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Abstract—We develop a pricing mode] for electric power service that accounts for customers’
reliability preferences as well as the randomness of outages in the power-supply system. The model
combines features of both reliability pricing and real-time pricing. A production cost simulation
submodel is used to estimate expected total and marginal production costs on an hourly basis, as
well as system reliability measured by the loss-of-load probability. These estimates are inputs
to a welfare-maximization model with revenue constraints differentiated by customer class. The
methodology is illustrated by a numerical application with typical power system and market data.
The results show that the proposed pricing approach is significantly superior to spot and Ramsey
pricing in terms of economic efficiency. energy conservation, and generation-capacity require-
ments.

I INTRODUCTION

Several electricity pricing models have been developed recently that allow customers to choose among
different levels of service reliability, with the authors arguing that such a choice results in improved
etficiency and benefits to both customers and utilities.' * Reviews of the models, including other related
issues (e.g. real-time pricing. peak load pricing, interruptible/curtailable dispatching), may be found in
Refs. [-8. Our model differs from this research stream in our attempt to overcome shortcomings of these
earlier models pertaining to the nature of the supply cost tunctions and complexity of pricing structures.

The first issue is that supply systems have been customarily represented by predetermined cost func-
tions independent of any reliability parameter. thus failing to represent the random nature of power-
system operations and interruptions. In reality. an electric power network is a highly complex and
operationally uncertain system. At any moment, there i< a possibility of total or partial outage leading
to immediate changes in system topology and. hence. in the form of the cost function. For example,
to represent a supply system with N generating units accurately. one needs 2V different cost functions
to represent the actual supply system. each function representing a different possible system configur-
ation because each unit is either available or out of service. To account for such factors, we introduce
a production-cost simulation model that estimates the expected system marginal costs and the associated
reliability levels, while accounting for all possible random changes in supply and demand. The second
issue is that the proposed pricing structures are cumbersome to implement. The commonly used para-
digm to characterize consumers’ choices is that willingness to pay reflects differences in tastes across
the population of consumers. leading to optimal schedules that are implicitly defined, and to a continuum
of options” which represent an extremely difficult scheme 10 implement from a dispatching and oper-
ational point of view. In contrast, we introduce here a customer's choice model based on the idea that
the reliability of service represents the risk involved in the customers™ benefit from it, and we propose
a pricing mechanism that combines priority (reliability differentiation) pricing with real-time pricing
of electricity. Under this scheme. customers with different reliability preferences are charged different
prices. The utility is assumed to be a regulated. welfare-maximizing firm. that has direct control over
customer loads and applies a rationing method to customers willing to accept power interruptions.
Customers can choose either 1o be served with a high-reliability firm service or to be subject to interrup-
tion. The first choice means that customers are served at all times with 100% continuous service. The
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second choice means that they are allowed to select their preferred interruption level (probability and
magnitude of interruption) in advance from a priority-price menu provided by the utility.

The model is applied to the case of four customer classes. with actual and synthetic data pertaining
to price-demand relationships, outage costs, consumption patterns, and reliability preferences. These
applications enable us to examine the welfare gain and energy and reserve savings resulting from
alternative pricing schemes such as spot and Ramsey pricing, in addition to reliability-based pricing,
and thus to carry out a comprehensive assessment of the proposed approach.

The remainder of the paper is organized as follows. The modeling methodology, including the cus-
tomer choice, supply cost, and welfare maximization/pricing models, is presented in Section 2. The
data used to apply the methodology are discussed in Section 3, and the results of its application are
analysed in Section 4. Section 5 contains conclusions and outlines for further research.

2. MODELING METHODOLOGY

2.1, Customer choice model

We first consider residential electricity customers and represent the impact of service reliability on
customer satisfaction by assuming that unreliable service directly reduces utility. If R is the probability
that the amount X of electricity is served, the utility is U= U(X,R, . .) with dU/dR > 0. The rationale
that reliability is a desirable attribute of electricity is just the same as the rationale that efficient fuel
burning s a desirable attribute of a car. Consequently, greater reliability increases the utility obtained
from any given electricity consumption. Electricity is an experience good with regard to reliability of
service. However. it is not always the case that reliability is learned after electricity is bought. Learning
in this case 1s a stochastic process because service may or may not be interrupted. For such an experience
good. the main issue is information. The probability of interruption is the most important piece of
information that a consumer needs in advance. and it is the most developed index a power company
can provide. The consumer’s utility function, therefore, is expressed as

UXR)=R-UnX.. )+l =R)-UsX, ..). (1)

The first term of the rhs U, represents the satisfaction in consuming the amount X of electricity with
reliability R. The second part is the loss or dissatisfaction caused by an interruption of X with a prob-
ability 1 - R.

