
in local electricity consumption.

6.2 Conditions for optimal pricing.

In the previous chapter, the conditions for optimal pricing of cogenerated
electricity and heat were derived. In order to make it easier for the
reader, we recapitulate the main equations here. The conditions can be
stated as follows:

In expression (6. l),pf (ql) is the optimal price for heat in electricity terms

in period i, dBf/dqf is the marginal willingness-to-pay for electricity sold

to local or national consumers in period i, ce is marginal operating cost
and A< the scarcity value in period i. The number and length of the periods
are defined in terms of the high-voltage tariff. Expression (6.1) defines
not only the optimal electricity production (<jf) in every period, but also
the optimal prices for heat and locally distributed electricity in each
period. The scarcity rent Xi>0 in all periods in which the capacity

2 We use ordinary Marshallian demand curves to estimate the consumer surplus.
These estimates can always be recalculated for any value of the income elasticity
of demand to give an adequate measure of the compensated variation; see Willig
(1976).
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constraint is binding. For such cases in optimum, the short-run marginal
cost, including this scarcity rent, equals the sum of the marginal will-
ingness-to-pay for heat and electricity.

In all periods./ in which the capacity constraint is not binding, expression
(6.1) simplifies to:

ce jci (6.2)
dqj

Condition (6.2) tells us that the optimal quantity will be given at the
production level where the sum of the marginal willingness-to-pay,
which stems from district-heating and electricity consumers, equals the
marginal operating costs. dBf/äg» is given by the following expression:

dB!

dqf

p? for qi<q! (6.3)
fiiqf for qi<qi<qf i=l,.../i
pf forql<ql

depending on where the optimal production qi happens to fall. The limits

qi and qf show how much electricity is demanded locally at an energy
price equal to the price given in the high-voltage tariff for power bought
from (p?) and sold to (pf) the grid during the given period, ft (ql) shows
the marginal willingness-to-pay of local consumers for the optimal
electricity production, when equilibrium will occur without trade with
the grid.

6.3. A case study.

6.3.1. Data assumptions.

6.3.1.1. A city and its heating system.
In this chapter we use some stylized data assumptions from a specific
local community, the city of Västerås, Sweden. The city has a coal-fired
cogen era tion plant for electricity and heat, i.e., these services are
produced jointly. The cogeneration plant is connected to a rather large
district-heating distribution system, covering most of the community
area, as well as a network for distribution of electricity.

Both the cogeneration plant and the local electricity-distribution net-
work are connected to a national grid for high-voltage power. This means
that it is possible to sell electricity from the cogeneration plant on the
national grid and to buy electricity from the grid for the local market.



92 Studies in the Economics of Electricity and Heating

The price of electricity on the grid is determined by the national market
for high-voltage power. The local public utility has a (»generation
capacity which is negligibly small as compared to the national system
for production of high-voltage power. Thus, the decisions taken by the
public utility concerning its production of electricity do not affect prices
on the national market. In this respect, the public utility is a price taker
in its trade on the natioi.al grid. But it is a price maker within its own
boundaries with regard to electricity as well as heat.

The demand for heat in the city of Västerås has decreased substantially
during the last few years. There has been a gradual conversion from heat
to electricity as a means for heating. Furthermore, energy conservation
takes place continuously. Thus the initial situation does not represent a
long-run equilibrium and is not in a short-run optimum, because of the
existing tariffs.

6.3.1.2. Existing price structure on the national grid.
The exogenously given prices for high-voltage electricity vary over time
in a given peak-load pattern. There is a given number of different prices,
where each price is valid for a given period, such as time of day and
season. There is one set of prices for deliveries from the grid and another
set of prices at a lower level for deliveries to the grid from the public
utility. The two dominant Swedish producers had at this time chosen to
design the energy-price structure over time in different ways. The
largest producer differentiated only over seasons. The second largest
producer differentiated both over seasons and between day-time and
night-time. Both of these price structures are used in cur calculations of
welfare gains.

The prices that a buyer must pay for purchases from the grid are
presented in Table 6.1 and the assumed energy prices for deliveries in
Table 6.2. These two sets of energy prices are exogenously given to the
local utility. The existing energy price used by the local utility for
deliveries of electricity to the local market is SEK 171/MWh throughout
the year, i.e., no price differentiation. The price quoted refers to the same
voltage (130 kV) as for prices on the grid.

The corresponding existing energy price for deliveries of heat from the
cogeneration plant is assumed to be SEK 187/MWh heat. As all calcula-
tions are made in electricity terms, this price for heat must be trans-
formed into a price for electricity. The fixed proportion for the joint
production of heat and power is assumed to be 0.55. Thus the price for
heat in electricity terms is SEK 187/MWh / 0.55 = SEK 340/MWh. This
price is also used throughout the year.
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Table 6.1. Assumed energy prices for purchases from the grid
(SEK/MWh)3

Winter
Nov-March
(20 weeks)

Spring/Autumn
April,Sept,Oct
(14 weeks)

Summer
May-Aug
(18 weeks)

No differentia-
tion between
day and night

190 143 110

Day-time
Monday-Friday
06.00-22.00

190 143 110

Night-time
Rest of week

143 110 85

Table 6.2. Assumed energy prices for deliveries to the grid (SEK/MWh).

No differentia-
tion between
dav and night
Day-time
Monday-Friday
06.00-22.00
Night-time
Rest of week

Winter
Nov-March
(20 weeks)

171

171

129

Spring/Autumn
April,Sept,Oct
(14 weeks)

129

129

99

Summer
May-Aug
(18 weeks)

99

99

85

6.3.1.3. Load and production conditions.
The demand for residential heating is concentrated to the winter season.
In summer, the heating system is used mainly for heatinghot tap water.
This means that the basis for power generation in such cogeneration
plants is determined to a large extent by the load duration curve of heat
consumption. In reality this load is continuously varying over the weeks.
However, in order to simplify the exposition and the computations, we
have assumed a constant hourly and weekly load during each season.
This assumed stylized load curve is shown in Figure 6.1.

Total consumption of electricity in the city at the ruling tariff for
electricity is also indicated in Figure 6.1. As can be seen, the power
produced by the cogeneration plants is in excess of local consumption
during the winter, spring and autumn seasons, whereas the quantity

The prices are taken from the tariff used by the second largest producer.
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Figure 6.1 Production and local consumption curves for a cogeneration
plant.

produced during the summer season falls short of the summer consump-
tion. This means that the utility is currently a net seller to the national
power grid during winter, spring and autumn, which correspond to the
peak and shoulder hours of the national power system. During the
summer, which is the off-peak period of the national power system, the
utility is a net buyer on the grid. As a whole over the entire year, more
electricity is sold to the grid than is bought from it by the utility. In all
these respects, our assumed plant has the same characteristics as the
actual one in the city of Västerås.
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When prices for heat and electricity consumed locally are changed, the
load conditions will of course also change. How much will depend on the
price elasticity for each of the commodities. The short-run price elasticity
for electricity for households in Sweden has been estimated at -0.14; see
Carling, Dargay and Oettinger (1980, pp. 43-44). This estimate refers to
data from the seventies. Since then more flexible furnaces for use of
different energy inputs have been introduced. In this process, the short-
run price elasticity has probably increased. Similar results have been
obtained in Norwegian studies of households' elasticity of demand for
electricity; see Blaabid and Log (1977) and R0dseth and Str0m (1976).

The Norwegian studies indicate short-term elasticities of-0.14 to -0.23.
No corresponding estimates for heat have been made. In this study we
assume a constant short-run price elasticity equal to -0.2 for both heat
and electricity.

6.3.1.4. Cost and capacity constraints.
The marginal cost in the cogeneration plant is a true joint cost. There is
no non-arbitrary way to distribute this joint cost between heat and power
production.

We have for convenience assumed that the fixed proportion for the joint
production of heat and power is 1 kWh heat and 0.55 kWh electricity.
The private marginal cost in the cogeneration plant for the joint product
of 1 kWh heat and 0.55 kWh electricity amounts to SEK 0.09, If we
normalize this cost in terms of 1 kWh electricity and 1.82 kWh heat, it
will be SEK 0.164 per joint unit. This marginal cost is assumed to be
constant up to the fixed capacity limit of the cogeneration plant. In our
calculations, this limit is set at 250 MWh electricity each hour, which
corresponds to a heat production of 454.5 MWh per hour.

6.3.2 The case of price differentiation over seasons.
In order to simplify the exposition, we confine the analysis in this section
to the case of differentiation in the prices of electricity and heat over
seasons only. The year is divided into three periods: winter,
spring/autumn and summer. The exact duration of these periods is
defined by the high-voltage tariff (see Table 6.1 and Figure 6.1).

6.3.2.1 Prices and quantities.
Given the data assumptions presented above, we can determine the
optimal prices of heat and electricity locally consumed by applying
conditions (6.1) and (6.2).



96 Studies in the Economics of Electricity and Heating

Table 6.3. Prices, quantities and welfare gains when high-voltage
electricity prices are differentiated over seasons.

Winter
Spring/
Autumn
Summer

Initial prices (SEK/MWh)

Total

511
469

450

Heat

340
340

340

Electricity
On end

171
129

not

Locally
171
171

171

Initial quantities
(MWh)
Heat

154
98

39

Electricity*

83
60

54

Winter
Spring/
Autumn
Summer

Optimal prices
(SEK/MWh)

Total

201
164

164

Heat

30
35

54

Elec-
tricity

171
129

not

Optimal quan-
tities (MWh)

Heat

250
154

56

Elec-
tricity*

83
63.5

59

Net welfare
gains
(SEK/hour)
Heat

11,920
5,030

1,630

Elec-
tricity*

0
70

140

* Locally consumed. f Purchase price

Prices, quantities and welfare gains for the three seasons are presented
in Table 6.3. The initial prices refer to the actual prices for heat and
electricity, where the price for heat is expressed in electricity terms.
Electricity prices are given for both the local and the national markets.
The total price refers to the joint products and is given by the sum of the
prices for heat and electricity on the grid. Thus, for the winter season,
SEK 340 + 171 = SEK 511.

The initial quantities are also listed. The quantities for heat are ex-
pressed in electricity terms. As we assume that there will always be an
equilibrium between production (supply) and consumption (demand) of
heat, there is no reason to distinguish between these concepts. With
regard to electricity, the locally demanded quantity is specified in the
table. The difference between the initial quantity for heat and for local
consumption of electricity is electricity sold to or bought from the grid.
For example, during the winter season, 154 - 83 = 71 MWh are sold each
hour.

The optimal prices for the joint products are determined by the marginal
cost or a higher value that gives an equilibrium at the existing capacity
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limit. These prices have to be distributed between the two goods in order
to obtain the optimal price for heat and the optimal price for electricity
consumed locally. This kind of distribution must be carried out separate-
ly for each season. As the price of electricity on the grid is exogenously
given, the price for heat can be determined residually.

The optimal price of the joint products during the winter season is SEK
201, as the consumption level must be restricted to the existing produc-
tion capacity of 250 MWh each hour. Thus, in this case there will be a
scarcity rent of SEK 201 -164 = SEK 37 for this capacity. As the price of
electricity sold on the grid is SEK 171, part of this scarcity rent is
attributable to electricity (SEK 171 -164 = SEK 7). The remaining part of
the scarcity rent for capacity determines the optimal price of heat, i.e.,
SEK 37 - 7 = SEK 30.

In the new equilibrium obtained after the optimal prices have been
introduced, the amount of electricity sold to the grid has increased by 96
MWh each hour. This increase is equal to the increase in heat produc-
tion/consumption; see Figure 6.2.

During spring/autumn, the optimal price of the joint product will be SEK
164, i.e., equal to the marginal cost. Since the price of electricity sold on
the grid is SEK 129, the price of heat will be SEK 35. The corresponding
optimal production quantity is 154 MWh each hour, which falls short of
the existing capacity. The increase in the electricity sold to the grid is 56
MWh each hour; see Figure 6.3.

The difference between the spring/autumn and summer seasons is that
in the former, electricity production exceeds local consumption, but in
the latter, the reverse occurs. The balance is sold to the grid in
spring/autumn while it is bought from the grid in summer. This explains
why, in our example, the electricity price in summer is determined by
the selling price on the grid and not by the purchase price as in
spring/autumn and winter.

The optimal price structure over the seasons is specified in Table 6.3.
The optimal price for local electricity is highest in the winter (peak)
season and lowest in the summer (extreme off-peak) season. However,
the optimal price structure for heat reveals a reverse pattern, in spite of
the similarity in load conditions. It is worthwhile observing that the
prices for heat differ between spring/autumn and summer, although the
capacity limit is not binding in any of these periods.

The net welfare gains per hour of switchingfrom the initial to the optimal
prices are presented in Table 6.3 and illustrated in Figures 6.2,6.3 and
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Price SEK/MWh

A

201

171
164

D
77//Y//////////////////,

96

Capacity
limit

30
E
7^

37

154 250 MWh

Figure 6.2. Welfare gains during the winter season (20 weeks).

6.4. The welfare gains during the winter season consist of three parts.
In Figure 6.2, the first part, which is the consumers' surplus arising from
reduction of heat net of the revenue decrease for the producer, cor-
responds to the area ABC. The second part is the total scarcity value of
the increase in heat production, which is given by the area BCDE. The
third part, given by the area DEFG, is the total scarcity value of the
increase in the quantity of electricity sold to the grid. These three parts
combined can also be regarded as the total net willingness to pay for
increased production of the joint products.

The welfare gains during spring/autumn and summer are illustrated in
Figures 6.3 and 6.4. The decrease in the prices of heat and local electricity
gives rise to two net consumers' surpluses in each season, one for heat
and one for electricity. The area HIJ in Figure 6.3 is the surplus on the
heat market in spring/autumn, whereas the area KLM is the surplus on
the local electricity market. The corresponding surpluses during the
summer are given by the areas NOP and QRS.

Given the duration of the various seasons, the annual net welfare gains
can be calculated. These gains are presented in Table 6.4.
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Price SEK/MWh

340

99

129

121
164
129

K

Capacity
limit

60 63.5 98 154 250 MWh

Figure 6.3.Welfare gains during spring/autumn (14 weeks).

Table 6.4 Total annual net welfare gains (SEK million)

Winter
Spring/autumn
Summer
Total

42.1
11.1
5.4

58.6

Thus, substantial net welfare gains for our local community can be
obtained by switching from the existing price structure to the optimal
one. If this gain is related to the number of subscribers, it corresponds
to around SBK1500 (approximately £150) per household connected to the
district-heating network.

The changes in energy prices also give rise to a considerable transfer
from the producer to the consumers amounting to SEK 270.2 million/year.
Such a revenue fall can cause a deficit problem. But an analysis of this
effect is outside the scope of this chapter.

6.3.3 The case of price differentiation over seasons and day/night.
The difference between this and the preceding subsection is that we now
assume that the price on the grid are differentiated not only over
seasons, but also between day and night. The durations of the three
seasons arc assumed to be the same as above.
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Price SEK/MWh
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Figure 6.4.Welfare gains during summer (18 weeks).

6.3.3.1. Prices and quantities.
In Table 6.5, prices, quantities and welfare gains for the three seasons
and day/night are presented in the same way as in Table 6.3. The
computations are based on the assumption that the heat load is of the
same magnitude during night and day in each season. Regarding the
local consumption of electricity, the night load is assumed to be half as
large as the day load, while the electricity price is the same during day
and night. Such a price structure for electricity sold locally (i.e., no price
differentiation) is assumed to exist initially.

The exogenously given prices in the high-voltage tariffs and the trade
pattern at the optimum determine the optimal prices for local electricity
consumption. Because of the assumptions used in our calculations,
electricity is sold to the grid during all periods except for summer days,
when electricity is bought from the grid. (This can be observed from the
optimal electricity prices in Table 6.5. All of these prices, except for
summer days, are selling prices).

In principle, the optimal electricity prices over the six periods in the
order presented in Table 6.5 decline from winter to summer. However,
there is one deviation from this pattern, i.e., the price for summer days
is higher than the price for spring/autumn nights. The optimal price
structure for heat over the six periods is a mirror image of the one for
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• = heat
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Figure 6.5. Price and load patterns for electricity and heat.

WD = winter days, W^ = winter nights
S/AD = spring/autumn days, S/A = spring/autumn nights
SD = summer days, S = summer nights

electricity. Thus, these prices are in principle increasing from winter to
summer, except from spring/autumn nights to summer days.

When observing only the price structure for heat and electricity
presented in Table 6.5, the load pattern is not explicitly taken into
account. The price levels for both electricity and heat and the correspond-
ing load patterns are plotted in Figure 6.5.

A nominal scale is used on the horizontal axis where 1 represents the
lowest load and 6 the highest. It can easily be seen that the price/load
pattern for electricity is not the usual peak/off-peak configuration. The
reason for this is that the local load for electricity does not coincide fully
with the load pattern on the national market (if this pattern is accurately
reflected in the high-voltage tariff). The price/load pattern for heat does
not show the expected pattern, as can be seen in Figure 6.5. The heat
load during summer days is not sufficient to permit the production of
electricity sufficient to cover local consumption. Electricity must there-
fore be bought from the grid. This change in the trade direction means
that the price of electricity will cover a greater part of the joint cost. As
a consequence, the price of heat will be reduced.
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Table 6.5 Prices, quantities and welfare gains when high-voltage
electricity prices are differentiated over seasons and day/night.

Winter
Day
Night

Spring/
Autumn

Day
Night

Summer
Day
Night

Initial prices (SEK/MWh)

Total

311
469

469
439

450
425

Heat

340
340

340
340

340
340

Electricity
On grid

171
129

129
99

not
85

Locally

171
171

171
171

171
171

Initial quantities
(MWh)
Heat

154
154

98
98

39
39

Electricity*

111
56

48
40

72
36

Winter
Day
Night

Spring/
Autumn

Day
Night

Summer
Day
Night

Optimal prices
(SEK/MWh

Total

201
164

164
164

164
164

Heat

o
 

to
C

O
 

C
O

35
65

54
79

Electric
ity

171
129

129
99

not
85

Optimal quan-
tities (MWh)

Heat

250
242.5

154
136

56
52

Electric
ity*

111
59

85
45

79
41

Net welfare
gains
(SEK/hour
Heat

11,920
7.910

5,030
2.650

1,630
1,250

Electric
ity*

0
60

90
150

190
200

* Locally consumed tPurchase price

The net welfare gains per hour are listed in Table 6.5. These gains can
consist of some or all of items i) to iv) in section 6.1. The calculated total
welfare gains are given in Table 6.6, indicating that the total annual net
welfare gains amount to SEK 48.1 million. This figure is based on the
assumption regarding constant price elasticity over all periods. How-
ever, this assumption is probably unrealistic in regard to demand for
heat during summer nights. It would perhaps be more realistic to assume
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Winter
Night
Dav

Spring/Autumn
Night
Dav

Summer
Night
Dav

Total
- Summer night

14.7
20.0

3.2
5.3

(2.3)
2.6
(48.1)
45.8

completely inelastic demand for Table 6.6 Total annual net welfare
heat during these nights. The gains (SEK million).
total gain would then be reduced
to around SEK 45.8 million.

When comparing the outcome in
this case with the result for
price differentiation only over
seasons, it is evident that the
gains are smaller. This is be-
cause the gains from selling to
the grid at night time are
smaller. As a consequence, the
part of the marginal cost for the
joint products which refers to
heat is higher during night time
in relation to day time, which will reduce the quantity demanded. Thus
the optimal production of heat will be lower during nights, given the price
elasticity assumption.

As is evident from this result, the optimal production pattern from the
local utility's point of view depends on the specific price structure in the
high-voltage tariff. This dependence also reveals the importance of a
cost-based structure on the national grid, if the outcome is to be com-
patible with efficiency from a national point of view. Thus, if marginal
production costs in the national system vary between night and day, then
a corresponding price differentiation should be reflected in the high-volt-
age tariff. Otherwise small cogeneration units will receive price signals
which lead to an inefficient production pattern from the national point
of view.

