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Abstract

In this paper a capacity price model is developed for the Spanish electricity industry which allows the presentation of the Spanish
utilization level tariffs as an example of duration tariffs (Wright tariffs) when duration is approximated by the ratio of consumption
to power used. Using this model and data on the residential consumption of electricity, several optimal two-part tariffs are computed,
considering different hypothesis on the configuration of the generating equipment. It has been found that the optimal tariff main-
taining universal service increases welfare if the generating equipment and the output assigment to the different technologies are
taken as given. Furthermore, if the regulator is concerned not only with efficiency, but also with distributive issues, then welfare
losses associated with the existing regulatory regime are even larger. 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In markets where the demand is not stable over time
and production is not storable, firms must install a level
of capacity that meets the highest foreseeable levels of
demand. This is the case of the electricity market where
the operation of its different components must be coordi-
nated in order to meet demand in each time of use with
adequate quality characteristics. For this reason the elec-
tric system needs to maintain a maximum generating
capacity sufficient to meet the greatest energy demands,
but since consumer behavior is not stable, some capacity
remains idle during off-peak periods.

In order to reduce the costs of idle capacity, electric
systems install several types of generating equipment.
Base-load power is met with equipment having a high
cost of acquisition (capital costs) but a low cost of oper-
ation. On the other hand, peak loads are met with equip-
ment having a lower cost of acquisition and a higher cost
of operation. The lower acquisition cost of the peaking
equipment allows companies to reduce the cost of idle-
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ness in off-peak periods. This results in higher marginal
operating costs when demand peaks.

To account for the particular characteristics of the
electric sector, tariffs must be designed to separately
account for capacity and operating costs, and reflect the
differences in these costs among the technologies used.
That is to say, tariffs must be designed in function of
the two dimensions of electricity: power and duration.
A variety of pricing is used in electricity industries. One
form of electricity pricing is the Wright tariff used
occasionally in the United States and prominently in the
tariffs offered by Electricite de France (EDF) (see Wil-
son (1993) and Laffont (1994)). Wright tariffs attempt to
reflect the long-run cost structure of the utility by setting
charges based on the time that each unit of power is used
during the year (duration). That is to say, a unit of power
supplied for a specific duration in the long-run costs the
utility the capital cost of one unit of generating capacity
and an operating cost proportional to the duration and
the operating cost of that type of generator.1 However,

1 American regulatory agencies have opposed Wright tariffs fav-
oring instead a philosophy of ‘immediate causation’ of short-term
costs, and therefore time-of-use tariffs based on the capacity and
operating costs of the marginal generator. However, a few utilities have
introduced so-called load-factor tariffs that essentially are Wright tar-
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the implementation of these tariffs requires knowledge
of the exact consumption pattern of each consumer dur-
ing the time for which sophisticated and expensive indi-
vidual meters would be needed. In some countries this
problem has been solved by approximating an individual
consumption pattern by the ‘utilisation level’ defined as
the ratio of consumption to power used. So, the yellow
and green tariffs in France set fixed prices and energy
charges based on different categories of utilisation. The
Spanish tariff structure also differentiates tariffs by util-
isation levels.

In this paper a model is developed in order to study
the design of Wright tariffs when the utilisation level is
used as an approximation to duration and the restriction
that the producer must cover its costs is considered. This
model is used to compute optimal two-part tariffs for the
utilisation level of the Spanish residential sector con-
sidering several hypotheses on the configuration of the
generating equipment. This will allow us to estimate the
degree of optimality of the current tariff and to obtain
an approximation of the efficiency losses attributable to
the existing regulatory regime in the case of Spain. This
model is an application of Oren et al. (1985) where the
duration of consumption is approximated by the utilis-
ation level and the price schedule is restricted to a two-
part tariff.

Most studies in economic literature derive optimal tar-
iffs for electricity without explicitly considering its
multi-dimensional character. These studies do not con-
sider the existence of capacity and operating costs, and
they use the average cost as an approximation to the
marginal cost. Dimopoulos (1981) examines the impli-
cations of implementing different pricing schemes for
electricity using data from the Wisconsin Power and
Light Company. He uses a marginal cost of electricity
based on estimated marginal costs depending on the time
of day calculated in other studies. Buisan (1992) obtains
an optimal two-part tariff for household consumption of
electricity in Spain with data from 1989 and determines
welfare losses due to the Spanish tariff actually used that
year. In order to do this, she uses an average cost asso-
ciated to an estimated demand profile of residential con-
sumption as an approximation to marginal cost. In this
paper electricity is presented as a two-dimensional pro-
duct and it is shown that, by using utilisation levels as
an approximation to duration, the marginal cost is the
sum of a share of capacity cost and operating cost of the
efficient technology for the duration. It is also shown that
the costs can be expressed as a function of individual
consumption and so, the results with uni-dimensional

iffs by another name. On the other hand, differentiated demand charges
offered by some American electric companies can also be interpreted
as involving the principles of a Wright tariff to encourage load levering
(see Wilson, 1993).

prices are applicable (see Goldman et al. (1984) and
Brown and Sibley (1986)).

The assumptions that are common in the literature on
nonlinear pricing in the sense of not considering rent
effects and the inability of product resale are adopted.
The regulator may supervise the consumption of individ-
uals and he knows the distribution of consumer types
and their preferences. It is assumed that the regulator
uses the concept of utilisation level, defined as the ratio
of consumption to power used, as an approximation to
the consumption pattern of the individuals.

The structure of the paper is as follows. In the Section
2 the basic framework of the capacity price model is
presented. Section 3 adapts the model for the case in
which duration is approximated by utilisation levels. In
the Section 4 the parameters used in the empirical analy-
sis are specified. Section 5 is dedicated to computing
two-part tariffs by utilisation levels for residential con-
sumers and to efficiency analysis. Finally, conclusions
are presented.

2. Basic concepts

2.1. Load-duration curve

In the case of services such as electrical power where
supply is comparatively stable with respect to demand,
this can be described in two ways: by demand at differ-
ent hours of the day and by the load-duration curve giv-
ing the numbers of hours that demand exceeds a given
level. Fig. 1 presents the load-duration curve of the
Spanish electricity system for 1993.