We assume a quadratic, additive, quasi-linear with respect to the composite good, utility function
with no income cffect, i.e.

b, X7
o -1 =Ry X, 0OC, +m (r=1, ...,24), (2)

U =R {aX -

where U, = utility function of the residential class at period 7. X, = residential class demand for electricity
at period +. R, = relability level or probability that the load will be served at period ¢, OC, = customer
class outage cost at period 1, a,. b, = parameters of the utility function, m = composite {(numeraire)
good. Equation (2) leads to the following inverse demand function for the residential class:

PAXiRV=R -t —b. X1 -(1-R)-OC,  (r=1.....24). (3)

We next consider the second type of electricity customer: the firm. We assume a short-term-rationale
competitive firm whose benefit from electricity usage at any time depends on consumption at that time
only, implying that the profits are maximized at each time ¢ independently. The firm produces an output
g, sold at price r. and it has a set of non-electricity inputs denoted by the vector L, with prices w;;
and an electricity input X, with price P,. The firm has a production function ¢, = h(X,,L,), and maximizes
its profits, given factor and output prices. and its production technology. The profit maximization prob-
lem 1s analytically separable into two problems. First, find the cost minimizing combination of non-
electricity inputs L, for producing any given output using a fixed amount of electricity. This gives rise
to the demands L (¢,.w.X,) for the non-electricity inputs. and hence to the cost function C(g,w,X,),
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representing the cost of purchasing those non-electricity inputs. Second, produce the output level g,
and select the amount of electricity X, that maximizes profits: 11, = rh(X.L}) = C'(q.w.X,) - PX,. Let
V, be the value-added or benefit function for the firm’s use of electricity at time r. It is equal to the
firm’s revenue minus the cost of all non-electricity variable inputs. with: V(X,w,.r,) = Clq .. X))
Assuming that the firm is facing a competitive market for its output and all non-electricity inputs, V,
can be expressed as a function of the electricity input only. Then maximizing profits is equivalent to

Maximize II(X,) = V(X)) — PX, . 4)

which yields the identity V,/4X, = P,. where P, is the price-demand function of electricity at time .

In order to estimate the consumer surplus of a firm consuming electricity, the demand function for
the good produced by the firm must be estimated. As a practical matter, it may be difficult to obtain
the necessary data for estimating the demand for the output of industrial or commercial firms. However,
Schmalensee® has demonstrated that valuations of consumer surplus are identical, using either input or
output markets, provided that the output market is competitive. Under the assumption that the framework
of reliability impact on consumers holds for firms and that V/(X,) has the same quadratic form as is
assumed for the residential class utility function, we use the tollowing demand function form for any
non-residential class i:

P,,(X,,,R,,):R,,‘((1,,"”),,X,,)_(I —R/.')'()Cu (r= ls 24) (5)

2.2, Supply-cost model

The proposed stochastic production cost simulation extends the method developed by Rau et al'®!!
to include estimation of the expected marginal cost (the probability distribution of system incremental
cost) at each level of demand. The concept is illustrated in Fig. 1, where the probability density function
(PDF) of load f(L,) is shown in the top right-hand side. The probability of outage of a generation unit
JiC) is represented in a binary fashion on the left of the vertical line. The forced outage rate (FOR)
of the ith unit is g,, and p, is its availability. A capacity of {—C] is shown to be available with probability
p to reduce the demand. If no unit is available, the PDF of the load is the unsatisfied demand (residual
demand RD,), and the zeroth moment of the PDF is the probability that the demand is unserved (1.00
in this case).

If only unit #1 were to be considered, the convolution of its binary representation f{C,) with load
would result in the density shown in Fig. 1(b). That density, compared to the PDF of load, is shifted
to the left by C,. due to the negative sign of capacity in its binary representation, meaning that a
maximum of C, can be reduced from the residual demand RD,, by the operation of unit #1.

