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Recently, a massive focus has been made on demand response (DR) programs, aimed to electricity price
reduction, transmission lines congestion resolving, security enhancement and improvement of market
liquidity. Basically, demand response programs are divided into two main categories namely, incen-
tive-based programs and time-based programs. The focus of this paper is on Interruptible/Curtailable ser-
vice (I/C) and capacity market programs (CAP), which are incentive-based demand response programs
including penalties for customers in case of no responding to load reduction. First, by using the concept
of price elasticity of demand and customer benefit function, economic model of above mentioned pro-
grams is developed. The proposed model helps the independent system operator (ISO) to identify and
employ relevant DR program which both improves the characteristics of the load curve and also be wel-
come by customers. To evaluate the performance of the model, simulation study has been conducted
using the load curve of the peak day of the Iranian power system grid in 2007. In the numerical study
section, the impact of these programs on load shape and load level, and benefit of customers as well
as reduction of energy consumption are shown. In addition, by using strategy success indices the results
of simulation studies for different scenarios are analyzed and investigated for determination of the sce-
narios priority.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Implementation of demand response (DR) programs will result
in integration of retail and wholesale electricity markets. The lack
of demand response to rapidly increasing prices in the California
electricity market in 2000 and early 2001 have been identified as
one significant factor in the descent of that market into dysfunc-
tion [1].

Market institutions and prices provide platforms through,
which buyers can discover their preferences in the face of poten-
tially ever-changing technology and service offerings from compet-
ing retail providers, taking into account other changes that can
affect their demand for particular electric services, sellers can dis-
cover their opportunity costs, their comparative advantage, and
the potential value of new business models and new technologies.
The independent system operator (ISO) can play a crucial role in
this nexus of institutions because of the perpetual need for system
balancing and coordination [2].

Simply put, a double-sided market is an institution that enables
buyers and sellers to find each other and to consummate transac-
tions for mutual benefit. A market without active bidding on the
ll rights reserved.
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demand side, it is still only a single-side market. Fig. 1 shows
how a single-sided market with passive, inelastic demand, tends
to have higher prices than a market with active demand and sup-
ply, a double-sided market.

A recent study estimated prospective benefits of active demand
response at $ (USD) 7.5 billion by 2010 [2]. Table 1 represents a
framework of different levels of DR program implementation ver-
sus their values in each level [3].

Evaluation of customers’ response to California energy short-
ages in 2000–2001 showed that customers make even deeper tem-
porary reduction in peak load to prevent rotating outages. Table 1
shows a conceptual range of customer response as five distinct sets
of actions or impacts from a customer perspective. The column
titled ‘‘Valuing DR” highlights how each level of response reflects
a different valuation component [3].

Suitably attractive DR tariff engineering programs that include
both time-based and incentive-based options, allows expression
of the differing values of electricity provision between various cus-
tomers and the market operator. In order to evaluate the impact of
participation of customers in DR program on load profile, develop-
ment of responsive demand economic models are necessary for
designing the above process. It can be expected that such an ap-
proach to DR program design will increase customer participation.

In [4–6], economic models for time of use (TOU), critical peak
pricing (CPP), real time pricing (RTP), emergency demand response
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Fig. 1. The effect of load elasticity on the electricity price (a double-sided market).
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program (EDRP) and direct load control (DLC) programs have been
developed. But, those models do not consider those programs
which include penalty term, i.e. Interruptible/Curtailable (I/C) ser-
vice and capacity market program (CAP). In this paper, the above
models are extended for I/C and CAP programs which, include pen-
alties for customers in case of no responding to load reduction.

The remaining of the paper is organized as follows. In Section 2,
a review of DR programs with emphasize on I/C and CAP programs
is briefly discussed. In Section 3, the mathematical model of two
mentioned programs is derived using price elasticity of demand
and customer benefit function. Section 4 is devoted for numerical
studies considering different scenarios for price, elasticity, incen-
tives and penalties, where the priorities of scenarios are deter-
mined based on strategy success index. Finally, Section 5
concludes the paper.