6.3.4 Sensitivity analysis.
We now turn to the effects of two different variations: a higher high-volt-
age electricity price during the winter season and larger cogeneration
capacity.

6.3.4.1. A higher electricity price.
Let us now study the effects of a higher electricity price on the grid during
the winter season. Suppose that it is increased to SEK 221/MWh instead
of SEK 171/MWh.

Such a higher electricity price on the grid will not affect the optimal price
for heat or the optimal quantity of heat produced. But the optimal price
for locally consumed electricity is increased. Thus, the welfare gains
consist of the same three items as before, except that item iii) has
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increased due to higher revenues from the electricity sold to the grid; see
section 6.2. In addition, however, a v elfare loss of the type described by
item iv) will also occur. The increase in revenues due to a switch to an
optimal price structure will be SEK 50/MWh x 96 MWh = SEK 4 800
hourly.

The welfare loss due to the decrease in local electricity consumption,
amounting to SEK 100, should be deducted from this sum. Thus, the net
welfare gain will be SEK 4 700 each hour. The total annual welfare gain
will increase to SEK 16.6 million if the higher electricity price on the grid
is valid for the entire winter season. If it is only valid for winter days,
the corresponding increase in total annual welfare gains is SEK 7.8
million.

6.3.4.2. A higher capacity limit.
Throughout this study, we have assumed a capacity limit of 250
MWh/hour. Let us now examine the effects of larger capacity, e.g. 300
MWh. For periods where the capacity limit of 250 MWh each hour is not
reached after switching to optimal pricing, no changes will occur in the
estimated welfare gains. Thus, in our study, there will not be any
addition to the welfare gains already calculated except during the winter
season or winter days. The optimal price for the joint products will
decrease from SEK 201/MWh at the capacity limit of 250 MWh each hour
to SEK 183/MWh at the capacity limit of 300 MWh each hour. The optimal
price for electricity will remain unchanged. Thus, the whole reduction
in the price for the joint products will fall on the price for heat. In this
case, the optimal price for heat will be SEK 12/MWh.

The welfare gains attributable to larger capacity will consist of items i),
ii) and iii) presented in section 6.2. The total welfare gain per hour is
increased by SEK 1 350. This corresponds to a total annual increase of
SEK 4.8 million for the case where there is price differentiation only over
the seasons in the high-voltage tariff.

6.4. Concluding Remarks.

The main objective of this chapter has been to measure the short-run
welfare gains from switching from an existing price structure to an
optimal structure for cogenerated electricity and heat in a Swedish city
with a cogeneration plant. Optimal prices and quantities for both heat
and electricity consumed locally have been derived for two different
designs of the high-voltage tariff. The first has an energy price differen-
tiation over seasons; the second also has differentiation between day and
night. The prices for local electricity have the same peak/off peak pattern
as the prices in the high-voltage tariff, while heat prices will be a mirror
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image of this pattern. The total annual net welfare gains are consider-
able. With price differentiation in the high-voltage tariff only over
seasons, they are calculated at SEK 58.6 million. The corresponding gains
associated with the high-voltage tariff with price differentiation also
between day and night are estimated to be SEK 45.8 million. These
estimates depend, of course, on the price level in the high-voltage tariff,
the existing cogeneration capacity, the value of the price elasticity used,
etc. Higher values of these variables imply higher annual net welfare
gains.

However, in our case, switching to an optimal price structure takes place
by decreases in the prices for both heat and electricity. Thus, these gains
must be won at the cost of substantial net financial losses, SEK 270.2
million for the first case calculated. In order to realize these net welfare
gains without a budget deficit, it will be necessary for the utility to
increase the fixed charges so as to cover this amount.

These annual welfare gains refer to short-run adaptations. But a switch
to optimal pricing will also give rise to adaptations in the longer run.
The optimal price structure will alter the price relations between
electricity and heat. For instance, it will in winter-time be more ad-
vantageous to be connected with the district-heating system than to use
electricity for heating. Therefore, it is reasonable to expect substitution
from electricity to district heating in the long run. This in turn will lead
to an increased price for heat during winter-time in the long run-
Furthermore, if the high-voltage tariff is also differentiated between day
and night, additional substitutions may occur in the long run. These
substitutions can include a change in the distribution of demand for heat
between day and night. The same kind of substitution can also occur for
electricity consumed locally. If such substitutions occur, they will con-
stitute additional gains as compared to those calculated here.
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Chapter 7.
The Social Cost of Unsupplied
Electricity1

Roland Andersson and Lewis Taylor

In principle there exists a set of prices that will equate the demand for
electricity to the supply of electricity, even when the quantity of
electricity supplied falls drastically or when there is a sudden increase
in the quantity demanded at a given price. However, it is difficult to
adjust prices instantaneously to compensate for stochastic changes in
supply and demand. At present, little use is made of changes in prices
to try to attain equilibrium in situations of shortage. For that reason it
is necessary to maintain reserve capacity to mitigate the problems that
arise when there is a shortage of electricity.

To find the optimum reserve capacity for an electrical system it is
necessary to assess the value of electricity that would otherwise not be
supplied. The price structure determined beforehand will be retained
regardless of what short-term variations there may be in supply and
demand conditions.

The problem of determining the optimal reliability of electrical systems
has lately been discussed quite intensively in the literature (see Ander-
son and Turvey [1977]; Crew and Kleindorfer [1978]; Munasinghe and
Gellerson [1978]; Munasinghe [1979, 1981a and 1981b]; Bental and
Ravid [1982]; Sanghvi [1982]. The 'classical' article is that by Telson
[1975] in which he claims that the power systems, in the USA at least,
tend to be 'too' reliable.

There are several crucial problems that remain to be solved before the
value of unsupplied electricity can be determined. In this chapter some
conceptual problems associated with the assessment of unsupplied
electricity will be discussed. Following that, some of the methods

1 This chapter was published in Energy Economics, July 1986.
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presented in the literature are reviewed. Finally, some estimates made
in Sweden and abroad are reviewed.

7.1 The willingness to pay for capacity

The difficulties of correctly estimating the value of unsupplied electricity
are apparent when the factors that influence the estimate are con-
sidered. Included among these factors are the amount of forewarning,
the duration and extent of the interruption, the time it occurs and the
use to which the electricity would have been put had it been available.
The less forewarning, the more difficult it will be for the user of electricity
to adapt to the situation. So the user's costs for an interruption or cutback
will increase, ceteris paribus. And the longer an interruption or cutback
lasts, the greater will be the total costs of the shortage. However, it is
often the case that the cost per kilowatt hour decreases as the interrup-
tion continues, since there is then more time to make adaptive changes.
The extent of a cutback is also clearly of importance for the size of the
shortage costs. It is also important whether the interruption is during
the night or day, during the winter or summer.

The risk that a user's supply of electricity will be interrupted without
any forewarning at all is greatest if a fault occurs in the distribution
system. However, interruptions may also be the effect of insufficient
machine capacity in the production plants, and, in the case of production
systems, which include significant amounts of hydroelectric power,
during extremely dry years in which there is insufficient water in the
reservoirs. In such cases there will usually be more advance warning
than in the first case.

Producers of electricity, at least in Sweden, make a relatively sharp
distinction between capacity shortage and energy shortage in determin-
ing the risks for shortages in the electrical system and the optimal
reserve capacity. The capacity, or power capacity, of a system at a given
instant of time is the maximum amount of power that can be provided
at that instant for production or distribution (net of all losses in the
production and distribution system). Capacity shortage occurs if the
available machine capacity at a given instant is not sufficient to satisfy
the users' demand for power at that instant. In the production system a
capacity shortage may be the result of generator failures or, quite simply,
of insufficient installed power. In the distribution system damage to
lines, transformers, switches and the like may lead to capacity shortages.

It is often difficult or even impossible for the producers of electricity to
affect who is hit by a capacity shortage, especially if the shortage is the
result of insufficient capacity in the distribution system. Therefore, a
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capacity shortage may affect critical activities, e.g. in a hospital or
processing industry (if they do not have their own functioning reserve
power systems) at the same time as there is sufficient capacity to supply
users with relatively less sensitive activities.

An energy shortage arises when the electrical system cannot supply the
total amount of energy demanded during a given period, e.g. a year. The
cause of an energy shortage may be a shortage of fuel in a system heavy
in thermoelectric production plants or a shortage of water in the reser-
voirs in a system heavy in hydroelectric production plants.

An energy shortage can usually be forecast, and warning can be provided
in advance so that companies and households can prepare themselves
for the worst. In addition, the electricity producers find it possible to
direct the shortage to groups of users that have lower marginal willing-
ness to pay than others. However, to do this it is necessary that the
producers have information about the willingness to pay of different
groups of users.

Thus, what causes a sudden interruption of electricity supply generally
to lead to greater damage than a comparable cutback is that the period
of advance warning is shorter and the possibilities of directing the effect
of the shortage are less in the case of the first type of shortage. In some
cases the supplier can determine who is to be hit by a shortage. However,
shortages often strike more or less 'blindly', hitting users with a high
evaluation of the undelivered electricity as well as those with a low
evaluation, so that the 'rationing* of the available capacity will be more
or less random (Visscher [25]). In these cases it is not possible to direct
the interruption to the least urgent uses except to a limited degree. Thus
it is not possible to determine in advance whose willingness to pay will
be displaced.

To obtain a rough measure of the shortage costs for a sudden interrup-
tion, it can be assumed that customers with an average willingness to
pay are deprived of their electricity supplies, especially at peak load
times, in contrast to cutbacks with advance warning, where it can be
assumed that it is customers with the marginal willingness to pay that
are displaced. This is illustrated in Figure 7.1.

The average willingness to pay provides a maximum expected measure
of the social costs of undelivered electricity, since there is always some
possibility of directing the shortage, in any case, if the shortage arises
in the production sector. Similarly, the marginal willingness to pay
provides a maximum expected measure for the social costs of a cutback
with ample forewarning, since control possibilities are hardly perfect
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Figure 7.1. The cost of an interruption (a) with little or nor forewarning;
(b) with longer forewarning.

even in the most favorable of situations and, besides, the information
about shortage costs for different groups of users is by no means perfect.

7.2 Methods for assessing the value of unsupplied
electricity

Several approaches to estimating shortage costs have been pointed out
in the literature on the subject, including the following three:

1. on thebasis of the observed or estimated willingness to pay for planned
production of electricity(Brown and Johnson [1969]: Crew and Klein-
dorfer [1976 and 1978]);

2. on the basis of losses in production value for the various goods and
services affected (Munasinghe and Gellerson [1979]; Munasinghe
[1979,1981a and 1981b]; FFE [1980];

3. on the basis of the opportunity cost of back-up power (Sangh vi [1982];
Bental and Ravid [1982].

In this section we will analyze these different approaches.
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Munasinghe and Gellerson criticize the first assessment basis and
prescribe the second instead:

The consumer's surplus approach is questioned since outages may
disrupt other activities complementary to electricity consumption. Thus
actual short-term outage costs may greatly exceed those estimated on
the basis of willingness-to-pay for planned consumption ([1979], p. 254).

Munasinghe and Gellerson point out that load shedding does not neces-
sarily take place according to the ranking of willingness to pay and
therefore 'underlines the fact that the kilowatt hours lost owing to a
random outage are not always marginal' (p. 356). Munasinghe and
Gellerson claim that:

"the outage cost reflects not just the small wedge shaped area of
consumers' surplus lying between the downward sloping demand curve
and the horizontal price line owing to kWhs lost at the margin but rather
a much larger amount of consumers' surplus forgone corresponding to
inframarginal kWh lost." (p. 356).

Also, even if this is the case, Munasinghe and Gellerson claim that the
losses can be significantly larger, 'because such an outage is unplanned
and this leads to the forced idleness of complementary productive factors'
(p. 56). Munasinghe repeats these arguments ([1981b], p. 150).

Let us analyze these statements. It is, of course, clear that the actual
outage costs may be considerably greater than 'observed (long-run)
willingness to pay" ([1981a], p. 150). The value of the elasticity of demand
is (in absolute terms) lower in the very short run than in the long run
and in this context, it is the very short run that is relevant.

In a comment to Brown's and Johnson's classical 1969 article, Visscher
points out that load shedding does not take place according to the
ranking of willingness to pay. However, this is hardly a decisive objection
to continued use of the concept of willingness to pay as a point of
departure for estimating outage costs that Munasinghe and Gellerson
seem to believe. Naturally, the marginal willingness to pay is not an
adequate measure in such cases. Instead, it is the average willingness
to pay that is relevant, as was pointed out in the previous section. This
is the case mainly when we are dealing with capacity shortages. The
marginal willingness to pay is relevant when the advance warning of a
shortage is sufficiently long and when dealing with risks for energy
shortages.
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Munasinghe and Gellerson's argument that the evaluation of outage
costs on the basis of production losses is a better measure than on the
basis of willingness to pay is not tenable. The demand function is derived
from an evaluation of the production losses. Thus, an evaluation of
outage costs on the basis of the one or the other, if properly carried out,
should lead to the same result. Therefore, the method furthered by
Munasinghe and Gellerson has no advantages in principle, though, of
course, it may have some advantages in practice.

Munasinghe and Gellerson propose 'unsupplied electricity' for
households according to the 'opportunity cost for leisure' and set this cost
equal to net income per unit of time. However, it is hardly the case that
the household's leisure time is lost. Rather, the content of the leisure
time must be reconsidered. Therefore, it may be that the method
proposed by Munasinghe and Gellerson leads to an overestimation of the
true value. The method they propose for estimating the value of unsup-
plied electricity to industry by estimating the value of production losses
is of considerable interest providing that studies are made when inter-
ruptions have actually occurred, and not only in connection with
hypothetical questionnaires.

B en tal and Ravid [1982] suggest that the value of un supplied electricity
for industrial purposes be measured by the costs of maintaining back-up
supplies. The theory behind this method is that for a profit maximizing
firm 'the expected gain from the marginal self-generated kWh is also the
expected loss from the marginal kWh which is not supplied by the utility'.
Using this equilibrium condition 'the marginal cost of generating its own
power may serve as an estimate or the marginal outage cost' (p. 250).
The authors are careful to point out that it is meaningful to talk about
the cost of outages only given a certain level of supply reliability (p. 251).
We have interpreted this concept as the ex ante opportunity cost for
unsupplied electricity. Thus it represents the maximum limit to the
firm's willingness to pay. The basis for this interpretation is that the
profit maximizing firms with a willingness to pay that is greater than
the cost of back-up power will supply themselves with back-up power,
while those with a lower willingness to pay will not.

This approach, based on revealed preferences rather than on the usual
questionnaire concerning hypothetical situations, seems to us to be valid
and promising. Therefore, we used this concept of a maximum limit to
the willingness to pay in a study of the optimal reserve margins for
electrical energy of the Swedish power industry; see the next chapter.
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7.3 Some estimates of outage costs.
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7.3.1 Earlier estimates
A study from EPRI ([8], pp. 4-20) presents a survey of estimated outage
costs (see Table 7.1). The outage costs here are constant, independent of
the size and duration of the outage. Nor is any distinction made between
capacity shortage and energy shortage. However, it can be assumed that
these values apply to capacity shortages. Unfortunately, no account is
given of how these values were determined, and so it is difficult to
determine how reliable they are.

Table 7.1. Outage costs for electricity (US$ I kWh in 1978 prices).

Source

Kaufmann [1975]
Shipley** al [1972]
IEEE [1974]
Telson [1975], for industrial users
Telson [1975], for entire country

Year

1974
1972
1972
1970
1970

Outage
cost
1.00
0.90
3.80
2.00
0.90

Munasinghe ([1981b], p. 1561) also presents estimates of outage costs in
various countries, as shown in Table 7.2. No distinction is made between
energy and capacity shortage costs here either. Nor, again, is any
detailed account given of the methods used to derive the costs, and so it
is not clear how reliable they are. The estimates for Brazil were made
by Munasinghe and Gellerson [1979] on the basis of a case study by
Cascavel. Here, companies' estimates of losses in production of different
goods and services were used for the industrial sector and estimates of
the households' losses of leisure time were used for the household sector.
These methods were discussed in the previous section of this chapter.
Sanghvi [1982] made a survey of estimates of shortage costs made in
different countries and with different methods. He distinguishes be-
tween capacity and energy shortages, which is to be recommended. He
presents estimates for the household, industrial and commercial sectors.
Table 7.3 is a summary of Sanghvi's conclusions as to the interval in
which these costs should lie on the basis of his survey.

Sanghvi believes that the outage costs of the commercial sector are
greater than for the households and industry, but that the basis for the
estimates for the commercial sector are less well founded.
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Table 7.2. Outage costs for electricity (US$1 kWh in 1977 prices).
Country
Households
Sweden
Sweden
England
Companies
Brazil
Sweden
Sweden
Chile
Canada

Year

1948
1969
1975

1948
1969
1973
1976

Outage cost

0.40-0.70
0.70-1.50
0.50-1.50

1.00-7.00
1.00-2.00
0.10-3.00
0.20-8.00
1.00-9.00

Table 7.3. Estimated intervals for cost of capacity and energy shortages
(US$1 kWh in 1981 prices).

Households
Industry

Cost for capacity
shortage
0.05-1.50
1.00-7.00

Cost for energy
shortage
0.00-2.54
0.05-1.00

A case study of an actual case of power shortage in Key West has been
carried out by Mosbaek [1980]. The situation offered an unusually
favorable opportunity to study the effects of a power shortage, since Key
West's geographical situation as an island at the southern tip of Florida
limits the possibilities of providing replacement power. The shortfall
amounted to a 25% cutback during 10 peak hours for a period of 25
successive days in 1978. An attempt was made to estimate the produc-
tion losses to companies and losses to the households by means of
questionnaires and interviews involving the companies and households
affected by the shortage. The value arrived at was $2.30 per kWh, which
was said to be about 50 times the current market price.

Of course, studying the estimated losses for electricity customers in close
connection with an actual cutback in electricity supplies, as was done in
Key West, has advantages as compared to other methods that have been
used. Unfortunately, however, the Key West study still has the fun-
damental fault of most investigations of willingness to pay to avoid an
electrical shortage. The answers that are given are not really binding.
Therefore, the results of the Key West study must also be considered
questionable.

Bental and Ravid [1982] have estimated the value for industrial users
of the cost of maintaining on-site reserve capacity. Their estimate for
Israel was $0.21 per kWh (p. 251). The corresponding estimate for the
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USA is considerably higher, $1.16 per kWh. The difference is owing to
the fact that the US power system is considerably more reliable than the
Israeli. The expected total duration of outages in the USA is 10 hours
per year, whereas it is 70 hours a year for Israel (p. 252). The greater
the reliability, the greater will be the cost per kilowatt hour for reserve
capacity if the cost per kilowatt is the same. In addition, there is much
less incentive for customers to maintain a reserve supply if the system
is reliable.

All of the results of studies presented above have one factor in common:
the value of an undelivered kilowatt hour is the same regardless of the
size of the shortage for a given reliability of the system. This has been
criticized by a representative of the Tennessee Valley Authority in a
study made by EPRI [8] as follows:

"We do not believe that the use of a constant dollar cost per unit of
'energy-not-served' is an adequate basis to reflect the consequences of
under installation capacity. The consequence of a large shortage over a
short time-span can be much more adverse than small capacity outages
totalling the same amount of energy-not-served over a long time-spaa."

In this regard, therefore, the Swedish study on the evaluation of inter-
ruptions in the electricity supply to be presented later is better.

7.3.2 Energy shortages in the Swedish power industry
At present the Swedish power industry employs a constant value for
energy shortages of SEK 1 per kWh. However, an earlier discussion
considered that energy shortage costs should depend on the size of the
shortage in the manner illustrated in Figure 7.2 (see Penten [1975] and
CDL [1978], p. 6:8).