In Fig. 1(b) the density to the right of the vertical line illustrates the PDF of residual or unmet demand
(RD)). Similarly. the density shown in Fig. 1(c) is obtained by considering the second generation unit
in the merit order of loading. Rau and Necsulescu'” have shown that the difference between the means
of any two residual demands is the mean (or expected) value of the energy production from the relevant
unit. For example, the difference between the means of the densities to the right of the vertical line in
Fig. 1(b) and I(a) is the mean energy generated by unit #1, and the corresponding difference in Fig.
I(c) and I(b) represents the mean energy generated by unit #2. A repetition of this procedure gives
the expected production from each unit. The expected production cost can be obtained by multiplying
the expected production from each unit by its generation cost. We extend this analysis to obtain the
expected marginal cost of the system by estimating the probability distribution of system lambda
(incremental cost). The zeroth moment of the density to the right of the vertical line in Part (a) of Fig.
I is the probability that the demand is unserved before committing any unit, and the zeroth moment
of the density to the right of the vertical line in Part (b) is the probability that the demand is unserved
after committing unit #1: the higher the value of this probability, the higher the probability that the
system needs more units to be committed in order to serve the residual demand. Therefore, the difference
between the zeroth moment of the densities to the right of the vertical line in Parts (b) and (a) is the
probability that unit #1 was needed to cover the total residual demand RD,, or the probability that
unit #1 is the marginal unit. If the residual demand is larger than the available capacity of the upcoming
unit, then the unit is not the marginal one (and the probability is zero). On the other hand, if the
available unit capacity is greater than or equal to the residual demand, this probability is larger than
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Fig. 1. Convolution of residual demand and unit availability.

zero and represents the probability that the incremental cost of this particular unit is the system
incremental cost. The list of these probabilities represents the probability distribution of the system
marginal cost. The summation of the products of each unit incremental cost by the probability that the
unit is the marginal unit gives an accurate estimation of the expected value of the system marginal
cost. The mathematical description of these processes is presented in detail in Hegazy.?

In summary, the supply cost model provides estimates of the expected total production cost, the
expected marginal cost, and the system reliability level at each level of consumption and time period.
These parameters are defined as follows: RD, = residual demand after committing generating unit £,
LOLP, = loss-ot-load probability after committing unit / [= the zeroth moment of (RD,_, — RD;), i being
the last unit committed]. LOLP(X) = system loss-of-load probability at load level X (= the zeroth
moment of RD,. » being the last unit available in the system), IC; = fuel cost of unit i, TC(X) =
expected total production cost at load level X {= X" IC, [the first moment of (RD,_, — Rd,)]}, MC(X)
= expected marginal cost at load level X [= X% IC,. (LOLP,_, — LOLP,)]. The major advantage of this
algorithm is that 1t uses the probability density functions (PDF) of demand and unit availabilities. Since
the PDFs can be obtained for any random distribution, it is possible to simulate demand and supply
systems with any contingency form.
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2.3, The welfare maximization model

We consider a regulated electric utility assumed to be welfare maximizing, with, as criterion, the
sum of consumers™ and producer’s surpluses. This utility is allowed to consider an additional dimension
of service. namely its reliability. and to serve its various customer classes with different reliability
levels, in line with each customer class’s own choice. No regulatory oversight is assumed to take place
over reliability, although there is such oversight with regard to its cost allocation implications. The
utility is in charge of designing the menu of choices which fits its system-specific limitations.

To allow for service reliability differentiation among customers, we rank customer classes into two
groups: a high-reliability customer group and a low-reliability one. High-reliability customer classes
are assumed to opt for firm power service, that is. a 100% continuous service. Customer classes in the
low-reliability group are ranked in the order of the interruption level they would opt for. In any outage
situation, the utility interrupts low-reliability customers in accordance with their chosen rank. The mech-
anism to encourage customers to make rational choices is such that, while high-reliability customers
pay for the high quality firm services they opt for, their incentive to make this choice is that their
payment is less than the expected outage costs they may suffer if they are not protected. In turn, low-
reliability customers are compensated by receiving payments higher than their expected outage costs.
The payment/compensation mechanism is designed to ensure that the electric utility maximizes social
welfare within the regulated revenue constraint, and that customers are not cross-subsidizing each other.
The value of the payment/compensation for any kWh of outage that fits the specified criteria is then
the average value of all customers” outage costs, defined as the social outage cost SOC, and set equal
to the sum of all customers’ outage costs divided by the total number of customer classes.

