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Designing Incentive Compatible Contracts for
Effective Demand Management

Murat Fahriddu, Student Member, IEE&nd Fernando L. Alvaradd-ellow, IEEE

Abstract—Demand relief from customers can help a utility (or This approach to demand management is likely to prove more
any “Load Serving Entity"”) solve a variety of problems. There yseful than the traditional “lower rates” interruptible contract
exist all sorts of different demand management programs that 4,5105ch because it more clearly lines up the interests of diverse

utilities use. A critical issue is the incentive paid to the customer to ¢ ¢ ith di | i | utilit d
participate in demand management programs and provide load customer types wi Iverse locational utiity neeas.

relief. The utility has to design cost effective yet attractive demand

management contracts. The main goal is to get load relief when Il. MECHANISM DESIGN

needed, and to do so in a cost effective way. Customers sign up for . . . L

programs when the benefits they derive in the form of up front Mechanism design and the revelation principle are key con-
payments, demand discounts and interruption payments exceed cepts used in nonlinear pricing. They are explained in detail in,
their cost of interruption. In order to design such contracts, among other places, [8] and [13]. Mechanism design is a pow-
mechanism design with revelation principle is adopted from Game orf| tool that helps a principal (in this case, the utility), with

Theory and applied to the interaction between a utility and its . . . - L .
customers. The idea behind mechanism design is to design an"© private information about its customers, decide in an optimal

incentive structure that encourages customers to sign up for the Way how much to buy from (or sell to) its customers and at what
right contract and reveal their true value of power (and thus, the price. The revelation principle [9], [5], [14] is used to simplify

value of power interruptibility). the problem. The mechanism (or contract offer structure) can be

Index Terms—Demand management, game theory, load curtail- designed so that customers wishing to maximize their own total

ment, load interruption, mechanism design, system security. benefit are encouraged to reveal their true valuation of power
interruptions.

The mechanism has two kinds of output: a decision vector
amounts to buy or sell) and a vector of monetary transfers from
HE INCREASED penetration of backup generation [Zﬁhe principal to each customer. This theory is applied to the in-
and energy management systems opens the door for m@i@iction between a utility and its customers. In order to better

creative means for integrating demand management into utilifiiderstand these issues, it is desirable to understand nonlinear
operations. By explicitly examining customer outage costs [‘Hricing.

[2] and analyzing their load behavior, it is possible for a utility
(or any “Load Serving Entity”) to design different kinds of de-A. Nonlinear Pricing in General

mand management programs and attract customers to help '®onsider that a customer values a product according to a de-

C"’?ls.e of emerlgenc_les In rﬁturn for an incentive fee [7]. Be_c?‘“g iﬁing marginal benefit as a function of amount consumed (de-
qt' Ity can only estimate the outage (.:OStS t_o a customgr, Itis Al ted byq). Let the marginal benefit be described by:
ficult for a utility to know how much incentive to offer in order

to attract customers to curtail or interrupt their load. The main b(q) = 8(by — sq) (1)

theme of this paper is to design cost effective demand manage- ) _
ment programs that do not require the knowledge of custontépered (normalized a® < ¢ < 1) is a parameter that depends

outage costs, but rather use Game Theory [8] to design optirRg|the customer; it represents the “customer type.” Customers
curtailment programs. The process of designing contracts tM4th the same) have the same cost-quantity characteristigs.
attain this objective is calleahechanism design with revelation's the value of the very first unit of commodity consumed, and
principle. The mechanism (or contract offered by the utility§ S how rapidly the marginal value of additional consumption
makes sure that the utility’s benefit is maximizaadthat cus- declines. Fig. 1 illustrates the marginal benefit functionsfpe
tomers are compensated sufficiently to participate voluntarily. & 8 = 1 and two values of. . . .

new general formulation is developed and illustrated by means! N€ total benefii3 is the integral of this marginal benefit. For

of an example. The paper also combines the economic aspe%\%.type of_beneflt function assumed above, the following is the
of contracts with power system sensitivity analysis. Sensitivifptal benefit:
methods attribute value to power interruptibility at every loca-

tion in the grid. Thus, contracts can be customized by location.