The two axes of the load-duration curve may be inter-
preted as the consumption rate and the time duration,
and its magnitudes are referred to as capacities. The

Fig. 1. Load-duration curve, 1993 (CSEN).
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maximum capacity level represents the maximum con-
sumer demand vertically (‘demand peak’), and horizon-
tally, the maximum time interval in which the system
operates (for example, a year). In the case of electrical
energy consumption the dimensions are power and dur-
ation, and the load-duration curve can be interpreted as
the number of hoursH(l) for which the power demanded
is at its leastl, or as the smallest power levelL(h) that
is demanded for a duration of no more thanh hours.H(·)
andL(·) are non-increasing, withL(0) andL(1) denoting
peak and load demand respectively, supposing that dur-
ation is expressed as a fraction of the time period con-
sidered.

The area under the load-duration curve represents the
consumption setQ in kilowatt-hours (kWh) of the indi-
vidual. In this sense, the load-duration curve may be
interpreted as a function of the distribution that deter-
mines the probability (in a fraction of cycle hours) that
the power demand by the individual will be greater than
a determined level.

2.2. Costs

In order to determine the costs associated to a con-
sumption setQ determined by a load-duration curve, it
is considered that the electrical system uses different
production technologies. In the linear case

ci(h)5fi1vih, (1)

is the cost per kilowatt using technologyi for a duration
h, where fi is the unitary capacity cost (amortised cost
of generating equipment per kilowatt of power), andvi

is the operating cost per kilowatt-hour (kWh). These
capacity and operating costs are such that each tech-
nology is the most efficient in some range of the dur-
ation, as long as there is infinite divisibility.2

Projecting the efficiency range of each technology
onto the load-duration curve we may obtain the optimal
capacity configuration (optimal technology mix), that is
to say, the number of kW of each technology that must
be installed in order to supply the energy requirements
of the system. Thus, in a three technologies case, as in
Fig. 2, the low capacity cost technology (I) will be used
to satisfy the peak load, while the low marginal cost
technology (III) will be more appropriate for the base
load, and the intermediate technology (II) meets the
needs of the shoulder load.

The total cost of supply for consumption setQ,
determined by the load-duration curve with the optimal
technology mix, may be obtained for a particular dur-
ation range using the cost functions corresponding to the

2 With infinite divisibility each kilowatt is produced by a tech-
nology and thus an optimally configured generating system may not
include technologies that are cost dominated.

Fig. 2. Optimal mix of production technologies.

technologies dispatched in that range. It should be noted
that the efficient operating cost of any generating unit
as a function of duration is given by the lower envelope
of each technology’s particular cost function. This envel-
ope may be interpreted as a nonlinear cost function of
capacity use, and its concavity reflects the fact that tech-
nologies with low operating costs are assigned to
capacity units that are used for longer periods of time.
In the linear case, the efficient cost envelope will be

e(h)5minici(h), (2)

where i(h) indicates the efficient technology for dur-
ation h.

The total cost of the consumption set when horizontal
slices are considered can be obtained by adding the costs
originated by each kilowatt of power used, which will
depend on the technology that has supplied them and on
the duration. Thus, for example, in Fig. 3 it is found that
a kilowatt of powerl in the intervalLb,l,La gives rise
to a capacity costf2 and a marginal operating costv2

since it is supplied by technology II, which is the most
efficient for a kilowatt of durationh, H1,h,H2. The
total cost associated with a load-duration curve like that
of Fig. 3, with a maximum power demand ofL, when
three technologies intervene will be given by

C(L)5C01ELb

L1

(f31v3H(x))dx1ELa

Lb

(f21v2H(x))dx (3)
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Fig. 3. Horizontal slice costs of load-duration curve.

1EL

La

(f11v1H(x))dx

whereC0 represents fixed costs not associated with pro-
duction (stranded and administrative costs).3

2.3. Wright tariffs and utilization level tariffs

Wright tariffs fix prices taking into account the num-
ber of hours each kilowatt that is demanded is used and,
accordingly, they take as a reference the horizontal slice
costs of the load-duration curve that were analyzed in
the previous section. In this sense these tariffs attempt
to adapt to the cost structure derived from the generating
equipment in order to meet the load-duration curve. That
is to say, a unit of power supplied for a specific duration
in the long-run costs the utility the capital cost of one
unit of generating capacity and an operating cost pro-
portional to the duration and the operating cost of that
type of generator.4

Direct implementation of Wright tariffs requires,
nevertheless, knowledge of the exact load-duration curve
of each individual, for which sophisticated and expens-
ive individual measuring equipment would be needed. In
some countries this problem has been solved by approxi-
mating individual load-duration curves with the utilis-
ation category defined as the ratio of consumption to
power used by the consumer, and represents a direct
relation with the individual’s consumption pattern. In
fact, it has been found that the proportion of consump-
tion in a peak-load period is decreasing on the utilization
level, while the proportion of consumption in a base-
load period is increasing.

3 In Appendix A the case of cost aggregation using vertical inter-
vals is presented. A more general cost formula is presented in Oren
et al. (1985).

4 In the short run the cost structure may be modified by demand
or operating cost variations, thus time-of-use tariffs associated with
real system demand each hourly period are also used.

The utilization level summarises in one variable
(quantity consumed) the information of the two dimen-
sions of electricity, power and duration, which allows
for the design of tariffs based exclusively on individual
consumption. This also explains that in utilization level
tariffs one cannot consider usage prices and capacity
prices, and that different parts of the tariff contribute to
covering usage and capacity costs.

In the case of the Spanish electricity industry, the tar-
iff structure in 1993 presents a double differentiation.
First, it differentiates tariffs by level of voltage dis-
tinguishing between high and low voltage tariffs. This
differentiation tries to reflect the cost of transmission
losses which are inverse to level of voltage. Second, tar-
iffs differ according to the utilization or load-factor of
the consumer. At low voltage levels there are tariffs for
normal utilization and long utilization. At higher volt-
ages there are three groups of general tariffs for low,
normal and long utilization, respectively. Furthermore,
the tariff schedule presents special tariffs for specific
types of use such as public transport, agriculture and so
on.5 In this sense, Spanish electricity pricing follows a
the methodology of Wright tariffs, and this structure will
be maintained for some years within new regulation
introduced by the 1997 Electricity Act, at least for the
domestic and small business consumers in the ‘franchise
market’, who will be supplied by local monopolies (see
Kuhn and Regibeau (1998)).