Because the high-reliability customers are protected from outages, the total expected shortages must
be allocated to the low-reliability customers. The total expected shortage, at any hour, is estimated by
using the production cost simulation model, and is taken as the total expected demand at that hour
multiplied by the loss-of-foad probability. Assuming that shortages happen mainly as a result of excess-
ive demand (excessive demand leads to excessive use of generating units, which leads to higher prob-
abilities of unit failures). we divide the total expected shortages into: (a) the expected shortages due
to the high-reliability demands and (b) the expected shortages due to the low-reliability demands. Then,
at any hour, each customer class in the low-reliability group is expected to suffer an “obligatory curtail-
ment” equal to its expected demand multiplied by the loss of load probability, plus a “voluntary curtail-
ment” equal to a portion of the expected shortages caused by the high-reliability demands. The voluntary
portion is, of course, the customer’s choice. The payment made by the high-reliability customers is
then the total expected shortages multiplied by the social outage cost. Each low-reliability customer,
on the other hand, is compensated by a payment equal to its total expected curtailments multiplied
by the social outage cost. This allocation mechanism minimizes the total expected outage damages
for societv.

The regulated utility is entrusted to select the optimal set of prices (quantities) which maximize
economic welfare subject to the revenue constraint. and to allow for reliability differentiation within
the above incentive mechanism. We consider the general case where there are N customer classes,
partitioned into two groups: classes 1. 2, .. .. S, which opt for low-reliability service, and classes S + 1,
S+2..... N, which opt for high-reliability service. The problem is then to maximize the sum of the
aggregate consumers’ and producer’s surplus. under the constraint that the total revenue must not exceed
iotal costs. The total revenue constraint is then divided into two sets of constraints. The first set has S
constraints, each allocating part of the required revenue to a low-reliability customer class, whose
payment covers that class’s share of the total variable and fixed costs of service (TC + FC) less a
compensation payment. The compensation payment includes two parts: (a) one related to the expected
average cost of interruptions caused (directly or indirectly) by the customer’s own consumption, and
set equal to [SOC x LOLP x customer class consumption]. and (b) one related to the expected average
cost of interruptions caused by the total consumption of the high-reliability group and set equal to
[SOC x LOLP x total consumption of (S+ 1. 5+ 2... .. N) classes| multiplied by «, which is defined
as the share of “voluntary™ interruptions that the customer class is willing to shoulder. It is a customer
choice, and the sum of all & must equal to 1.0. The second set includes only one constraint, that
allocates the required revenue to the high-reliability classes so as 1o cover their share of the total cost
of service, plus a penalty payment equal 1o the total expected average cost of interruptions
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[SOC x LOLP x total demand]. Note that this compensation/payment mechanism is purely redistribu-
tive (the sum of the compensatory terms over all customers classes is zero) and ensures that the utility
covers exactly its fixed and variable costs. The mathematical formulation of the model for period ¢
is then

X

Max WX, ... X, ... Xy ) =20, [J ' P, (v,.R;) dy] - TC, (X)) - FC, (6)

subject to the following (S + 1) constraints:
P (X R X, = X, [TC(X,,) + FC|/X;, — LOLP, SOC, {X,, + o, - (Xiqis + -+ + Xap)] )
for low-reliability customers” revenue constraints (k=1-5), and
Y PoX ) X, =20 X, I TC(X ) + FC)/ X4, + LOLP, - SOC, - Xy, (8)

for high-reliability customers’ revenue constraints. where X, = demand of class i at time 1 (i=1, .. .,
N.t=1....24). X,, = total demand at time . P,(X,.R,) = inverse-demand function for customer class
i|=R, ta,-h,X.) -1 -R,)-0OC,). LOLP, = loss-of-load probability (probability that the generation
system is unable to serve the load at time 1), R, = level of reliability chosen by/made available to
customer class i.% (For the high-reliability classes, R,=1. For the low-reliability ones, overall
R, =1 - LOLP, However, specific low-reliability classes will enjoy higher or lower reliability level
than 1 — LOLP,. depending on their choices for the parameter «). OC, = interruption losses for class
i. SOC, = average value of social outage costs (= 2,0C,/N). FC = total fixed costs of the electric power
system. TC, = total variable costs estimated at each load level by the production cost simulation model,
«, = an allocation parameter related to the level of interruptions selected in advance by customer
class v it represents the share of the volumtary interruptions that customer i class is willing to accept
D

