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This paper investigates the impact of demand response resources (DRRs) as the consequence of imple- 
menting demand response programs (DRPs) on power markets. Indeed, this paper incorporates comme r- 
cial concept of DRPs with unit commitmen t (UC) to solve ‘‘unit and DR commitment’’ problem. This 
mixed problem will decrease the network operation cost by using of DRPs’ potential to mitigate some 
UC constraints and avoiding some highly priced generation of units. Here, employing the proposed DRPs 
model is considered as a new concept in electricity market. In this paper, a dynamic approach is proposed 
for participa ting DR service providers in power markets in order to maximize their profits. This paper also 
aims to concurrently consider the aforementioned comme rcial DRPs supply model with the generators 
supply curves in the unit commitment problem, which is solved to minimize operational costs consider- 
ing multifarious constraints. Performance of the proposed approach is investigated through numerical 
studies using a standard IEEE 10-unit test system. The results show the efficiency and advantage of 
the proposed methodol ogy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction � Network-d riven programs : Deals with challenges in the electric- 
In the strategic plan of International Energy Agency (IEA), demand
side activities are introduced as the first choice in all energy policy deci-
sions, because of their potential benefits both at operation and eco-
nomic levels [1]. Demand response programs are short-term
activities taken by customers to adjust their electricity consumption
in order to mitigate the volatility of electricity market’s prices; or reli-
ability problems on the electricity network [2]. Cost and emission
reduction, decrease of fuel dependency, increase in power system reli-
ability, and an increase in revenues are some of the benefits resulting
by implementing demand side management (DSM) programs [1,3,4].
There are three types of demand side management measures based
on the overall purpose of the load management (LM) program [5]:

� Environmen tal-driven programs : Achieves environmental and/or 
social goals by reducing energy usage, deferring commitmen t of 
polluted units, leading to increased energy efficiency, and/or 
reduced greenhou se gas emissions.
ity network by reducing demand in ways that maintain the sys- 
tem reliability in the immediate term and over the longer term,
deferring or avoiding the need for distribut ion and transmission 
infrastructu re enforcements and upgrades.
� Economic/Market-driven programs: Provides short term responses to

electricity market conditions to reduce the overall costs of energy
supply, increase the reserve margin and mitigate the price volatility.

Demand response is established to motivate changes in electric- 
ity consumption by end-users . Dramatic increases in electricity de- 
mand have made the use of DRPs more attractive to both 
customer s and system operators [2,6–8].

DRPs are divided into three basic categories so-called , Time- 
Based Rate Programs (TBRPs), Incentive -Based Programs (IBPs)
and Market-Bas ed Programs (MBPs) as depicted in Fig. 1.

Each of these categories is consisted of several programs. Time- 
based programs include: Time of Use (TOU), Real Time Pricing 
(RTP), Critical Peak Pricing (CPP). These programs expose custom- 
ers to varying levels of price exposure; the least with TOU and 
the most with RTP [2]. In TBRPs, the electricity price changes for 
different periods, so customers should adjust their consumption 
accordin g to the time and associate d tariffs.

IBPs consist of Direct Load Control (DLC), Emergency Demand 
Response Program (EDRP), Interruptible/C urtailable service (I/C),
Capacity market Program (CAP). DLC and EDRP are voluntary pro- 
grams, and if customer s do not curtail consumptio n, they are not 
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Nomenc lature 

Indices 
j number of generators 
i index of demand response service providers 
k index of generators prohibited zones 
t time index 

Constants
Xi customer type 
RD amount of required demand response (MW)
SUCi,t start-up cost of jth unit at time t ($/each switchi ng)
SDCi,t shut-down cost of jth unit at time t ($/each switching )
N number of generators 
T time horizon of unit commitmen t
NDRSP number of demand response service provider s
HSCj hot start-up cost ($/each hot start-up)
CSCj cold start-up cost ($/each cold start-up)
MDT j minimum down-tim e of jth unit (h)
MUT j minimum up-time of jth unit (h)
CSTj cold start time of jth unit (h)
Dt demand during hour t (MW)
pj,t minimum generatio n of jth unit (MW)
pj;t maximum generation of jth unit (MW)
DR max

i;t maximum value for DR service providers enabled DR 
(MW)

