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Abstract

Security in power systems refers to the ability of the sys-
tem to withstand imminent disturbances (contingencies).
Maintaining security is an issue which must be addressed
at the system level. It is shown in this paper, however,
that it is possible to maintain system security in an operat-
ing environment with many participants (power com-
panies, independent power producers, co-generators, con-
sumers) each attempting to optimize their own benefit,
through pricing incentives and appropriate information
exchange. Rates for power generation/consumption and
for an offer to use during a contingency, as well as infor-

mation on the probability distribution of contingency need -

for each participant, are derived so that individual optimi-
zation will lead to the socially optimal solution in which
system security is optimized and the aggregate benefit is
maximized.

Keywords: Demand-side managemént, spot pricilig,
power system security, real-time pricing, power system
reliability.
1. Introduction

The ultimate nightmare in power system operation

is the occurrence of a widespread blackout like the one
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in New York in 1977, which causes tremendous
economiic losses to society and severe equipment damage
to the utility [1]. The initiating event of such a blackout is
typically a disturbance on the system, for example, lightn-
ing on a transmission line or failure of a generator. Dis-
turbances occur frequently in power systems. Redun-
dancy in generation and transmission facilities is built into
the interconnected power system to make sure most dis-
turbances can be tolerated. It is only when the effect of a
disturbance cannot be contained and it causes overload
and subsequent disconnection of equipment in other parts
of the interconnected system that cascading outages
occur.

Stringent planning and operating guidelines are set
up to avoid cascading outages [2]. Planning engineers
and system dispatchers strive to make sure that the system
is planned and operated according to these reliability cri-
teria. The criteria are expressed in two related forms, one
being primarily for the generation system and the other

- being primarily for the transmission system. The former

is a requirement on generation reserve, over and above
the forecasted load demand. The latter is a requirement
that the system should be able to withstand and survive a
set of possible disturbances in the form of generation and
transmission outages, which are called (credible) con-
tingencies. This aspect of a system’s capability is usually
referred to as security. In other words, a system is secure
if it is able to withstand a set of credible contingencies. In
system operation, concern for security always comes first,
and only when the system is secure does one consider .
economic dispatch. If the current operating point would
not survive one of the credible contingencies, then the
operating point is changed by redispatching generation or
load to make it survivable, even at the expense of econ-
omy. This is called security control or preventive control
[3). Security requires the system to have enough controll-
able resources such as spinning resérve and direct load
control to be able to steer the system to normal operation
should a contingency occur.

System security is a concept that is particular to
interconnected power systems. It is not determined by the

‘capacity of individual generators, loads, or transmission

lines. It is a property that has to be considered at the sys-
tem level. There is usually more than one. redispatch of
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generation and consumption which would maintain secu-
rity. Different combinations requiring different contribu-
tions from individual generators and consumers may
result in the same level of security. In the traditional situa-
tion where the utility is operated as a monopoly, security
control is executed by the dispatchers exercising their
authority to dictate the power output of each generator.
The interesting research problem of how the dispatchers
should set these outputs has been extensively studied over
the past 15 years (see, for example, the extensive bibliog-
raphy in [3]).

However, this traditional model of power systems
operation is loosing its validity. Economic and techno-
logical changes have resulted in increasing numbers of
generators which are owned and operated by entities
other than the utility. These include independent power
producers and co-generators. Further, changes in com-
muniations technology will make it possible for some
consumers to rapidly respond to system conditions. Both
this type of consumer and non-utility generators should be
considered as part of the security control problem.

One approach to security control is to maintain
more or less the existing operating paradigm. Producers
and consumers other than the utility are required to make
available additional capacity for the utility to use to main-
tain security. This leads to such concepts as stand-by
capacity requirement and dispatchability capability. This
approach essentially requires the independent power pro-
ducers and consumers to surrender their autonomy so that
the utility has the authority to make decisions regarding
system security. This would not lead to an economically
efficient solution since the decisions would not take into
account the cost structures of each participant. It may
also raise the issue of fairness in light of the nonunique-
ness of solutions to the security control problem. More-
over, it would be difficult to continue this paradigm when
there is no single dominant player in the system.