The thick arrow along the vertical axis denotes the fixed cost that arises
when there is an energy shortage. It consists of the costs for information
to promote conservation of the available energy, rationing measures and
the like. Information campaigns are said to lead to considerable conser-
vation. If the shortfall is greater than 10% of the annual consumption,
then rationing is recommended. Such measures are thought to lead to
more and more serious economic consequences in the form of decreased
employment and production. In the figures such costs are assumed to be
a linear function of the size of the shortage.

A sensitivity analysis was performed to determine how the optimal size
of the power system was affected by the assumption of constant or
increasing costs for an energy shortage. The results were that the
optimal size of the power system was not very sensitive to this assump-
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Figure 7.2. Energy shortage costs as a function of size of shortage

tion. However, in a recent study of ours we arrived at the opposite
conclusion; see the next chapter.

Energy shortage costs for various sizes of energy shortage were es-
timated in a study done at the Energy Systems Research Group (FFE
[1980] and Bergström [1979]). The results are shown in Table 7.4.

Table 7.4. Energy shortage costs.
Shortage (%)
10
15
25

Value of unsupplied electricity (SEK/kWh)
1.20
3.00
7.70

These values are for industry and commerce only. They were obtained
using a linear programming model designed for use in crises. In this
model, assumptions about the potential in the short run for conserving
energy, capacity restrictions, inventories of goods and the principles
used to allocate the electrical energy are central. It is assumed that the
government decides how much energy is to be reduced. The available
energy is divided optimally among the various sectors of industry and
commerce. Then the increase in value-added that would result from the
availability of an additional kilowatt hour of electricity is determined.
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As can be seen from the table, shortage costs increase as the size of the
shortage increases, just as expected.

7.3.3 Swedish evaluations of interruptions in the electrical supp-
ly-
In 1969 a Swedish committee on the evaluation of interruptions in the
supply of electricity presented its report. The customers' evaluations of
their outage costs were the basis for estimating these costs. Question-
naires and interviews were used to uncover the customers' evaluations
of interruptions in the electrical supply of various durations that occur
without forewarning. The results have been used as the basis for dimen-
sioning the electrical system in Sweden, especially the distribution
system.

A new committee was appointed in 1979 and decided to use the same
basic principles (Svenska Elverksföreningen [1981], p. 26). Using ques-
tionnaires and interviews, customers were again asked about the costs
associated with interruptions in the supply of electricity. The results are
presented in the form of a fixed cost in SEK/kWh by intervals. Table 7.5
compares the results of the 1969 committee's report with those of the
1979 committee.

Table 7.5. Estimated outage costs in Sweden, 1969 and 1980.
Outage costs (SEK/kWh*)

Duration of outage

Industry
Households
Agriculture
Offices
Commerce
Railroads
Other transport

Population centers
Countryside

Entire country

0.5 h
1969
2.8
5.0
6.3
6.3
5.0
4.8
1.8

6.5
5.0

4.0

1980
10.2
1.0
2.0

26.0
23.0
8.2
2.5

18.4
8.6

8.8

2h
1969
8.0

20.0
25.0
25.0
20.0
14.0
7.0

23.3
20.0

13.0

1980
23.5

5.4
9.3

107.0
62.0
24.5
10.0

52.6
22.9

27.2

+

8 h
1969
33.5
72.5
92.5

100.0
80.0
51.5
28.0

75.8
72.5

__

1980
62.5
62.5
56.0

451.0
218.0
89.9
40.0

197.6
102.6

111.8

T h e estimates for 1969 have been inflated to correspond to 1980
kronor (one krona (SEK 1) cost an average of $0.236 in 1980).
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The table shows that the outage costs for Sweden as a whole have more
than doubled in the 10 year period. The greatest increases were for
industry, offices and commerce. The increase was greater for the densely
populated areas than for the sparsely populated. Costs for households
and agriculture decreased, especially where interruptions of short dura-
tion are concerned.

The main reason given for the increase in outage costs is the increased
dependency on electricity. There has been considerable automation in
industry and the size of the industrial units has generally increased.
New technologies, based on electricity, have been introduced into offices
and commerce. There has also been increased use of electrical equipment
in the home.

The committee also compares its results with a Finnish and a Canadian
study, both of which use essentially the same evaluation principle,
methods and division into categories used in the 1969 Swedish study.
The total values for all of the countries are of about the same magnitude,
except for the longer interruptions, where the Swedish estimates are
higher than the Finnish, and for light industry, where the Swedish
estimates are considerably higher than the Canadian.

In applying the estimates obtained in this way, it should be noted that

* the estimates are maxima which do not apply at all hours of the day
or days of the year;

• if the values are applied at maximal capacity, the costs for interrup-
tions of maximal inconvenience are obtained;

• a reduction factor should be used for interruptions that occur ran-
domly or else the outage costs should be applied at average capacity;

* the variations among the different categories of customers are quite
large.

The committee's report note that the methods used have 'aroused certain
criticism from some directions, including from England* (p. 26). The
criticism has mainly been that 'the method of asking customers may lead
to evaluations of interruptions that are too high'. Rather, the critics have
prescribed 'a more strictly economic evaluation'. Here we have a fun-
damental shortcoming of all interviews and questionnaires based on
hypothetical situations. If the customers involved do not face the respon-
sibility of actually paying the sums they indicate, they have a motive to
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exaggerate their outage costs. This means that the practical value of this
type of study is, unfortunately, verv dubious.

The customers should face actual, not hypothetical, situations (Bohm
[1972] and Bohm and Nilsson [1981]). Of course, it is hardly a trivial
task to apply this principle. To illustrate how it could be done, we can
take as our point of departure an example given in the committee's
report. If a group of users is presently being supplied with electricity on
a radial system, then a break in the cable means that all users beyond
the break will be without electricity. However, if the system is changed
to a loop so that electricity can be fed to the users from either direction,
then the subscribers will all be able to obtain power given a single break
in the cable. With two breaks, all subscribers between the two breaks
will be without electricity. Changing the system to a loop would thus
increase the system's reliability, though differently for each subscriber.
The subscribers involved could be asked to specify how much they were
willing to pay for the change, with the expectation that if the sum of all
subscribers' willingness to pay exceeded the cost of making the change,
then the change would be made and each subscriber would pay the
amount he had specified. From this it should be possible to estimate the
subscribers' evaluation of their outage costs. If a number of such situa-
tions could be used in a similar manner, it might be possible to obtain
an estimate of the true outage costs for various groups of subscribers
rather than only their stated outage costs.

One problem with this method is the so-called free-rider problem. Since
the increased reliability has some public goods aspects, it is possible for
a subscriber to understate his willingness to pay in the hope that the
sum will still be enough to pay for the project, so that he will enjoy the
increased reliability at a discount compared to his true willingness to
pay. See Bohm [1972] and Bohm and Nilsson [1981] for a detailed
discussion of this problem and ways to circumvent it.

If the questionnaire or interview method is used to estimate outage
costs, it is likely that the estimate will be greater than the true outage
costs. However, some of the decision makers in the power industry may
also mistrust the results. This may lead to different outage costs being
used by different power companies in the system. This would lead to
inefficiency in the system of a type similar to the inefficiency resulting
from the use of different rates of interest in the different companies. It
is, of course, very important that the 'correct' evaluation of outage costs
be used consistently throughout the power industry.

This is our main criticism of the committee's report. Another point which
casts a shadow on the results is that the rate of response to the
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questionnaires was relatively low, e.g. 20% for offices and 40% for
industry (Svenska Elverksföreningen [1981], p. 18 and p. 6).

By way of conclusion, we would like to emphasize one merit of this study
of outage costs relative to the studies mentioned previously. This is that
the committee systematically attempted to obtain the maximal costs for
the different categories of subscribers for outages of various duration;
the longer the outage lasts, the lower the outage costs per kilowatt hour
will be. This is in accordance with what would be expected.

7.4 Conclusions

The evaluation of shortage costs is a matter of key importance in
determining the optimal reliability of a nation's electric power system.
This chapter has demonstrated the importance of distinguishing be-
tween energy shortages and capacity shortages when evaluating
shortage costs. To obtain a coarse measure of the cost of a capacity
shortage, the average willingness to pay, particularly at peak periods,
could be used. A coarse measure of the cost of an energy shortage might
be the marginal willingness to pay. The average willingness to pay would
correspond to a maximal measure of the expected social costs for a
sudden interruption in the electrical supply, since there are always
certain possibilities of directing the interruption, especially if it is owing
to a fault in the production rather than in the distribution system,
towards less vital uses. The marginal willingness to pay represents the
maximal measure of the expected social costs for an energy shortage,
since it would never be possible to direct the shortage completely to the
users with the marginal willingness to pay.

Munasinghe and Gellerson [1979] criticize the idea of using the concept
of willingness to pay to estimate shortage costs. They prefer using the
value of production losses owing to the shortage of companies and the
value of lost leisure for households to determine shortage costs. Their
criticism is, however, based on a misconception. Correct estimates using
either method should be identical. However, the method recommended
by Munasinghe and Gellerson may have some practical advantages.

Bental and R&vid [1982] suggest that estimates for companies be based
on the alternative cost of maintaining back-up power. This cost would
be the maximum that a company would be willing to pay for power given
a shortage that would otherwise deny them power. This seems to ba a
valid method of considerable interest.

All of the studies of shortage costs that we are familiar with, except for
that of Svenska Elverksföreningen, assume that shortage costs per
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kilowatt hours are independent of the size and duration of the shortage.
Nor is the distinction between energy and capacity shortage usually
made. Most of the studies apparently deal with capacity shortages.
Estimates are usually based on information obtained from question-
naires and interviews concerning hypothetical shortage situations. The
reliability of such estimates is highly questionable.

The Swedish power industry uses a constant energy shortage cost which
is presently SEK 1 per kWh. However, there has been a discussion in
which it was agreed that, in principle at least, the cost should depend on
the size of the shortage.

A study of outage costs in connection with capacity shortages was made
in Sweden using questionnaires and interviews for different groups of
customers (Svenska Elverksföreningen [1981]). In this study an attempt
was made to obtain estimates of costs for outages of various durations.
However, the study suffers from the same fundamental shortcoming as
all studies based on hypothetical situations; if the persons questioned
are not actually faced with paying the cost they say they would have,
they may find it advantageous to exaggerate the consequences. Instead,
studies should be made in which the customers are faced with actual
decision situations. This is no easy task.



Chapter 8
Dimensioning Reserve Margins of
Electrical Energy in Sweden

Roland Andersson and Lewis Taylor

Assessing the impact of electricity shortages is a key problem in deter-
mining the optimal reliability of a nation's electrical system. The size of
an electrical system's reserve margin will depend to a great extent on
how the shortage value is determined. Telson (1975) used macro-
economic data to estimate the upper and lower bounds of the cost for
unsupplied electricity. He found the present l-day-in-10-years loss-of-
load probability criterion to be uneconomically excessive and proposed
the criterion be reduced at least to the 5-days-in-10-years level.

Crew and Kleindorfer (1978, 1979), introduced explicitly the costs of
rationing in the event of excess demand. They also emphasized that,
ideally, price and reliability should be jointly optimized to achieve
maximum net social welfare. They state that "the presence of rationing
costs implies a high optimal reliability level" (1978, p. 38). Munasinghe
and Gellerson have criticized the approach of basing the value of unsup-
plied electricity on the willingness-to-pay concept (1979, p. 354). Rather,
they recommend that the values of production losses for firms and lost
leisure time for households be used as estimates of the value of a
shortfall.

Ben tal and Ravid proposed a method of estimating the marginal cost of
unsupplied electricity based on a revealed-preference approach in the
market for backup generators. Comparing estimates for Israel and the
United States, they found a basis for their hypothesis that "the smaller
the probability of power outages, the lower the firm's incentives to insure
itself against shortages" (1982, p. 252); see the previous chapter.

It is important to distinguish between capacity and energy shortages, as
Sanghvi (1982) and Bjerkholt and Olsen (1982, p. 283) do. A capacity

1 This chapter was published in The Energy Journal, vol. 6, no. 2, April, 1985,
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shortage tends to strike more or less blindly - that is, it is often impossible
to differentiate among customers with varying values for unsupplied
electricity. On the other hand, a shortage of energy can usually be
forecast and announced at least a month or two beforehand. It is also
true that the suppliers of electric power have many possibilities for
discriminating among customers so that the shortage is mainly steered
to those with relatively low willingness to pay. Thus the concept of
marginal willingness to pay will be relevant in assessing the value of
energy shortages; the greater the shortage, the greater the value of
unsupplied electricity will be on the margin, up to some maximum level.
This is our main theme, since we deal with energy shortages here rather
than capacity shortages. Most of the literature cited above deals mainly
or exclusively with capacity shortages.

An electrical system is said to be energy dimensioned if generating
capacity generally permits electrical power to be delivered to the users
on demand (even during peak load periods) if there is enough energy
available. This may be the case in a country where a major part of the
electrical power is produced hydroelectrically, as with Sweden, Norway,
Finland, France (to some extent), and perhaps others. We start with the
principles for efficiently determining the reserve capacity for the produc-
tion of electric energy in a country in which the electrical system is
primarily energy dimensioned. Then we present the method, data, and
results used in making a preliminary estimate of the optimal reserve
margin for electrical energy in Sweden. The last section gives a summary
and conclusions.

8.1 Socially efficient reserve margins.

To determine the socially efficient reserve margin, one must know; (1)
the social cost of a shortage if it occurs; (2) the probability that a shortage
will occur and who will be affected by it; and (3) the alternative costs of
the resources used to provide the reserve margin.

The social cost of a shortage depends on who is hit by the shortage and
thus on the ways of directing the available energy to the various users
of electricity.

The evaluation of shortages of electricity is a key aspect of determining
the optimal reliability of the electrical system. The probability of a
shortfall is determined on the assumption that both supply and demand
are normally distributed random variables. The marginal value of addi-
tional reserves when a shortfall has actually occurred is the decrease in
losses that an additional kWh of capacity would have meant had it been
available. The marginal value of additional reserves before a shortfall is
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the sum of the reduction in losses that would occur at all possible degrees
of shortfall (each weighted by the probability of its occurrence).

Of course, the alternative cost of maintaining reserve capacity will also
be a random variable. The social cost of maintaining reserve capacity
should also include environmental and possibly vulnerability considera-
tions.

On the margin the expected costs of maintaining an additional kWh on
reserve should be just equal to the expected benefits of that kilowatt
hour. Another way of saying this is that the expected social costs are the
sum of the expected costs for maintaining reserve capacity and the
expected shortage costs (Cazalet, Clark, and Keelin, 1978; Mosbaek,
1980; Svenska Elverksföreningen, 1982). In determining the optimal
reserve capacity it is usually assumed that pricing will not be used to
allocate the available energy when there is a shortfall.

8.2 Risks for energy shortage

The Swedish power industry has assumed that both of the random
variables, supply of electrical energy and demand for electrical energy,
are normally distributed (CDL, 1978, section 5). This assumption
simplifies calculations, and no reason has been found to assume that the
distributions are of another form. We will use the same assumption in
our calculations. However, we should discuss the suitability of doing so.

As for demand, the assumption of a normal distribution should be a
reasonable approximation because of the central limit theorem of statis-
tical theory. This should also be the case for the influx of water into the
reservoirs that provide hydroelectric energy. For this assumption to be
reasonable for thermal power, there must be a large number of relatively
small units. However, several large nuclear power plants have recently
been put into use in Sweden. This casts some doubt on the suitability of
assuming that the supply of electrical energy is normally distributed. It
also means that there may be important discontinuities in the distribu-
tion, even in the extremities. However, this factor should be of less
importance when trying to determine the optimal size of the energy
reserve margin, as we are doing here, than when trying to determine the
optimal reserve margin for generating capacity.

Demand and supply are shown in Figure 8.1A in the form of normal
distributions. The expected value of supply is E(s) and of demand E(d)..
To be able to show the risk for shortfall as an area in the diagram, we
combine supply and demand to form excess supply (supply less demand).
The distribution of excess supply is shown in Figure 8. IB. The standard
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Figure 8.1 A The probability distributions for demand and supply of
electrical energy.

deviation for s-d is equal to the square root of the sum of the squares of
the standard deviations for s and d, and E(s-d) is equal to E(s) - E(d).
This makes the distributionof s-d flatter than the distributions of s and
d. The distribution of s is shown, displaced, in Figure 8. IB for referenc
The risk for shortfall is the area under the distribution curve to the I . i-
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Figure 8. IB. The probability distribution for the excess supply (supply
demand) of electrical energy.
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Figure 8.2. The risk of shortages of different sizes when the overall risk
of shortage is 3 percent.

of the origin, where supply is just equal to demand, shown as the shaded
area in the figure.

The Swedish power industry now uses the rule of thumb that the risk of
a shortage of energy should be at most 3 per cent - that is, that all the
energy demanded be delivered in at least 32 years out of 33. This rule
applies without regard to the size of the shortfall. Obviously, if the risk
of any shortfall is 3 percent, then the risk that there will be a shortage
of, say 5 per cent is considerably less, namely 0.6 per cent (if s-d is
normally distributed and its standard deviation is 8.4 percent). The
relationship between the size of the shortage and the risk that it will
occur for this case is shown in Figure 8.2. Different degrees of shortage
are shown on the horizontal axis. Assuming that the overall risk of a
shortfall is 3 per cent, the risk of shortfalls of any particular magnitude
can be read off the vertical axis.

The value of having an additional kWh in the energy reserve depends
on the willingness to pay for an additional kWh when there is a shortfall,
as well as the probability there will be a shortage of energy. The
willingness to pay in turn depends on which user of electricity is hit by
the shortage, and thus on the supplier's options for directing the avail-
able energy to different users. To illustrate this, we start with a
simplified picture of the situation in which the marginal willingness to
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Figure 8.3. The value of a reserve margin for various degrees of dis-
crimination.

pay for energy is constant at SEK 1.00. This represent the average
marginal willingness to pay, as shown by the straight-line demand curve
in Figure 8.3. Assuming that the price of electricity is SEK 0.14, the
normal damand for electricity will be 100 tWh per annum. If the price
should increase to SEK 1.86 or above, then no electricity would be
demanded, according to this demand curve. Let us also assume the
expected reserve margin is 15 per cent. This means the risk of a shortage
of energy is 4 per cent. We assume that it is affected by the shortage, so
that the user willing to pay, for example, SEK 1.85 is as likely to be hit
as one willing to pay only SEK 0.14. This means that the expected
willingness to pay for an extra kWh of electricity will be SEK 1.00, the
average willingness to pay. In this case, the willingness to pay for
keeping one kWh of energy in reserve will be SEK 1.00 weighted by the
risk of shortfall, 0.04, or SEK 0.04.

However, it is unlikely that the suppliers are completely unable to direct
the available energy to users with higher willingness to pay. Let us
assume that the power company can always see to it that the shortage
affects only those whose willingness to pay is in the lower half of the
scale - those willing to pay less than SEK 1.00 for the last kWh of energy
they wish to use rather than do without it. The average willingness to
pay of this category of customer is (SEK 1.00 + 0.14)/2 = SEK 0.57. The
average willingness to pay of the remaining users (those whose willing-
ness to pay is greater than SEK 1.00) will be (SEK 1.86 + 1.0CO/2 = SEK
1.43. The risk that the shortfall will be greater than 50 terawatt hours
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Figure 8.4. Willingness to pay as a function of the degree of discrimination

is practically zero in this case. The willingness to pay to maintain an
additional hour in reserve will thus be:

SEK 1.43 x 0 + SEK 0.57 x 0.04 = SEK 0.023

Even this limited degree of control reduces the value of the reserve
margin considerably. We can continue by dividing the users into four
categories - assuming we can direct the shortage to the quarter with the
least willingness to pay to begin with, and then to the second quarter,
and so on. The average willingness to pay of the four categories of users
will the be:

1. (1.86 +1.43)/2= 1.645

2. (1.43+1.00)/2= 1.215

3. (1.00 +0.57)/2 = 0.785

4. (0.57+ 0.14)/= 0.355

The willingness to pay for an additional kWh of energy in reserve will
then be:

1.645 x 0 + 1.215 x 0 + 0.785 x 0 + 0.355 x 0.04 = SEK 0.014

since the risk that a shortage will exceed 25 terawatt hours is practically
zero. If the power company can distinguish eight categories of customers
according to willingness to pay, the resulting willingness to pay will be



132 Studies in the Economics of Electricity and Heating

SEK 0.010. As the number of categories is increased, the willingness to
pay to maintain one kWh of energy in reserve approaches the limit of
SEK 0.008. Figure 8.4 illustrates the relationship between the number
of categories and the marginal value of reserve energy.