2. Demand response programs

According to the demand side management (DSM) strategic
plan of International Energy Agency (IEA), for 2004–2009 years
[7], ‘‘demand side activities should be active elements and the first
choice in all energy policy decisions designed to create more reli-
able and more sustainable energy systems”. Success of any demand
Table 1
Framework for establishing demand response value [3].
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side management program depends on the extent of demand sur-
vey and analysis for identifying demand characteristics. In this re-
gard, most of the power industries around the world have
conducted demand study programs [8–10].

In the above strategic plan of IEA, DR (analysis and implemen-
tation) has been dedicated to the United States of America. Federal
Energy Regulatory Commission (FERC) reported the results of DR
investigations and implementations in US utilities and power mar-
kets [11]. In the mentioned report, DR is divided into two basic cat-
egories namely, time-based programs, and incentive-based
programs. Each of these categories is composed of several pro-
grams as it is indicated in Fig. 2.

In time-based programs (TOU, RTP, CPP) the electricity price
changes for different periods according to the electricity supply
cost, for example high price for peak period, medium price for
off-peak and low-price for low load period, and there isn’t any
incentive or penalty for these programs. Incentive-based programs
include DLC, EDRP, I/C, CAP, demand bidding (DB) and ancillary
service (A/S) programs. DLC and EDRP are voluntary programs,
and if customers do not curtail consumption, they are not penal-
ized. I/C and CAP are mandatory programs, and enrolled customers
are subject to penalties if they do not curtail when directed. De-
mand bidding program encourage large customers to offer to pro-
vide load reductions at a price at which they are willing to be
curtailed, or to identify how much load they would be willing to
curtail at posted prices. Ancillary services programs allow custom-
ers to bid load curtailments in electricity markets as operating re-
serves. More detailed explanations of DR programs can be found in
[11].

In this paper, we have focused on I/C and CAP programs. In the
following, these two programs are briefly introduced.

2.1. Interruptible/Curtailable service (I/C)

Customers on Interruptible/Curtailable service tariffs receive a
discount or bill credit in exchange for agreeing to reduce load dur-
ing system contingencies. If customers do not curtail, they can be
penalized. Interruptible/Curtailable tariffs differ from the emer-
gency demand response and capacity market program alternatives,
because they are typically offered by an electric utility or load serv-
ing entity and the utility/load service entity has the ability to
implement the program when necessary [11].

Typical minimum customer sizes to be eligible for Interruptible/
Curtailable tariffs range from 200 kW for the base interruptible
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Fig. 2. Categories of demand response programs.
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program to 3 MW which may differ in different situations and mar-
kets. Customers on these tariffs agree to either curtail a specific
block of electric load or curtail their consumption to a pre-specified
level (Fig. 3) [12]. Customers on these tariffs typically must curtail
within 30–60 min when being notified by the utility usually by
means of advanced metering infrastructure (AMI). In should be
emphasized that implementation of DR programs depends to the
penetration level AMI in the system [11]. The number of times or
hours that a utility can call interruption is capped (not more than
200 h per year).

Interruptible programs are also not for all customers. In partic-
ular, customers with continuous processes (e.g. silicon chip
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Fig. 3. The Interruptible/Curtailable program.
production) are not good candidates. Incentive tariffs may differ
in different markets. In California power market the incentive of
I/C program was 7000 $ (USD)/MW-month at 2001, versus 65 $
(USD)/MW h as the electricity price [13].

2.2. Capacity market program (CAP)

In capacity market programs, customers commit to providing
pre specified load reductions when system contingencies arise,
and are subject to penalties if they do not curtail when directed.
Capacity market programs can be viewed as a form of insurance.
In exchange for being obligated to curtail load when directed, par-
ticipants receive guaranteed payments. Just like with insurance, in
some years load curtailments will be not called, even though par-
ticipants are paid to be on call. Capacity market programs are typ-
ically offered by wholesale market providers such as ISOs that
operate installed capacity markets, and are the organized market
analog of Interruptible/Curtailable tariffs.

In addition to agreeing to the obligation to curtail, capacity mar-
ket program eligibility is based on a demonstration that the reduc-
tions are sustainable and achievable. The requirements to receive
capacity payments in NYISO are: minimum load reductions of
100 kW, minimum four hour reduction, two hour notification,
and to be subject to one test or audit per capability period. These
requirements are designed to ensure that the reductions can be
counted upon when they are called. The level of the capacity pay-
ments that have been offered in NYISO and ISO-NE (e.g. 14 $ (USD)/
kW-month in 2005) have contributed to increased customer inter-
est [14]. Electricity price was equal to 110 $ (USD)/MW h in New
York and 75 $ (USD)/MW h in New England.

