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Using Utility Information to Calibrate Customer
Demand Management Behavior Models

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

Abstract—n times of stress customers can help a utility by 038 ' ' ‘ '

means of voluntary demand management programs if they are
offered the right incentives. The incentives offered can be opti-
mized if the utility can estimate the outage or substitution costs of
its customers. This paper illustrates how existing utility data can
be used to predict customer demand management behavior. More
specifically, it shows how estimated customer cost functions can
be calibrated to help in designing efficient demand management
contracts.
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. INTRODUCTION

ANY transmission and most distribution problems can
be addressed by means of effective demand manageme  °
programs [4]. Mechanism design theory [6] has been utilized tc
optimize the contracts to m_aXImI?e gtlllty ben_eﬂt and to_makﬁg. 1. Marginal benefit for a customer. Areas in this figure denote total
sure customers see a benefit by signing up (this formulation wagius.
developed in [5]). This paper shows how a cost function satis-

fying the conditions for mechanism design can be developeg d it to desi Existing d d
andcalibrated Utilities around the country are using nonlineaf! CUSIOMErs, and to use it to design contracts. Existing data an

pricing to sell their power (anytime a utility offers different ratei;; calibrated cost functions are then used to validate the formu-

based upon customer size, it is using nonlinear pricing). TH&ION by means of some examples.
demand management contracts proposed in [5] use nonlinear
pricing to buy it back in case of emergencies. Estimated cus- |l CUSTOMERCOST FUNCTION CHARACTERISTICS

tomer cost functions plays a crucial role in designing demandThe first assumption made in designing a cost function is that
management contracts. In [1], [2] authors suggest different waygosts the customer progressively more to shed more load. It
of estimating the outage costs of customers mainly by way @fsafe to assume that the marginal benefit of the customer de-
interacting with the customers. In [9], the main goal is to dereases with increased electricity consumption. Fig. 1 shows a
sign priority electric service options for the customer and pasbssible predicted marginal benefit of a customer from elec-
of the process is to estimate the customer outage costs by Wafty consumption. The dark shaded area in Fig. 1 shows the
of surveys. loss of surplus as a customer curtails its power. This loss of sur-
This paper proposes the use of existing utility data to esftus due to shedding load is the outage cost for the customer. If
mate these customer cost functions. Customer outage costsf@rmarginal benefit is assumed to be linear, as the customer
substitution costs) can be modeled using a variety of genespleds power its surplus loss cost function is quadratic. This
functions. Several functions with general coefficients are prguadratic or any other cost function needs to satisfystitéing
posed and their coefficients are calibrated using real data @fr “single crossing”)condition [6]. This condition is needed
tained from existing utility demand management programs. Tig pe able to rank the customers in order of increasing or de-
data available provides information on how much each customggasing marginal cost. The cost function is a function of the
gets paid by providing a certain amount of relief. The maigmount of power curtailed and the customer type Different
goal of this calibration process is to find a practical cost fun¢ypes of customers are parameterizeddbyThis will become
tion that accurately models the demand management behayifre clear later on in this section. The outage cost function of
a customer is given by(f, z). If the customers are sorted from

least willing (to shed load) to most willing, the sorting condition
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Likewise, if the customers are sorted from most willing to least i ' customer Suplus
willing, the sorting condition becomes: 3\
a ac 501 Iéossof g
-~ it 0 2 urplus
a6 <8x> > &)

Whether one sorts customers according to increasing or de¢ 4
creasing willingness is a matter of preference and is irrelevar«sg
(we assume increasing willingness). The important issue is the2
the outage cost function be nondecreasingamdd. The outage
cost function needs to be nondecreasing gince it is assumed )

. . . price of
that shedding each extra kW brings additional cost to the cus # sectioty
tomer. Since is used only to sort the customers, it can be nor- oot
malized to be in the intervdl < # < 1. The cost function also ‘ol
needs to be convex, i.e., the rate of change in the marginal co
is assumed to be increasing as the customer sheds more lo:

This is an economic assumption which is justified for most cus- "0~ o2 04 o8 o8 1 12 14 18 18 2
. . . Amount of power consumption

tomerst Finally ¢(6, 0) = 0 since shedding zero power should

cost zero. All these conditions on the outage cost function Cgig. 2. Exponentially decreasing marginal benefit for a customer.

be summarized as:

30 1

Marginal

% <%) <0 (3) customer). A% increases the marginal cost decreases. That is,
. # “sorts” the customers from “least willing” to “most willing”

dc >0 4 to shed load. This form of the cost function suggests that the

ox = “) customer with the lowest has the highest marginal cost and
92c hence the lowest marginal benefit. This provides a good way of

922 >0 (5) modeling thewillingnessof each customer to shed load by way

of 6.
(6, 0) =0 (6) Following similar design process, one can also assume a
forallz > 0and0 < 6 < 1. cubic outage cost function:
In order to explain the procedure of forming an outage cost (8, ) = Cra® + Coa? + Csa — Caaf (11)

function that fits the conditions stated above, the shape of the

customer outage cost function is assumed to be a quadrdfeere the number of coefficients to be calibrated is now 3
(other possible forms will also be addressed later). A genef&ft, C2 andCs all nonnegative). However, with limited utility
quadratic form using Taylor Series for each type of custom@@ta bringing extra coefficients into the cost function to make

as: the customer outage cost function. A quadratic is sufficient to

use existing data for the purposes of demand management

—_ 1 2 1 2
o8, @) = co+ab +br +gda” +exb+5/0%. (7) conpracts. Reference [9] points out that “The welfare loss, or

Using constraint (6) it can be shown thgt= 0. outage cost, scales approximately as the square of the load
Since changes.” Thus, this paper models the customer outage cost
de function as a quadratfc.
e b+ dr+ ef, (8) In order to analyze the robustness of the formulation to

changes in the form of the cost function, it was decided to
itis observed using (5) that> 0. Also (3) givese < 0. Finally  also test an exponential function to model the outage costs of

using (4) customers. A marginal benefit of the customers that decays
exponentially is shown in Fig. 2. The marginal benefit function
b+dr+eb >0, (9 shown is in the form of:
vz > 0and0 < # < 1 it can be showrb > —e. Thus, it mb = —ac"® + k (12)

is sufficient to express the quadratic outage cost function in th@\ere,. 1, andd are general coefficients. The cost of curtailing
following form: power (shown as loss of surplus in Fig. 2) is then the integral

c(f, x) = K12* + Kox — Koz (10) of equation (12) in the shown region. This yields an exponential
wherek, andk, (K, = 1/2d > 0, K» = b > 0 and— K> = function for the surplus loss in the form of:
e) are the coefficients of the general cost function that needs c(z) = _%eb’” + kz. (13)

calibrating. The—K>x6 term makes sure that different values
of ¢ lead to different values O@c/ax (marginal cost for the 2Calibration of the customer outage cost function will be explained in the next
section.
IThe rate of increase of cost as a customer sheds load will also be dependefAfter a certain point the customer will not be able to shed any more load and
on the presence of a curtailment notice. Curtailments made without notice uie marginal cost of shedding load will be zero. We focus on the quadratic part
ally imply higher costs for the customer. of the cost curve only.
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The following function is sufficient to satisfy the cost func- TABLE |
tion constraints (3) thru (5)kﬁ is small enough that ConstraintUTlLlTY DATA: AMOUNT OF CUSTOMERL OAD DESIGNATED FORCURTAILMENT
(6) is also satisfied): Customer Amount of load (kW)

o0, ) = kyek=/? (14) 1 59

wherek; andk, are the coefficients to be calibrated ( k2 > g igg

0). This function also was designed to sort the customers from 4 134

least willing to most willing to shed load since the marginal cost 5 151

of shedding load decreasesthmcreases. 6 184

7 200

I1l. CALIBRATION OF COST FUNCTION COEFFICIENTS USING 8 349

AVALIABLE DATA 9 364

10 770

The next step is to use available utility data in order to esti-
mate the coefficients of the assumed outage cost functions. The
utilities providing the data have different rates for different types
of customers. A customer that provide&W of relief for up to