SRt amount of spinning reserve in hour t (MW)
RURj ramp up rate limit of jth unit (MW/h)
RDRj ramp down rate limit of jth unit (MW/h)
PZj number of prohib ited zones of jth unit
pLower 

j;k lower bound of the kth prohibited zone of jth unit (MW)

pUpper 
j;k upper bound of the kth prohibited zone of jth unit (MW)

Variable s
DP demand response clearing price ($/MW h)
ai, bi DR service providers ’ supply curve coefficients
DR 0i;t amount of sold DR by ith provider at hour t (MW)
p0

j;t power output of jth unit at hour t (MW)
uj,t on/off status indicator of unit j at hour t where 1 means 

on and 0 means off 
TU

j time during which the jth unit is continuou sly on (h)
TD

j time during which the jth unit is continuou sly off (h)
SUI start-up indicator 
SDI shut-down indicator 

Functions 
Fj,t jth generator supply function 

FDR
i;t supply function of ith DR service provider 

pfi ith DR service provider profit function 

154 H.R. Arasteh et al. / Electrical Power and Energy Systems 51 (2013) 153–161
penalized. I/C and CAP are mandatory programs, and enrolled cus- 
tomers are subjected to penalties if they do not curtail when direc- 
ted. In IBPs, customers are being encouraged with independen t
system operator (ISO) or local utility to moderate their consump- 
tion. Moreover, MBPs include: Demand Bidding (DB) and Ancillary 
Service (A/S) programs. DB programs encourag e large customers to 
provide load reduction s 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. A/S programs allow customer s to bid load 
curtailment s in electricity markets as operating reserves. In the 
market-based approach , all players are categorized in two groups:
DR Service Users (DRSUs) as well as DR Service Providers (DRSPs).
DRSUs need demand response to improve their business and 
Demand Respon
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system reliability while, DRSPs are aggregators and customer s
who provide DR to increase their benefit. This structure creates 
an efficient market for trading DR. As introduced in [9], DRPs is 
treated as a tradable commod ity in the power market where, the 
demand response exchange operator (DRXO) collects both the 
aggregat ed demand and individualized supply curves. Then, it 
clears the supply and demand at a common price [9].

DR programs are faced with some important barriers to be suc- 
cessfully implemented in the network. Ref. [10] has raised some 
important barriers related to DR. One of these common failures 
of demand response is the inability of customers to continuo usly 
participa te in DRPs so called ‘‘response fatigue’’. Demand response 
service providers are considered in this paper as entities to manage 
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the participation of end-users in DRPs. A dynamic approach is pro- 
posed to model the behavior of DR service providers in order to 
maximize their profit. At the same time, the ISO tries to operate 
the system with minimum possible cost. The idea of ‘‘Unit and 
DR commitment’’ problem is proposed in this paper that ISO 
should integrate generators’ supply curves as well as DRSPs’ DR 
supply curves and then solving the problem.

In fact, this paper considers both side of DR trading market, i.e.
selling and purchasing. On the one hand, there are demand response 
service entities who are executers that manage customers’ DR 
capacities and provide DR resources in the network. As above men- 
tioned, their main goal is to maximize their profit of providing DRPs.
From this point of view, this paper introduces a dynamic method for 
DRSPs to participate in demand response programs. On the other 
hand, ISO caters all resources in the network to optimally provide 
network’s load. His optimal schedule is to minimize the operation 
cost of the network. Unit and DR commitmen t program will give 
more flexibility to ISO to manage systems’ constraints and needs 
to improve the system operation al conditions. The results of solving 
the proposed problem will simultaneou sly determine the on/off sta- 
tus of generators as well as DRSPs and also the amount of power that 
they should provide during the pre-specified time horizon.

The time frame of DR trading must coincide with that of the sys- 
tem. Both time frames could be divided into different time scales 
such as day ahead, hour ahead, real time, etc. This paper addresses 
only the day ahead time scale.