3. Responsive load economic model

In order to formulate the participation of customers in DR pro-
grams, an economic load model which represents the changes of
the customer’s demand with respect to changing of the electricity
price, incentives as well as penalties imposed to the customers is
developed here. This model is an extension to our previous work
reported in [4–6].

3.1. Price elasticity of demand

Elasticity is defined as the demand sensitivity with respect to
the price [15]:

E ¼ q0

d0
� @d
@q

ð1Þ

According to Eq. (1), the price elasticity of the ith period versus
jth period can be defined as:

Eði; jÞ ¼ q0ðjÞ
d0ðiÞ

� @dðiÞ
@qðjÞ ð2Þ

If the electricity prices vary for different periods, then the de-
mand reacts one of followings [16]:

Some loads are not able to move from one period to another
(e.g. illuminating loads) and they could be only on or off. So, such
loads have sensitivity just in a single period and it is called ‘‘self
elasticity”, and it always has a negative value.

Some consumption could be transferred from the peak period to
the off-peak or low periods (e.g. process loads). Such behavior is
called multi period sensitivity and it is evaluated by ‘‘cross elastic-
ity”. This value is always positive [17]. Accordingly, the self elastic-
ity E(i, i) and the cross elasticity E(i, j) can be classified as:

Eði; jÞ 6 0 if i ¼ j
Eði; jÞP 0 if i–j

�
ð3Þ
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Fig. 4. Iranian peak load curve on 28/08/2007.

Table 2
Self and cross elasticities.

Peak Off-peak Low load

Peak �0.10 0.016 0.012
Off-peak 0.016 �0.10 0.01
Low load 0.012 0.01 �0.10
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3.2. Modeling of single period elastic loads

Suppose that the customer changes his demand from d0(i) (ini-
tial value) to d(i), based on the value which is considered for the
incentive and the penalty mentioned in the contract.

DdðiÞ ¼ dðiÞ � d0ðiÞ ð4Þ

If A(i) $ is paid as incentive to the customer in ith hour for each
kW h load reduction, the total incentive for participating in I/C and
CAP programs will be as follows:

PðDdðiÞÞ ¼ AðiÞ � ½d0ðiÞ � dðiÞ� ð5Þ

If the customer who has been enrolled in the mentioned DR
programs does not commit to his obligations according to the con-
tract, he will be faced with penalty. If the contract level for the ith
hour and the penalty for the same period be denoted by IC(i), and
pen(i), respectively, then the total penalty, PEN(Dd(i)), will be ac-
counted as following:

PENðDdðiÞÞ ¼ penðiÞ � fICðiÞ � ½d0ðiÞ � dðiÞ�g ð6Þ

If it is assumed that B(d(i)) be the income of customer during
hour (i) from the use of d(i) kW h of electric energy, then the cus-
tomer’s benefit, S, for the ith hour will be as follows:

S ¼ BðdðiÞÞ � dðiÞ � qðiÞ þ PðDdðiÞÞ � PENðDdðiÞÞ ð7Þ

According to classical optimization rules, to maximize the cus-
tomer’s benefit, @S

@dðiÞ should be equal to zero therefore,

@S
@dðiÞ ¼

@BðdðiÞÞ
@dðiÞ � qðiÞ þ @P

@dðiÞ �
@PEN
@dðiÞ ¼ 0 ð8Þ

@BðdðiÞÞ
@dðiÞ ¼ qðiÞ þ AðiÞ þ penðiÞ ð9Þ

The benefit function, most often used, is the quadratic benefit
function [18]:

BðdðiÞÞ ¼ B0ðiÞ þ q0ðiÞ½dðiÞ � d0ðiÞ� 1þ dðiÞ � d0ðiÞ
2EðiÞ � d0ðiÞ

� �
ð10Þ

By differentiating the above equation and solving for @B
@dðiÞ and

substituting the result in (9) we will have:

qðiÞ þ AðiÞ þ penðiÞ ¼ q0ðiÞ 1þ dðiÞ � d0ðiÞ
EðiÞd0ðiÞ

� �
ð11Þ

Therefore, customer’s consumption will be as following:

dðiÞ ¼ d0ðiÞ 1þ Eði; iÞ � ½qðiÞ � q0ðiÞ þ AðiÞ þ penðiÞ�
q0ðiÞ

� �
ð12Þ

In the above equation, if the electricity price does not change
and the incentive and the penalty be zero, then d(i) will be the
same as the initial value, d0(i).