Fig. 2 illustrates the total benefit curves for each of the two cus-
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require that pricing be such th&f < S5 for the larger customer.
osf 1 This condition is called thencentive compatibility constraint
osf ] Fig. 2 illustrates a case that violates this condition, and thus en-
w07 courages the customer to “lie.” It can be shown mathematically
-§“ ] that optimality requires that the lower consumption/price point
= 9=1 be determined by the individual rationality constraint, and that
§°"" ] the upper price be determined by a binding incentive compati-
oLy bility constraint.
Soal ] If only the large customer existed, optimality would be
wal 6=058 | attained whendB(#, ¢))/(dq) = w. If only the small cus-
tomer existed, it would be optimal to select the situation where
* (dB(8, q))/(dg) = wu. Itis the role of mechanism design to
o o1 62 63 of o5 os o7 o5 o5 1 design pricing structures so that optimality is attained where
_ , , there is a mix of customers, and when there is uncertainty about
Fig. 1. Marginal benefit for two customer types. the mix.
ods| 6=1 663 ] B. Contract Design
o4t S, 1 The cost of power curtailment to a customer depends on both
o0t . the customer and the amount interrupted. We assume, at least
g osh Ye ] initially, that the cost(, x) to a customer of typé of curtailing
g A x MW is:
Doos ]
2 S,
Pl ] c(f, x) = K12% + Kox — Koxf. 3)
8ol 8=0.5_180q) |
os} C, o’ 1 Hered is a continuous variable describing the customer type.
05| cosxm?"“mp | It can also be called the customer preference parameter. The
. — ) ) L ) “—K>x8" term is included so that different values 6flead
oot e e e to different values obc/9x (marginal cost for the customer).

Notice that, a® increases the marginal cost decreases. That is,

Fig.2. Total benefit, costto producer and consumption levels for two custongmhas effectively been used to “sort” the customers from “least
types. willing” to “most willing” to shed load. This form of the cost
o o function suggests that the customer with the lovesill have
it wishes to sell to, a small customer to which it wishes to sejl¢ highest marginal cost and hence the lowest marginal benefit.
quantityg and a large customer to which it wishes to sell a quag,ig provides a good way of modeling thgllingnessof each
tity g, with g andg yet to be determined;(< g). The costto pro- . stomer to shed load by way 6f
duceq is ug. Likewise, the cost to producgis ug. The straight £, the sake of simplicity, we assume tH&t and K are
line defining these (and any other) production costs is also illus;i 5w to be 1/2 and 1, respectively. These assumptions do not
trated in Fig. 2. The principal wishing to sell at a profit selectgttect the fundamental concepts to be considered here, since
price/quantity points that lie at or above this line. L&tbe the  hey amount to simple scaling. Customers of different types
price chosen for quantityandC’; be the selected sale price for 5 e interruptions differently. Although (3) gives an expression
quantityg (as shown in Fig. 2). Clearly, a principal can hope tg,; the cost of an interruption to a customer, the paraméter
sell to the small customer (with tygd only if B(6, ¢) > Cig s equation is not known to the utility.
and it can hope to sell to the large customer (with typenly  another assumption concerns the probability distribution of
if B(9, g) > Csg. This condition is called thindividual ratio- g [denoted byf(6)]. Two possibilities are:
nality constraint

A more subtle constraint exists: if the principal were to al-
ways charge prices close B(f, ¢), the small consumer would
be unable to buy, since this would be done at a loss. Assume
that there is at least one price/quantity offering equal to or below
curve B(8, q) (but aboveug). This is, indeed, the case for the
(C1, q) offering. If the large consumer were to choose a small
amount of consumptiony], its net benefit (total benefit-&, q)
would be the segment illustrated &s. If, on the other hand, it
were to consume the large amoug}, (ts net benefit would be
segmentS,. It seems reasonable that if the large customer ¢
derive more benefit by consuming less (that isSif > S3), it
is going to consume less. This is almost never desirable to theﬂ allows us to model multiple customer types by giving each type of cus-
principal, as it results in highly suboptimal conditions. Thus, wemer a different cost of curtailment.