TABLE I
CALIBRATION RESULTS FOR THELO QUSTOMER EXAMPLE

a designated number of hours at a rate dbllars per kWh re- K, =0.0019
ceivesrz dollars per hour of monetary credit. Hence the benefit K3 = 3.0201
function for a customer under a demand management contract 61 =0
is: 02 = 0.0529
f; = 0.0916
84 = 0.0968
b.(0 =7z —c(f, z). 15 4
(0, x) = rz — (8, ) (15) Pt
The assumption is that a customer who wishes to maximize its ZG f 8}213
benefit will choose to curtait kW of load, wherer satisfies the 97 _ 0.3741
first order condition of its benefit function (this can be used if 98 _ 0'3935
the customer benefit function is strictly concaverin 9?0; 1
b, dc
=r——=0. 16
9r | 9z (16)

The data provided by the utilities was obtained from cug—]e customers that shed load above 500 kW get $3.00 perde3|g-
. I . nated kW. The amount of load each customer agreed to curtail
tomers who participated in interruptible rates program. These

. . ; . is'shown in Table I. The described method is applied to find the
customers designate a certain amount of their load for 'nterru<%efficients of the cost function and the estimates of customer

tion and in return the utllity pays them a fixed rate. Spemﬂcally es @s). The results are shown in Table Il. These results give
the data shows the amount of power each participating customer

usS a cost function that is calibrated for these customers. This

is willing to shed and the amount the utility is willing to payf nction can be used to design demand management contracts
them per kWH. The main assumption is that each customer acts 9 9 '

in their own best interest.

In order to illustrate how the calibration is performed, the
quadratic form of the cost function is assumed. Since the
customers want to maximize their own benefit the first order After the cost function is calibrated, mechanism design can
condition (16) yields: be applied to design the demand management contracts. The

r— 9Kz — Ko+ Ky = 0. (17) fgctorg thgt affect the contract design proce_dure are summa-

rized in Fig. 3. In reference [5] and in Section Il a general

Assumen customers in the provided data. Using the first ordegrmulation was developed whefewas a continuous variable
condition (17) for each customer givesequations andh +  with a given probability distribution in the intervéd, 1]. This
2 unknowns (1, K and all thef’s). Sincef is normalized chapter develops the formulation wheflecan take discrete
to the interval[0, 1], its value for the most and least willingyajues, each with a presumed probability This allows the
(able) customer to shed load needs be specified as zero and@&iign of customer-specific contracts.
respectively. This yielda equations and unknowns. The rate  Assumen number of customers, each with an assumed
r and selection of curtailment for each customer is known guadratic outage cost function:
from the utility data. This method provides values 61, K>
and estimates for customer typ@sy) ¢ = Kyaf + Kawi — Kawii, (18)

In order to illustrate the calibration method described abov®r ¢ = 1, 2, ..., n. The object of the mechanism design for-
a sample of 10 customers are taken from the data providedrbylation is to determine the optimal amount of payment for
a utility. Customers willing to shed less than 500 kW get paieach customer who agrees to curtak\V in order to maximize
$3.25 per designated kW for a nominal hour of interruption andility benefit. Let the monetary payment pelollars per kWh.