The model defined by Egs. (6)—~(8) is a classical equality-constrained optimization problem, which
is solved using the method of Lagrange multipliers with the variables X, as basic unknowns. The
resulting set of equations is solved iteratively using the Newton-Raphson algorithm. However, this
procedure is further complicated by the need to use. at each iteration, the production cost simulation
model to estimate the expected total production cost and marginal cost, and the loss-of-load probability
(LLOLP). which all vary with the total load. When the algorithm converges, a partial market equilibrium
is reached. with prices reflecting customers’ valuations of the service. Further details on this solution
procedure are available in Hegazy.®

2. DATA

The model is applied to a power system identical to the IEEE reliability test system (Ref. 12), which
is well known to accurately represent a typical electric utility generation system with power plants of
different sizes. types, costs, and availability rates. as presented in Table 1. The total installed capacity
of this test system is 3405 MW.

Four customer classes are considered: large industrial, small industrial, commercial, and residential
users. Their 24-hour load patterns are obtained from a typical utility (Ohio Edison) and are scaled to
match the 1EEE generation system. with a total system peak load of 2850 MW, as presented in Table
2. These data are first used to calibrate the proposed demand functions, by relating the assumed loads
to the resulting average costs of providing these loads. To do so, we first compute the variable cost of
production using the production cost simulation model. The expected production cost of supplying the
load is estimated at $12.63/MWh. We assume that fixed costs represent one-third of the variable pro-

TR =1-LOLP i~ a function of both total demand and <ystem configuration. However, there is no closed functional form that
can express that relation. thus its estimation through simulations. While R is not considered as a decision variable in our
model. it varies with variations of other decision variables X
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Table 1 Description of the generation system.

Mean ume
Unit size Fuel cost Forced failure Mean repair
(MW) Number of units Fuel type ($/MWh) outage rate (h) (h)
400 2 Nuclear 359 0.12 1100 150
350 | Coal 1140 (.08 1150 100
197 3 #6 (Ol 1987 0.08 950 50
155 4 Coal H16 0.04 960 40
100 R #6 Ol 22.08 0.04 1200 50
76 4 Coal 1488 0.02 1960 40
50 6 Hvdre 16.30 0.01 1980 20
20 4 #2 Ol 27.50 0.10 450 50
12 3 #6 Ol 28.56 0.02 2940 60
Table 2. Initial hourly demand ¢t MW Class 1 = large industrial customers, Class 2 = small industrial customers, Class 3 =
residential customers, Class 4 = commercial customers
Hour Class | Class 2 Class 3 Class 4 Total
1 91 s 7348 1269 4114 1664.6
2 904 726 1 RIS 3879 1567.6
3 NY.2 7292 347 3716 1504.9
4 889 7168 2941 360.7 1457.6
N K06 7112 2859 359.1 1445.8
6 Y22 7336 3055 367.4 1498.8
7 Yy 9 7876 883 406.4 1682.3
8 RIC] 8516 4757 5299 1968.3
9 1S9 8734 S58.1 685.4 22328
10 R 880.8 6281 806.5 24334
11 1202 888 3 7031 867.2 25789
12 12002 878 3 7509 915.1 2664.5
13 1202 8871 7221 901.6 26309
14 1225 890 7 7432 943.5 2700.0
15 1205 R70.3 7607 940.6 2692.1
16 IS 8317 X625 905.4 2714.8
17 1oy 2 RO¥ ¥ 10585 873.5 2850.0
18 156 876 1089.9 734.1 2715.1
19 ARt TR 10328 680.8 2600.8
20 O 7746 8743 6452 23943
21 9a- | 769.60 X389 634.3 2361.9
22 996 845 7082 564.7 21572
23 SN TR 6347 502.3 2012.6
24 43N T84 SHE7 445.3 1806.1

duction costs ($12.63/3). and we allocate them among customer classes according to their shares of
the total system peak demand. The resulting average cost/price in $/MWh for each class is then:
P, =1279 (large industrial customers), P.=13.83 (small industrial). P,=14.49 (residential),
Py =13.92 (commercial). These prices are assumed 1o be constant over the 24-hour period and are used
with hourly demand elasticity data for each customer class to estimate the required demand function
parameters a and b tunder assumptions of perfect reliability. i.e., R = 1). The hourly elasticities reported
in Table 3 are based. with some adjustments. on elasticities reported by Pacific Gas & Electricity
Company in its annual real time pricing report.