3. A theoretical model of utilization level tariffs

3.1. Consumption set

The use of the utilization level concept in order to
approximate the duration of the consumption of the kilo-
watt-hours used is equivalent to considering the individ-
ual’s consumption set to be a rectangle of height equal
to the power usedL and a base equal to the utilization
level hu (see Fig. 4). That is to say, each group of con-
sumers is associated with the most efficient technology
for a duration range equal to his utilization level.

3.2. The cost function

Consider a rectangular load-duration curve that
reflects consumption corresponding toL kilowatts of
power used for a maximum duration ofhu, which is
determined by the ratio between consumptionq and the
power used,hu (hu=q/L).

5 Each tariff has a charge for power (ptas/kW) and a charge for
energy (ptas/kWh). For consumers in low voltage the power charge is
based on subscribed demand but for consumers in high voltage it can
be based on a metered maximum demand, according to what the con-
sumer wants.
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Fig. 4. Rectangular load-duration curve for an utilization levelhu.

The cost of supplying consumption setq with an opti-
mal mix of production technologies, that is to say, when
consumption is supplied completely by the efficient tech-
nology for durationhu is

C(L)5C01L(fi1vihu), (4)

where fi and vi represent the unitary capacity cost and
the unitary operating cost for the efficient technology for
a durationhu, L are the kilowatts of power used, andC0

non-productive productive fixed costs.
Using the definition of utilisation level (h=q/L), the

cost function may be expressed by

C(q)5C01mq, (5a)

wherem represents the marginal cost of consuming an
additional good, and may be defined as

m5S fi
hu

1viD (5b)

Thus, for a particular and constant utilisation level,hu,
costs are a function of kWh consumption.

It is implicitly assumed that consumers do not vary
their consumption pattern and that the only way to raise
their consumption is to raise the power used. Under this
assumption it makes sense to think of marginal cost as
the cost increment caused by using an additional kW of
power to be consumed for a duration ofhu. Thus, the
marginal cost will be the sum of the capacity and
operating costs of the efficient technology, as can be
seen in the cost function given.6

However, the cost of supplying consumption setq
depends on the optimal technology mix used to meet

6 This assumption seems relatively reasonable for the residential
sector which is characterised by a homogeneous and constant con-
sumption.

the system load-duration curve. In this sense, the costs
incurred in the supply of a consumption setq will result
from aggregating the costs incurred by the different gen-
erating technologies used. If it is supposed thatj=1,…,s
technologies are used, with technologys being the most
efficient for durationhu, the costs of supplying consump-
tion setq will be

C(q)5C01Os21

j51

S fj
hu

1vj 2
fs
hu

2vsDqj 1S fs
hu

1vsDq, (6)

whereqj=hulj are the levels of consumption supplied by
technologiesj=1,…,s21, not efficient for durationhu,
with lj being the power used from each technology.7

3.3. Individual demands

The heterogeneity of consumers has a central role in
nonlinear pricing because the payment structure is
designed to induce self-selection between consumers.
These differences are reflected in the consumption
choices. In this way to increment efficiency the con-
sumers pay different prices in function of their consump-
tion. This heterogeneity is represented by parameter
qe[q,q

¯
] which is characterised by a distribution function

F(·) with density patternf(·) (distribution of consumer
types). The gross benefit obtained by a consumer of type
q is U(q,θ) if he purchasesq units or, in terms of the
consumer’s surplus, it isS(q,q), with Sq.0, Sqq,0, Sq.0
andSqq.0. A higherθ implies both a higher gross sur-
plus and a higher willingness to pay for an extra unit.

3.4. Distribution of consumer types

For the purposes of nonlinear pricing it is necessary
to know the preferences and the frequency distribution
of consumer types. In the case where the valuation of
the consumers for the good is not directly observed but
the current tariff is such that consumers with different
preferences demand different amounts of the good, the
distribution of observed consumption can be used to
approximate the distribution of consumer types (see
Brown and Sibley, 1986; Castro et al., 1997; Mitchel,
1978). This will be the case analyzed in this paper
because the current tariff is a two-part tariff.

3.5. Social welfare

If T(q) is the tariff paid for consumingq units of the
good, net consumer surplus can be defined as the differ-
ence between gross consumer surplus and payment,
S(q,q)2T(q).

A modified Social Welfare Function of Feldstein

7 This was the case of the residential sector electrical supply in
1993 which is studied in the next section.
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(1972) is used where the participation level is considered
endogenous. In particular, social welfare derived from
the consumption of the product is defined as the
weighted sum of the monetary value of the net surplus
of all the consumers

W5E`

q∗(T)

[S(q,q)2T(q)]u9(q)f(q)dq, (7)

where the weight assigned to each subscriberu9(q)=q2h

is a function of the consumer typeq and presents a con-
stant demand elasticityh. Thus the largerh is, the larger
the weight assigned to the welfare of consumers with
low consumption levels is. Parameterq* identifies the
marginal consumer that is indifferent between purchas-
ing and not purchasing for the given tariff, that is,
S(q,q*)2T(q(q*))=0. All consumers with typeq$q* pur-
chase a positive amount and those with typeq,q* do
not consume.

3.6. Optimal tariff

A regulated firm that produces only one type of pro-
duct is considered. This firm has to satisfy a budget con-
straint, that is, total revenues must be equal to total costs
plus an exogenously specified amount, B. This exogen-
ous amount, B, can be positive, in concept of a profit or
surplus above costs, zero when the firm must strictly
cover costs, or negative when government subsidies are
permitted. The objective of the regulated firm is to maxi-
mise social welfare. The optimal tariff is derived then
by maximising social welfare

W5E`

q∗(T)

[S(q,q)2pq2A]u9(q)f(q)dq, (8a)

subject to the firm’s budget constraint

E`

q∗(T)

T(q(p,q))f(q)dq2C(Q)2B50, (8b)

and by having that the marginal consumerq* obtains a
non-negative net surplus

S(q,q∗)2T(q(p,q∗))$0. (8c)

Total consumption is defined as

Q5E`

q∗(T)

q(p,q)f(q)dq. (8d)

4. Specification of the parameters

In order to compute the optimal tariff by utilization
level for residential consumption of electricity, data on

consumption, revenues and prices referring to tariff 2.0
for 1993 of the Spanish electricity system have been
used (see appendix). The year 1993 is used as the base
year since it represents a normal year prior to the first
regulatory reform in 1994. Tariff 2.0 of the Spanish tariff
structure is targeted for consumers who used power in
the 0.77 kW to 15 kW range, practically all residential
consumers. In 1993 there were more than 17 million sub-
scribers to tariff 2.0 that represented more than 93% of
the total number of consumers, with an approximate con-
sumption of 36 920 gigawatt-hours (GWh) through the
year, which accounted for 28.8% of total consumption.
The total revenue generated by the tariff was more than
747 340 million pesetas (ptas), this amounted to 40% of
the total revenues of the industry.