. o ) ) ) The monetary benefit for each customer becomes:
4Utilities also specify time limits for the duration of the interruption and have

a limit on the number of interruptions per year. w; = Y; — (lef + Koz — Kax,0;). (19)

IV. USING CALIBRATED COST FUNCTIONS FORCONTRACT
DESIGN
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( UTILITY J amount until it does. This does not affect the incentive compat-
DATA ibility constraints since the shifting is done to both sides of the
equation),
y Y1 —(Kl.Z‘%—FKQ.Z‘l —K2x191) =0. (24)
CALII)BAI;!TTION Since the utility wants to pay the customers as little as possible,
) the incentive compatibility constraints bind for= 2, ..., n.
cost fen. coeffs (K1, K2)  If they did not bind, the utility can lower the payments until
customer types €' it does. Using the binding individual rationality and incentive
Ns CONTRAGT compatibility c_onstraints, the ince_ntive for each customer can
DESIGN be expressed in terms of the curtailed loapgnd the customer
type @):

vy =Kix3 4+ Koxi (1 —61)

Contract Offers 5
yo = Kia5 + Koo (1 — 02) + Koz (62 — 61)

Demand

Yo =Yn-1+ K122 + Koz (1 - 6,) — K122 _|

— Koxn_1(1 —6h_1) + Koxpn_1(6, — 651).

Fig. 3. A summary of the contract design procedure.

Hence it follows that foi = 2, ..., n,
The benefit to the utility of not delivering power to a spe- Vi =Yi—1 + K127 + (1 — 6;)Kox; — K127,
cific customer under conditions of system stresg;iglollars —(1-6;,_1)Ksz;—1 + (8; — 0;—1)Kox;—1. (25)

per kWh. Under these conditions the utility benefit function is: o . ) ) ) .
After substituting the incentive function [equation (25)] into

U = Z N%i — Ui (20) equation (21) the optimat is given by:
=1 n
Since the objective is to maximize the expected benefit for the PN — Ko <(1 —8)p; + (Big1 — 0:) Z pk>
utility: k=i+1
;= 26
. " 2pi K1 (26)
max Z[)‘ixi — yi]pis (21) fori=1,2, ..., n. Aspointed outin the “Mechanism Design”
“Y i chapter, one needs to check for the monotonicity:oDnce
_ ;1 < x; the monotonicity condition is satisfied. This analysis
subject to, was done in [6] for the continuous case, and the constraints for
yi — (K127 + Koxy — Kowif;) > 0 (22) the discrete case are developed in the appendix of this thesis.

The contracts are governed by customer type and customer
location. Customer cost function calibration helps identify the
yi — (K1} + Koy — Koxi6;) types. The locational value of power can be calculated using

>yt — (Ki2?2_ | + Kowi_y — Kox;_16;) (23) sensitivity methods [7], or optimal power flow routines [3], [8].

fori =1,2,...,n,and

fori = 2, ..., n. Constraint (22) is thendividual rationality
constraintwhich encourages voluntary customer participation
by keeping customer benefit positive. Constraint (23) is the Initially we compare the proposed contracts to the existing
incentive compatibility constrainwvhich makes sure the cus-contracts, then a comparison is made between the proposed con-
tomers do not try to take the adjacent contracts, by offerifigacts designed with different kinds of cost functions.
them extra money to voluntarily take the contract designed ) ]
specifically for them. A. _E>_<ample 1: Comparison of Proposed Contracts with the

The cost function is designed to sort the customers in deXISting Contracts
creasing marginal cost order, i.e., the customer defined by theThe first example consists of 10 customers selected from
lowest value off (customer 1) will have the highest cost tautility-provided data. These customers are currently on a de-
shed load. Since the utility wants to pay as little as possibi&and management program that pays them a fixed rate of $3.25
it should be clear that the individual rationality constraint bindser available kwh for curtailment. After applying the proposed
for customer 1 (if the individual rationality constraint does natost function calibration and designing new contracts using
bind for customer 1, we can shift all the payments by the samechanism design, there is an increase in both total amount of
5 _ . . . _available relief and total profit by the utility (see Table IIl). The
When the system is under stress it is not beneficial for the utility to deliver,. . . L .
power to certain locations. It may be quite costly, or worse yet, the utility maH/t'“ty benefit is maximized after the contracts are designed
face forced outages. using mechanism design, and in this Similar derivations can be

V. NUMERICAL EXAMPLES
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TABLE I
COMPARISON OFCONTRACTS WITH 10 QUSTOMERS VALUE OF POWER
EQUAL AT EACH CUSTOMER LOCATION (QUADRATIC OUTAGE COST
FUNCTION ASSUMPTION