If the demand curve represents the demand of energy and the power
company cannot distinguish among the various categories of customers,
then the value of an additional kWh on reserve in the given situation
would be about SEK 0.04. However, if the power company can reasonably
discriminate according to willingness to pay, the value of an additional
kilowatt hour of energy on reserve would be only about SEK 0.01.

In the simplified case above, we assumed that the demand curve was
linear. Results from certain econometric studies indicate that demand
curves become steeper as the size of the shortage increases. This may be
an indication that an assumption of a constant-elasticity demand would
provide a better approximation, at least in a limited interval. However,
such an assumption leads to unreasonably great willingness to pay for
an extra kilowatt hour if the energy shortage i s great. A reasonable upper
limit for the willingness to pay might be the costs for users to maintain
their own energy reserve. Therefore, we use such an upper limit in our
calculations below.

An inverse constant-elasticity demand curve can be formulated as fol-
lows:

f(e

where p(qd) is the marginal willingness to pay at the quantity qd; T\ is a
constant indicating the elasticity of demand (which is -i\); and z is a
normally distributed error term with zero mean.

To calculate the willingness to pay to increase the reserve margin by one
kWh, we divide the users of electricity into n categories as above. We
then calculate the average willingness to pay for an extra kWh (given
that there is a shortage) for each category and then multiply it by the
risk that the category of user will be hit by a shortage. The sum of the
corresponding values for all the categories will be the ex ante willingness
to pay for the maintenance of an additional kWh of energy in reserve.
This can be expressed mathematically
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| p(q)dq • \f{q)dq

average willingness to pay of user the risk that user category
category i for an additional kWh if there i will be hit by a shortage

is a shortage that hits that category

where/"is the normal distribution function:

D is the expected demand for electrical energy, and K is the expected
total capacity (= D + reserve margin); and a is the standard deviation of
the excess supply.

8.3 The costs of maintaining energy reserves

Where uncertainty is involved, the alternative costs for all types of power
generation will be random variables:

KM = —jf, 1- RvDv
IV

where KM is the cost for generating 1 kWh in a plant of type v; Iv is the
investment cost for plants of type v expressed as an annuity; SEK/kWh;
UFV is the fixed annual maintenance cost for plants of type v, SEK/kWh;
Tv is the expected annual availability of type v plants, in hours; Dv is the
variable cost for plants of type v, SEK/kWh; and i?v is the expected
proportion of time that the plant will be in use.

We will distinguish between two cases; one in which the demand for
electricity is generally increasing and one in which the demand for
electricity is stagnant or decreasing. If the demand for electricity is on
the increase, the reserve margin can be obtained in two ways. Invest-
ment can be made in plants that are intended to be used only as reserves
(e.g., gas turbines). Alternatively, since the system is in expansion, it
may be profitable to retain an obsolete plant in normal operation. For
example, the new plants built may be so much more economical than
older ones that the older plants are not worth keeping. A decision must
then be made whether to keep the obsolete plants in reserve or to close
them down entirely. The decision will depend to a large degree on the
fixed cost, but also on the size and composition of the existing reserve.
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If the demand for electricity is stagnant or decreasing, then the reserve
margin will usually be obtained by keeping plants that would otherwise
be closed down, because of either the decrease in demand or replacement
by new, more economical plants.

A simple example, based on information from the Swedish State Power
Board, will illustrate the principles of determining the costs for main-
taining a -eserve margin. For the sake of simplicity, we assume there
are enough oil-fired power plants available, so that there will be no
investment costs. These plants have expected fixed costs of SEK 57 per
kWh per year and expected variable costs of SEK 0.39 per kWh. Assum-
ing that availability is 69 percent, these plants are capable of providing
an expected maximum of 6000 kWh per year for each kW of capacity.

Cost of maintaining,
1 kWh reserve (SEK/kWh

0 5 10 15 20 25 Reserve

Figure 8.5. The costs of the energy reserve margin (TWh)

Since each kW of capacity is expected to cost SEK 57.00 per year and to
be available for 6000 hours each year, the expected fixed costs per
available kWh, whether actually used or not, will be SEK 0.0095. If a
given plant is expected to be needed 50 percent of the time, expected
variable costs will be 0.5 X SEK 0.39 or SEK 0.195 per kWh. If the plant
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is expected to be used only 3 percent of the time, then expected variable
costs will be SEK 0.0117. Thus variable costs are significant if the plant
is expected to be used often, but less so if the plant is expected to be used
infrequently. If the reserve margin is large, so that the risk of a shortage
is very small, then expected variable costs will be insignificant, while
the expected fixed costs will be constant. This is illustrated in Figure 8.5.

8.4 Data assumptions

We will attempt to illustrate the determination of an optimal reserve
margin under alternative assumptions. First we assume that the will-
ingness to pay for an extra kWh of energy (when there is a shortage of
energy) is constant, independent of the seriousness of the shortage. This
is what the Swedish power industry now does. The constant willingness
to pay is assumed to be SEK 1.00 per kWh.

The standard deviation for demand is assumed to be 5 percent and of
supply 6.7 percent, so that the standard deviation of excess supply is 8.4
percent.

We then assume that the marginal willingness to pay for an extra kWh
of energy increases with the severity of the shortage. The demand
function given above is used. However, as mentioned earlier, this
demand function is only credible in the vicinity of the normal situation.
Therefore, we assume that the maximal willingness to pay for one kWh
is SEK 5.00 in one case and SEK 10.00 in another. These figures are
meant to approximate the costs for users to maintain their own backup
reserves.

The short-run price elasticity of industrial demand in Sweden for
electricity has been estimated at -0.16 by Dargay (1980, p. 48). Cor-
responding estimates for households yield an elasticity of-0.14 (Carling,
Dargay, and Oettinger, 1980, p. 43-44). Similar results have been ob-
tained in American and Norwegian studies of households' elasticity of
demand for electricity (Blaabid and Log, 1977; Rodseth and Strom,

0.084 = (0.0522 + 0.0672)0 05. These standard deviations are the ones used by the
Central Power Supply Board (CDL, 1978, p. 3:2). See our earlier discussion of the
use of normal distributions for these random variables.
For a discussion of using the costs of user maintenance of reserve power as a
measure of the maximum willingness to pay, see Sanghvi (1982) and Bental and
Ravid (1982). The expected costs of user maintenance of reserve power depend,
among other things, on the reliability of the system, becoming less per kWh as the
electrical system becomes less reliable. However, we have used a constant cost here
to avoid further complication. This means that the willingness to pay for
maintaining a given reserve margin is probably overestimated when the reserve
margin is low.
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1976). The American studies indicate short-term elasticities of-0.1 to
-0.2, while the Norwegians show elasticities of-0.14 to -0.23.

All these estimates are based on annual data, and are not really short-
term enough for our purposes. Unfortunately, we do not know ant
empirical investigations that cover such a short period as we are con-
cerned with - about three months (which is about all of the advance
warning that can be expected).

Table 8.1. Marginal Value of Energy during a Shortage, under Different
Demand Assumptions

(%)
10
15
25

Cutback Value of an Additional kWh (SEK/kWh)
Bergström

1.20
3.00
7.70

=-0.07
0.63
1.42
8.53

=-0.05
1.15
3.61
44.00

=-0.03
4.69

31.53
2045.28

SEK

80 85 90 95 100 TWh

Figure 8.6. Marginal value of energy during a shortage, under different
demand assumptions.

Table 8.1 and Figure 8.6 show the results of a study made by Bergström
(1979) using a linear programming model along with the corresponding
marginal values of energy for three constant-elasticity demand func-
tions, where the elasticities are -0.07, -0.05, and -0.03. Bergstrom's
demand function is not a constant-elasticity function. In the vicinity of
a 10 percent reduction, the elasticity of his function is about -0.03; near
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15 percent it is -0.07; and around 25 percent it is -0.14. In the interval
from 0 to 25 percent the elasticity is about -0.07, and in the interval from
0 to 15 percent it is about -0.05.

We used elasticity values of-0.1, -0.05, and -0.03 in our calculations to
indicate the sensitivity to choice of elasticity. Combined with the im-
posed maximum marginal value of SEK 5.00 or SEK 10.00, the value of
-0.05 seems to correspond fairly closely to Bergstrom's results. However,
in the region of the smaller cutbacks, less than 7 percent, the demand
curve with an elasticity of-0.05 overestimates the marginal cost of the
shortage. This means that calculations based on this curve will tend to
overestimate the willingness to pay for energy reserves relative to
calculations based on Bergstrom's results.

There may seem to be little difference between an elasticity of-0.03 and
one of -0.05. A little reflection reveals that -0.05 is in fact 67 percent
greater than -0.03. A glance at Table 8.1 or Figure 8.6 provides a more
vivid sense of the magnitude of the difference.

The average price during the year for high-tension electricity is taken to
be SEK 0.15 in 1982 kronor (Walfridsson and Hjalmarsson, 1982). It has
been assumed that users can be divided into eight different categories.
Finally, we have assumed that the expected demand at the given price
is 100 TWh per year.

8.5 Results

If the willingness to pay is considered constant, equal to SEK 1.00 per
kWh, whatever the size of the shortage, the optimal size of the reserve
margin, given the production conditions specified earlier, will be ap-
proximately 16 percent and the risk of a shortage of energy will be about
3 percent, (a shortage to be expected about once in 33 years). This finding
is in harmony with the results of the Swedish power industry.

However, assuming that the willingness to pay for additional electrical
energy during a shortage depends on the severity of the shortage as
described above, we obtain the results shown in Table 8.2 and illustrated
in Figure 8.7. Assuming a price elasticity of -0.05 leads to an optimal
reserve margin between 11 percent and 12 percent, giving a risk of
shortage of about 9 percent (a shortage to be expected about once in 11

According to Bergström'» model, a reduction of about 7 percent is required before
any cutback in consumption is necessary, because of the possibilities for
conservation in the different industries and the existence of inventories of finished
and semifinished products. This accounts for the extremely low elasticity of demand
when the cutback is 10 percent.



Table 2. Costs and Willingness

Reserve
Margin

/"(3L. 1

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Risk of
Shortage

0.5000
0.4573
0.4081
0.3636
0.3209
0.2805
0.2427
0.2708
0.1761
0.1477
0.1225
0.1004
0.0815
0.0653
0.0518
0.0406
0.0314
0.0240
0.0182
0.0135
0.0100

Fixed costs (SEK 5

Variable
Costs

0.1950
0.1769
0.1592
0.1418
0.1252
0.1394
0.0947
0.0810
0.0687
0.05/6
0.0478
0.0392
0.0318
0.0255
0.0202
0.0158
0.0122
0.0094
0.0071
0.0053
0.0039

7/vear)/6OO

to Pay for Reserve Energy

Total
Costsa

0.2045
0.1864
0.1678
0.1513
0.1347
0.1189
0.1042
0.0905
0.0782
0.0671
0.0573
0.0487
0.0413
0.0350
0.0297
0.0253
0.0217
0.0189
0.0166
0.0148
0.0134
0 hours/vea

Willingness to
r\ =

B =
SEK 10

0.1793
0.1541
0.1318
0.1120
0.0947
0.0794
0.0662
0.0548
0.0449
0.0366
0.0295
0.0236
0.0187
0.0146
0.0144
0.0087
0.0067
0.0050
0.0037
0.0027
0.0020

-0.1

SEK 5

0.1789
0.1538
0.1316
0.1119
0.0946
0.0794
0.0662
0.0548
0.0449
0.0366
0.0295
0.0326
0.0187
0.0146
0.0144
0.0087
0.0067
0.0050
0.0037
0.0027
U.0020

r = SEK0.0095/kWh.

Pay for Energy Reserve

SEK 10

0.6113
0.5037
0.4122
0.3352
0.2708
0.2173
0.1732
0.1371
0.1078
0.0842
0.0653
0.0502
0.0383
0.0290
0.0218
0.0163
0.0120
0.0088
0.0064
0.0046
0.0033

-0.05

SEK 5

0.4614
0.3849
0.3188
0.2622
0.2140
0.1734
0.1394
0.1113
0.0881
0.0692
0.0622
0.0482
0.0370
0.0282
0.0213
0.0159
0.0118
0.0087
0.0063
0.0045
0.0032

(SEKIkWMb
r\ = -0.03

B =
SEK 10

1.4969
1.2565
1.0448
0.8606
0.7021
0.5673
0.4540
0.3598
0.2824
0.2195
0.1689
0.1287
0.0971
0.0726
0.0537
0.0393
0.2805
0.0205
0.0146
0.0102
0.0071

SEK 5

0.9475
0.8056
0.6787
0.5611
0.5058
0.4154
0.3377
0.2719
0.2167
0.1710
0.1336
0.1033
0.0790
0.0599
0.0449
0.0333
0.0244
0.0177
0.0128
0.0091
0.0064

i

r

y y
wlaximum willingness to pay for an additional kWh of electrical energy when there is a shortage.
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years). Only if the price elasticity were as low as -0.03 would we obtain
the 16 percent margin corresponding to the optimal margin assuming a
constant willingness to pay of SEK 1.00. If these assumptions are correct,
this implies that the target energy reserve is 4 or 5 terawatt hours too
great.

The Swedish power industry is aware there are reasons to assume that
the costs of energy shortages increase with the seriousness of the
shortage. Nevertheless, they still use constant energy-shortage costs in
their optimizations. We recommend that the concept of marginal will-
ingness to pay to avoid energy shortages be used in this context. In that
case, extremely low elasticities and low alternative costs are necessary
to obtain the values now used for the optimal energy reliability of the
system and therefore the optimal reserve margin.

Here is a concrete example showing how our policy recommendation for
evaluating shortages is related to the criterion for determining energy
reliability as used by the Swedish power industry. The quesiion is
whether or not to maintain an existing oil-fired power plant as a
marginal reserve unit. Assume the following values for the optimization
as described above:

Constant shortage cost: Sek l/kWh
Risk for energy shortage: 3%
Annual availability: 6000 hours
Variable production costs: SEK 0.39/kWh
Fixed annual costs: SEK 57/kW
Standard deviation for demand: 5%
Standard deviation for supply: 6.7%

In this case the net annual benefits of retaining the marginal unit are
greater than the annual costs:

0.03 x 600 hours/year x (SEK l/kWh - SEK 0.39/kWh) = 109.8/kW/yr >
SEK57/kW/yr

Thus the conclusion is that this particular oil-fired power plant should
be retained.

Let ut us now see how the assumption of increasing shortages costs
affects the decision. The idea that the willingness to pay for an additional
kWh of electrical energy during a shortage varies with the intensity of
the shortage is based on two assumptions: (a) that the demand curve for
energy slopes downward in the usual fashion, and (b) that it is possible
to some extent to "follow" the demand curve — in other words, to direct
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the shortage so that it primarily deprives users that have a relatively
low willingness to pay and uses that are of relatively low priority.

For our purposes, the demand curve required is a very short-term one,
on the order of three to six months. Unfortunately, no empirical data for
demand sensitivity for this short a period are available. However,
simulations for Swedish conditions have indicated that elasticities on
the order of-0.05 are not unreasonable (Bergström, 1979).

There is usually plenty of warning of an impending energy shortage. The
amount of water in the reservoirs is known, as is the amount of precipita-
tion that has fallen and not yet reached the reservoirs. An oil embargo
does not lead to immediate shortages of energy since there is a certain
amount of oil in transit and in storage. This means that users themselves
can decrease their energy consumption for low-priority purposes and
that the suppliers of electrical energy can direct the available supplies
to high-priority consumers.

We use the following assumptions for shortage costs:

Energy price: SEK 0.14/kWh
Constant price elasticity: -0.05
Maximum willingness to pay: SEK 10

Assuming that it is possible to direct the shortage fairly well to those
with relatively low willingness to pay (as above). We find that the net
annual benefits of retaining the marginal unit are negative, about SEK
-2 per kW, and so the unit should not be retained. If the assumption of
increasing shortage costs and the above parameters are more realistic
than the constant shortage costs assumed by the power industry, then
the use of constant shortage costs for dimensioning the system leads to
an excessively large reserve margin.

It is useful to estimate the rough size of the net gains that could possibly
be made by reducing the size of the energy reserve margin to a level that
is optimal according to these assumptions. Let us assume that each
installed kilowatt of capacity is capable of providing 6000 kWh of energy
each year. If we reduce the reserve margin by four terawatt hours, the
annual savings will be about SEK 39 million. If we assume a time horizon
of twenty years and an interest rate of 8 percent, the present value of
the savings would be about SEK 383 million.

If the assumptions used for the above results are correct, it may be
advisable to scrap a few of the least economical reserve plants in Sweden.
At least twc 'actors, however, make this conclusion somewhat uncertain:
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(1) The economic lifetimes of some of the existing nuclear power plants
in Sweden are quite uncertain. It may be necessary to close down some
of the reactors much sooner than planned. (2) There is a great deal of
uncertainty as to future oil prices. These factors make the decision more
complex than was considered above.

8.6 Summary

The Swedish power industry uses a constant evaluation for the costs of
an energy shortage that is independent of the size of the shortage. The
decision makers recognize there are reasons for assuming that the
willingness to pay for energy when there is a shortage increases with its
severity. They continue to use a constant shortage cost because their
sensitivity analyses indicate that the optimal size of the reserve would
not be affected very much by considering the increase in shortage costs
with increasing severity.

One of our main purposes has been to illustrate the concept of optimal
energy reserve margin under different assumptions. Like the power
industry, we first assumed that the value of an additional kWh of
electrical energy during a shortage is the same regardless of the size of
the shortage. In this case we obtained the same results as the Swedish
power industry with its 39 percent rule of thumb: an energy reserve
margin of 16 percent when the value of an extra kWh is SEK 1.00 and
the alternative costs of maintaining an energy reserve are SEK 0.03 per
kWh.

We believe the optimal energy reserve margin should be determined on
the basis of increasing shortage costs, that is, shortage costs that are
greater the more severe the shortage. Therefore, we have made es-
timates on the basis of what we consider to reasonable assumptions. If
it is assumed that the short-term demand for electrical energy has a
constant elasticity Of -0.05, the maximum value of an additional kWh
supplied during a shortage is SEK 10.00 and the price of high-tension
electricity is SEK 0.14, then the optimal energy reserve margin would
be about 11 percent or 12 percent and the risk of shortage about 9 percent
(a shortage once in 11 years). This implies an energy reserve that is 4 or
5 percentage points (or about 4 or 5 terawatt hours) less than in results
obtained by assuming that the value of energy during a shortage is
always SEK 1.00.

If we reduce the reserve margin by four terawatt hours, the annual
savings will amount to about SEK 39 million - which means a present
value of about SEK 383 million for a 20-year period at an interest rate
of 8 percent. Our policy recommendation is therefore that the concept of
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marginal willingness to pay to avoid energy shortages be used by the
Swedish power industry in place of a constant shortage value when
determining the energy reserve margin.

Finally, we would like to point out some limitations of our analysis. We
have not analyzed the effects of replacement and expansion investments
on the size of the energy reserve margin. Nor have we analyzed the
matter of the optimal size of generating capacity. These questions
motivate further study.