4.1. Residential utilization level

In order to compute the utilization level of the residen-
tial sector, considering a similar consumption pattern for
all the subscribers to tariff 2.0, and taking into account
that it is not possible to know the power really used by
it, 61.61% of the system’s maximum demand of power
(23 990 MW) is considered as power used for residential
consumers. This assumption is based on the fact that the
billed power in tariff 2.0 amounted to 61.61% of total
billed power in 1993. Thus, given the 36 920 Gwh of
residential demand in 1993 a utilization level of 2498
hours is obtained, that is, a short utilization level is
obtained.

4.2. Costs

In 1993 demand was covered by a mixed thermo-hyd-
rolectric generating system, in which the hydroelectric
power represented 31.72% of total installed power, with
a production of approximately 18% of total production.

The hydro technology of the Spanish system has the
role of regulating the system meeting demand peaks in
all time periods. Thus, it cannot be concluded that hydro
technology is responsible for a specific level of utiliz-
ation. In this sense, its costs cannot be assigned to a
particular consumption, but rather all consumers, regard-
less of their utilization level, are responsible for covering
its costs. In this way, taking into account that consump-
tion of tariff 2.0 in 1993 represented 28.8% of total con-
sumption, it is assumed that 28.8% of hydroelectric pro-
duction (6705 MWh) has been assigned to meet
residential demand.

In terms of equipment, the Spanish electric system has
several types of generating technologies: nuclear, coal,
hydro, and oil/gas, all of which were used to cover elec-
trical demand in 1993. In Table 1 the most important
cost characteristics as well as total output of the generat-
ing equipment are presented. Capacity costs are obtained
considering the standard costs of amortisation and retri-
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Table 1
Technologies data in 1993 (1 pta=0.0065 $ USA)a

Technology Power Capacity Operating Production
(MW) cost cost (GWh)

(ptas/kW) (ptas/kWh)

Nuclear 7401 46977 1.2494 53538
Anthracite 5961 13691 5.6351 28976
Brown lignite 1950 20674 5.1593 11960
Black lignite 1450 20793 5.8228 8178
Imported coal 1314 17404 3.2560 8601
Oil/Gas 7910 4732 4.8571 1795
Hydro 16996 7900 0.7499 23282

a Source: Regulatory Comission of Spanish electricity (CNSE)
and Red Ele´ctrica de Espan˜a, S.A. (REE).

bution, and the fixed costs of operation and maintenance
set by the Stable Legal Framework (SLF), the legislative
act that regulates the Spanish electricity industry, for
each active generating plant. Variable costs are obtained
by aggregating fuel costs, and variable costs of operation
and maintenance.8

4.3. Demand

It is assumed that the individual demand function is
isoelastic, and depends on the pricep paid for each unit
consumed and on the parameterq that identifies each
consumer type (this will depend, among other things, on
the consumer’s income level).

q(p,q)5aqp−b, (9)

wherea is a scale parameter andb represents the price
elasticity of demand. Note that the demands are ordered
according to parameterq, in such a way that if each
consumer consumes according to his preferences, a
larger valuation for the product (a largerq) results in
higher consumption.

The results of the demand estimation for the Spanish
residential sector in Castro (1996), where the price elas-
ticity of demand is estimated to be21.8, are taken.9

4.4. Distribution of consumer types

For the estimation of the distribution of consumer
types the observed frequencies of consumption for 1993

8 These costs have been obtained considering all active plants in
1993, some of which were fully amortised and presented a null gross
discounted value.

9 There exist other estimates of the price elasticity of electricity
demand in Spain, but all of them estimate a short-run elasticity. In
Castro’s study (1997) a model of long-run electricity demand to the
Spanish residential sector is estimated, and a long-run elasticity is
obtained, which is more appropriate for computing Wright tariffs.

are used.10 These frequencies are distributed in a sample
space divided into 29 intervals, all of an amplitude of
500 kWh, with the exception of the last one which
includes all users with a consumption of 14 000 kWh or
higher (see Appendix A). The observed frequencies will
be denoted byfi,i=1,…,29.

The observed consumption distribution presents two
distinct patterns, the lower levels of consumption present
a clearly linear structure while higher levels of consump-
tion present a slow nonlinear decrease of mass more
adequately fitted with a Pareto density. Thus the fitted
frequency is given by

fq(r,k,q0,a)5H r(q−qa) if qa,q,q0

akaq−a−1 if q0,q,`
, (10a)

which must verify the following conditions

r(q02qa)5akaq−a−1
0 (10b)

Eq0
qa

r(q2qa)dq1E`

q0

akaq−a−151, (10c)

whereqa is the smallest type,q0 is the value ofq where
the density function changes from linear to Pareto,r is
the parameter of the linear part anda, k are the para-
meters of the Pareto part.

The associated distribution function will then be

Fq(q0,a)55
r
2
(q−qa)2 if qa,q,q0

ka(q−a
0 −a−a)+

r
2
(q0−qa)2 if q0,q,`

. (11)

In order to make the continuous theoretical distri-
bution F(q) compatible with the discrete sample infor-
mation, the discrete probabilities thatF(q) assigns to the
29 consumption intervals for which there exist observed
frequencies are obtained. The theoretical probabilities
are denoted bypi, i=1,…,29. In terms ofF(q) will be

pi5HFq(500i)−Fq(500i−500) if i#28

1−Fq(500i−500) if i=29
. (12a)

and using the definition ofFq will be

pi(q0,a) (12b)

55FqSpb500i
a D−FqSpb(500i−500)

a D if i#28

1−Fa
q(500i−500) if i=29

.

which is a function of the distribution parametersq0, a.