Total Total Utility

Relief Benefit
Proposed Contracts 2919.70 kW  $2011.84/hr
Existing Contracts  2760.00 kW  $1518.00/hr

TABLE VI
COMPARISON OF CONTRACTS DESIGNED WITH DIFFERENT COST
FUNCTION ASSUMPTIONS

321

Total Total Utility
Relief Benefit

Prop. Contracts (quad) 2864.69 kW  $1903.72/hr
Prop. Contracts (expo) 2546.59 kW  $2435.85/hr

Existing Contracts 2760.00 kW  $1518.00/hr

Increase in Relief = 159.70 kW
Increase in Benefit = $493.84/hr

TABLE IV

Increase in Relief (quad) = 104.69 kW
Increase in Relief (expo) = -213.41 kW
Increase in Benefit (quad) = $385.72/hr
Increase in Benefit (expo) = $917.85/hr

COMPARISON OFCONTRACTS WITH 15 QUSTOMERS VALUE OF POWER
EQUAL AT EACH CUSTOMER LOCATION (QUADRATIC OUTAGE COST

2000 . - .
FUNCTION ASSUMPTIOI\)

1800 !
Total Total Utility

Relief Benefit 16001 1

Proposed Contracts 11069.51 kW  $10930.95/hr ol )
Existing Contracts  12000.00 kW  $9225.00/hr

Reduction in Relief = 930.49 kW
Increase in Benefit = $1705.95/hr

N

(=3

=]
T

Amount of incentive [$/hr]
g 8
o (=]
T

TABLE V
COMPARISON OFCONTRACTS WITH 15 QUSTOMERS VALUE OF POWER NOT
EQUAL AT EACH CUSTOMER LOCATION (QUADRATIC OUTAGE COST
FUNCTION ASSUMPTION

@

=3

o
T

Y

Q

b=}
T

Total
Relief

Total Utility 200
Benefit (

12092.63 kW $14155.337H1‘ % 100 200 300 400 00 600

Proposed Contracts
Existing Contracts  12000.00 kW  $11825.00/hr
Increase in Relief = 92.63 kW
Increase in Benefit = $2330.33/hr

Amount of curtailment (kW)

Fig. 4. Existing contracts (dashed line) vs. proposed contracts (solid line).

always increasésn comparison to existing contracts. There is

used to come up with the contracts using exponential customnersuch guarantee for the total available relief. However, when
cost functions.example there is an increase in available relilefcation is incorporated into the contract design process, it pro-
Table IV shows another case where a sample of 15 customeides a tool which lets the utility get demand management con-
is taken from the utility-provided data. This time total relief igracts at critical locations. More valuable contracts are offered
less than the total under the existing contracts even though #térigh impact locations in the grid. System problems can now
total benefit is increased. Existing contracts are paying thdse solved more efficiently by having demand management con-
customers $3.25 per kWh if the customer is signed up for relighcts at the right locations.
under 500 kW, and $3.00 per kWh for relief above 500 kW.

Mechanism design generally deals with tradeoffs and the de- VI. EXAMPLE 2: QUADRATIC VS. EXPONENTIAL COST
sign of contracts of products that have a unique value to a prin- FUNCTION CONTRACTS

cipal. Such is not the case for electric power. The value of a .
: Another study was performed where the contracts designed
contract depends on the location of the customer. In order to d

this, we have extended mechanism design to permit the |nc\(l)vr&h a quadrapc cost f_unct|on assump_tlon was com_pared to the
. . . L contracts designed with an exponential cost function assump-
poration of locational attributes. This is done by a paramagter. . .
. X X ion. This example was worked out in order to test the robust-

as shown in previous sections. In order to demonstrate how |0- . ) o
ness of the formulation and to see its sensitivity to the shape

cational value can help increase both the total available re“PT?the cost function. The contracts designed using an exponen-

and the total benefit for the utility, the locational value for 5. . .
- . ial cost function for the customer outage cost function show the
of the customers, who are more willing to curtail power than ) e )
. ) . most monetary benefit for the utility (if the exponential assump-
the others, are increased. Since the formulation takes advanttall