As me nt io ne d, in thi s st ud y, DR SPs ’ su pply cu rv e wil l co ncu rrent ly 
be co ns id er ed wi th gen era to rs su pply cur ve in a uni t com mi tm en t
(UC) pr obl em . Ge ne ra ti on sc he du li ng and UC pr ob le m ha ve alw ay s
be en pr ese nt ed as im po rt an t is su es in po we r sy st em re se ar ch es . UC 
ha s a com bi na ti on al nat ure wi th tru e mu lt i pe ri od ch ar ac te ri st ic s in 
th e fo rm of non li nea r an d non -c on vex as wel l as mi xe d- in te ger pr ob- 
le m. UC in vol ve s on /of f st at us of ge ner at io n uni ts and ge ne ra to rs pr o- 
du cti on val ue s to me et th e fo re ca st ed de ma nd fo r a gi ve n ti me 
ho ri zo n [1 1–13] . Th e op ti ma l sc hed ul e sh ou ld mi ni mi ze th e sy st em 
pr od uc ti on co st s du ri ng th e st udy pe ri od, wh il e sa tis fyi ng lo ad de -
ma nd, sp in ni ng re se rv e re qui re me nts , and th e ph ys ic al as we ll as 
op era ti ona l co ns tr ain ts of ea ch in di vid ua l uni t [1 4–17] . Se ver al de ter -
mi ni st ic , he uri st ic , and hyb ri d me th ods hav e be en pr opo se d in th e
la st de cad es fo r so lv in g the UC as a la rg e sc ale , no nc onv ex, an d
mi xe d- in te ge r com bi nat ori al op ti mi za ti on pr obl em . In ge ner al de ter -
mi ni st ic me tho ds ar e un ab le to find a so lu tio n wi th in th e ava il abl e
ti me fra me , wh en the pr ob le m is me di um or la rg e si ze [1 8,19] . Th ese 
li mi ta tio ns ha ve been re do un de d to in tro du ce th e he uri st ic me tho ds 
[2 0–22] . Heu ri st ic op tim iz at io n alg or it hm s ma y hav e so me ad van ta- 
ge s to so lv e su ch a com pl ic at ed op ti mi za ti on pr obl em , wh il e the ma in 
dr aw bac k of he uri st ic me th ods is th at the y ca nno t gua ra nt ee the op ti -
ma l so lu ti on . Si nce th ere exi st a ne ed fo r mo re im pr ov em en t to the 
ex is ti ng un it com mi tm en t so lu tio n te ch niq ue s, hy br id me th od s ha ve
be en ex pe ri enc ed [2 3–25].

DRPs are useful tools for the independent system operator ,
which can be activated within a relatively short time in critical sys- 
tem conditions. In the authors’ previous work [26], an economic 
model of price/incent ive responsive loads for DRPs has been devel- 
oped based on the concept of ‘‘price elasticity of demand’’ and 
‘‘customers’ benefit function’’. The focus of [26] is on direct load 
control (DLC) and emergency demand response programs (EDRPs)
which are categorized as voluntary incentive- based programs. In 
these programs , it is considered that ISO prizes the customers for 
load reduction, but does not penalize their violation. Furthermor e,
for investigatin g both economic- and environmental -driven mea- 
sures of voluntary IBPs, a new formulation of cost-emission based 
unit commitmen t problem associated with DRRs (UCDR) is intro- 
duced in this authors’ work [26].

Providing the required amount of load and reserve is considered 
as a crucial issue of generation scheduling problems. Therefore,
demand response resources can also be called to satisfy the value 
of demand load and reserve. As previousl y mentioned, DRPs are 
useful tools for the ISO which can be activated within a relatively 
short time in critical system conditions. Therefore, employing of 
demand response programs can be considered to cover part of 
the concerns of load and reserve supply.

Ref. [27] has introduce d indices for evaluating customer re- 
sponse. Then, scheduling of generation and demand response has 
discussed in this reference. Economic models of tbrps and ibps 
have been addressed in many researchers in recent years [28–
33]. Valero et al. [28] have discussed methods for customer and de- 
mand response policies in new electricity markets. [29,30] have
presente d an economic model of price responsive loads based on 
the constant value of price elasticity. Market clearing programs 
are discussed in [31], which takes their economic benefits into ac- 
count. In the authors’ previous studies [26,32–34], an economic 
model of responsive loads has been derived.

Nguyen et al. [9] have considered a typical linear structure for 
DRSPs’ supply curves with constant coefficient for MBPs. In this pa- 
per, a dynamic structure for the demand function is suggested . The 
proposed model is called dynamic, because the constant coefficients
of DRSPs’ supply curves are determined for each hour of scheduling,
separately . The dynamics of the markets are the results of players’
decisions [35]. In the proposed dynamic approach, each of DRSPs’
supply curves is achieved based upon other providers’ behavior in 
previous hours. It also depends on the amount of demand response,
which is required for each hour. Furthermore, the aforementione d
dynamic demand response supply curves will be considered beside 
the generators’ supply curves in a unit commitmen t problem. The 
optimum scheduling of generators and the DR penetration rate will 
also be attained as the result of this problem.