3.3. Modeling of multi period elastic loads

According to the definition of the cross elasticity in Eq. (2) with
the linearity assumption we have:

@dðiÞ
@qðjÞ : constant for i; j ¼ 1;2; . . . 24: ð13Þ

Imply the following linear relationship between prices and
demands:

dðiÞ ¼ d0ðiÞ þ
X24

i¼1
i–j

Eði; jÞ � d0ðiÞ
q0ðjÞ

� ½qðjÞ � q0ðjÞ� i ¼ 1;2; . . . ;24: ð14Þ

In Eq. (14), we have considered a 24 h interval.
Now, if the incentive and the penalty be included in the price,
then we will have the multi period model as the following
equation:

dðiÞ ¼ d0ðiÞ � 1þ
X24

j¼1
j–i

Eði; jÞ � ½qðjÞ � q0ðjÞ þ AðjÞ þ penðjÞ�
q0ðjÞ

8>><
>>:

9>>=
>>; ð15Þ
3.4. Load economic model

By combining Eqs. (12) and (15), we will have the responsive
load economic model as following:

dðiÞ ¼ d0ðiÞ �
(

1þ Eði; iÞ � ½qðiÞ � q0ðiÞ þ AðiÞ þ penðiÞ�
q0ðiÞ

þ
X24

j¼1
j–i

Eði; jÞ � ½qðjÞ � q0ðjÞ þ AðjÞ þ penðjÞ�
q0ðjÞ

)
ð16Þ

The above equation shows how much should be the customer’s
consumption to achieve maximum benefit in a 24 h interval while
participating in I/C and CAP programs.

3.5. Strategy selection

Beyond the broad improvements in market efficiency and mar-
ket linkages, demand response creates multiple, specific benefits
for market participants and for the general efficiency and operation
of electricity markets. To achieve the above benefit, ISO considers
different strategies for reduction of load during system peak,
reduction of energy consumption, improvement of system load
factor and reduction of distance between peak and valley, etc. On
the other hand different scenarios for price, elasticity, incentives
and penalties are compared with each other. ISO prioritize these
scenarios by using strategy index (SI) and strategy success index
(SSI) as defined by the following equations, respectively [19].



Table 3
Statement of scenarios.

Scenario no. Incentive value
(Â/kW h)

Penalty value
(Â/kW h)

Price elasticity

1 0 0 As Table 2
2 150 0 As Table 2
3 75 75 As Table 2
4 50 100 As Table 2
5 25 50 As Table 2
6 150 150 As Table 2
7 100 150 As Table 2
8 100 150 As ½ value of Table 2
9 200 300 As ½ value of Table 2
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SI ¼
X24

i¼1

StðiÞ � SðiÞ ð17Þ

SSI ¼
Pn

i¼1SIðiÞPn
i¼1SIðmaxÞ

� 100 ð18Þ

In which, S(i), represents the benefit of customer in ith period, St(i)
represents the value of performance of strategy for the ith period
and n, represents the total days of running the programs. The coef-
ficient SI is the sum throughout the day of the product of the each
load profile characteristic (for example load reduction) and the
customer benefit in the desired scenario. SSI coefficient represents
the normalized value of the SI factor. Briefly, the higher the SSI
coefficient the better the profit. In next section, we will use the
proposed economic model and these indices to evaluate different
scenarios.

4. Numerical studies

In order to evaluate the performance of the extracted model, the
peak load curve of the Iranian power grid on 28/08/2007 (annual
peak load), Fig. 4, has been used for our simulation studies [20].
The load curve is divided into three different periods, namely low
load period (00:00 am–9:00 am), off-peak period (9:00 am–
7:00 pm) and peak period (7:00 pm–12:00 pm).