Chapter 9
Dimensioning reserves of electrical
production capacity

Roland Andersson and Lewis Taylor

9.1. Introduction

Theoretically there always exists a set of prices that will equate the
demand for electricity to the supply of electricity even when the quantity
supplied drops significantly or there is a sudden increase in the quantity
demanded at a given price. However, in practice it is difficult to adjust
prices instantaneously to compensate for stochastic changes in supply
and demand and so little use is made of changes in prices to equilibrate
supply and demand when there is a shortage of electricity. To diminish
the risk that a shortage will occur at the given electricity prices it is
customary to maintain a certain amount of reserve capacity.

When determining the optimal reliability of electrical systems it is
important to distinguish between capacity and energy shortages as
Sanghvi (1982), and Bjerkholt and Olsen (1982, p. 283) do. A capacity
shortage may occur instantaneously, without any advance warning.
Such a shortage tends to strike more or less "blindly", i.e., it is usually
impossible to differentiate between customers with varying evaluations
of unsupplied electricity. Most of the literature deals mainly or exclusive-
ly with capacity shortages.

On the other hand, a shortage of energy can usually be forecast and
warned about at least a month or two in advance. Therefore, firms and
households have some time to adapt to an approaching shortage and
suppliers will find it possible to discriminate among customers so that
the shortage can be steered generally towards those customers with low
willingness to pay. We treated the problem of dimensioning reserves of
electrical energy in the preceding chapter. The present chapter is
directed towards determining the optimal reserves for production
capacity.

-145-
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In the preceding chapter on dimensioning reserves of electrical energy,
we assumed that production as well as demand were normally dis-
tributed random variables. We assumed, with some hesitation, that this
was a fair approximation for the Swedish power system, which has been
dominated by hydroelectric plants with a number of fairly small thermal
plants. However, recently a number of very large thermonuclear plants
have been added to the system. This means that the assumption that
production is a normally distributed random variable may no longer be
satisfactory. In the this chapter we devote some efforts to studying the
effects of "lumpiness" on reliability.

9.2. Risks for capacity shortage.

9.2.1 Risks on the demand side
The point of departure for our analysis IF J week-by-week forecast of
demand for one year with each week divided into eight periods of from
8 to 30 hours each. Rearranging this forecast so that the periods are
ordered according to the size of the load, we obtain the corresponding
load duration curve. We now reverse the axes of the load duration curve
and normalize the scale on the new vertical axis by dividing by the
number of hours in the year to obtain a relation such as that shown in
Figure 9.1 that can be interpreted as a kind of "probability distribution"
function in the following sense. If at an arbitrary point of time a given
capacity is available, the probability that forecast demand will exceed
supply can be found from this curve. We will use this "probability
distribution" as one of the inputs when we estimate the total risk for a
capacity shortage; see below.

This "probability distribution" is based on the assumption that the actual
load will coincide with the forecast load in the sense that the number of
hours during the year with a given demanded load will be the same as
that forecast, whether or not these hours occur at the exact times
forecast. Of course, the actual load curve may turn out to differ from the
forecast in either direction at any point. We do not take this latter effect
into consideration in this version of this report. Of course, this means
that we will be underestimating the optimal reserve capacity to some
degree. We do not believe that this error will be particularly large since
there will be little or no effect except at the extreme peak periods.

The accuracy of the forecast is very important for the determination of
optimal capacity and energy reserves. Where energy reserves are con-
cerned, it is the average accuracy of the forecast and not the hour-to-hour
accuracy that is relevant. In the preceding chapter on the determination
of optimal energy reserves we assumed the actual demand, i.e., the area
under the actual load curve, to be normally distributed with respect to



Chapter 9. Dimensioning Reserves of Production Capacity 147

Probability

1.0 -I — . . ^ !
0.9 \ X v I

0.8 \ \ i

°-7 1
0.6 1
0.5 1

-i *-v.
0.4 !

i
o, I V I

! ! ' ! 1 ! 1 1 1 —» r i i i i • i - i 1 Tm r—H

U.4 j

0.3 1

5 6 7 8 9 10 12 14 16 18 20 22 24
Gigawatts

Figure 9.1 Probability that demand is Xgigawatts or more.

the forecast energy demand. However, in determining optimal produc-
tion capacity, it is only the accuracy of the forecast for the peak periods
that is of real significance. (See Figure 9.1).

9.2.2 The effect oflumpiness on reliability
As mentioned, when we dealt with the determination of optimal energy
reserves we assumed that the supply of energy was normally distributed.
We judged this to be a fairly reasonable assumption since the period
involved is an entire year and even though large plants may be involved,
it is unlikely that they will be out of commission for any significant part
of the year. In determining optimal production capacity, we are con-
cerned with the instantaneous availability, not the average availability
over the year. The discontinuation caused by the existence of large
production plants become so pronounced that it is unacceptable to
approximate the risk picture of capacity availability with a normal
distribution. The inclusion of more and more large nuclear stations in
the Swedish power system has made this effect more and more
prominent.

To obtain an idea of the effect of different sizes of various sized plants in
an electrical system, we have studied several hypothetical production
systems, each with a total production capacity of 10 GW when all of the
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Figure 9.2 System with 100 units of 100 MW each

plants are in full operation. At one extreme the system consists of 100
plants with a capacity of 100 MW each and with an availability of 98 per
cent, at the other of 10 plants with a capacity of 100 MW each and a
availability of 92 per cent.1 Figure 9.2 illustrates the reliability of this
system, that is the probability that various sizes of capacity will be
available at a randomly selected point of time. The picture vaguely
resembles a truncated normal distribution. The more plants of the same
size there are in a system, the more nearly the approximation to a
truncated normal distribution curve will be, according to the central
limit theorem of probability theory.

We now replace ten of the 100 MW plants with a single 1000 MW station.
The results of this for reliability can be seen in Figure 9.3. In addition
to the main peak, a minor peak appears about 1000 MW below the main
peak. This is the result of the large, 1000 MW "lump" in the system.
Figure 9.4 shows a system in which all of the small plants have been
replaced by large plants.

1 Availability is a function of size, among other things. Mature nuclear units of about
1000 MW capacity have forced outage rates of 7.4 to 10.7 percent according to the
Federal Power Commission (1972). In Sweden a mature boiling water reactor
nuclear plant is considered to have a forced outage rate of 8 per cent.
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9.2.3 Reliability in the Swedish Power Industry
In section 9.2.2 we illustrated the effect of lumpiness on the reliability
of a hypothetical power system. In this section we will illustrate similar
effects in the Swedish production system. This system consists mainly
of hydroelectric power plants used for supplying the base load and as
capacity reserve, nuclear plants for the base load, oil-fired plants mainly
used as energy reserves and gas turbines used as capacity reserve. Table
9.1 shows the 1985 setup of the Swedish power system, excluding
hydroelectric plants with a capacity less than 10 MW and oil-fired plants
less than 20 MW. All of the nuclear plants are large, the smallest being
440 MW and the largest 1050. Some of the hydroelectric plants are also
quite large, the largest being 450 MW. All in all, 39% of the production
capacity is made up of units larger than 300 MW. This motivates taking
explicit consideration of the individual plants when modelling the sys-
tem.

We have estimated a probability distribution for the Swedish system
using a Monte Carlo technique. The results are shown in Figure 9.5.

See the Appendix for a description of the method used.



Chapter 9. Dimensioning Reserves of Production Capacity 151

Table 9.1 The Composition of the Swedish Power System (excluding
hydroelectric units less than 10 MWand oil-fired units less than 20 MW)

Hydroelectric, Availability 99%
450
325
300
225
150
25.75*

1 unit
1 unit
1 unit
3 units

11 units
411 units

450
325
300
675

1600
10583

Total 13933 MW
Nuclear (BWR), Availability 93%
1050
595
570
450
440

1 unit
limit
2 units
2 units
4 units

1050
595

2100
1140
1800

Total 6075 MW
Nuclear (PWR). Availability 87%

375
400
437.5

2 units
2 units
4 units
Total

700
800

1830
3330 MW

Oil. > 100 MW. Avail. 96%
330
260
240
200
190
160
155
150

3 units
2 units
4 units
lunit
1 unit
lunit
2 units
lunit

990
520
960
200
190
160
310
150

120 1 unit 120
105 l.unit 105

Total 3705 MW

Oil 20-99 MW. Availability 98%
90
65
60
55
45
40
35
30
25
20

lunit
4 units
lunit
lunit
2 units
2 units
lunit
4 units
7 units
7 units

900
260

60
55
90
80
35

120
175
140

Total 1105 MW
Coal or Gas. Availability 90%

80
75
55
40
25

1 unit
1 unit
1 unit
3 units
5 units

80
75
55

120
125

Total 455 MW
Gas Turbines. Availability 90%

85
70
60
55
40
35
30

1 unit
5 units
9 units
3 units
7 units
lunit
2 units

85
350
540
165
280

35
60

Total 1515 MW

Grand Total 30.118 MW

.*Data not available for individual units so an average value was used
in the simulation.

The effects of the large plants can be seen as multiple peaks in the
probability distribution curve.

In Sweden the oil-fired plants are mainly kept as energy reserves to be
used when insufficient precipitation leads to a shortage of hydroelectric
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energy. They are far too expensive to be used as base load. Many of them
are kept in mothballs and may require several days to start up. Exclud-
ing the oil-fired plants from the system yields the probability distribu-
tion curve shown in Figure 9.6. Since these plants are relatively small,
the system becomes more discrete. There are now a number of peaks at
intervals of around 450 MW or so owing to the fact that there are no
longer sufficiently many small plants to "fill in the troughs" between the
large plants. Thus, it is apparent that it is important to take the
lumpiness of the system into account when determining optimal capacity
reserves.

9.3. The value of capacity reserves
Probability
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Figure 9.6 The Swedish production system sans oil-fired plants..

To find the optimum reserve capacity for an electrical system the value
of electricity that would otherwise not be supplied has to be estimated.
The difficulty of doing this correctly will be apparent when the factors
that influence the estimation are considered. Among these factors are
the amount of forewarning, the duration and extent of the interruption,
the time of day and year at which it occurs and how the electricity would
have been used if it had been available.
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The less the amount of forewarning, the more difficult it will be for the
user of electricity to adapt to the situation. So the users' costs will
increase, ceteris paribus, as the forewarning period decreases. And the
longer the interruption lasts, the greater the total costs for the shortage
will be. However, the cost per kilowatt hour may well decrease as the
interruption continues, since there will be more time to adapt to the
situation. The extent of an interruption is also clearly important for the
size of the shortage costs. And the costs will be quite different if the
interruption occurs during working hours or in the middle of the night,
in the summertime or in the wintertime.

The capacity, or power capacity, of a system at a given instant of time is
the maximum amount of power that can be provided at that instant.
There is a capacity shortage at a given moment if the machine capacity
available at that moment cannot supply the users' demand for power at
the same moment. A power shortage may be the result of generator
failures or, quite simply, of insufficient installed power. Or it may be the
result of damage to lines, transformers, switching stations and the like
in the distribution system. It is usually difficult for the producers of
electricity to direct a capacity shortage to specific user categories. This
means that a capacity shortage may affect critical activities in a hospital
or processing industry (if they do not have adequate reserve power
systems of their own) at the same time as users with relatively less
sensitive activities are completely unaffected. Here we will assume that
a capacity shortage strikes completely at random. We express this by
assuming that users with an average willingness to pay will be hit. If
the electric companies could completely determine which users would be
affected by the shortage, we would assume that users with the marginal
willingness to pay would be affected.

The Swedish power industry assumes that the value of lost load is SEK
20 per kilowatt hour. We will use this value in our calculations.

9.4 The costs of maintaining reserve capacity

Energy reserves may include production units that have a long start-up
procedure since there is sufficient advance warning. Units included in
capacity reserves have to be available on short notice, so the units that
are typically kept in mothballs as energy reserve are useless as capacity
reserve. Hydroelectric stations and gas turbines are used in Sweden for
capacity reserves.

For a discussion of various methods of assessing shortage costs, see Chapter 7.
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We will illustrate the principles for determining the costs of maintaining
a capacity reserve margin using gas turbines as the marginal reserve
units. For the sake of simplicity, we assume that a sufficiently large
number of gas turbines is already available so that there will be no
investment costs to consider. The problem will then be to determine how
many of these turbines should be kept ready for use. These units have
expected annual fixed costs of SEK 160 per kW and expected variable
costs of SEK 0.67 per kWh. We assume that all scheduled maintenance
is done off peak when these units are not likely to be required. The rate
of forced outages for gas turbines is taken to be 10 per cent.

Suppose at least one kilowatt hour of the reserve power is required ten
per cent of the time. Then the first kW of reserve capacity will be used
for 876 of the year's 8760 hours. The cost per kilowatt hour will be SEK
0.85, i.e., SEK 0.67 for the fuel and SEK 160/876, or SEK 0.18, for the
fixed costs. The second kW will presumably be required somewhat less
often and so the cost will be greater owing to the increased fixed cost per
kilowatt hour. Subsequent kilowatt hours of reserve capacity cost more
and more per kilowatt hour since they are used less and less.

9.5. Optimal reserves.

In this section we will combine these three aspects, risks for capacity
shortage, values of capacity reserves and the cost of maintaining
capacity reserves, to find the optimal size of capacity reserves. Then a
simple example using the three simple systems of Section 9.2 to il-
lustrate these principles will be presented.

We wish to maximize the difference between the value of total reserve
capacity and the cost of keeping that capacity on hand:

n n
max£ V- 8760 pi Ai Ci~Jji + Mi + Di- 8760 Ci-AiCi

where V is the value of a kilowatt hour when there is a shortage, pi is
the probability that plant i will be required, d is the availability of plant
i, d is the capacity of plant i, Mi is the annual maintenance cost and Dt
is the variable cost per kWh. To maximize we keep adding reserve units
as long as the value of an additional unit exceeds the cost of the unit.
The optimum will be attained when the value of an additional kilowatt
of reserve capacity is approximately the same as the cost of that kilowatt
hour:

8760 • pn • An • Cn
+ Un
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where the values are those for the last plant added to the system. This
condition says that the expected costs of maintaining an additional
kilowatt on reserve should just equal the expected benefits of having that
kilowatt available. Another way of viewing this is that the expected
social costs are the sum of the expected costs for maintaining reserve
capacity and the expected shortage costs (Cazalet, Clark and Keelin,
1978; Mosbaek, 1980; Svenska Elverksföreningen, 1982).

To illustrate this we return to the simple models of Section 9.2, to which
we add a simple demand side as represented by the relationship shown
in Figure 9.7. According to this there is a ten per cent probability that
demand will 10 GW, a fifty per cent chance that demand will be 7.5 GW
or greater and the demand will always be at least 5 GW.

Taking a look at the first system, the one with 100 plants of 100 MW
each, we find that the risk of a shortage of capacity with no reserves at

Probability
1.0

10,000

Figure 9.7 The risk that load exceeds XMW.

all is 0.0867. This system is shown in Figure 9.8. Figure 9.9 shows the
risks for a shortage in this system. This would mean that the first reserve
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unit would be required for about 760 hours each year. Using the same
values for costs4 as in Section 9.4 we find that the fixed cost per expected
kWh would be SEK 0.22, so the total costs would be SEK 0.89 per kWh.
Since we assume that an additional kWh is worth SEK 20 when there is
a shortage, regardless of the size of the shortage, the first reserve unit
(of 100 MW capacity) should be added to the system.

The risk for a shortage will now be approximately 0.0597. The next
reserve unit, if motivated, would be required an expected 523 hours at
an expected cost of SEK 0.98 per kWh, still far below SEK 20. Continuing
in this manner we derive the cost curve shown in Figure 9.10. The
optimal reserve capacity would be somewhat greater than 500 MW.
Since we assume that all reserve units have a 100 MW capacity, the
optimal reserve would be 500 or 600 MW, depending on how cautious we
wish to be. A reserve of 600 MW would give a reliability of about 1.5 days
of outage per year.

0 100 200 300 400 500 600
Megawatts

Figure 9.10 Cost curves for system of Figure 9.8.

Turning to the second system, in which ten of the 100 MW units have
been replaced by a single 1000 MW unit, we obtain the cost curve shown

These are SEK 160 in maintenance costs for each kW of capacity and SEK 0.67 per
kWh in variable costs.
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in Figure 9.11. The optimal reserve here would be 1200 MW, twice that
of the first system. Even so, the reliability of the system would be at the
2.3-day s-in-ten-year level, which is less than that of the first system.
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Figure 9.11 Cost curve for system with 90 units of 100 MW and 1 of 1000.

The cost curve for the third system, with 10 units of 1000 MW each, is
illustrated in Figure 9.12.

9.6. Optimal reserves in the Swedish power industry

In this section we will repeat the procedure used in the example of
Section 9.5 using data for the Swedish power system. However, we
exclude the oil-fired plants since, they can be considered as mainly
energy reserves, and the gas turbines, which we will successively add to
the system as capacity reserve as required.

Figure 9.13 shows the demand and supply sides together in a diagram.
As is evident the system already includes about a gigawatt of reserve
capacity. Figure 9.14 shows the product of the two curves of Figure 9.13.
The area under this curve is the probability that load will be lost.

Figure 9.15 shows the cost curve for additional reserve. Judging from
this curve, an additional 1.3 gigawatts of reserve capacity would be
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Figure 9.13 The Swedish production system.
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Figure 9.15 Cost curves for the Swedish production system.

motivated. This would make a total reserve capacity of 2300 MW or about
10 per cent.
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Appendix: Producing the probability distribution
curve for the Swedish power system.

The probability distribution for the Swedish power system was produced
using a Monte Carlo technique. The production system as shown in Table
9.1 was used as the basis for the calculation. A hundred thousand runs
were made of the following procedure:

For each plant a random number was drawn. If the number was less
than the availability for that plant, the full production capacity of the
plant was added to production capacity of the system, otherwise nothing.
A record was kept of the number of times total capacity fell within 10
MW intervals and the probability that total capacity would be a given
amount was reckoned to be the number for the appropriate interval
divided by 100,000.



Chapter 10
The Investment Criteria of the
Swedish Electrical Industry

Roland Andersson and Lewis Taylor

10.1 Introduction

First the investment criteria used by the Swedish power industry are
described. These are the separate energy and capacity criteria and the
combined criterion for optimizing the electrical production system. Fol-
lowing that these criteria are examined in the same order. The evalua-
tion of energy shortage used by the Swedish power industry is then
presented. The criterion for optimal energy reliability is examined and
the results from calculations based on alternative assumptions are
presented. Next, the effects of the minimum requirements for reliability
imposed by Kraftsam (the Joint Council of the Major Swedish Electric
Power Producers) upon its members are analyzed. The matter of optimal
energy reserve capacity for the Nordic countries as a whole is then
discussed. The use of pricing to cope with random changes and imminent
shortages is taken up next. Finally some of the main conclusions of this
article are summarized.

10.2 Energy and capacity criteria

The Swedish power producers use two different measures of the pos-
sibilities for assuring reliability for the total power system of the country:
the energy criterion and the capacity criterion. These deal with the
possibilities of supplying the amount of energy demanded during, say, a
year and instantaneously during the peak load periods.

These criteria are defined in physical terms. They have been derived
from an economic optimization which we will cover in the next section.

The energy criterion deals with the ability lo supply the expected
demand for energy during the year.
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Energy criterion (3% risk for energy shortage):

The forecast demand for the year shall be covered by the sum of 80% of
the total capacity for the production of energy in hydroelectric plants in
the event of normal precipitation and 90% of the total capacity for the
production of energy in thermal plants.

This is the rule of thumb used to dimension Sweden's energy capacity.
Dimensioning according to this criterion leads to a reliability of 97%,
that is, there is a risk of 3% that the system will not be able to deliver
all of the energy demanded during a given year. This corresponds to a
reserve margin of approximately 16%. According to the Swedish power
industry, this corresponds to an evaluation of one Swedish krona per
kilowatt hour of energy not delivered. This statistical criterion replaced
what is called the dry-year criterion, which only took into consideration
the influx of water for the production of hydroelectric energy. The newer
statistical criterion also takes the uncertainty of availability of thermal
energy and the uncertainty of the demand forecast into consideration.