As above mentioned, the aim of DRSPs is to maximiz e their own 
profit by trading DR. However, reduction of operation cost is con- 
sidered as the main aim of ISO. Furthermore, generators can have 
some strategie s to maximiz e their own profit. However, their strat- 
egy is behind the scope of this paper.

The re st of th e pa pe r is org an iz ed as fo llows . Th e pr ob le m fo rm u- 
la ti on is exp la in ed in de ta il s in Sec ti on 2. Th e pr oc edu re of in ves ti gat -
in g a dy na mi c ap pr oa ch fo r pa rt ic ip at in g DR SP s’ in de ma nd re sp ons e
pr og ra ms is el ab or at ed in th is se ct io n. Se ct io n 3 con du ct s the nu me r- 
ic al si mu la ti on s. Fi nal ly , co ncl ud in g re ma rk s ar e dr aw n in se cti on 4.
2. Problem formulat ion 

Fig. 2 depicts the hierarchy of investiga ting DRRs impact on the 
unit commitmen t problem. The important point is to link the de- 
mand and supply-side resource s to the generation scheduling 
problem in a way that the economic-d riven measures of DRRs be 
observabl e. In the subsequent sections, the objective function 
and constraints of the problem are discussed.

2.1. DRSPs’ supply curve 

This section emphasizes on supply side of the MBPs. DRSPs 
want to maximiz e their profits. In this section, a dynamic approach 
is developed for DRSPs’ supply function which is assumed to be a
linear curve, as follows [9]:

DP ¼ ai � DRi þ bið1�XiÞ; i ¼ 1; . . . ;NDRS ð1Þ

The coefficient X is the customer type and represents a cus- 
tomer’s willingness to participate in DR programs. It takes a value 
between 0 and 1. By increasing in the amount of X, the cost of DR 
decrease s because the customer has more willingness to partici- 
pate in DR. Also, ai and bi are common coefficients applied to all 
customer s [9]. Eq. (1) can be presented as:
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DP ¼ ai � DRi þ b0i; i ¼ 1; . . . ;NDRS ð2Þ

where

b0i ¼ bið1�XiÞ

The amount of the traded DR can be considered as a function of 
DP:

DRi ¼
DP � b0i

ai
; i ¼ 1; . . . ;NDRSP ð3Þ

A balance should be exist between the amount of the sold and 
purchased DR. By consideri ng this constraint, following equation s
will be obtained:

RD ¼
XNDRS

i¼1

DRi ¼
XNDRS

i¼1

DP � b0i
ai

ð4Þ

then

DP ¼
RDþ

PNDRS

i¼1
b0i
aiPNDRS

i¼1
1
ai

� � ð5Þ

DRSPs with high willingness for participatin g in DRPs have smal- 
ler b0i coefficient in their demand response supply curve. With the or- 
der reversed, if DRSPs have less willingness, their associated b0i
coefficient will get higher. An approach for determining b0i to maxi- 
mize DRSPs’ benefit is described as follows. In this approach, each 
aggregator should maximize its benefit, which can be defined as:

Pfi ¼ DP � DRi � cos tiðDRiÞ; i ¼ 1; . . . ;NDRS ð6Þ

In this paper, it is assumed that consumers’ cost functions have 
quadratic form. Accurate estimation of consumers cost functions 
needs accurate investigatio n and data mining in various energy 
sectors. Ref. [36], investiga tes the utility function of end-users 
and proposes some related functions. As it has been described in 
[36], the utility function can be considered to be quadratic or etc.
Participating in DRPs means that customers reduce their electricity 
consump tion and will lose corresponding utility. Considering this 
fact, if the revenue of providing DR be less than their pre-existed 
benefit of electricity consumption, customers will not be convince d
to participate in DRPs. However, other functions can be considered 
as the customers’ cost functions and they need accurate analysis on 
various energy sectors which is behind the scope of this paper. It 
should be noted that this assumption will not affect on the gener- 
ality of this study.