The electricity price in 2007 was 150 Rials1/kW h, flat rate [21].
We assume that based on the I/C and CAP program contracts in peak
period, customers commit to reduce their loads as much as 10% of
their initial loads. Accordingly, ISO will be able to reduce the net-
work peak load about 3400 MW in the instance of peak around
9:00 pm to increase the reserve margin and reduction the possibility
of load shedding. The price elasticities of the demand are considered
as listed in Table 2, which is originally from [16], but modified to
meet Iranian power system conditions.

The potential of I/C and CAP programs are considered to be 10%,
which means that the total signed contracts for customer partici-
pating in the programs are equal to 10% of the total load.

Several scenarios have been considered as indicated in Table 3.
The result of the simulation studies and the impact of considered
DR programs for different scenarios on load curve characteristics
are discussed in the following scenarios.

Scenario 1: This scenario is the base case with actual load curve
of Fig. 4, where no DR program is implemented.

Scenario 2: In this case we assume 150 Â/kW h and zero Â/kW h
as the incentive and penalty, respectively. In other words, in this
scenario it is considered that ISO prize the customers for load
reduction, but do not penalize their violence. By applying final
model (Eq. (16)) on the initial load curve, the peak is reduced by
2000 MW (6% reduction), which can be seen in Fig. 5.
1 Unit of Iranian currency equal to 0.1 cent and to be denoted by Â.
Scenario 3: Now, we assume ISO pays 75 Â/kW h as incentive for
load reduction, and applies 75 Â/kW h as the penalty, if customer
does not reduce the load based on predetermined level in the con-
tract. The result of running the program is shown in Fig. 5, which is
the same result as previous scenario and can be justified by inves-
tigation of Eq. (16). According to the said equation the incentive,
A(i), and the penalty, pen(i), are added together in any particular
hour, so, both the incentive and the penalty have the same effect
on load reduction, and their summation determines the final value
of the load.

Scenario 4: To confirm the results obtained in scenario 3, we re-
run the program with 50 and 100 Â/kW h, as the incentive for load
reduction and the penalty for refusing of load reduction, respec-
tively. As it can be seen the shape of the load curve does not have
any change, refer to Fig. 5. This means that the summation of the
incentive and the penalty values determine the final load curve.
However, utility’s revenue and customers’ benefits are different
in each case as is indicated in Table 4.

Scenario 5: In this case both the incentive and penalty values are
divided by 2 in compare with the pervious scenario (summation
75 Â/kW h). As it can be seen from Fig. 5, the peak load is reduced
by 1000 MW (one half of previous case). As far as a linear load
model has been considered, Eqs. (2)–(16), this result can be
expected.

Scenario 6: In this case, the incentive and penalty values have
been doubled in compare with scenario 4 (summation 300 R/
kW h). Fig. 5 shows that the Peak is reduced by 4000 MW (two
times comparing with scenario 4). As it was mentioned before, a
linear load model has been used in this study. It should be noted
that reduced load is greater than the committed amount
(3400 MW). So, by increasing the total amount of incentives and
penalties, ISO will be able to bring more participation in its DR
programs.

Scenario 7: In this case the optimum cumulative incentive and
penalty value is determined for a 10% peak reduction by solving
Eq. (16) for which the summation of incentive and penalty is ob-
tained 250 R/kW h (assume 100 R/kW h as incentive and 150 R/
kW h as penalty). The load profile of this scenario which indicates
10% peak reductions is depicted in Fig. 5. Since the consumer is
committed to his obligation for load reduction, no penalty is ap-
plied to him (Table 4).

Scenario 8: In this case, sensitivity of the results versus elasticity
values is studied. In this scenario we assume that the elasticity val-
ues as one half of the values denoted in Table 2. So, as it could be
concluded form Eq. (16), the peak reduction will be divided by 2,
refer to Fig. 5. As a result, it can be concluded that if regulators
could excite the customers’ sensitivity regarding the price of elec-
tricity, DR programs will become more effective.

Scenario 9: To show how the value of price elasticity of demand
could affect the results of the DR programs, we suppose that ISO
tries to reduce the same 10% of peak load. And we assume the elas-
ticity values as the values in scenario 8. ISO should double the
summation of the incentive and penalties, to be able to have the
same 10% peak reduction, as shown in Fig. 5.