Capacity criterion (0.1% risk for capacity shortage)

The total production capacity shall be 20% greater than the maximum
expected instantaneous peak demand. This corresponds to a risk for
interruptions in power delivery of about 0.1% or 10 hours per year.i

These separate criteria, given in physical terms, are recommended for
general use, mainly because they are simple to apply (CDL, 1978, p. 3),
but they are based on the economic model presented in the next section.

Which of these two restrictions will be binding depends on how well the
production of energy can be adapted to variations in load during the year.
A power system with a relatively large share of hydroelectric energy,
such as the Swedish, is able to adapt well since energy can be stored
during the spring and summer to be used on demand during the winter
peak period. However, a dry year or sequence of dry years may well lead
to a deficit of water in storage making it impossible to supply all of the
energy demanded during the year, if there is insufficient thermal genera-
tion capacity. Thus it is likely that system which depends heavily on
hydroelectric energy will be limited by energy availability. This has
indeed been the case for Sweden. For instance, in 1980 the capacity
criterion was fulfilled far in excess: The production capacity was more
than 40% greater than the expected peak demand for energy, rather than
the requisite 20%.
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10.3 Economic optimization of the electrical produc-
tion system.

The combined criterion used by the Swedish power industry aims at
"determining the economically optimal reserves for the total system"
(CDL, 1978, p. 7:8). The point of departure for this criterion is the
following general condition:

"production utility" + value of increased reliability * alternative cost.

From this general condition the working group has obtained the follow-
ing more specific condition which as to "apply with an equals sign for the
marginal kilowatt of all currently used types of power (CDL, 1978, p. 2:1;
Edblad, 1978):

Ipv + Iwv = kv — Tlv

where

Ipv is the value of improved capacity reliability owing to type v power

Iwv is the value of improved energy reliability owing to type v power

kv is the cost for adding type v power to the system

nv is the decrease in costs for the production of energy through the
replacement of production in power plants with greater variable costs
("production utility") owing to additional type v power.

The investment costs for power of type v (kv) depends on the choice of
discount rate as well as the length of lifetime assumed.

The value of increased capacity reliability is determined as follows:

Ipv = oT\ Zu(rp - cv) SEK/kWh/year = ok\v

where

a is the risk for capacity shortage (e.g. 0.1%)

Ti is the number of hours in a year (8760)

zv is the availability of type v capacity (e.g. 0.80)

rp is the willingness to pay to avoid a capacity shortage (the cost for
rationing owing to capacity shortage),
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cv is the variable cost of production, SEK/kWh

Similarly, increased energy reliability is valued as follows:

Iwv = pT2 t'v(rw - cuSEK/kWh/year = p*2u

where

p is the risk for energy shortage (e.g. 3%)

T% is the number of hours in a year that type v capacity can be used (e.g.
6000)

e'v is the availability of type v capacity for the production of energy r^e.g.
0.80)

rw is the willingness to pay to avoid an energy shortage (the cost for
ationing owing to an energy shortage), SEK/kWh (e.g. SEK l/kWh)

cv is the variable cost of production, SEK/kWh

The total economic optimization results in optimal values for a and p,
given the values for the other variables.

The above conditions can be expressed in a simplified manner: for each
type of power plant that can be constructed, the following equation
should hold:

klvCU) + &2uPo - TIVQ = k

For given values of the other variables a relationship between a and (3
that is approximately linear can be computed. Such relationships have
been estimated for various values of willingness to pay to avoid capacity
and energy shortages (called rationing costs for capacity and energy
shortages by the power industry). According to these relationships, the
optimal risk for energy shortage will be barely 5% in a system which is
completely energy dimensioned (i.e., the risk for a capacity shortage is
approximately zero) if the willingness to pay to avoid an energy shortage
is SEK 0.50/kWh. On the other hand, if the system is capacity dimen-
sioned (i.e., the risk for an energy shortage is approximately zero) and
the willingness to pay to avoid a capacity shortage is SEK 5/kWh, the
optimal risk for capacity shortage will be barely 0.3%. If the total system
is either strongly energy dimensioned or strongly capacity dimensioned,
the determination of the optimal level of risk for shortage is relatively
simple: either a or P will be close to zero and the optimal risk for shortage
can be unambiguously determined.
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An account of a sensitivity analysis of how the optimal capacity is
affected by variations in "energy shortage costs" is given in the CDL
report. Such variations were found to have a certain influence, but to a
relatively minor extent.

The following parameters are presently employed in the calculations:

• Constant willingness to pay to avoid an energy shortage: SEK l/kWh

• Constant willingness to pay to avoid a capacity shortage:
SEK 10/kWh

• Interest rate (real): 4%1

• Standard deviation for demand: 5%

• Standard deviation for supply: 6.7%.

The CDL reference group decided to prescribe separate criteria (CDL,
1978, p. 1:2). They recommend that the target risk for energy shortage
be 3% for the total system. The rule of thumb for dimensioningthe energy
system, that the forecast load should be covered by 80% of the
hydroelectric energy capacity and 90% of the thermal energy capacity,
is said to "agree well with the statistical criterion for CDL and the State
Power Board" for a 3% risk for shortage (CDL, 1978, p. 3:2).

The reason for recommending the separate criteria for the complete
system is that it is simple to use. In addition the group maintains that
"a combined criterion is hardly meaningful in a system that is strongly
energy dimensioned and the same thing holds if it is strongly capacity
dimensioned" (CDL, 1978, p. 7:7).

The individual power companies must each satisfy a minimum require-
ment for reliability based on these criteria for the total system. However,
if profitability calculations for an individual company indicate that a
higher degree of reliability is desirable, there is nothing to prevent them
from exceeding its assigned requirement.

For a critique of this choice see Andersson and Bohm (1981, section 7.3).
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10.4 An examination of the energy and capacity
criteria

One conspicuous characteristic of the separate energy and capacity
criteria is that they are defined in physical rather than value terms. This
means that the forecast demand for electrical capacity shall be met with
a given degree of reliability (a given risk for shortage). In other words,
the supply is to be adjusted to the demand at given prices.

According to the power industry the separate criteria are the results of
calculations from an economic optimization using the combined criterion
described above. This criterion will be examined in the next section. At
this point we will only note a matter of interest in interpreting the
significance of the energy and capacity criteria. Application of the
combined criterion necessitates the adoption of a number of specific
assumptions as to the values of the parameters. If these parameters
change for any reason, a new optimization must be carried out. New
optimal values for the risks for energy shortage and capacity shortage
must then be determined as well as the corresponding new values for
the separate energy and capacity criteria.

During recent years there have been important changes in the conditions
for the power system which ought reasonably to have affected the
optimal size of the system. These changes include the heavy increases
in petroleum prices, the significant change in the composition of the
power system owing to the introduction of nuclear power plants and the
lowering of the rate of interest used in planning by the State Power
Board. However, no change in the values of the norms for risk for
shortage has been made in recent years.

10.5 Examination of the criterion for the economic
optimization of the power system

Two types of decision have to be made when investing in a new power
plant:

1. Should the new plant be built?

2. Should existing plants be retained?

To illustrate this let us assume that we are considering the construction
of a new hydroelectric plant and the consequent retirement of an old
oil-fired plant. We will discuss both of the decisions in that order. The
new hydroelectric plant should be built if the resulting reduction in
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variable costs per kilowatt are greater than the cost of construction per
kilowatt.

The reduction in variable costs is illustrated in Figure 10.1 as a shift of
the coot "staircase" to the right; here it is assumed that the quantity q
is produced throughout the period under study.

Value,
cost Reduction in

variable costs
\

Variable cost before
building new plant

Capacity Capacity
before after
expansion expansion

New hydroelectric
unit

i \
Variable cost after
building new plant

Old oil-fired
plants

Q Quantity

Figure 10.1 Savings in connection with a replacement investment.

This value corresponds to what the Sweden power industry calls the
"production utility" per kilowatt. The "production utility" of the full
capacity of the new plant is the decrease in the costs for each plant
multiplied by the number of hours the plant is expected to be used each
year multiplied by that plant's capacity measured in kilowatts. Some
plants are expected to be in use during the entire year to the extent that
they are available. Others, which are more costly to operate, are only
needed during peak wintertime loads, while reserve units are used only
a few hours each year.

How should it be determined whether reserve plants on the margin are
to be closed down as a consequence of an investment in a replacement
plant? The costs that can be saved as the result of closing down a plant
are the annual fixed maintenance costs, any necussary fixed rebuilding
costs, possible differences in scrap value and the variable costs for the
number of hours per year that the plant is expected to be in operation.
We have not investigated in detail how these costs are actually estimated
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in the power industry. The decision rule for closing down a plant can be
formulated: if the willingness to pay is less than these variable costs,
then the plant should be scrapped. In this respect there is no objection
in principle to the economic criterion as formulated by the power in-
dustry.

Before we proceed to analyze the case of investments designed to expand
the power system, we should observe the fact that an investment in-
tended purely for replacement may lead to a larger optimal energy
reserve margin than earlier. Such a case i illustrated in Figure 10.2.

Value,
cost D'

Before After
expansion

Optimal capacity

Figure 10.2 Demand and costs for marginal reserves.

If the willingness to pay for the marginal reserve power (ABCD) is greater
than the sum of the variable production costs for the expected operation
time (BCDE) and the fixed annual maintenance costs, then the energy
reserve should be increased. The figure also shows how the most expen-
sive reserve power plant will be shut down as a result of the replacement
investment under the given conditions.

A combination of replacement and expansion investment does not lead
to any problems that are new in principle. The only difference is that the
demand forecast for each production period is greater, which means that
there would be an increased utilization of the existing power plants if
the new investment were vot made. Naturally, this leads to higher
alternative costs, that is, a higher value can be counted on for new
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investments than in the case with pure replacement investment. This is
illustrated in Figure 10.2 as an outward shift in the demand for reserves
(from DD to D'D'). This may mean that it will be profitable to maintain a
greater reserve margin, especially if continued increase in the demand
is expected in later periods.

There would seem to be no major objections in principle to the criterion
used by the power industry for the economic optimization to the criterion
used by the power industry for the economic optimization of electrical
capacity. The criterion has important advantages. In the first place, it
permits the simultaneous consideration of both capacity and energy
reliability. In the second place, the criterion can be used for several
different common investment decisions, such as for a combination re-
placement and expansion investment, to permit simultaneous considera-
tion of reliability. The fact that it is a combined criterion means, e.g.,
that the "production utility" from investment in new capacity may exceed
the construction costs, so that the excess value motivates an increase in
the reserve margin. In the third place, the criterion can be used to
determine the optimal point of time to place a new power plant into
operation. However, the criterion should be complemented with a dis-
counting to present values of all the estimated revenues and costs for
the assumed economic lifetime of the project.2

Another important matter is how to determine the willingness to pay co
avoid shortages of electricity. We will return to this matter in the next
section.

10.6 Examination of the criterion for optimal energy
reliability

Within the Swedish power industry they are aware that there are
reasons to assume that the costs for shortages of energy increase as the
seriousness of the shortage increases. Despite this, they still use con-
stant energy shortage costs in their optimizations. A sensitivity analysis
carried out by the power industry indicated that the size of the resei—e
margin is not influenced very much by whether constant or increasing
shortage costs are used. We have also studied how the optimal reserve
margin is influenced by the choice of functional form for shortage costs.
We recommend that the concept of marginal willingness to pay to avoid
energy shortages be used in this context. In that case, extremely low
elasticities and low alternative costs are necessary to obtain the values

However, the achievement of economic c fliciency does not only depend on satisfying
the investment criterion. Pricing mup', also be in harmony with socioeconomic
principles, so that prices are based on socip" costs.
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presently used for the optimal energy reliability of the system and,
therefore, the optimal reserve margin.

In Chapter 8 a concrete example was presented to illustrate how our
recommendation for evaluating shortages is related to the criterion for
determining energy reliability as used by the Swedish power industry.

10.7 Minimum reliability requirements for individual
producers

As mentioned above, the individual power companies associated with
Kraftsam are required to satisfy given minimum requirements for
reliability. This seems likely to lead to an additional degree of excess
reserve margins.

When individual power companies operate concurrently, they can serve
as reserves for each other. The individual companies consider this factor
when determining the amount of energy reserves that is optimal for
them tc maintain. Each of the member companies of Kraftsam is as-
signed a minimum energy reserve, based on the economic optimization
described above, that it is required to maintain. If the assigned reserve
is greater than the reserve the company would otherwise maintain, then
there is no problem. However, if the assigned reserve is less than the
reserve the company desires to maintain, then there is nothing to
prevent the company from keeping i eserves that are too great. This
asymmetry in the rules for maintaining energy reserves can lead to
reserves margins that are greater than the calculated optimum. The
assignment of minimum reserve margins for the individual companies

» is determined more on the grounds of fairness than economic efficiency.
0

One method of reducing this tendency to overdimensioning is for the
individual companies to "buy" and "sell" reserve capacity, so that com-
panies whose optimum is below the;r assigned quantity buys reserves
from companies whose optimum is above their assigned quantity. It
should be pointed out that this is oresently done to a limited degree.

10.8 Reserve capacity for the Nordic countries

Up to now we have considered the optimal energy reserve for Sweden
without taking into consideration the fact that energy is traded within
the Nordic countries. This corresponds to present Swedish practice. The
domestic electrical production system is to a large degree considered as
a closed system in which only a limited amount of import and export of
energy is considered.
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Strictly speaking, the entire Nordic area should be analyzed as a unit
and the optimum reserve determined for the entire area. Taking into
consideration the possibilities for exchange of energy among the Nordic
countries would lead to an optimal reserve margin for Sweden that is
considerably lower than that for Sweden in isolation. Our observations
about the potential gains from common planning of investments in
electrical production facilities for the Nordic countries is in agreement
with the opinion of the Nordel planning committee (Nora • jl, 1982, p. 42).

A study in Switzerland indicates that if Switzerland were to integrate
her electrical system with those of her neighbors, particularly Italy and
France, she would be able to reduce her production capacity by 3% to 6%
(Mauch & Marti, 1982).

10.9 Pricing under random variations

In France a new system of charges for electricity has been introduced
parallel to the ordinary system (Penz, 1981). The purpose of the new
system is to permit the customers to assume a greater payment liability
for their consumption during periods when there are risks for shortage.
The consumer who chooses the new system by signing an advance
contract will have to pay considerably higher prices than other con-
sumers during such periods; in return he will pay a lower price than the
other consumers during the remainder of the year. The high-price
periods are announced in advance but with relatively short notice. Since
the customers do not know exactly when the high-price periods will be,
they must either have arranged reserve supplies or else be prepared to
pay the higher price. If the price is sufficiently low during the periods
when there is no risk of shortage, then it will be advantageous for some
consumers to choose the new system.

If such a system for discriminating between groups with different
willingness to pay for electricity is used, it is possible to reduc the
reserve margins. This new pricing system might lead to an increase in
demand for electricity over the year while at the same time decreasing
the demand during peak periods. This could in some cases mean that a
system that is limited by production cover the year while at the same
time decreasing the demand during peak periods. This could in some
cases mean that a system that is limited by production capacity will
become limited by energy availability. This also indicates that this
reform is perhaps of greater interest for France, where the electrical
system is limited by production capacity, than in Sweden. However, in
the longer run the system should also be of interest for Sweden.
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The new system also permits power producers to obtain information
about the customers' willingness to pay to avoid shortages in contrast to
information obtained on the basis of questionnaires on hypothetical
situations, which has been the case up to now.

10.10 Some conclusions

First we would like to point out some limitations in our analysis:

1. We have not had access to data on all of the costs for the various power
plants in the production system.

2. We have not analyzed the effects on the size of the reserve margin of
expansion and replacement investments.

3. We have not covered the matter of the optimal size of the generating
capacity.

These are questions that motivate further study. More definite con-
clusions can be drawn when additional studies have been made. How-
ever, this does not prevent reporting some preliminary conclusions.

The so-called combined economic criterion used by the Swedish power
industry is, as far as we have been able to discover, economically
defensible. An advantage of this criterion is that it permits the simul-
taneous consideration of load reliability and energy reliability. Another
advantage is that its use is not limited to the estimation of "pure" reserve
power. The worth of increased reliability resultingfrom replacement and
expansion investments can also be determined using this criterion.

The data assumptions used when applying this or any other criterion
are of vital importance. If the data change, new calculations must be
made and the standards for reserve margins and risks must be revised.
However, no such revision has been made in recent years.

The Swedish power industry assumes a constant shortage value in its
optimizations. We insist that a shortage value that increases with the
size of the shortage should be used. Therefore, we have made estimates
using what we consider to be reasonable assumptions. Assuming a
constant-elasticity demand fun ;tion with an elasticity of -0.05 and a
price of SEK 0.14/kWh for high tension elecfvifity we find that the
energy reserve should be 11% or 12%, or a shortage of energy about once
in 8 or 10 years. This should be compared to the current values used by
the Swedish power industry: a reserve margin of 16% giving a shortage
about once in 33 years. If our assumptions are realistic, this means that
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the present energy reserve margins are 4 to 5 TWh too large. An annua]
net savings of SEK 3H million could be made by decreasing the reserve
margins by 4 TWh.

We have also made the following observations:

1. The manner in which the individual companies in the Swedish
electrical system are assigned minimum reserve requirements leads
to an additional tendency to reserves that are too large. If a particular
company's own optimal reserve is lower than the minimum require-
ments assigned to it, it must increase its capacity to meet the require-
ment. On the other hand, if the assigned reserve is less than the
company desires to keep, there is nothing to prevent it from maintain-
ing reserves greater than the minimum requirement. However, com-
panies do to a certain extent "purchase" reserves from other com-
panies.

2. The optimal reserves are determined with only a small degree of
consideration of the possibilities of importing and exporting reserves
to neighboring countries. If the Nordic countries' energy reserves
were planned as a whole, rather than separately by each country, the
total sum of the reserves could be decreased. This implies that
Swedish reserves are larger than necessary.

3. It might be possible to reduce the reserve margin by using a different
system of charges for electricity. Customers would be allowed to
assign advance contracts in which they agree to accept significant
increases in prices during periods of shortfall in return for lower
prices during the remainder of the year. The periods of shortage would
occur with relatively short notice. To some extent such contracts are
used nowadays.

In summary, our analysis leads to the conclusion that the criteria and
data assumptions used by the Swedish power industry to determine the
size of reserve margins leads to an overdimensioned electrical system in
Sweden.



Part III

Evaluation of Energy

R&D Projects
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Chapter 11
Appraisal of e: jrgy R&D projects

Roland Ander

During the past few years, governments in several countries, including
Sweden, have allocated considerable resources to energy research of an
uncertain nature. A number of state research councils have thus received
quite large amounts of money to allocate among R&D projects requiring
grants.

However, in such a field where sizeable resources are available, the risk
of incorrect allocation involved in the process of evaluating applications
for grants might be considerable. The research councils have begun to
require well-established criteria for allocating resources to various
projects.

The author was asked by the Swedish Council for Building Research to
present guidelines for its appraisal of R&D projects in the energy field.
However, many of the problems are of a quite general nature, so that the
criteria to be applied are hardly specific to the energy area.

Various aspects of applying appraisal criteria to R&D projects have been
analyzed previously; see, for instance, Griliches (1958), Arrow (1962),
Arvidsson (1969), Fishelson (1979), Dasgupta and Stiglitz (1980 a and
b), Roberts and Weitzman (1981), Kamien and Schwartz (1982). The
focus of this paper will be on welfare-maximizing criteria for R&D
projects. Such criteria are contrasted with those of a profit-maximizing
firm.