In this paper we propose an alternative approach to
maintaining system security—through inducement and
cooperation. Each participant, be it a power company, an
independent power producer, a co-generator or a consu-
mer, is allowed to make its own decision concerning the
most beneficial way to generate or consume electricity, as
well as the amount to contribute for maintaining system
security. However, we show that through pricing incen-
tives and information on system needs, it is possible to
achieve a socially optimal level of system security. The
proposed approach assumes an operating paradigm that is
characterized by decentralized decision-making. A dis-
cussion of the new paradigm is presented in the next sec-
tion.

The research reported in this paper extends the
work of Schweppe et al [4] who first proposed the use of
pricing to maintain system security [4, pp. 214-222].

Using the approach of our earlier work [5], we have
developed a probabilistic framework for calculating and
achieving a socially optimal level of security, which prop-
erly allocates the burden of maintaining security to parti-
cipants. The security/economy trade-off is thus resolved.

II. A Decentralized Operating Paradigm

In this paper, no distinction is made between those
who consume and those who produce electrical energy.
Each entity that engages in the generation or consumption
of electrical energy or in the operation of a power system
is referred to as a participant. These include electric utili-
ties, independent power producers, co-generators and
consumers. It is also assumed that there is one body
responsible for setting prices for electricity and for pub-
lishing forecasts. This body is referred to as the price
setter and its objective is to coordinate the interactions of
the participants, producing a socially optimal outcome.

The operating decisions of each participant have
two effects. First, they determine the actual level of
operation of the participant at the present (operations)
time. Secondly, according to how the participant’s plant
has been configured, the staffing levels and other such
present time decisions, different levels of response to pos-
sible future system contingencies will be possible. For
example, a production facility with co-generation might
be configured so that the production facility could be
rapidly by-passed, leading to a quick increase in electrical
output. Another example might involve maintaining a
higher level of storage, enabling a rapid reduction in
electrical load demand without damaging the production
facility. Thus each participant determines at the operation
times the additional power that it could supply in the
event of a contingency, either by reducing demand or
increasing its electrical output. This amount is referred to
as the contingency offering, and must be determined in
conjuction with the other operations decisions. In the
event of a contingency occurring, the amount of addi-
tional support from each participant is limited by its con-
tingency offering.

The socially optimal solution for the actual level of
generation/consumption of each participant at the present
time is well-known - spot pricing at short-run marginal
cost. The rest of this section will be devoted to the dis-
cussion of (i) what constitutes a socially optimal solution
for participants’ contingency offerings and (ii) how to
induce the participants to offer that. It should be men-
tioned, however, a unified approach, encompassing both
decisions, is actually adopted in the mathematical deriva-
tion in this paper.

In order to achieve a socially optimal coordination
of operating decisions, it is necessary to account for the
costs and benefits of all participants. There are three



types of costs which are particularly relevant to security
control. These are:

. The cost of a participant being prepared to respond
to a contingency. This might, for example, include
increased fuel costs associated with maintaining a
spinning reserve or the costs of maintaining a
higher storage level. These costs are actually
incurred at the operations time.

. The cost to a participant of actually responding to a
system contingency by reducing demand or increas-
ing electrical output. These costs are only incurred
in the event of a contingency.

. System collapse costs which arise if the security
control fails to avert a system collapse. These costs
are borne by society as a whole and include the
effects of a failure of the entire supply system. °
The objective is to achieve a socially optimal set of

contributions to security control. That is, it is desired to

encourage a contingency offering and, in the event of a

contingency, actual support from each participant which

minimizes the total social costs. The social costs can be
thought of as the sum of three terms:

. the sum of each participant’s costs associated with
their contingency offering

° the sum of each participant’s expected cost of
responding to a contingency (i.e. the sum of the
actual response costs weighted by the probability.of
the contingency occurring)

° expected system collapse costs (i.e. the product of
the probability that the system will collapse and the
actual cost of a collapse). -

By minimizing these costs, the optimal economic trade-
off between level of security and the oost of maintaining
it will be found.