1) The complete set of customer types can be characterized
by allowing 8 to vary from 0 to 1, and there is an equal
probability that the customer will be of any of these types
[thatis,® is a random variable with a uniform distribution
in the interval (0,1)].

2) The parametef can take discrete values, each with a
presumed probability. Two discrete valuesfakepresent
the simplest such scenario.

The probability distributions associated witlare subjective

%r{))babilities. The utility need not know which, if any, of the dis-
utions is correct. The value éfis private information of the
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customer and is unknown to the utility. Having a subjective esti- 08
mate of the customer types it is dealing with, the utility develops
an incentive functiony(x) to indicate how much it is willing to
pay for a given amount of curtailment.

Customers self-select the amount of curtailment they wish to

0451
04 e

035

In the absence of an initial sign-up incentien order for a ; ; 5 : : ;
customer to elect to participate in a program, it is necessary that o er ez e o :(f; o6 o7 os
V1 > 0, that is they must see a benefit to the curtailment.

This quadratic, or any other arbitrary cost function, needs k@. 3. Designed contracts.
satisfy thesorting(or “single crossing”xondition[8] in order to o e
make mechanism design work. If the customers are sorted from S
least willing (to shed load) to most willing the sorting condition 0 AR N SN SN SO RS SRS O TS S

dictates that : R
a [ dc B A A S e S R
90 <%> <0

Likewise, if the customers are sorted from most willing to least
willing the condition becomes

9 (0N _ ¢
89 a.T ’ ot} -
Whether one sorts customers according to increasing or de-

creasing willingness is a matter of preference and is irrelevant L R S
(we will assume increasing willingness). The important issi@g- 4. Normalized incentive function v8.

is tha'_[ tht_e outage cost_ fun_ction be _m_onoto_nicﬁiand nonde- hat is not specifically designed for themthey pose as an-
creasing in. The function in (4) satisfies this property. other type of customedj. Constraint (7) is théndividual ra-
Under stressed conditions it is expensive for the utility 10 dgg )ity constrainwhich makes sure every customer is encour-
liver power to_cer.tain locations. The.utility can com.pute thﬁged to participate, and constraint (8) is iheentive compati-
value ofnotdelivering power to a certain customer. This “valugyjjity constraintwhich encourages the customers to tell the truth
of power interruptibility” is parameterized by. The value of 4,4t theim (i.e. to pick the right contract). This maximization

A can be computed using existing efficient optimal power ﬂo‘ﬁroblem could be solved by using mechanism design and the
routines [6], [12]. Knowingh enables the utility to define their (q\ejation principle [8]. The results are:

own benefit function for a curtailment at a specific location:

be subjected to, based on an inspection of the incentive function % 0af
offered to them. Clearly, customers, will not choose to be cur-  oash i
tailed unless they see a net positive benefit. A customer's benefit £ .l ..:. . »
function is: gm
Vi, z, y) =y — 52° —x + fu. 4) ol %

A
0 ifo<f<1-——
Vo(6, N) = Az(8) — y(8 5 = 2
(6, ) = Xe(6) — y(9) (5) w(0) - X o
where) is in dollars per MW not delivered to a customer. The 20+2—-2 if1l—=-<6<1
objective of the utility is to maximize the utility benefit function. 2 A
1 0 ifo<e<1-— 5
max | [xe(6) — y(6)] £(0) db (6) W0 = 4 02— 29+ 26 (10)
such that, —1%)\2—2)\—1—1 ifl—%gegl
y(0) — L22(0) — x(6) + 6x(6) () Equations (9) and (10) define the contracts to be offered to