Investment in research is usually more uncertain and risky than invest-
ment in production, for instance. This means that the assessment of such

1 This chapter was published separately in Project Appraisal vol. 3, no. 1, March
1985.
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projects will entail extra difficulties. However, in the following analysis
we will simplify by dealing with expected values.

Risk neutrality is assumed concerning the value of research results.
Thus we 'overlook' the existence of risk aversion. Such assumptions are,
of course, heroic and unrealistic from the point of view of private firms.
However, this is not the case, at least not to the same degree, from the
government's perspective, which is the main focus of this paper.

After reviewing the criterion for the case of introducing a new product,
we analyze cases concerning evaluation of quality improvements and
reductions in production costs.

11.1 Introducing a new product

Let us assume that a new product has been introduced by a profit-max-
imizing private firm at the monopoly pricespm (see Figure 11.1). At this
price Xm units of the new product will be sold. However, the maximum
willingness to pay for this amount will be pmxm plus the consumer
surplus triangle ABpm-

Price p
Marginal
revenue MR
Marginal
cost SRMC

Xm X8

MR = marginal revenue
SRMC = short run marginal cost

Figure 11.1. Values of a new product

Units of the
new product
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In setting the monopoly price pm, the problem is that the R&D result is
used in only Xm units of the new product. Use of the result will be higher
at an efficient price, i.e., atps = SRMC = short run marginal cost for the
new product, namely xs units; see Figure 11.1. This means that another
consumer surplus, the triangle BCD, should be included in the value of
the R&D result for society.

This discussion may be illustrated by contrasting the profitability
criterion for a private firm with the welfare-maximizing investment
criterion of society. Let us first assume that the costs of R&D projects
can be calculated asK. Let us further assume that the costs are the same
in both the firm's and society's calculations.

We then assume that the economic lifetime of the research results and
all future incomes are known. All costs and incomes are as usual
discounted to present values with the help of a given interest rate. We
can formulate the following simple criteria:

The firm's criterion:

T _ _

r
Society's criterion:

T

:

where:
T - time horizon
pm = monopoly price for the new product

r = real interest rate
K = costs of the R&D project
TC = total costs for production of xm units of the new product

(in present value).
S = total willingness to pay (triangle ACE in Figure 11.1) for

xg = units of the new product per year

FC = fixed costs for the new product (in present value).

The conclusion one can draw from this exercise is that all results of R&D
projects which are profitable for the firm are also worthwhile for society.
In addition, R&D projects exist which are worthwhile for society, but



182 Studies in the Economics of Electricity and Heating

which will not be realized in a pure market economy. This will occur
when no close substitutability exists between markets.

However, when this assumption is not fulfilled, too much research may
instead be carried out when private firms try to copy new innovations;
see Arvidsson (1969). A well-known example is the completion in re-
search on synonymous drugs.

In this analysis, the interest rate is assumed to be the same for private
firms and the government. This may not be the case in reality. Invest-
ment in research are more risky than other investments; moreover, the
ability to pool risks differs between firms as well as between firms and
the government.

Firms, in fact, do exhibit risk aversion. This is sometimes expressed by
a higher interest rate. Our assumption of risk neutrality can be regarded
as acceptable for the government's evaluations except in the case of
large, indivisible, irreversible and highly uncertain projects.

11.2 Improved quality and cost reduction

R&D projects more often lead to improvements in products or methods
than to completely new products. Improvements in products may refer
to the quality of the product per se, but the use of a product may have
some negative consequences with regard to safety, environment,
security of supply, and so on. Reductions in such negative consequences
can be dealt with analytically in the same way as improvements in the
quality of a product.

The value of an improvement in a product's quality can be illustrated by
the shaded area in Figure 11.2. The following criteria for the welfare-
maximizing society and the profit-maximizing firm can be derived and
contrasted:

The firm's criterion:

T - -

_ —

Society's criterion:

where
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Price/?
Marginal
revenue MR
Marginal
cost SRMC

Demand for improved product

Demand for existing product

Xm Xm Xs

Figure 11.2. Values of product improvements

SRMC

Quantity x

TC and TC = total costs for production of *>,j andxm units respectively

of the improved product (in present values)
ABCD = increased willingness to pay for xs units per year of the

improved product (see Figure 11.2)
FC and FC = fixed costs for production of xs and xs units respectively

of the improved product (in present value).
Most innovations are or may be regarded as improvements in methods
for producing or using products at a cost which is lower than that of
available technology. The annual value of innovations aimed at decreas-
ing costs is illustrated in Figure 11.3 by a decrease in short-run marginal
costs.

The criteria for a profit-maximizing firm and a welfare-maximizing
society respectively, can then in principle be formulated as in the
previous case; see also Fishelson (1979). In Figure 11.3 the area ABCD,
i.e., decreased marginal costs from producingx8 units instead of x8 units
per year, can be calculated as follows:

ABCD =

where
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Price p
Marginal
revenue MR
Marginal pn

cost SRMC=
Pm~
D,

Demand

J2 marginal cost with
' existing technology

marginal cost with
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Figure 11.3. Values of marginal costs decreased by a new technology

~k = difference in marginal costs to produce, distribute or use
the oroduct

Xs =' v i nded quantity per year with existing technology

xs = - b mded quantity per year with new technology.

Besides, imp) r- r ients in methods may, of course, also lead to reduced
fixed costs in p <M uction and distribution.

11.3 Fore> a development and markets

When appli. > dons for research funding are examined, they should be
related to kru wn developments abroad. The following questions can be
used to make -\ rough categorization of different projects:

I Is there at eady corresponding foreign research in the field, so that
expected results may be obtained free of charge or at a considerably
lower cost by simply waiting for the results to be obtained, for instance
under licence?

II How can Swedish society benefit from some form of international
research co-operation?

III Can an expected result be sold abroad and, if so, at what prices and
in what quantities?

As far as Swedish research input in the energy field is concerned, it is
mainly oriented towards the domestic market. A secure Swedish supply
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of energy has been given high priority. A large share of the current
research in this field belongs to categories I or II. If a particular result
is expected to be available through foreign research, then there is a case
for reducing the priority of similar Swedish projects.

However, there is a need for at least some parallel research to enable
'importers' to become informed buyers. Swedish original research results
in some fields may also be used as exchange goods, in order to obtain
original research results from other countries.

R&D projects of type III represent competition rather than co-operation
with foreign institutions and firms. A research result which is to be sold
on the world market should be examined in terms of the possibility that
a foreign competitor will already have exploited the market.

Therefore, a result that can be exploited should be attained as quickly
as possible. An important result should be protected through patent
legislation wherever possible. In countries where this is not possible, a
strong market position should be established in order to achieve an
advantage in relation to foreign competitors.
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How can we determine whether an R&D project belongs to category III?
A first criterion is that there should be a considerable foreign market for
the innovation. A second criterion is that there should be comparative
advantages in Sweden concerning technological know-how in some par-
ticular field.

This implies, for instance, that it may not be very meaningful for Sweden
to support offensive research on oil or coal due to the sizeable resources
already allocated by large foreign oil and coal companies. This would not
prevent Swedish research efforts from being motivated in some areas
where Swedish technological know-how and potential happens to exist.

How should the possibilities of exploiting a research result on the world
market be evaluated? This question may be examined by assuming that
a world monopoly can be obtained in some particular field. In analyzing
this question from a Swedish point of view, foreign income becomes the
most important single factor, whereas foreign consumer surpluses are
more or less irrelevant. This means that monopoly pricing of the world
market for Swedish research results is wholly in line with the efficiency
objectives of Swedish society.

The criterion that should be used will be a hybrid of ordinary profit-max-
imizing concerning foreign markets and welfare-maximizing for the
domestic market; see also Arvidsson (1969). The implications of the
difference in the value of a new product sold on the domestic market or
abroad are illustrated in Figure 11.4.

In this case, the firm's and society's criteria can be contrasted as follows:

The firm's criterion:

Society's criterion:

S jU

where
~h = monopoly price for the new product on the domestic

market
~f = monopoly price for the new product on foreign markets
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S = total willingness to pay (triangle ABC in Figure 11.4) for

xs units of the new product per year.

Of course, problems may arise in applying price discrimination between
domestic and foreign markets according tops andpm respectively on the
basis of the criterion for Swedish society. The more important conclusion
from this analysis is that R&D projects which belong to category III
should, in order to determine the full size of the resources that should
be allocated to them, be assessed in terms not only of willingness to pay
for the expected result on the Swedish market, but also of the pos-
sibilities of obtaining foreign income.

11.4 Allocation of resources

The resource input for a research project can ex post be regarded as a
fixed item. When deciding whether a project should be undertaken and,
if so, how much should be allotted to it, an estimate is required regarding
the number of units expected to be produced and sold. This is of consid-
erable interest in order to determine how fixed research costs should be
distributed.

As the quantity produced increases, the average cost of a new technology
will decrease, but there may be considerable uncertainty regarding this
volume. It may be difficult to calculate the cost of producing a certain
quantity of a product so as to determine the actual quantity that will
probably be produced.

It is important to distinguish between the costs of an experimental
facility or prototype and expected future costs when the new technology
is available for standard production. In order for a new technology to be
successful, there is usually quite a gap between the measures of these
two cost concepts as shown in Figure 11.5.

For example, the costs of electricity generated by solar cells have been
reduced dramatically over the last few years, although not sufficiently
for a commercial break-through. Such costs relations are vital in order
to dimension resource inputs for research in a particular area.

A simple rule of thumb is that the larger the quantity of units produced
that can be expected to be sold, the greater the motivation for resource
inputs with regard to a research project. Moreover, the lower the share
of total costs accounted for by fixed costs, the greater the research inputs
may be allowed to become.
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Figure 11.5. Average costs for an existing and a new technology

If the value of a product is expected to be very high, larger research
inputs are also motivated. Assumptions in these respects are often quite
optimistic in applications for research funding. Such assumptions should
therefore be subjected to critical examination by independent experts.

11.5 Conclusions

The aim of this paper has been to derive criteria which may be used by
a state research council for appraisal for R&D energy projects. The
underlying idea is that society should avoid not only the Scylla of market
failures, but also the Charybdis of bureaucratic failures when deciding
about R&D projects.

The analysis has been carried out under the simplifying assumptions of
expected values and risk neutrality concerning the value of research
results.

The welfare-maximizing criteria of society are contrasted with the
criteria of a profit-maximizing firm. In particular, the criterion for
appraisal of R&D projects considering markets abroad has been derived.
It is pointed out that the extent to which an R&D result is expected to
be used should to a considerable extent determine the size of the
resources that should be allocated to a project.



Chapter 12
Evaluating the Profitability of an
Energy Research and Development
Program. The Case of a Swedish
Research Program on Fusion Energy

Roland Andersson and Avelino Samartin

12.1. Introduction

A research and development (R&D) project can usually be carried out in
several distinct steps. After each step has been completed there may be
increased information concerning the chances of success if the research
is continued. This implies the existence of revision times, i.e., points in
time when uncertainty as to the outcome of a project can be successively
reduced. At each such revision time, a decision is made as to whether
the project should be continued or stopped.

The possibility of successively reevaluatingand revising a project should
be considered at the initial point in time when the project is first
evaluated. Then, at each revision point in time, some kind of stopping
rule should be applied, for example, if the expected net benefits do not
reach a given threshold, the project should be stopped. This may achieve
some savings in the total cost of the project, but funds already spent are
sunk costs. If the expected net benefits of a project are greater than the
threshold, the project should be continued, even if the expected costs of
the project at revision time might be higher than those assumed at the
initial time of evaluation. Such sequential decision-making features of
uncertain projects contrast strongly with the traditional once-and-for-all
approach used to evaluate ordinary investments. R&D investments are
a typical example of uncertain projects. The characteristics of sequential
decision-makinghave recently been discussed in the literature; see Kohn
& Shavell (1974), Spulber (1980), Roberts & Weitzman (1981) and
Weitzman(1981).

-189-
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Roberts and Weitzman studied a continuous time model of sequential
decision-making for R&D projects, i.e., where revision takes place at
every point in time. However, decisions are often made at preset, discrete
points in time. In this chapter we present a discrete time model of R&D
investments. Such models seem to provide satisfactory simulation of
realistic situations. In reality, the number of revision times is quite
limited due to, e.g., inherent costs in the revision procedure.

That is, the number of revision times cannot be increased without limit.
However, explicit figures for such revision costs are not considered here.
In our model, the number and times of revisions are exogenously given.
On the other hand, if the actual revision costs were explicitly known, the
optimal number and times of reviews could be obtained endogenously by
minimizing total costs in the model.

Obviously, continuous time models cannot represent situations with a
few and/or unequally separated revision times as realistically discrete
time models. However, the latter type of models involve more cumber-
some analysis and no closed-form solutions are available. Therefore, it
is necessary to rely on numerical solutions that can easily be obtained
in a computer program. Such models are thus simple and advantageous
in practical applications. The evaluation model presented here appears
suitable mainly for projects that deal with applied R&D, particularly
those related to the technological, medical and scientific fields and
applied research projects. The model refers to situations that might
apply to private as well as public funders.

One of the main characteristics of our model is the automatic use of
Bayes' theorem. According to this theorem, the information obtained
from one sample of a random variable is used to improve knowledge
about the probability distribution of the random variable. In this context
the benefits of a research project can be regarded as a random variable.
Usually, changes in expectations about the benefits of a research project
are to some extent known when a project is evaluated at the initial point
of time. However, depending on the outcomes of a project at successive
revision times, its expected benefits may alter the initial expectations.
These changes can be grasped by using Bayes' theorem.

The principal features of the mathematical model based on these con-
siderations are described in Section 12.2; the technical details are given
in Appendix A. Simple conditions such as normal probability distribution
are assumed for didactic reasons. More complicated cases can be treated
in a similar way. A numerical version of the model is summarized in
Section 12.3; additional details are shown in Appendix B. The capability
of the discrete time model is examined in Section 12.4 by means of a case
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study on the profitability of a Swedish research program on fusion
energy. Data used are presented in Appendix C. Some conclusions are
drawn in Section 12.5.

12.2 THE MODEL

12J2.1 Assumptions
The model is assumed to start at evaluation time to = 0. The times at
which the project is revised are: t\ < H < ... < *2V-i. The project ends at
time tN= T; see Figure 12.1.

-A/VV
tO=O t l t2 tN-1 tN=T

Evaluation ' ~
t i m e Revision times

Figure 12.1. Evaluation and revision times

At each revision time U the gross benefits of the project can be regarded
as a random variable 2̂ . Obviously, the gross benefits of the project
cannot be determined until the project is terminated, i.e., tN=T. The
outcome fy is described in probabilistic terms by the probability density
function (pdf)p^. It is assumed that the pdf is Gaussian with mean \u
and standard deviation a. The outcome £» in fact denotes the gross
benefits of the project inferred at time U+\. As a random variable it is
described by the pdf, p^. The sample of the gross benefits of the project
observed at time U+\ is xu Of course, this observation is "noisy." For
simplicity, it is assumed that the sample result can be interpreted
clearly. A normal probability density function is assumed for fy, i.e.

where \u is the mean value and a the standard deviation of £j. Uncer-
tainty about the outcome, i.e., the benefits of the project (£»), usually
diminishes over the time span of the project (T) in such a way that at the
termination time ÖJV = T) there is not uncertainty, so <TJV = 0. In order to
model this feature, we assume the following variation in the standard
deviation over time:

A sample of this random variable l# will occur at the next revision time t»i , but
the probability of this occurrence is evaluated at time U by the probability density
function (pdf). p&.
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)

where oo is the initial standard deviation assumed for the outcome of
the project at evaluation time to;

a is a coefficient which gives the shape of this variation (see Figure 12.2).
Large (small) values of a mean a more rapid (slower) decrease in the
uncertainty of the project outcome over time.

As shown later in the application to Swedish fusion research, the
sequential decision procedure is an efficient tool, particularly for projects
where the rate of the decrease in uncertainty is rapid (a > 1). In these
cases, only a small-fraction of the expected total research costs is re-
quired to obtain early, relatively substantial information about the
project outcome. This information may be sufficient to determine
whether it is worthwhile to continue or stop the project.

The mean value (or expected benefits) of the project at revision time ti
is in itself a random variable m that can be described by a normal
distribution of mean rm and standard deviation s\, i.e.,

piu = N(mi,si) (12.2.3)

where rm denotes the mean or expected benefits of the project at revision
time U.

0

Figure 12.2. Variation in the standard deviation of the project outcome
over time
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The probability distribution of m will change according to the values of
the project Xi observed at each revision time U. As shown below, Bayes'
theorem may be used successively to obtain these changes.

1233 Introduction to the Problem
The problem to be solved is to find a stopping criterion for the project at
each revision time, i.e., a set of stopping values Xi that define the
following stopping rule:

* If xi-i > Xi the project continues, at least until the following revision
time ft+i.

• If xi-i < Xi the project is stopped at revision time U.

The set of values h can be collected in a stopping vector; such a vector
has to be found for each project so that the total net benefits of the project
are maximized. The total net benefits obviously depend on the values
Xi, because the costs can change, depending on whether or not the project
continues after a particular revision time.

Bayes' theorem can be applied when new information about the gross
benefits of the project is obtained overtime. The probability distribution
function (pdf) of the expected gross benefits of the project varies. This
variation between two consecutive revision times may be described as
follows (see Figure 12.3).

At revision time U the gross benefits of the project are described by the
pdf pfy = N([u, a;)- However, when revision takes place at time U+\, the
outcome of the variable £i is known, i.e. xi. This provides the information
required to change the prior pdf p^ to the new pdf p^+]. The following
results are then obtained; see Benjamin and Cornell (1970).

The new pdf p^ t l = N(\n+i, Gi+i) is defined by the random variable Ut+i
and Oi+i. The standard deviation al+i is obtained from equation (12.2.2).
The mean value rm+i and the standard deviation si+i for \Xi+i are found
from:

( 1 2 2 4 )

[ mi Xi\ 2[ mi Xi\ 2
~* + ö* (12.2.5)

where Xi corresponds to the actual outcome or the gross benefits of the
project occurring at time ft+i.
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Figure 12.3. Bayes' theorem

12.2.3 Objective Function
The objective function (OF) is defined from the following expression:

J V - 1

OF = £ NBi x
t=l

(12.2.6)

where NBi are the net benefits (gross benefits minus research costs) in
present values and PRi is the probability of stopping the project at time
ti, i.e. pTob(xi-i<Xi) and pTob(xi-i>Xj) for a\\j<i, where U is the
corresponding unknown limit value of the benefits of stopping the
project. The net benefits of the project in present values are obtained as
follows:

a) If the project is stopped prematurely:
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*=o

(only the costs incurred until U < T)2

b) If the project is continued until time T:

i-l

*=o
The present values of the costs are gross benefits of a project denoted by
a and fy, respectively, can be obtained as follows:

whereCi and | j (i = 0,1....N-1) are the costs and gross benefits in current
values of carrying out the project between two consecutive revision times
(from ti to U+\) and r is the interest rate.

More elaborated alternative expressions of (12.2.6) are shown in Appen-
dix A for the simple cases JV=1, N=2, N=3 and the general case N.

12.2.4 Statement of the Problem
The problem introduced in Section 12.2.2 can be expressed as follows:

Find the values of Xi(t=l,2,... jV-1) such that the objective function OF
given by (12.2.6) is maximized.

The following data are known : N,fc(i=l,2,.iVTl),tn=T,mo,ao,a,
c;(M),l,...,iV-l), r and so(the standard deviation of the value of the mean
gross benefits of the project evaluated at the initial point in time lo=0.
The remaining values of SJ may be found using the procedure based on
Bayes' theorem in Section 12.2.2.

In general, it is difficult to find (closed-form) solutions to this problem.
For the simple case N=l, the problem does not exist. For N=2, the
solution is given in Appendix B. As regards the general case N, the
resultant nonlinear equations are shown in Appendix B, but no analyti-
cal solution was found.