10 This is justified by the fact that the current tariff in 1993 is a
two-part tariff (see Castro et al., 1997).
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Following the discretization, the consumption space
can be seen as a discrete 29-point space in which a prob-
ability mass function is defined. The observed frequency
of each of these points (f1,…,f29) are also available.

If any of the parameters on which the theoretical dis-
tribution function is dependent is unknown, it can be
estimated by maximum likelihood. An alternative
approach is to minimise thec2 statistic of the goodness
of fit test of the observed frequencies to the theoretical
probabilitiesp1,…,p29; it is known that this is equivalent
to the maximum likelihood estimation (see Read and
Cressie (1988)).

Otherwise, the estimated parameters must be compat-
ible with the observed model and data. In this sense, it
must be taken into account that the constant term of the
demand function,a, depends on (q0,a) since it is derived
from the relation

Q05NEq0
qa

aqp−b
0 r(q2qa)dq (13a)

1NE`

q0

aqp−b
0 akaq−a−1dq,

where Q0 is the annual consumption with the current
tariff structure, a two-part tariff with an entry feeA0 and
a marginal pricep0. Thus, the parametera can be
expressed as a function of (q0,a)

a5
Q0pb

0N−1

I(q)
. (13b)

with I(q)=E`

qa

qf(q)dq.

The parameters (q0,a) must give a value ofa compat-
ible with the data associated with the current tariff. In
particular ifqa is the smallest individual that participates
in the current tariff, its net surplus must be non-negative.
This is to say that,

SN5S(q0,qa)2p0q(p0,qa)2A05
a

b−1
qap1−b

0 2A0 (13c)

$0,

wherep0=15.02 ptas/kWh andA0=2725.74 ptas are the
marginal cost and entry fee of the current tariff.11

With the previously defined demand,q is given by
q=(qpb)/a, and substituting it into the previous equation
the following inequality is obtained

qap0

b−1
2A0>0. (13d)

11 The entry fee is computed by using the annual power term of
tariff 2.0 for a consumer with power equal to the average power used.

Taking into account that the consumption of the small-
est type with the current tariff (qa) was 200 kWh in 1993,
the previous inequality is always verified.

The results of the estimation are presented in Table
2.12

5. Optimal tariff and welfare

To conduct efficiency comparisons with the current
tariff, a two-part tariff pricing structureT(q)=A+pq, with
a constant marginal price,p, per unit purchased and a
fixed charge,A, per period, is considered. Bothp andA
are the same for all consumers. With the functional
forms introduced in the previous section, the social wel-
fare derived from consumption is given by

W5Eq0
q∗(A,p)

F a
b−1
qp1−b2AGq−hr(q2qa)dq (14a)

1E`

q0

F a
b−1
qp1−b2AGq−hsq−a−1dq.

Profits can be defined as

B5AEq0
q∗(A,p)

r(q2qa)dq1AE`

q0

sq−a−1dq1pQ (14b)

2C(Q),

whereQ represents the total output and is defined by

Q5Eq0
q∗(A,p)

aqp−br(q2qa)dq1E`

q0

aqp−bsq−a−1dq. (14c)

In this section three alternative scenarios are con-
sidered in order to analyze the efficiency of the Spanish
electric system. In a first scenario the generating equip-
ment and the assignment of output to the different tech-
nologies is taken as given. In this framework a first
approximation to the efficiency losses associated exclus-
ively to the current 1993 tariff versus an optimal tariff
is obtained. In a second scenario the generating equip-
ment is taken as given once again, however a change in
the assignment of output to the different technologies is
allowed. This gives a second approximation to the poss-
ible efficiency gains from an optimal tariff and an opti-
mal output allocation versus the current 1993 tariff and
output allocation. Finally, in a third scenario, the optimal
generating equipment is simulated with the current tech-
nologies available in 1993. The possible efficiency gains

12 A FORTRAN minimisation routine with a penalisation function
was used for the parameter estimation.
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Table 2
Estimated parameters of the consumption distribution

Estimated parameters q0 a qa r k Stat. (c2)

1314.62 1.2018 239.95 5.705e27 942.751 20.26 (37.7)

derived when none of the system characteristics are
taken as given are also considered.

5.1. Non adapted generating equipment

5.1.1. Non optimal allocation of technology
In order to compute the optimal tariff in the non-opti-

mal optimal allocation of technology scenario, 1993 pro-
duction costs will be assigned to each consumer type.
To do this, a particular production mix must be assigned
to each consumer. If a consumer has a constant utilis-
ation level then the production of the optimal technology
for this utilisation should be assigned to that consumer.
In the case of residential consumers, who are character-
ised by an utilisation level of 2498 hours, the optimal
technology is oil/gas, the most efficient technology for
durations smaller than 8000 hours given the technology
data in Table 1. Thus all gas production for 1993 is
assigned to residential consumers. But given that resi-
dential consumption for 1993 is greater than the gas pro-
duction for this year, other technologies to meet the
remaining residential demand must be considered. These
technologies are assigned according to a ‘second-best’
criterion, that is, the next best technology given the con-
stant utilisation level of residential consumers. Follow-
ing this assignment procedure until total residential
demand is covered the following production assignment
for 1993 residential consumption is obtained: oil/gas
(1795 GWh), imported coal (8601 GWh), black lignite
(8178 GWh), brown lignite (11 641 GWh), and hydra
(6705 GWh).13 The average cost for a residential con-
sumer derived from this assignment is 8650 ptas. Non-
productive fixed costs plus profits associated to residen-
tial consumption are 11 783 ptas which are obtained as
the difference between tariff revenues and productive
costs.

According to the definition of marginal cost as the
sum of the capacity and operating costs of the efficient
technology, the marginal cost of residential consumption
in 1993 is 6.75 pesetas, which is the marginal cost of
oil/gas technology.