One possible approach could be based on issuing
real time prices which rise during contingencies, thereby
encouraging increasing generation and reduced load
demand. During normal state operation, probabilistic
forecasts of future prices would be required to obtain
appropriate levels of preparedness (i.e. contingency offer-
ings). These forecasts would need to account for the pro-

- bability of each contingency. Each participant would
respond to these forecasts by minimizing its costs which
would be the sum of:

° the cost of its contingency offering and

. the expected actuation costs minus the income
eamed from the contingent spot prices. Here the
expectation is over the probability distribution of
the price forecast.

The main disadvantage of this approach arises
because serious contingent events occur quite infre-
quently. Thus the price setter would have no opportunity
to develop knowledge of the way in which the system
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contingency offerings would vary with price forecasts.
Price setting and forecasting would therefore - occur

- without feedback and could be quite inaccurate.

In this paper, we propose a different amngemmt
which avoids this problem by establishing contractual
obligations for contingency offerings. At the operations
time, each participant is shown a price for contingency
offerings and a forecast of the probability of various lev-
els of actual support that might be asked for. This proba-
bilistic forecast would be parametrized by the level of
contingency offering. The mieaning of a given level of
offering is that, should a contingency occur, any level of
system ‘support up to that level of contingency offering
may be taken from the participant. Thus, while the parti-
cipant determines its own level of potential contribution,
the system operator determines the actual contribution
level in the event of a contingency.

Each participant will respond to the price for con-
tingency offerings and the forecasts of usage of con-
tingency response by choosing its own level of con-
tingency offering. It will aim to maximize its own profits,
which can be written as the sum of: -

° income from the sale of the contingency offering
(i.e. the product of the price and the size of the con-
tingency offering) -

. minus the cost of preparing the plant to offer that
level of contingency offering

. minus the expected cost of actually supplying sys-

tem support, where the expectation is over the pro-

bability and size of the support, as determined by

the forecast. '

Clearly, the price and forecast of usage should be
designed to encourage socially optimal levels of con-
tingency offerings. The main advantage of this scheme is

. that the price (and forecast) setter has feedback on the

levels of contingency support before a contingency occurs
and can therefore adjust the price if there is either too lit-
tle or an excess of system support. Thus there is a closed
loop in the price setting process.

The main result of this paper shows that there is
indeed a price that can be set for contingency offerings
and a forecast for actual contingent usage that encourages
each participant to make a socially optimal contingency
offering (i.e. offerings which minimize the total social
costs).  In Section III of this paper, the above notions of
interactions between participants and the price setter are
made precise. The main pricing result is smted in Section
IV and proved in the Appendix.

It is shown that the price for each unit of con-
tingency offering should be set equal to the incremental
effect on expected contingency costs, i.e. the derivative
with respect to contingency offering level of the sum of

. expected system collapse costs (i.e. the product of
the actual system collapse costs and the probability
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that the system will collapse), and
. the sum of each participants expected costs of actu-

ally responding to a contingency.

It is shown that a forecast for actual contingency
usage is also necessary in order to induce socially optimal
response. The forecast shows the participant how the pro-
bability of various levels of actual contingent support will
change as a function of his/her contingent offering.

III. Mathematical Formulation

1. Preliminaries

Let the set of participants in the power system be
represented by the index set J. Thus each j € J is either
an electric utility, an independent power producer, a co-
generator or a consumer. Let the symbol wo represent
normal (non-contingent) operation and Q represent the set
of contingencies. For each participant jeJ, let y;
represent j’s net level of injection of electrical energy
into the system. Thus if j is a consumer y; is negative
and —y; is j’s level of power consumption. If, on the
other hand, j is a net producer of electrical energy, then
y; is positive and equal to j’s level of power generation.
(See (5] for further details.) Further let z; represent j’s
contingent offering being the largest injection that the
participant is prepared to offer. The difference between
z; and y; might represent additional generation (spinning
reserve) or consumption reduction (load management).
Contingency offering is the limit set by the participant
that can be taken should a contingency happen. In the
following to simplify presentation, we assume that z; > 0,
implying a net injection and that the actual injection is
somewhere between 0 and z;. The results apply equally
well to net consumers. Let the actual amount taken from
participant j, when a contingency o€ Q indeed occurs,
be represented by {; (w). Thus ; () is the actual value
of y; after the contingency. Under that z; > 0, we have