Outages are assumed (0 occur without prior notification, with short and equal durations. Outage cost
data for the four classes are drawn from studies and reports prepared by the Electric Power Research
Institute (EPRI) over the last 10 years. Residential outage costs are drawn from Ref. 13, conveniently
provided for each hour of the day. Cost information for the three other classes is taken from Ref. 14.
Since these data were not provided on an hourly basis. we used the hourly distribution (percentage)
curves, as provided in EPRL." to estimate the hourly vutage costs for each class. The final outage cost
data are presented in Table 4.

EGY 21-2-C
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Table 3. Demand elasticities. Class | = large industrial customers. Class 2 = small industrial customers, Class 3 = residential
customers. Class 4 = commercial customers.

Hour Class 1 Class 2 Class 3 Class 4
| —0.050 -0.70 —0.81 -0.200
2 -0.081 ~0.70 -0.81 -0.200
3 ~0.090 -0.70 ~0.81 -0.200
4 -0.101 -0 70 -0.80 -0.010
S -0.100 -1.00 -0.81 -0.050
6 -0.087 -125 —0.80 -0.011
7 ~().084 -125 -0.80 -0.011
¥ -0.069 -1.25 ~0.18 -0.020
9 -0.047 1 50 -0.15 -0.011

10 -.054 1 .50 -0.15 -0.011

Il -(). 085 -1.45 -0.15 -0.020

12 -0.085 ~1.40 -0.18 -0.020

13 -0.085 -1.40 ~0.20 ~0.015

i4 ~(.064 -1.00 -0.20 -0.010

15 -(.050 —1.00 -0.19 -0.011

16 -0.036 - 1.00 -0.20 -0.010

17 -0.036 —1.00 -0.11 -0.015

I8 -0 036 - b 20 -0.11 -0.015

19 —0).040 - 40 -0.08 -0.100

20 -{}.040 -1 20 -0.13 -0.100

21 (1036 =100 -0.14 -0.190

22 (0.042 -0.70 -0.14 -0.170

23 {050 -0 70 -0.14 -0.150

24 (.050 -0 70 -0.14 -0.190

Table 4. Hourly outage costs ¢ Z/kWh). Class | = large industrial customers. Class 2 = small industrial customers, Class 3 =
residential customers. Class 4 = commercial customers.

Hour Class 1 Class 2 Class 3 Class 4
| 14.91 1444 9.51 18.0
2 1491 1398 9.58 18.0
3 14.76 1414 9.56 i8.0
4 1449 14 16 9.92 18.0
N 14.76 14 16 9.54 18.0
6 14.76 1416 9.81 18.0
7 14.76 14 68 9.90 18.0
8 14.49 1438 10.03 18.0
Q 14.49 14.06 19.26 216

10 14.49 14.38 10.43 214

11 14.76 1474 10.61 212

12 1476 14.74 10.70 20.2

13 [4.76 14.84 10.97 20.2

14 14,49 14.6% 1041 202

15 1449 14.54 11.59 20.2

16 14.49 1452 10.70 20.2

17 14.49 1442 10.08 28.6

18 14.49 350 9.36 28.4

19 14 49 13.50 8.47 38.8

20 14 49 13.50 7.85 23.6

21 14.49 13.50 7.58 224

22 1449 13.50 7.49 23.0

23 14.49 13.50 7.40 22.0

24 1449 13.50 7.31 22,6

4 APPLICATIONS

We simulate the effects of three pricing schemes on the four customer classes: (i) spot pricing
(SPOT), which reflects the optimal “first best” pricing, and corresponds to the maximization of social
welfare [Eq. (6)] without any constraint; (ii) Ramsey pricing (RAMSEY), which extends SPOT by