The value of all parameters that are used in the com-

13 Given the role of hydra technology as system regulator it cannot
be attributed to a particular utilisation level so it is assigned pro-
portionally to the consumption of each consumer type.

putation of the different tariffs for the base case are
presented in Table 3.14

In Table 4 the values of (p, A) for the current (c),
optimal (o) and universal service tariff (s) are presented
as well as the associated participation level (PL), and
per consumer consumption level (q̄), average power used
(l
¯
), and welfare (W

¯
). The optimal tariff is the result of

maximising the social welfare subject to the budget con-
straint and that the marginal consumer has a non-nega-
tive net surplus. The universal service tariff is the opti-
mal tariff maintaining the participation level of the
current tariff.15 In all cases tariffs are computed subject
to a restriction of maximum power demanded by the
residential sector. This restriction is determined allowing
consumers a proportion of the system’s overcapacity
equal to their proportion of the total system’s contracted
power. This restriction limits a residential consumer to
a maximum consumption of 3183 kWh.

As can be seen in Table 4, if the regulator is only
concerned with efficiency thus giving all consumers an
equal weight in the total welfare function (h=0), with a
tariff structure similar to the current one, it is possible
to achieve a greater efficiency level while maintaining
universal service. On the other hand, greaterh values
give more importance to distributive concerns. For a

Table 3
Parameters of base casea

Parameter Item Value

Price elasticity b 1.8
Marginal cost (ptas/kWh) c 6.75
Pareto elasticity a 1.2018
Constant demand a 109.3764
Average consumption (kWh) q̄ 2141.15
Utilization level (hrs.) hu 2498
Average power used (kW) l

¯
0.8572

Smallest type qa 239.9452

a Source: CNSE.

14 The demand parameters are obtained using the IMSL multivari-
ate minimisation subroutines.

15 The appendix specifies how these tariffs are computed. The
explicit solution top andA have to be computed with numerical com-
putation because it depends on if the valueq* is in the linear or Pareto
part of the distribution of consumer types. The model is solved by
means of GAMS (see Brooke et al., 1988).
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Table 4
Tariffs with non adapted generating equipment. (c: current tariff; o: optimal tariff; s: universal service tariff)

Tariff qmax=3183 p (ptas/kWh) A (ptas) PL (%) q̄ (kWh) l
¯

W
¯

h=0
c 15.02 2725 100.00 2141.15 0.857 37539
o=s 12.051 3561 100.00 3183.00 1.274 44470
h=2.91
c=o=s 15.02 2725 100.00 2141.15 0.857 1.4408E25

Table 5
Tariffs for several levels of maximun consumption

qmax h=0 Tariff p (ptas/kWh)A (ptas) PL (%) q̄ (kWh)

4183 o 10.354 5360 99.994 4183
s 10.633 4950 100.00 3986

5183 o 9.190 7810 99.726 5183
s 10.633 4950 100.00 3986

6183 o 8.326 10802 98.939 6183
s 10.633 4950 100.00 3986

7183 o 7.649 14335 97.475 7183
s 10.633 4950 100.00 3986

8183 o 7.155 17989 95.437 8064
s 10.633 4950 100.00 3986

large enough value of this parameter (h=2.91) the cur-
rent tariff is optimal.

In order to analyze the influence of the maximum
power restriction, in Table 5 the optimal tariff and the
universal service tariff for several levels of maximum
allowed consumption are presented. Table 6 presents the
efficiency gains for all cases considered when the wel-
fare function weight ish=0. When the maximum power
demanded is determined by the installed generating sys-
tem, the optimal tariff increases welfare by more than
18% maintaining universal service. These welfare gains
increase with the maximum allowed consumption,
achieving welfare gains of 47% if there is no maximum
power constraint. However, if the participation level is
reduced to 95.5% with respect to the current tariff, that
means that more than 780 000 subscribers would not
consume. In this case no maximum power constraint of

Table 6
Welfare associated with new tariffs for several levels of maximun con-
sumption

qmax h=0 W
¯

(Current) W
¯

(Optimal) DW
¯

(%) W
¯

(Univ. DW
¯

serv.) (%)

3183 37539 44470 18.46 44470 18.46
4183 37539 48904 30.27 48161 28.30
5183 37539 51934 38.35 48161 28.30
6183 37539 53919 43.63 48161 28.30
7183 37539 55041 46.62 48161 28.30
8183 37539 55363 47.48 48161 28.30

the universal service tariff achieves welfare gains of
28.3% with respect to the current tariff.

In order to verify the robustness of the results several
alternative hypotheses for the base case parameters,
which are given in Table 7, are analysed. The optimal
and universal service tariffs, as well as the participation
level and the average consumption and power levels for
each case, are given in Table 8 (withh=0). Caseb2

computes the tariffs for a low elasticity assumption, this
results in a lower fixed fee and a higher marginal price.
This is because the more inelastic the demand is, the
smaller the welfare gain and the greater the revenue loss
from a price reduction are. In this sense a higher elas-
ticity (caseb+) will result in a higher marginal price and
a lower fixed fee.

With respect to the marginal cost it can be seen that
a larger difference between marginal cost and average
cost (defined as the ratio between total cost and total
residential consumption) results in a need to fix a mar-
ginal price closer to marginal cost and verify the budget
constraint with a larger fixed fee. When the marginal
cost is larger the marginal price is closer the marginal
cost. This result holds while the fixed fee is restricted to
non-negative values.

Regarding the variation of the Pareto elasticity for the
distribution of consumption,a, higher elasticity values
result in a lower fixed fee and a higher marginal price,
while lower values ofa will result in a marginal price
that approaches marginal cost. This is due to the fact
that highera values imply a higher proportion of con-
sumers with low consumption values, and thus, raising
the fixed fee in order to lower marginal price will
strongly reduce market participation. Lowa values, on

Table 7
Parameters values for several hypothesis

Case b c a

Base 1.8 6.75 1.2018
b2 1.7 6.75 1.2018
b+ 1.9 6.75 1.2018
c2 1.8 6.4 1.2018
c+ 1.8 7.1 1.2018
a2 1.8 6.75 1.1518
a+ 1.8 6.75 1.2518
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Table 8
Optimal and universal service tariffs under several hypothesis

Caseh=0 Tariff (ptas/kWh) A (ptas) PL (%) q̄ (kWh) l
¯

(KW)

base o 7.155 17989 95.437 8064 2.876
s 10.633 4950 100.00 3986 1.596

b2 o 7.488 16203 94.570 6925 2.722
s 10.643 5462 100.00 3846 1.539

b+ o 6.839 20379 96.147 9472 3.791
s 10.473 4617 100.00 4248 1.700

c2 o 6.776 18675 95.526 8896 3.561
s 9.959 5216 100.00 4486 1.795

c+ o 7.530 17318 95.395 7354 2.943
s 11.253 4731 100.00 3601 1.441

a2 o 7.126 18219 95.395 8123 3.251
s 10.633 4950 100.00 3987 1.596

a+ o 7.181 17789 95.465 8013 3.207
s 10.633 4950 100.00 3987 1.596

the other hand, imply a smaller proportion of consumers
with low consumption values and thus higher fixed fees
cause relatively smaller efficiency losses in terms of a
low participation level. For sufficiently low values, mar-
ginal price may equal marginal cost.