0< Cj (@) < zj 1)

We define the J-vectors y,z,{ to be the vectors of
¥i»2is G-

Whether a contingency is survivable depends on
the contingency ® and the system’s ability to settle into a
stable operating point after redispatch of generation and
consumption. Survivability also requires that the new
operating point does not cause equipment overload and
abnormal voltages. For each contingency, the ability of
the system to survive will depend on the level of support
available to it. We may use a vector relationship to
represent this, i.e., the system survives if and only if

S, ) <0 . )
The exact form of the above inequality can be derived

from transient stability and load flow considerations {6,7].
Now we can define the set of survivable contingencies
Q; (z), for a given z, as follows:

Q; (z) = {0e Q: = {(®) such that 3
0<sgiw<zqj,
S{(w),m) < 0} .

For a given set of contingency offering z and a sur-
vivable contingency e Q, (z), the choice of {(w) is
determined by the system dispatcher. When the choice is
not unique, the system dispatcher may make the decision
based on a reasonable criterion. One example of such a
criterion is to maximize overall benefits of the partici-
pants, the detail of which will be discussed at the end of
the next subsection after the appropriate terms are
defined. At any rate, since the actual amount taken from
a participant {; (0) during a contingency depends on the
contingency o, as well as the contingency offerings z, let
us use the function @ to explicitly represent this depen-
dency, i.e.,

®; (z,0) = § () . @

2. Socially Optimal Solutions

To introduce the socially optimal solution (y,z),
we need to define participants’ benefit and cost terms.
The cost of electricity is first separated from the other
price-independent benefit and cost components of the par-
ticipants. To simplify presentation, costs are all absorbed
as negative benefits, so that a benefit term refers to the
gross benefit minus (price-independent) cost. For exam-
ple, for an industrial consumer "gross benefits” might
include income earned from the sale of goods produced
(except electrical energy) while “cost” would include the
cost of purchasing all labor and raw materials (except
electrical energy).

For each participant j € J, define:

b; (yj ,zj) = benefit for j if there is no contingency
B; (zj . {;) = benefit for j if the system takes con-
tingency response {; when joffered z; .
Thus bj (y; , z;) is the "normal” level of benefits (minus
costs) and the net revenue for j would, with probability
po, be bj (y; , z;) minus what is paid for electrical energy,
plus what is earned from the sale of electrical energy. In
general, B; (z; , {;) will be negative, representing the cost
to j of j’s response.
For the set of contingencies 2, define:

P (*) = probability measure on QU {wo}
po = P({wo}), i.e., the probability of normal

(non-contingent) operation.



For a given set of contingency offerings z, the pro-
bability that the system is secure can be obtained as:

R@) = jq(')dP(m). )

Therefore, (1 —R(z)) is the probability, given the con-
tingency offering z, that the system will not be secure,
i.e., it is the probability that the system will collapse. Let
the social cost of system collapse be denoted by K ou -

The socially optimal solution (y , z) is defined as an
operating. point for which the expected total benefit of all
participants is maximized, the expected cost of system

collapse is minimized, all participants are operating under .

their respective limits, and the power generation and con-

sumption in the system are balanced.
The limits imposed by participant j’s plant can be
written as a set of inequalities:
hi 0j.2z) 0. ©

For example, a consumer’s level of demand is limited by
the capacity of its plant. The power balance may be
represented by the load flow equations. However, for
simplicity, here the power balance is written simply as

Yo+ 3 yj =0 . M
j€J

where Yoo includes other generation-consumption and
transmission losses. The results presented below can very
easily be generalized by replacing equation (7) with a full
set of power flow equations and inequalities represennng
line flow and bus voltage limits.