0
y(é) _ ;xz(é)_x(é)Jrex(é) different types of customers. Fig. 3 depicts the plot of the mon-
2 8 etary incentive offered as a function of the curtailed amount for
8) a given value of. A family of incentive functions as varies is

wheref is the preference parameter of a customer if they weP8OWn in Fig. 4. The number of participating customers changes

to report it incorrectly. If a customer picks any of the contrac®s the value ok changes. Fig. 4 shows that the valuegliays a
key role in determining the incentive to be paid to each customer.
2A fixed one-time sign up incentive can be a part of the overall compensation,
but it is not considered here. It would have the effect of modifying the perceived3The mechanism designs a specific contract for each type of customer (i.e.
net customer benefit. for each value o#). 6 values can be estimated from existing utility data.
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The role off is obvious since it determines the type of cus- ot ‘ 2
tomer (which in turn determines their cost of a curtailment or Q)
interruption), however the role of can be subtlel is the pa- Siack
rameter that brings engineering into this economic analysis. It 140MW+GOMVAR
shows that location of the customer is one of the most impor-
tant aspects in this analysis. Some locations will be more costly s 3
to deliver power than others. It makes sense that the utility will
want to have curtailment contracts with customers who are at
expensive locations. l e
140MW+4OMVAR
[ll. SENSITIVITY ANALYSIS
6 7|

Sensitivity analysis can be used to determine the value of in- g, AR

terruptible power for the utility. In [10], the authors compute the 4 ‘1
e . . . . 20MW+SMVAR
sensitivity of the loading margin of a system with respect to ar- TOMWs OMVAR ‘1
bitrary parameters. If loads are the parameters, sensitivity of the 20MW4[SMVAR
loading margin can be computed with respect to each load. Let:
Fig. 5. Sample 8-bus system.
glx, v,p) =0 (11)
where TABLE |
. . SENSITIVITY OF THE LOADING MARGIN TO VOLTAGE COLLAPSE WITH

T is the vector of state variables, RESPECT TOEACH LOAD (LOADING DIRECTION CHOSEN AS EQUAL

5 is the vector of real and reactive load powers, and INCREMENTS FOREACH LOAD)

P is the vector of loads. __
If a pattern of load increase is specified with a unit vedtor Loa‘; Bus Sens’tmtfo%w/ MW)
the point of collapse method [3] can be applied to yield the left 1 089
eigenvectorw. The sensitivity of the loading margin to a change g _(1)}112
in any load is: N P 12 - 7

Ap T wgk 8 173

Loading Margin = 36.18 MW

Once we have the sensitivity of the loading margin to a change
in any load, we use it to rank loads. LEbe the loading margin IV. AN EXAMPLE
of the system. The above formula lets us construct an expressioBefore demand management contracts are offered to cus-
relating changes inindividual loadag:, Ap», etc.) to changes tomers, utilities need to go through a planning stage. The first
in the security margin: step is to analyze their electric power system and identify
AL = Ly Apy + Ly, Aps + -+ + Ly, Apm (13) which load Io_cations (c_u_stomers) would be most helpful in case
of emergencies or anticipated problems (voltage collapse, line
wherem is the number of loads of interest. As equation (13) sugverloads, insufficient generation, etc.). A sensitivity analysis
gests, the load with the highest sensitivity would help increageeds to be performed on the system to determine the most
the loading margin the most. By using these sensitivities and tguable loads for each type of problem. This analysis involves
dollar per kW figures from the designed contracts, the utility capad forecasting and consideration of multiple scenarios and
estimate how much it costs to increase system security: time periodst The example involves three stages:

AL AL Ap 1) Sensitivity analysis to determine the most valuable loads
A$  Ap A$ to increase loading margin to voltage collapse.
whereAS$ is the amount the utility will spend. 2) Game Theory analysis to determine the optimal demand

Equation (14) helps determine how much it costs to increase management con.tracts. .
the loading margin by curtailing one of the loads. Other kinds of 3) Comparison of different scenarios of demand manage-
sensitivities can be computed and combined with the economic ~ MeNt contracts. _ _
analysis done in the previous section to give the utility the cokf€ example uses an 8 bus system (see Fig. 5) with 2 generators
of solving specific security problems. and 6 loads. Of concern is the loading margin to voltage col-
Whenever possible it is more efficient for markets to resolJ@Pse. If the load is increased equally on each load bus and only
congestion than to have side-markets for demand managemg]ﬁ_slack generator picks up the extra load, the sensitivity of the
Locational Marginal Pricing (LMP) in various forms has beefPading margin to voltage collapse with respect to a change in
adopted by many markets as a means to resolve most congeﬁﬁb‘?ﬁ load is shown in Table I. In this example the most valuable
problems [15]. However, there are some situations where a pm@ds are 7 and 8. They have the highest sensitivity. If the system
market may be unable to resolve a serious security constraf#fts close to a voltage bifurcation point [1], [11] the utility may
In these cases the use of cost effective demand managemea8t to curtail a guaranteed amount of load, hence the contracts
called for. For these situations, the knowledge of margins andlt is assumed that demand management contracts can vary by location, class
margin sensitivities is essential. and type of customer.