Table 9 presents the efficiency gains derived under the
optimal and universal service tariff with respect to the
current tariff under the different hypotheses considered.
In all the cases analysed the optimal tariff raises welfare
by more than 36%, and can be as high as 61% in the
high demand elasticity case. In any case it must be kept
in mind that the level of participation is never greater
than 96.147% of the one achieved with the current tariff.
The universal service tariff, on the other hand, limits the
efficiency gains attainable to a range from 22% to 35%.

5.1.2. Optimal allocation of technology
If the generating system is optimally configured given

the different technologies that are in use in the Spanish
electric system in 1993, the technology that is respon-
sible for covering residential demand for a constant dur-
ation of 2498 hours would be oil/gas.

Table 9
Efficiency gains under the different hypothesis

Case W
¯

(Current) W
¯

(Optimal) DW
¯

(%) W
¯

(Univ. serv.) DW
¯

(%)

Base 37539 55363 47.48 48161 28.30
b2 43230 58826 36.08 53035 22.68
b+ 33192 53706 61.80 45126 35.95
c2 37539 57934 54.33 50753 35.20
c+ 37539 53098 41.45 46029 22.62
a2 37560 55515 47.20 48198 28.27
a+ 37522 55232 47.80 48129 28.32

Table 10 presents the optimal and universal service
tariffs for this case, without imposing any restrictions on
capacity. The considerable reduction in costs when the
generating system is optimally configured implies a sig-
nificant reduction both in the marginal price and the
fixed fee of the optimal tariff, and thus a high partici-
pation level (99.569%). In terms of efficiency, the wel-
fare improvements are greater than 15% both for the
optimal tariff and the universal service tariff.

On the other hand, to measure the distortions derived
by the use of a non-adapted generating system it is
necessary to consider the evolution of the Spanish elec-
tricity industry with a strong investment in oil/gas plants
in the sixties and seventies that were not used after the
oil crisis and that, at the current international prices, are
again efficient given the installed generating system. The
current generating system is composed mainly of very
old plants, some of which are amortised, which results
in a infravaluation of the capacity cost of the installed
generating system. Table 11 presents the cost data of
generating plants that have come into service since 1980.

Considering the data from Table 11, oil/gas is still the
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Table 10
Optimal and universal service tariffs for a generating system optimally configured

Tariff p (ptas/kWh) A (ptas) PL (%) q̄ (kWh) l
¯

W
¯

h=0
o 6.750 10724 99.569 9030 3.195 65764
s 7.247 6727 100.00 7950 3.183 65450

h=0.229
o=s 7.240 67274 100.00 7950 3.183 9931

Table 11
Technology costs for plants installed after 1980a

Technology Capacity Operating
cost(ptas/KW) cost(ptas/kWh)

Nuclear 49126 1.2494
Anthracite 17488 5.6351
Brown lignite 22625 5.1593
Black lignite 26907 5.8228
Imported coal 20313 3.2560
Oil/Gas 9203 4.8571
Hydro 7900 0.7499
Combined cycle 12081 3.9550

a Source: CNSE and REE.

most efficient technology to serve residential consump-
tion, and the cost function in this case is given by a fixed
cost of 10 678 per consumer and a marginal cost of 8.54
ptas. The optimal and universal service tariffs forh=0
are given in Table 12 and will allow us to make
efficiency comparisons with respect to an adapted gener-
ating system.

5.2. Adapted generating equipment

Table 13 presents the optimal and universal service
tariffs for residential consumers when an adapted gener-
ating system is considered, that is, a system composed
of the most efficient technologies available and operating
in an efficient way. This scenario reflects a situation of
long-run equilibrium in a competitive generation market.

Table 12
Optimal and universal service tariffs for an optimally configured generating system with plants installed after 1980 (η=0)

Tariff p (ptas/kWh) A (ptas) LP (%) q̄ (kWh) l
¯

(KW) W
¯

o 8.614 10348 99.012 5817 2.328 52629
s 9.668 5342 100.00 4732 1.894 51973

In particular gas fired combined cycle turbines tech-
nology, not present in the 1993 generating system, is the
most efficient technology to serve residential consump-
tion. The costs that are associated with this technology
were obtained from European manufacturers and are
estimated to be 11 084 ptas per installed kilowatt of
capacity and 3955 ptas per hour of duration. This results
in a marginal cost for the level of residential utilisation
of 8.39.16

An approximation of the regulatory distortions in the
Spanish system as of 1993 can be obtained comparing
the welfare derived from the tariffs computed with a
non-adapted generating system, where oil/gas and coal
technologies are serving residential consumers, which
follows from the costs studies in the MLE, and the wel-
fare derived with the optimal tariffs that are obtained
when residential consumption is served by combined
cycle and coal technologies. As can be seen in Table 14,
the efficiency gains derived from the use of combined
cycle technologies are greater than 1.70% for the optimal
tariff. These welfare gains could seem small with respect
to the gains obtained by the tariff rebalancing effect.
However, we must take into account that differences of
welfare through technological effects depend on the dif-
ferences in the marginal cost associated to the efficient
technology for the residential utilisation level. And this
difference is small because the installed oil/gas plants
are partially amortised. In fact, using cost data from a

16 These figures were obtained form CSEN, the Regulatory Com-
mission of Spanish electricity industry, and Red Ele´ctrica de Espaa,
S.A. (REE), the main transmission grid owner and System Operator
in Spain.
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Table 13
Tariffs for adapted generating equipment (η=0)

Tariff p (ptas/kWh) A (ptas) LP (%) q̄ (kWh) l
¯

(KW) W
¯

o 8.456 10379 99.065 6015 2.407 53537
s 9.453 5438 100.00 4927 1.972 52913

Table 14
Effiency gains derived from the use of combined cycle technologies

Case W
¯

gas W
¯

combined DW
¯

(%)
cycle

o 52629 53537 1.70
s 51973 52913 1.78

modern oil/gas plant, I have computed that higher wel-
fare gains (by about 20 per cent) would be achieved.17

6. Conclusions

Tariff discrimination by utilisation level attempts to
attain the efficiency gains associated with the use of
capacity tariffs based on duration, by using information
on consumption and used power. In this sense it incor-
porates the optimality concerns of a capacity price struc-
ture, but it relies on an assumption of homogeneity in the
consumption duration patterns of different individuals.