With the notation- introduced above, the socially
optimal solution (¥ , z) is the solution of the following
optimization problem.

max [I§J pobj 3j,2;)) -1 ~R(@))Kox  (8)
.'"In_ (z),;l Bj G, ‘bj (z,w)dP(w):

hi3j,2) £ 0, gjeJ,
Y.m+2y,~ =0} .
j€J .

The first term in the objective function in equation
(8) is the expected participant’s benefits associated with
"normal” (non-contingent) operation. The second term is
the expected social costs of a system collapse while the
third term is the negative of the expected participant’s
costs of responding to a survivable contingency.

Note that the costs of electricity are not present in
the objective function in (8), this is because the revenue
from the sale of electricity by the producers (negative
costs to producers) is equal to the what the consumers
have to pay (costs to consumers), so the net cost from a
societal point of view is zero. It is just a transfer pay-
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ment.

Returning to the selection of {(w) by the system
dispatcher during a contingency ®, a socially optimal
selection ® (z,®) may be obtained from the solution of
the following optimization problem:

max(; Bz, (@):0<;(w) <z,6j5, (9
i€J )

S, n) <

In the above formulation the dispatcher selects the
contingency requirement (generation or load reduction)
from each participant in such a way that the sum of the
benefits of all participants is minimized. In other words,
the dispatcher’s objective is to achieve a socially optimal
solution under the circumstance.

3. Participant’s Decision Making

Each participant is operating in a decentralized
environment. He/she decides on the amount y; to be gen-
erated or consumed and the amount z; to offer to the sys-

_ tem 1o assist in maintaining system security. The decision

is made purely to maximize his/her own benefit.
We assume that each participant receives from the
system the following information:

() % (i ,z) = the price for electricity if participant

k generates (consumes) y; and offers z, for con-
‘tingencies;

(i) Fi(nxlz) = probability that the system will take
contingency support {; = W, from participant k if
z; was offered.
For participant k, the decision-making problem is

to maximize its own expected net benefit. This can be

stated as the selection of ()i , 7k ) to solve:
max { pobr O, 2) — % Ok » ) (10)

+ 2 Be G, L) dFe G 12e): by On o 31) < 0}

The objective function in (10) represents the
expected net benefit (i.e., benefit-cost) and it has three
terms. The second term is the cost of electricity
7 (yi,z). The first and the third terms together
represent the expected benefit. The first one is the benefit
for k if there is no contingency, by (V& , z¢), and it is
weighted by its probability po. The third term is the
expected benefit for & if there is a contingency. The
benefit during a contingency depends on how much {; is
taken from k by the system. Since participant k receives
the information on the probability distribution of how
much the system will take from k& if he/she offers
z, Fy (Cx |2), the expected benefit can be calculated
from the integral ﬂ

participant k’s decision should be made within its plant
limitation, i.e., &; (¥; , z;) < 0.

Bk (zk ’ Ck) dFk (Ck |zl) Moreover, V
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IV. Security Pricing

In this section we will show that it is possible to
achieve the socially optimal solution through participants’
decentralized decision making if each participant receives
proper pricing signals reflecting security needs and some
additional information related to system security. The
result will first be presented as a theorem, whose proof is
in the Appendix, and the discussion of its interpretation
will follow.

We need to introduce more notation. Consider a
fixed participant k € J, and define for each z; and y; ,

ZE@) = @1a s Ze-1a 2k Zen, 00 20) (1)
YAk (}’k) = ()‘;h e ,y‘k—l,Yk nyAk'O'l! e ,);J) (12)
which are the vectors of contingent offerings and non-
contingent injections (generation-consumption) if every-

one except participant k¥ makes socially optimal choices.
Define

Ok (zx) = Q (Z* (%)) a3 .

which is the set of contingencies which are survivable.
For each jeJ including k itself, and for each
we Qf () define

61k (2, ©) = @ (Z* (), w) 14)

which is the optimal utilization of participant j’s con-
tingent offering if @ occurs and the vector of all partici-
pants’ offerings is Z* (z;). Define