(14)
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TABLE I TABLE IV
OPTIMAL PORTFOLIO OFDEMAND MANAGEMENT CONTRACTS DIFFERENT SCENARIOS FORCONTRACTS
Customer | Amount Curtailed | Incentive Offered Scenario | Relief | T LM [ U. Profit | C. Profit

z y MW) | (MW) ($) (%)

Bus 2 1.00 MW $225.00 Optimal 24 30 6456.00 2806.00

Bus 4 3.50 MW $1620.00 =038 19 26 5681.00 1981.00

Bus 5 3.00 MW $975.00 A=07 20 22 5050.00 1950.00

Bus 6 4.00 MW $2000.00

Bus 7 5.00 MW $2875.00

Bus 8 7.00 MW 4375.00 . . .

Available Relief =24 Mv\f also computed for each portfolio and a comparison is made
Increase in Margin = 30 MW in Table IV. In the scenarios whereand# are fixed to their

average values, a nonoptimal portfolio of contracts is still ob-
tained, however the results verify that tbptimal portfolio of

TABLE 1 contracts help both the utility and the customer in maximizing
NON-OPTIMAL PORTFOLIO OF DEMAND MANAGEMENT CONTRACTS hei fit. M . Iv. it indi h h . |
WITH FIXED A = 0.7 (AVERAGE VALUE) their profit. More importantly, it indicates that the optimal port-
folio maximizes the amount of available load relief and the in-
Customer | Amount Curtailed | Incentive Offered crease in the loading margin.
z ] Several caveats are in order with respect to the example in
Dus 2 o0 M 5375.00 thi First, th le has illustrated only the relief of
Bus 4 3.00 MW 37500 is paper. First, the example has illustrated only the relief o
Bus 5 5.00 MW $2375.00 voltage collapse problems. It can be readily extended to consider
gusg 3.00 MW $1275.00 the relief of overloads. Second, the demand management pro-
o g‘gg ﬁ\x g;ggg'gg gram assumes a “pay per incident” strategy for contract design.
Available ReGef S 20 MW Many demand management programs in current use are based
Increase in Margin = 22 MW onrate rebates, particularly rate rebates for demand charges, and

some of them include “buy-through” features. In some cases,

. B . customers may need greater operational flexibility than is pro-
would be designed for specific amounts of load curtailment. \|{ged by a fixed price-quantity contract. In these cases, the in-

is important to determine the ranking and quantitative impagbrporation of buy-through clauses in contracts may prove to
of loads before the utility offers curtailment contracts. After thge yajuable additions to contract design. Incorporation of these
contracts are signed, an algorithm can be developed to checkifofiyres is beyond the scope of this paper.

distance to collapse and suggest the optimum curtailment orde[n grder to use the theory in this paper, the payment struc-