4.1. Analysis of the results

In this part, we will discuss on the results obtained through sce-
nario studies from both ‘‘economical” and ‘‘load profile character-
istics” view points.

Several economic indices namely, electrical energy consump-
tion cost, benefits and losses of the customers and revenue of the
utility, before and after implementing DR programs are compared
for each scenario, Table 4. Furthermore, peak reduction, electrical
energy consumption reduction, load factor, and peak to valley dis-
tance are evaluated for each scenario, the result of which is shown



Table 4
Economical comparison of scenarios.

No. Scenario Customer bill
(million Â)

DR incentive
(million Â)

DR penalty
(million Â)

Supplier revenue
(million Â)

Customer benefit
(million Â)

1 Initial load (base)150 K/kW h 103,700 0 0 103,700 0
2 Incentive 150 and penalty 0 K/kW h 102,600 1738 0 100,862 2838
3 Incentive 75 and penalty 75 K/kW h 102,600 869 579 102,310 1390
4 Incentive 50 and penalty 100 K/kW h 102,600 579 772 102,793 907
5 Incentive 25 and penalty 50 K/kW h 103,000 145 676 103,531 169
6 Incentive 150 and penalty 150 K/kW h 101,500 3476 0 98,024 5676
7 Incentive 100 and penalty 150 K/kW h 101,800 1931 0 99,869 3831
8 Incentive 100 and penalty 150 K/kW h E = 1/2

value of Table 2
102,800 966 1448 103,282 418

9 Incentive 200 and penalty 300 K/kW h E = 1/2
value of Table 2

101,900 3862 0 98,038 5662

Fig. 5. The impact of DR programs on load profile for different scenarios.
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in Table 5. As it can be seen from Table 5, in scenario 2, a 6% load
reduction is achieved in compare with the base case for implemen-
tation of DR program. For this case, customer’s benefit is 2838 mil-
lion , and the revenue of the supplier is reduced by 2838 million , as
is indicated in Table 4.

In case of scenario 3, the results of Tables 4 and 5, show that
for same characteristic of load profile, revenue of the supplier is
increased by 1500 million , and almost the same amount is re-
duced from the customers benefit, which is due to imposing of
penalty.

For, scenario 4, for which the summation of the incentive and
penalty is the same as previous scenario, the load profile has not
been changed but the revenue of the supplier as well as the benefit
of the customer have been changed. Therefore, it can be concluded
that in this way ISO can make a balance between the revenue and
the benefit while, load profile characteristic be in a desired shape.
Table 5
Comparison of load profile characteristics.

Scenario Peak (MW) Peak reduction (%) Energy consumption (MW h)

1 34,058 0 691,273
2 32,015 6 683,987
3 32,015 6 683,987
4 32,015 6 683,987
5 33,036 3 687,628
6 31,813 6.6 676,698
7 31,713 6.9 679,125
8 32,355 5 685,199
9 31,713 6.9 679,125
The result of scenario 5 shows that reduction of the total
amount of incentive and penalty will result in decreasing of the
peak reduction, lower energy consumption reduction and lower
customer’s benefit. So, sufficient incentive and penalty values will
bring a good level of motivation for participation of customer in DR
programs, which should be considered by regulators. This has been
verified in next scenario.

In scenario 6, when both the incentive and the penalty are in-
creased, it can be seen that the revenue of the customer is increased
and considerable improvement in load characteristics is achieved.
In this case, all of the enrolled customers have committed to DR
programs beyond their obligations. It should be noted that increas-
ing of incentive and penalties resulted in shifting of consumers load
to other periods, which moves the peak hour to 3:00 pm. Also, the
revenue of supplier has been considerably decreased which urges
more support from market administrators [22].
Energy reduction (%) Load factor (%) Peak to valley distance (MW)

0 84.6 10,951
1 89 8742
1 89 8742
1 89 8742
0.5 86.7 9846
0.2 88.6 8373
1.8 89.2 8329
0.9 88.2 9109
1.8 89.2 8329



Table 6
Scenario ordering based on strategy and strategy success indices.