B @)= 3, [14,, B Gindink (2, 0) )P (@) (15)

- AR(Z*Y) , Psu
L = K‘mﬁiz;—l*??}

Their meaning will be explained after we introduce the
following theorem.

y=i, - (16)

Theorem. Suppose that participant k € J is shown price
and forecasts given by

T Ok ,z) = 0y —Re ze a7

FiGlz) = P({oe QF@): G (2, @) < &), (18)
where 6 is the shadow price of eq. (7) or the short run
marginal cost of the system, then individual participant’s

decision making as determined by the solution of (10)
will be socially optimal: i.e.,

Ve = Yk (19
5y = zp . (20)

The theorem states that it is sufficient for eéch par-
ticipant to be given:

® a pricing structure for electricity
. a forecast of contingency need.

The price of electricity has two components, one
for the participant’s generation or consumption, and one
for his/her contingency offering. The rate charged for
generation/consumption is the short-run marginal cost )
of the system, which is consistent with previous results
[4,5]. The rate charged for participant k’s contingency
offering z; can be viewed as the marginal contingency
cost (A). It has two components (see. Eq.(16)):

(1) Incremental effect of z; on the expected cost of
system collapse. This component is evaluated by
first considering the effect of the change in con-
tingency offering from the optimal z; on the proba-
bility of system collapse (1-R(z)) assuming all
other participants will offer the optimal z;, and
then considering the cost of system collapse K o .

(2) Incremental effect of z; on the expected costs of all
other participants. This component is evaluated by
again assuming all other participants will offer the
optimal z;, and considering the effect of the
change in participant & ’s contingency offering from
the optimal z; on the change in the expected total
costs (negative benefits) of all other participants.

It should be noted that in the first term, an increase
in contingency offering will reduce the probability of col-
lapse while in the second term, one participant’s increase
in offering will result in a reduction of response costs for
all other participants.

The forecast of contingency need from participant
k is the probability of the amount actually needed from
participant & if he/she offers z; . More precisely, it is
expressed in terms of the conditional probability that
given that participant k offers an amount z; , the probabil-
ity distribution of the amount the system will need from
participant k assuming all other participants will offer the
optimal z; .

V. Conclusion

In this paper a decentralized operating environment
is assumed in which all participants including power com-
panies, independent power producers, co-generators, and
consumers attempt to optimize their own benefits of elec-
tricity utilization or generation. Through pricing and
forecast information, the end result is that they cooperate
to maintain system security. -

The main result of this paper shows that there i
indeed a price that can be set for contingency offerings
and a forecast for actual contingent usage that encourages
each participant to make a socially optimal contingency
offering (i.e. offerings which minimize the total social
costs).



It is shown that the price for each unit of con-
tingency offering should be set equal to the incremental
effect on expected contingency costs, i.e. the derivative
with respect to contingency offering level of the sum of

. expected system collapse costs (i.e. the product of
the actual system collapse costs and the probability
that the system will collapse), and ’

. the sum of each participants expected costs of actu-
ally responding to a contingency. .

It is shown that a forecast for actual contingency
usage is also necessary in order to induce socially optimal
response.. The forecast shows the participant how the pro-
bability of various levels of actual contingent support will
change as a function of the contingent offering.

The proposed approach has the following charac-
teristics:

° Decision making is decentralized;

° Supply-side and demand-side are treated equally;

. Utilities, other producers, and consumers cooperate
in system operation;

Security-economic tradeoff is incorporated;

° Information technology is used to assist power sys-
tem operation.

The implementation of the proposed approach
requires a communication, computing, and control (3C)
system capable of calculating the needed pricing and
. forecasting information and transmitting to the partici-
pants [8]. The amount of data communication may
- exceed the capability of existing energy management sys-
tems [9]. Detailed implementation issues need to be
explored and are outside the scope of this paper.
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Appendix
Proof of Theorem
" Define y;,z;,6;,y; for j € J tobe the (assumed

unique) solutions of the Kuhn-Tucket equations for equa-
tion (8): gk e J .