of loads when required. o ~ tures in these programs must be converted into equivalent pay
After the relative value of all load locations is determinedyer incident payments. In the rate rebate program, the incentives
customer attributes, designed demand management progrgMsustomers are dependent on actual probability of use of the
and the game theory formulation are used to design optimal (Eﬁogram_ Thus, the features of many existing programs do not
mand management contrac({similar to the contracts shown inexacﬂy match the pay per incident assumptions in the current
Fig. 3). If the assumptions hold, the customers will sign up fQfaper. Two solutions are possible: a redesign of existing pro-
the contracts as shown in Table Il. The customers at Iocat@rhms along the lines suggested in this paper, or the extension
bus 7 and 8 signed up for different contracts even though thgyine theory of this paper to these different types of payment
are at equally sensitive locations. This is because the custorggfctures. A final caveat pertains to the continuous nature of
at bus 7 has a higher marginal cost for shedding load than figstomer behavior and the absence of bounds. In reality it is
customer at bus 8. The developed contract design formulatil9<|3135ib|e that customers have maximum values beyond which
captures both locational and cost attributes of the customersparticipation is not practical (for example, to have a customer
The value of power interruptibilityX) and customer prefer- participate in an amount that exceeds the total installed demand
ence parameter (private informatiérthat helps the utility es- youid require the customer to install generation equipment).
timate customer cost) are the two critical elements of the ecprese limits create discontinuities in the benefit functions. The
nomic analysis. In order to emphasize the importance of thgsghefit functions used in this analysis have all been smooth and
values, some further tests are performed. In one simul&tion-gntinuous.
was fixed to be 0.7 (its average value), i.e. the utility decides g approach can be extended beyond the utility, e.g.
that the value of interrupting power at each location is the samg, Independent System Operator (ISO) can apply the same
As shown in Table 11l the amount of available rel@dcreased methodology. Incentives, in most ISO and Transco proposals,
and the result was also a smaller increase in the loading margjfa Jinked to system performance, i.e. the ISO benefits when
In another simulation the utility assumes that the cost of Sheéizstem congestion is reduced. When congestion occurs, a
ding load is the same to all customers [i.e. it fixeat its av- |ggg of surplus is inevitable. In many cases the 1SO will
erage valuef = 0.8)]. This also is not optimal since the availaye a choice between congestion pricing, quantity rationing
able load relief and the increase in loading margin is lower th‘%‘ﬁl’ransmission Load Relief”) or the use of interruptible power
the optimal case shown in Table Il. Some economic facts &fgntracts. In cases when spot pricing is insufficient or too

5These are “Agreed Relief” [7] contracts i.e. the customer agrees to curtaPPW> the ISO can rely on demand management to attain secure
“guaranteed” amount of load for a monetary incentive. operations. The same techniques used to maximize the benefit
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a utility derives with voluntary incentive-compatible contracts [7] M. Fahriogu and F. L. Alvarado, “The design of optimal demand man-
can be used to line up the interests of customers with those of ~agement programs,” ifroceedings of Bulk Power System Dynamics

and Control IV—Restructurindsantorini, Greece, Aug. 1998.

the 1SO. The difference is that the criteria to derive the I1SO g p Fydenberg and J. Tirol&ame TheoryThe MIT Press, 1991.

benefit function may differ from that of a utility. This topic will  [9] J. Green and J. J. Laffont, “Characterization of satisfactory mechanisms
be covered in a follow up paper. for the revelation of preferences for public good&¢onometricavol.

45, pp. 427-438, 1977.
[10] S. Green, |. Dobson, and F. L. Alvarado, “Sensitivity of the loading
V. CONCLUSION margin to voltage collapse with respect to arbitrary parameteegE
Trans. on Power Systemsl. 12, no. 1, pp. 262-272, Feb. 1997.

Nonlinear pricing can be used as a means for extractingl1] s. Greene, “Margin and sensitivity methods for security analysis
maximum value from demand management contracts. By using of electric power systems,” Ph.D. dissertation, University of Wis-

mechanism design, optimal contracts can be designed th
encourage customers to voluntarily sign up for the contrac

consin-Madison, Department of Electrical Engineering, 1998.
?tZ] M. Huneault and F. D. Galiana, “A survey of the optimal power flow
literature,”|[EEE Trans. on Power Systemal. 6, no. 2, pp. 762-770,

that best suits their needs. It is not necessary for a utility to  May 1991.

know in advance the type of customer it faces when designin

D. M. Kreps, A Course in Microeconomic Thearjdarvester Wheat-
sheaf, 1990.

such programs. Cost effective load relief can be a substitute fq4] rR. Myerson, “Incentive compatibility and the bargaining problem,”
building extra generation. The paper illustrates and incorpo-  Econometricavol. 47, pp. 6173, 1979.

rates the importance of location into the process. In addition itt!

F. C. Schweppe, M. C. Caramanis, R. D. Tabors, and R. E. Bspot,
Pricing of Electricity Boston: Kluwer Academic Publishers, 1987.

creates the opportunity for new kinds of demand management
programs.
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