Strategy

Peak reduction Energy reduction Load factor Peak to valley

Scenario SSI (%) Priority SSI (%) Priority SSI (%) Priority SSI (%) Priority

1 0 10 0 10 0 10 0 10
2 44 4 28 3 50 4 52 4
3 21 5 14 4 24 5 26 5
4 14 7 9 6 16 7 17 7
5 1.3 9 0.8 8 3 9 4 9
6 96 2 11 5 99 2 100 1
7 68 3 68 2 68 3 67 3
8 5.4 8 4 7 7 8 8 8
9 100 1 100 1 100 1 99 2

Fig. 6. Priority of scenarios in "peak reduction" strategy.

Fig. 7. Priority of scenarios in "energy consumption reduction" strategy.

Fig. 8. Priority of scenarios in "load factor" strategy.

Fig. 9. Priority of scenarios in "peak to valley distance reduction" strategy.
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In scenario 7, ISO optimizes demand versus incentive and pen-
alty using Eq. (16). Therefore, maximum peak reduction has been
obtained and the load factor, supplier revenue and customer’s ben-
efit are increased.

In next case, i.e. scenario 8, when the elasticities are reduced,
load profile characteristics have become worse. Meanwhile cus-
tomer’s benefit is reduced but supplier’s revenue has been
increased.

In order to improve the characteristics of the load profile similar
to scenario 7, in scenario 9, the cumulative value of incentive and
penalty is increased.

4.2. Selection of optimal scenario

In Table 6, the priorities of scenarios are indicated based on the
strategy success indices. As it can be seen in Table 6 for example,
when the policy is peak reduction, then the priority of scenarios
will be as is sorted in the third column of the said table. If the pol-
icy changes to energy reduction, then the priorities will change
according to the fifth column of the table. Similarly, for other pol-
icies i.e. load factor improvement or peak to valley distance reduc-
tion, the sorting of scenarios will differ. The sorted priorities of
different strategies are depicted in Figs. 6–9. ISO chooses relevant
strategy according to his policies based on the results of scenario
analysis as indicated in Figs. 6–9. Investigation of the above figures
reveals that for different policies, for example peak reduction or
energy consumption reduction, the priorities of scenarios will
differ.

In practice when some restrictions exist for implementation of
certain scenario of higher priority, ISO can choose other scenario
with lower priority.

5. Conclusion

In this paper an economic model for two DR programs
namely, ‘‘Interruptible/Curtailable program” and ‘‘capacity market
program” has been developed, where the penalty imposed on
consumers who do not commit to their obligation is modeled. It
was shown that customer’s demand depend on price elasticity of
demand, electricity price and also to the incentive and the penalty
values determined for concerned DR programs. By using the
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proposed economic model, ISO can simulate the behavior of cus-
tomers for different incentives, penalties and elasticities for the
purpose of improvement of load profile characteristics as well as
satisfaction of customers. Also by using SSI which was discussed,
ISO can prioritize different scenarios for implementation. The pro-
posed model shows that how the revenue of electricity suppliers
and benefit of customers can be balanced by adjusting the incen-
tive and penalty values. The performance of the proposed model
was investigated through numerical study using Iranian intercon-
nected network load profile on peak day of the year 2007.

Further research is under investigation for the development of
economic models for other DR programs.

Appendix A. List of symbols
A. Argument

i
 ith period

j
 jth period

n
 no. of days
B. Parameters

A(i)
 incentive of DR programs in ith hour ($/

kW h)

B0(i)
 customer’s income when the demand is at

nominal value (d0(i)), ($)

B(d(i))
 customer’s income in ith hour ($)

d0(i)
 initial demand value in ith hour (kW h)

d(i)
 customer demand in ith hour (kW h)

E
 price elasticity of the demand

E(i, i)
 self elasticity

E(i, j)
 cross elasticity

IC(i)
 I/C and CAP programs contract level in ith

hour (kW h)

q0(i)
 initial electricity price in ith hour ($/

kW h)

q(i)
 spot electricity price in ith hour ($/kW h)

pen(i)
 penalty in ith hour ($/kW h)

P(Dd(i))
 total payment for incentive ($)

PEN(Dd(i))
 total payment for penalty ($)

S
 customer’s benefit ($)

SI
 strategy index ($ �MW h)

SSI
 strategy success index

St(i)
 scenario performance for ith scenario
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