In the case of the Spanish electricity industry two
other factors may weaken the optimality objective of the
tariff structure. First, the tariff establishes a limited num-
ber of utilisation ranges based on the distribution of con-
sumers and not on the different costs of the technologies
used in order to supply these consumers. Second, an
objective function for the regulator is not specified.

In this paper several two-part tariffs for residential
usage level are computed considering several alternative
hypotheses for the installed generating system. Taking
as given the generating equipment and the output assign-
ment to the different technologies, the optimal tariff
increases welfare by more than 18% maintaining univer-
sal service. On the other hand, the welfare losses associa-
ted to a non-optimal mix of production technologies are
larger than 1.7%. These welfare losses are larger when
the regulator is concerned not only with efficiency but
also with distributive issues. In any sense, this means
that the smaller consumers are penalized with the current
regulatory framework.

17 Using data from CSEN, a modern oil/gas plant presents a mar-
ginal cost for the level of residential utilisation of 10.61 ptas. With
this marginal cost the optimal tariff achieves a welfare level of 42 473.

It would be interesting to complement the current
Spanish tariff structure based on utilisation levels with
time-of-use tariffs. These would allow us to detect the
divergences in demand and operating costs in the short
term. In order to do this, a multiproduct formulation
would be more useful.
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Appendix A. Aggregated costs in time periods

In the cost aggregation by vertical intervals the con-
sumption costs for each time period are being con-
sidered. Fig. 5 shows, for example, that each hourh in

Fig. 5. Vertical slice costs of load-duration curve.
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which the consumer’s loadL(h) is in the range
L2,L(h),L1 is identified with the sourceII that is the
marginal generator in that hour. The marginal cost of
energy is thereforev2, but in addition, the inframarginal
units of power are generated with the sourceIII . The
total cost of consumed energy in hourh is the sum of
the marginal costs of energy from the sources used.

The total costs to meet the customer’s load-duration
curve can be derived by integrating the formula for the
total cost of the consumption set by parts when horizon-
tal intervals are considered, and can be written in the
case of three technologies as

C(H)5C01f1(L02La)1f2(La2Lb)1f3(Lb2L1)2v1H1La

1v2(H1La2H2Lb)1v3H2Lb1EH1

0

v1L(x)dx1EH2

H1

v2L(x)dx

1EH3

H2

v3L(x)dx.

Appendix B. Two part tariff problem

B.1. Social welfare (W)

The social welfare derived can be written as

W5Eqa
q∗(A,p)

F a
b−1
qp1−b2AGq−hr(q2qa)dq1E`

q0

F a
b−1
qp1−b

2AGq−hsq−a−1dq

With this equation the social welfare can be written as
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1−h G1
a

b−1
p1−bs

q1−h−a
0

a+h−1
2As
q−(a+h)

0

a+h

B.2. Profit (B)

The profit can be defined as

B5AEq0
q∗(A,p)

r(q2qa)dq1AE`

q0

sq−a−1dq1(p2m)Q2cf

where Q represents the total output consumed and is
defined as

Q5Eq0
q∗(A,p)

ap−bqr(q2qa)dq1E`

q0

ap−bqsq−a−1dq

Substituing and solving the integral the profit can be
written as
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B.3. Marginal consumer surplus (EC1)

The marginal consumerq* can be defined as the con-
sumer with a null net surplus. This surplus can be
defined using the last equation as

EC∗5
a

b−1
p1−bq∗2A.

Then, the marginal consumer will be

q∗(A,p)5Sb−1
a DApb−1.

B.4. Tariffs computed

The optimal tariff is the result of maximising social
welfare W subject to the following constraints

B>0 (budget constraint)
EC*>0 (participation constraint)
q<qmax (maximun power constraint)

whereW andB are the functions defined above.
The universal service tariff is the optimal tariff that

maintains the participation level of the current tariff.
Thus, it is the result of the above problem adding the
following constraint

q∗#qc
∗(universal service constraint)

whereqc
∗ in the marginal consumer with the current tar-

iff.
The explicit solutions top andA have to be computed

with numerical computation because it depend if the
valueq* is in the linear or Pareto part of the distribution
of consumer types.



31F. Castro-Rodrı´guez / Utilities Policy 8 (1999) 17–31

Appendix C. Data

C.1. Frequencies of consumption

Table 15
Frequencies of consumptiona

Interval (kWh) Frequency(%) Interval (kWh) Frequency(%)

0 500 8.61 7501 8000 0.36
501 1000 19.17 8001 8500 0.28

1001 1500 18.70 8501 9000 0.21
1501 2000 14.73 9001 9500 0.17
2001 2500 10.79 9501 10000 0.13
2501 3000 7.71 10001 10500 0.10
3001 3500 5.48 10501 11000 0.08
3501 4000 3.90 11001 11500 0.07
4001 4500 2.80 11501 12000 0.05
4501 5000 2.03 12001 12500 0.04
5001 5500 1.48 12501 13000 0.04
5501 6000 1.10 13001 13500 0.03
6001 6500 0.82 13501 14000 0.02
6501 7000 0.61 14001 14500 0.02
7001 7500 0.47

a Source: Red Ele´ctrica de Espan˜a, S.A.

C.2. Tariff 2.0 in 1993

Table 16
Tariff 2.0 in 1993a

Parameter Item Value

Suscribers (thousands) N 17243
Billed Power (MW) P 60690
Consumption (GWh) Q0 36920
Billing (mil.ptas) I 747340
Price (ptas/kWh) p0 15.02
Fixed fee (ptas) A0 2725.74
Power charge (ptas/kW, year) P.C. 265

a Source: CNSE.
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