”"%b—k*‘ﬁ 3 1o=0 (23
Pogt + Ko SR 4 B [ B r 01 () AP @)
+ Ejﬂ,(z)l%Bi (zj ’d)j (Z,(j)))dP ((D) (24)
0
+'YI?";_:' =

0  if MesOw,z) <0
Ye.! ={ 20 fhiOn.2)=0 23

Yo+ 3% =0 . (26)
j€J

‘Define i , 7 , Yk to be the (assumed unique) solu-
tions of the Kuhn-Tucker equations for equation (10):

abk a1tk

+'YZ'a—— 3—‘ =0 @n
po%”L g—j Bk(zk,t;;)dmmzo @®)

0 if h“(yk,zk)<0
Tt ={ 20 if hyOra)=0- @)
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_It follows from equations (14) and (18) that for
z2=Z%(z)

jn_ @ P (2, @ (z, @) dP (@) (30)
= J‘(z; Be Gz G) dFe (G l2i) .

Thus, substituting equations (17) and (18) into equations
(27) to (29) and comparing the resultingA equations to
equations (23) to (25) for k shows that y;,z,; and v
satisfy equations (27) to (29). 2|
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Discussion

LAURENCE D. KIRSCH, CHRISTENSEN ASSOCIATES, MADISON,
WISCONSIN; AND FERNANDO ALVARADO, UNIVERSITY OF WISCON-
SIN: . ’

Kaye, Wu, and Varaiya are concerned with the
problem of maintaining power system security in electric
systems where there are many independent participants
(including both producers and consumers) who might
contribute to security. Their paper describes the
pricing incentives that might induce these participants
to behave in an optimal manner.: Using a single-period
model, the paper demonstrates that, in an optimal
pricing regime, power system participants should be paid
one price for their actual power output and another
price for their "contingency offering” (i.e., the output
that they promise to provide upon request). The paper
finds that the price for actual output is the shadow
price of the power balance equation. Because the paper
assumes constant transmission losses, it finds that this
price is the same for all participants. The paper finds
that the price for contingency offerings varies by
participant: each participant's price reflects the
benefits that that participant's offering confers upon
all other participants. '

We believe that Kaye, Wu, and Varaiya address
issues that will become increasingly important as the
decentralization of the power supply industry proceeds.
We generally concur with their results,

We note that similar results have been developed
in the past. In reference 4 (page 216), for example,
Schweppe, Caramanis, Tabors, and Bohn derive a two-part
optimal price, with one part being a "security control

- implementation price". In EPRI project RP 2996-1,
Caves, Kirsch, and Schoech also find a two-part price:
the price for actual output depends upon multi-period
dispatch, and varies by participant according to the
participant's electrical location and according to the
uncertainty in the participant's prospective output;
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while the contingency offering price, which is the same
for all participants, is the market clearing price that
is required to bring forth an adequate aggregate
quantity of contingency offerings. The new element in
Kaye, Wu, and Varaiya's results seems to be that the
contingency offering price depends upon the benefits
that each participant's offering confers upon all other
participants, regardless of whether the others are
demand-side or supply-side participants. ’

" We caution that all of the foregoing results --
including those by Kaye, Wu, and Varaiya -- assume
perfect information. That information 1includes:
advance knowledge, by system dispatchers, of which
contingencies are survivable; advance knowledge, by each
participant, of individual costs and benefits without
contingencies and for each potential contingency
response requirement; and advance knowledge, by each
participant, of the probabilities that each potential
contingency response might be called by system dispatch-
ers. Furthermore, prices must be simultaneously set for
all participants. In a theoretical model, these
information requirements can be overlooked.  For
practical implementation, however, these requirements
must be addressed. Fortunately, the evidence is that
real markets operate well enough even though partici-
pants have imperfect knowledge of their own benefit
functions, and even though prices are more or less
simultaneously set for all participants. The informa-
tion problems that are peculiar to electric power system
decentralization are therefore those that are best
analyzed at the system dispatch level:' the problem of
identifying important contingencies; and the problem of
identifying probabilities of occurrence of various
system configurations.
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