2 Only projects for which the benefits are acquired at the termination time are
considered, i.e., so-called "one-side projects"; see Roberts and Weitzman (1981).
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12.3 Numerical Model

The problem stated in Section 12.2.4 or, equivalently, the transcendental
equations given in Appendix B for iV=3 (equation B.5) and for the general
case N (equation B.6) have to be solved by numerical techniques. How-
ever, from a computational point of view, it may be more convenient to
apply these numerical techniques to the model from the very beginning.

For this reason, the random variables £o, %i,..., %N-\ are rendered discrete
as M values, i.e., as the values a*:

mo (12.3.1)

aio2

Figure 12.4. Discrete model. Probability of occurrence of a given outcome.

At each particular revision time U, the probability of occurrence p* of the
outcome £» = a* is given by the following expression (see Figure 12.4).

a) For l<k<M

p$ = Probiak - Y S I-» < ak + y ) =p%.{akyda

where da = mo
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(b)For* = l

a^da

p\ = Prob(-«> < £i < a\ + y ) = J p£i = erf/ai + y
rn

where erfi is the error function.

(c)Forife=Af

v ' da

Obviously the set of Af outcomes of the project is no longer a continuous
Gaussian distribution. It corresponds to a discrete Af variable with given
probability distribution, i.e., values of a*, and corresponding probability

values pi. These values pi are subject to conditions £ = 1. Otherwise
*=i

they can be arbitrary. Here they have been chosen according to a
continuous Gaussian model in order to facilitate application of Bayes'
theorem.

In this case the following expressions hold:

M

M

k=l

The objective function OF can now be represented by the following
equation (see Appendix B):

AM
(12.3.6)

i=l

Similarly, for the continuous case, the above expression can be modified
as follows:

(12.3.7)
N

OF = -5>-l(
t=l

AM

" } w
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The functions a»(u) and pi(u) are defined as:

Oi(u) = Ju p$p\\..p& (12.3.8)

pi(u) = Ju pb°p\\..p& (12.3.9)
JfeeB

where u = u(x) is a function of x, i.e., an application R^-± R
x is a vector of dimension M, i.e.,x = (£o,£i 4iV-i).

Each î can reach one of the discrete values ak, i.e.,

& = a*< = ]j-jq<fc-l). where *«' = 1, 2,.-, M

Thenp*' is the probability of occurrence of the outcome £*' at the revision
time U and is given by expressions (12.3.2), (12.3.3) and (12.3.4). The
indexes i vary between 0 andiV-1.

A and B are the set of indexes ko, ki,..., ki-i defined as follows:

A = lk0 > /l; kl > /l;...; ki-1 <li\ (12.3.10)

B = {kO > II; k\ > II;...; ki-l = U) (12.3.11)

where hh--.lN define the stopping vector X = (Xi X2 ... XN) in the dis-
crete space, i.e.,

. Xi . , mo
li = -7-, where da = TTT-

da M-i

The values of li (i=l,2,...^V-l) have to be chosen so that they maximize
the objective function OF given by (12.3.7). A computer program has been
written to solve this model. A natural optimization procedure in this
context is dynamic programming. However, for purposes of illustration,
we used the steepest gradient mode.

12.4 Profitability of Swedish R&D Investments in
Fusion Energy

We now illustrate the capability of the discrete time model with a case
study. The example concerns the profitability of long-run research on
energy produced by nuclear fusion in Sweden. This choice is to some

3 It is obvious that the last stopping component value Xs (or IN) has no influence on
the objective function OF.
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extent based on a paper by Ståhl (1983), where the profitability of
Swedish R&D investments in a fusion energy project was questioned.
Stahl's method consisted of conventional one-shot analysis. The aim —
and result — of Stahl's method were to question the expected
profitability of a Swedish research program on fusion energy. Our
objective is to contrast the result from the model described in the
preceding section, using the discrete sequential decision-making
process, to those of Ståhl.

We use the same data as Ståhl for our "main" case. We also study the
effects of changes in some major parameters in our model, i.e., the
number of revision times and the rate of decrease in uncertainty regard-
ing research output over time (defined in the model by the exponent a).
Sensitivity analysis of some changes in the main data and their influence
on project profitability is also carried out. The data used for the main
case, given by Ståhl (1983), and the sensitivity analysis are shown in
Table 12.1. Computation of these data and the assumptions introduced
in the sensitivity analysis are presented in Appendix C.

Table 12.1 Cases studied

r\
r
T
N
a

Main case
0.001
0.04
64 years
1,2,3,4
0.1.1.0.3.0

Sensitivity analysis
0.005 0.020
0.06
44 years
1,2,3,4
0.1,1.0. 3.0

(n denotes the annual increase in the cost of coal; see Appendix C)

It should be pointed out that the total cost of electricity produced by
fusion energy is comprised of expected production and research costs. In
the main case, this total cost is assumed to equal the alternative cost of
coal as a mean value. The results of a conventional once-and-for-all
decision are given by the value of the objective function, which is SEK
0.403; see Appendix C. This figure refers to the total cost of electricity
per kWh (production and research costs for fusion energy at the termina-
tion time, 2050). It was already assumed to equal the production cost per
kWh of coal-fired production. According to this analysis it is not
worthwhile to carry out research on the fusion energy project (zero net
benefits). This conclusion is in line with the results presented by Ståhl
(1983).

However, if revision times are introduced in accordance with the ideas
set forth in our model, the results for the main case are shown in Table
12.2.
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Table 12.2 Expected costs of electricity production from fusion energy in
Sweden. Main case.
Costs SEKI kWh at year 2050.

Shape
exponent
a =0.1
a =1.0
a =3.0

Number of revision times
N = 0
0.403
0.403
0.403

1
0.403
0.388
0.336

2
0.403
0.362
0.327

3
0.403
0.341
0.322

The results shown in Table 12.2 indicate the importance of using a
sequential decision-making analysis instead of conventional one-shot
analysis in funding R&D projects. As for the question of the profitability
of Swedish R&D investments in fusion energy, conventional cost-benefit
analysis can only provide all-or-nothing answers and in this case, the
answer is negative. However, when the sequential model is applied, the
answer is postponed until more information is available through re-
search. The idea is to invest some resources and search for more
knowledge in order to decide whether the project should be stopped or is
worthwhile continuing. In this kind of analysis, the way in which
uncertainty regarding the outcome of the project changes over time is of
particular relevance, i.e., in this model the parameter a.

Thus, for a = 0.1, corresponding to a low rate of decrease with respect to
uncertainty, there is no difference between the result obtained using
conventional once-and-for-all analysis and the result from our discrete
time model. But when these rates are higher, such as when a = 1 or
a = 3, the costs of fusion energy will decrease with the number of revision
times. This means that when uncertainty regarding the research results
decreases quite rapidly, i.e., for values of a greater than 1, it could be
worthwhile to continue fusion research. In fact, low research costs
through the early revision times provide a considerable amount of
information which could be useful in deciding whether the project is to
be continued or stopped.

Savings in planned research costs for the fusion energy project can be
achieved at the revision time if expectations regarding the project are
not favorable. When such a path appears, the project should be stopped
and the allotted resources can be saved instead. Such potential savings
can be increased slightly by introducing new revision times because the
project can be stopped at an earlier point in time when the expected
outcome is unfavorable. This fact is reflected in a set of monotonically
increasing values of the objective function OF as the number of revision
times increases. A limiting version is the continuous revision time model,
i.e., revisions are made at every instant during the research period. The
results of this model will produce a minimum value for the objective
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function, i.e., an optimistic answer. However, the number of revision
times cannot be increased unlimitedly, due to technical reasons as well
as inherent costs in the revision procedure (not explicitly taken into
account here). This implies that a discrete time model, such as the one
used here, seems to be more realistic than the continuous model.

Similar conclusions can be drawn from the sensitivity analysis presented
in Table 12.3.

Table 12.3 Expected costs of electricity production from fusion energy in
Sweden. Sensitivity analysis. Costs (SEK/kWh at the year the research
project is completed

Parameter
changed

T=44

r = 0.06

n = 0.02

n = 0.005

Shape
exponent

a = 0.1
a =1.0
a = 3.0
a = 0.1
a =1.0
a = 3.0
a = 0.1
a =1.0
a = 3.0
a = 0.1
a =1.0
a = 3.0

N = number of revision

0
0.354
0.354
0.354
0.424
0.424
0.424
0.641
0.641
0.641
0.329
0.329
0.329

1
0.354
0.339
0.286
0.424
0.411
0.366
0.639
0.615
0.524
0.329
0.318
0.277

times

2
0.354
0.313
0.277
0.424
0.389
0.358
0.638
0.570
0.509
0.328
0.298
0.270

3
0.354
0.291
0.274
0.424
0.370
0.354
0.636
0.533
0.501
0.327
0.281
0.267

Column N=Q (no revision times) represents the alternative production
cost of coal at the time the research is terminated. This column indicates
that

1. if the research period is reduced, the production cost will also decrease;

2. if the interest rate is increased, obviously the production cost will also
increase;

3. an increase (decrease) in the costs of coal energy naturally leads to an
increase (decrease) in alternative production costs.

It was assumed in all cases that, at the initial point in time, the cost of
producing electricity from fusion plus research costs will be equal to the
alternative production cost at the end of the research period. As in the
main case, when revision times are introduced in the economic evalua-
tion, savings can be achieved in the expected value of the production
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costs of electricity from fusion energy. The relative savings due to
revision times are larger in cases where research periods are short and
the cost rate for coal energy is increasing. Relative savings are reduced
when the interest rate is increased and the cost rate for coal energy is
decreasing. These savings represent the reduction in research costs and
the increase in expectations from the final benefits of the research, i.e.,
low production costs for fusion energy. These expectations are directly
associated with the level of uncertainty regarding the outcome of the
research project at the initial point in time, i.e,. more uncertainty causes
expectations to increase. This level of uncertainty can be measured by
the standard deviation of the probability density function of the project
results. This observation corresponds to findings in Weitzman (1981). It
implies that the savings in the objective function can be greater than the
calculated total research costs.

12.5 Conclusions

The model for evaluating research projects presented in this chapter was
constructed so as to take discrete revision possibilities into considera-
tion. Current continuous models of this kind cannot adequately simulate
some of the real-life properties related to the existence of a discrete
number of revision times. As a counterpart, the mathematical com-
plexity of its formulation does not permit analytical solutions except in
simple cases. Therefore, a numerical procedure was chosen that is
suitable for computer programming.

The main feature of the model is its adaptive capability when probability
characterization of the possible outcome of a project changes over time
due to increasing knowledge about the actual status of a project at each
revision time. An improvement in the probability characterization of the
project outcome is obtained using Bayes' theorem. This feature has the
advantage of requiring a minimum amount of data to be introduced into
the model.

The model was applied to a real case — a Swedish research project on
fusion energy. An important result of this application is that while such
research may not seem profitable according to conventional one-shot
analysis (no revision times considered), a contradictory result can be
obtained from the model based on this sequential decision-making
approach.

The effects of the number of revision times were also studied. When this
number is increased, total costs decrease. However, the number of
revision times cannot be increased without limit for technical and
economic reasons. Therefore, the simplified continuous time model cor-
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responds to a limiting case, while the discrete time model seems to be
more realistic. Sensitivity analysis was used in tentative studies of
different scenarios, including changes in i) the termination time of the
research, ii) the costs of the alternative and iii) the interest rate.

Appendix A Explicit Expressions for the Objective
function

For simple cases, equation 12.2.6 can be expressed as follows:

N = 1 (no revision times)

OF = J(£o - c o j p ^ o = mo - co ( 1 2 A - x )

Equation (12.A.1) corresponds to conventional evaluation of the project
by means of cost-benefit analysis.

(b)iV = 2 (only one revision time)

X\ oo oo

OF = J - C Q P S Ä + J i-copto + i

(12.A.2)
oooo

= -co + J Jp

i.e.,

7 (12.A.3)7 Jr
OF = -co + J(mi - c\)pyl%Q

The mean value mi of the variable ^i is obtained using expression
(12.2.5) and depends on the outcome xo.

(c)N=3 (two revision times)

00 OO

OF = -co - ci jpfydty + Jp£oJ/>$i(m2 - C2)d£od£i (12.A.4

(d) The objective function for the general case N can be written as follows
(see Figure 12.A.1):
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N
OF = - X cu(c') + ow(Ui) + PÄ- i - (12A5)

k=i-i

where c' = £ c* denotes accumulated total search costs at period i in

present values.

00 00 <x> \f

cu(u) = j J... J \u

00 00 eo

= l J-.J
where
ai(u) represents the expected value of a random variable u,

assuming that i-1 first revision times have passed and
the project is stopped at revision time i

$i(u) represents the expected value of a random variable u,
assuming that i first revision times have passed.

It is easy now to show that
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cu(u)

where m-i =

Expression (12.A.5) can be rewritten as

AM

OF = £ cu(cl) + pVi(mw_, -

where mN.y=j %N^ pkN-i<R>N\ is the mean value of the variable 4w-i-

The objective function can also be expressed solely in terms of the
functions (S as follows:

N N-l

OF = - X Pi-i(cl) + X Pi(c') + ̂ .(m^.,). (12.A.6)

Appendix B Some Analytical Solutions

The problem stated in Section 12.2.4 can be expressed as:

Find the values of Xi (i = 1,2,,..., iV-1) such that OF is maximized.

The level of difficulty in this problem increases dramatically for values
of N > 2. In fact, the problem does not exist for N = 1. A closed-form
solution can be found for iV = 2; in this case, the objective function is given
by equation 12.A.3.

OF = -co + J(mi - c\)pZfl dZ/o

Then, Xi is found from the maximum condition:

aoF n

or equivalently,
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mi (12.B.2)
= Xi = c\

mi is the value of mi when the outcome at time ti is £o = xo = Xi.

Condition (12.B.2) means that the optimal stopping value Xi is the
observed value at the revision time which produces an expected mean
for the inferred distribution of the termination time equal to the cost in
the terminal interval.

Therefore, according to (12.2.5), equation 12.B.2 can be written:

mi
[mo Ai]|_L _1_\

i "*" o n o "•" o ClSÖ

and then

, xo2 fc\ moN

= ci + (ci - may— = [si
(12.B.3)

/
The corresponding maximum value of the objective function OFmax is:

OFmax = -co + (mo - ci)Fo(Xi) + —z -7s=exp(--Xi2) (12.B.4)

v ^ • Xwhere Xi =
CO

oo

i) = ̂ = J exp(-|tt2)<fu = l-erf(Xi)

with erf (the error function) given by

It can be ascertained that the maximization problem for N = 3 cannot be
solved analytically from the system of equations

0, (12.B.5)

where OF is given by expression (12.A.4) In fact, the system of equations
(12.B.5) is not algebraic and numerical procedures are rquired in order



Chapter 12. Evaluating the Profitability of an Energy 207
Research and Development Program
to find the values of X\, X.2- The same is true for the general case (equation
12.A.6, where the system of transcendental equations is

0 (i=l,2,. . . ,N-l) (12-B.6)

Appendix C Data

12.C.1 General Data
The following data, based on Stahl's, are used:
• Probable commercial breakthrough for fusion energy in the year

2050.

• Research cost for fusion energy, go = SEK 0.08/kWh, sued after the
year 2050. (Ståhl obtained thi s value by assuming some consumption
pattern after 2050. The Swedish research investment in this project
increases by 5% annually.)

• Real interest rate assumed constant r = 4%.
Given these date, the following considerations can be introduced

The alternative production costs for 1 kWh of electricity (from coal-fired
plants) in the year 2050 are denoted by g\; see 12.C.3 for calculations.

In the year 2050 the cost of electricity produced by fusion energy, if used,
can vary from a minimum level given by production costs + research
costs (= 0 + go) up to a maximum level determined by the cost of
alternative energy. Of course, the cost of fusion energy can be even
higher than this maximum level, in which case it will not be used.

Therefore, in the year 2050, the random cost {%) of 1 kWh obtained from
fusion has to vary between the following two limits in order to be used:
amin = 0 minimum production costs
amax =gl-g0 maximum production costs.

Here \ denotes costs of 1 kWh of electricity from fusion energy in the
year 2050, i.e., negative benefits. Then, maximization of the net benefits
in the model implies minimization of total costs (production and research
costs in absolute values).

The main data used in the model are:
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T = 64 years (i.e., the year 1986 is assumed to be the starting point for
project evaluation)

The unknown cost of the kWh from fusion is assumed to vary at time tN
- T = years between M discrete values an

di = amin + 2—j£-^ (l-l)

i.e., a\ = amin; aM — 2 amax -

A value of M =11 was adopted because it was assumed to be large enough
to represent the continuous normal distribution of the variable £,.

At the initial point in time, the data are quite uncertain. This uncertainty
is reduced over time due to research, which can be represented as follows:

Some of these data were changed in a parametric study of different
scenarios in order to check their influence on the profitability of the
project. Due to interdependence among some of them, these changes
were carried out as shown in 12.C.2 and 12.C.3 below. The data for the
main case and the sensitivity analysis are presented in Table 12.1. The
pessimistic situation, i.e., 7= 1.0 (see equation 12.C.1) was assumed in
all cases.

The costs in Swedish kronor of 1 kWh of fusion electricity are envisaged
at initial time to as a random variable £0 with a Gaussian probability
function of mean value no and standard deviation ao. The mean value
HO itself can also be regarded as a random variable with a Gaussian
density probability function N(mo, so), where the mean value is assumed
to vary between the two extreme values previously defined, i.e.,

TOO = amaxY+CHnin(l-Y) (12.C.1)

where different hypotheses could be considered for the parameter y in
expression (12.C.1), starting from y = 0 (optimistic hypothesis) to 1.20
(pessimistic hypothesis^. The latter hypothesis was used in the calcula-
tions.

The standard deviation so of no can be assumed to be small, i.e.,

8o=amax-flmin (12.C.2)
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where Ns is a »elatively large number; in the model Ns - 2.0 was used.

The initial standard deviation GO for the random variable £0 is assumed
to be

(flmax-amin) (12.C.3)

where Na = 1-5 seems reasonable because it expresses quite large
dispersion of the random vbariable £o at the initial point in time.

12.C.2 Calculation of Research Costs (go)
According to Ståhl (1983), the cost of the research program on electricity
produced from nuclear fusion can be estimated at SEK 0.08 per kWh in
the year 2050. A research period of T = 64 years and an interest rate r=
0.04 were assumed. If different values of T and r are used in a sensitivity
analysis, the final values of the costs of research between revision times
should accordingly be changed as follows.

Assuming a 5% annual increase in research costs, total research costs
per kWh at the termination time T expressed in Swedish kronor are:

xlO"2

po-1

where

1 0*5

P=T^7; TO = 64 (values .assumed by Ståhl, 1983)
1.U4

p=-r—, T is the time span of the research project and r is the real rate

of interest

Obviously if p - po and T = To, then £o = 0.08.

The costs of a, corresponding to the time interval i between two consecu-
tive revision times, are (at the year when the research project is
finished):

P -1

where N is the number of recision times.
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12.C.3 Calculation of the Costs of Coal-fired Electricity produc-
tion (gO
The total cost of a kWh of electricity obtained from firing coal in the year
2050 is comprised of the following items:

(a) Coal costs per kWh
Al=SEK0.143/kWh

The real annual increase in this cost is assumed to be r\ = 0.01.

(b) Operating costs per kWh
hi = SEK 0.02/kWh

(c) Investment costs per kWh

A3 = O t i 3 ^ XT
(1+rr -1 °-

where
r = interest rate = 0.04
G = investment per kW = SEK 9,000/kW
NL = economic lifetime = 25 years

Electricity production per year is assumed to be 6,000 hours.

(d) Fixed yearly maintenance cost per kWh
Ä4 = SEK0.0167/kWh

Then the total costs per kWh are

£1 = h\(\+r{) + h.2 + A3 + Ä4»
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