€. o ; .
of locational attributes of the customers the proposed contraci%' IS correct)_. Furthermore this is achieved by using the Ie.aSt
. ) . i o mount of available relief (see Table VI). Hence, if the behavior

yield both increased total available relief and total utility benefi

(see Table V) of customers is indeed according to an exponential outage cost
e . " . . fl.fnCtiOﬂ, the benefit to a utility will be greater. This example was
Total available relief is very sensitive to changes in Iocamonaone to show the ability of the mechanism to work with different
value. The same is true for total utility benefit, but when mech-

anism design is used to design the contracts, the utility benefitMechanism design is formulated to maximize utility benefit.
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cost functions. However, our previous analysis and the current4] M. Fahrioglu and F. L. Alvarado, “The design of optimal demand man-
literature on the subject both support the idea of a quadratic cost ~2gément programs,” ifroceedings of Bulk Power System Dynamics

. . . . . and Control IV-Restructuringsantorini, Greece, Aug. 1998.
function. The range of the contracts in this example is dep|cted[5] — “Designing cost effective demand management contracts using

in Fig. 4. game theory,” inProceedings of the IEEE PES Winter Meetitdgw
York City, Jan. 1999.
[6] D. Fudenberg and J. Tirol&ame TheoryThe MIT Press, 1991.
VII. CONCLUSION [7]1 S. Greene, I. Dobson, and F. L. Alvarado, “Sensitivity of the loading
. margin to voltage collapse with respect to arbitrary parametEgE
Available data on current demand management contracts can  Trans. on Power Systemsl. 12, no. 1, pp. 262—272, Feb. 1997.
be used to calibrate the customer cost function and help desigfB] M. Huneault and F. D. Galiana, “A survey of the optimal power flow

better demand management contracts. The key to having effi- K}l‘;;aa“ggi"EEE Trans. on Power Systemal. 6, no. 2, pp. 762-770,

cient demand management contracts is having a good estimalg] “Electric power research institute. Designing an integrated menu of
of the customer outage cost function. If the estimated cost func-  electric service options. Modeling customer demand for priority service
tion is correct utilities can optimize the amount of compensation ;‘_Ef‘fogé\zlg"-g;g? gggi@g"c’ha""k application,”, Technical Report
they offer in return for curtailment. The developed formulation ’ T '

maximizes total utility benefit and makes sure the available re-

lief is coming from the right locations.

Murat Fahriog'lu (S'92) received the B.S. (Hon) degree in electrical engi-
ACKNOWLEDGMENT neering from Michigan State University, the M.S. and the Ph.D. degrees from
the University of Wisconsin-Madison. His main interests are in game theory
The authors would like to thank MG&E and WEPCO for proapplications in power systems and more specifically in the design of demand
viding the data management contracts between electric utilities and their customers to avoid
: forced outages.

REFERENCES

[1] M. Beenstock, “Generators and the cost of electricity outagesergy
Economics1991. Fernando L. Alvarado (F'93) received the B.S. degree from the National Uni-

[2] D.W. Caves, J. A. Herriges, and R. J. Windle, “The cost of electric powerersity of Engineering in Lima, Peru, the M.S. degree from Clarkson University,
interruptions in the industrial sectol’and Economicsvol. 68, no. 1, and the Ph.D. degree from the University of Michigan. He is currently a Pro-
pp. 49-61, 1992. fessor at the University of Wisconsin-Madison in the Department of Electrical

[3] H. W. Dommel and W. F. Tinney, “Optimal power flow solutions,” and Computer Engineering. His main interests are power systems congestion
IEEE Trans. on Power Apparatus and Systewod PAS-87, no. 10, pp. and pricing, system security, computer applications to power systems and large
1866-1876, Oct. 1968. scale computations.