Consideri ng quadratic cost function for the consumers and 
combinin g Eqs. (3) and (6) will result in:

pfi ¼ DP � DP � b0i
ai

� �
� ami

2
� DP � b0i

ai

� �2

þ bmi �
DP � b0i

ai

� �" #
;

i ¼ 1; . . . ;NDRS ð7Þ

where coefficients ami and bmi are considered as the custom ers 
marginal cost. It is assumed that ai is always equal to ami and each 
DR service provider, changes its supply curve by changing bi. Each 
DRSP can increase its profit by offering higher price offer or larger 
output amounts by lower price offer. The contro l variable for each 
custom er is consid ered to be bi. By taking the derivation of the profit
function with respect to bi for custom er i, Eqs. (8), (9) will be 
obtained :

b01ðkÞ
b02ðkÞ

..

.

b0NDRS ðkÞ

2
666664

3
777775¼

0 a1
a2
� 1

a2
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a
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and,

DP ¼ 1
a1S

1
a2S . . . 1

a
NDRS S

h i
�

b01ðkÞ
b02ðkÞ

..

.

b0NDRS ðkÞ

2
666664

3
777775þ

1
S
� RD

� �
ð9Þ

where

S ¼
XNDRS

i¼1

1
ai
:

While Section 2 is devoted to the problem formulation of this paper,
Eqs. (8) and (9) are proved in the Appendix A.

It should be mentioned that, there are some upper and lower 
bands on the amounts of enabled DR. DRSPs will determine their 
desired supply curves’ coefficients to reach to their aims. However ,
it is assumed that at first, DRSPs determine the DR supply curve 
coefficients by using of proposed method without consideri ng 
the existed thresholds on their capacity. Then, they can change 
their supply curves for out of their capacity and choose higher 
coefficients in such a way that trading of DR be impossible in real- 
ity in higher ranges that are out of their DR capacity. Indeed,
although DRSPs utilize dynamic method without considering DR 
capacity, they propose supply curves for their possible band 
according to their capacity and change it to very expensive ones 
in out of the acceptable threshold.

2.2. Generation scheduling & UC associated with DR exchange 

2.2.1. Objective function 
The outage cost as well as fuel cost of generation units should 

be considered in power system operation as an objective function 
of a UC problem. Also, in the proposed UC problem, the cost of en- 
abled DR should be considered as a part of total operation cost. This 
approach will lead to the best combination of generate d power and 
enabled DR.

The objective function is comprises the fuel costs of generating 
units, the start-up costs of the committed units, shut-dow n costs of 
decommitte d units and also enabled DR costs. The start-up cost 
may include two schemes: hot start-up costs and cold start-up 
costs, while the shut-down cost is assumed to be fixed. In brief,
the objective function in common form is expressed by following 
equation:

Minimize
XT

t¼1

XN

j¼1

Fj;t p0
j;t

� �
� uj;t

( )

þ
XT

t¼1

XN

j¼1

SUCj;t � uj;t � ð1� ui;t�1Þ
( )

þ
XT

t¼1

XN

j¼1

SDCj;t � uj;t�1 � 1� ui;t
� �( )

þ m
T

t¼1

XNDRS

i¼1

FDR
i;t DR0

i;t

� �
� ui;t

( )
ð10Þ

The fuel costs of generating units and the major component of 
the operating costs for thermal units are generally given in a qua- 
dratic form as it is shown by Eq. (11) [37].

Fj;tðp0
j;tÞ ¼ aj þ bj � p0

j;t þ cj � ðp0
j;tÞ

2 for j 2 N; t 2 T ð11Þ

where aj, bj and cj are fuel cost coefficients for unit j.
It should be noted that DRSPs’ cost coefficients are calculated 

dynamically as describe in previous section.
The generato rs start-up cost is defined as following:

SUCj;t ¼
HSCj; if MDT j 6 TD

j 6MDTj þ CSTj

CSCj; if TD
j P MDTj þ CSTj

8<
: ð12Þ
2.2.2. Problem constraints 
The minimiza tion of the problem is subjected to some con- 

straints as following.

2.2.2.1. Initial condition. Initial condition s of generating units in- 
clude; the number of hours that a unit continuo usly been on-line 
or off-line, and its generation output power at an hour before the 
scheduling.

2.2.2.2. Power balance constraint. The total generated power and 
enabled DR must be equal to the network load in each hour.

XN

j¼1

p0
i;t�ui;tþ

XNDRS

i¼1

DR0
i;t�uj;t ¼Dt for 16 t6 T; j2N; i2NDRS ð13Þ
2.2.2.3. Unit output limit. All units have certain amounts for their 
maximum and minimum generated power. Generation limits are 
defined as following:

pj;t � uj;t 6 p0
j;t 6 pj;t � uj;t for 1 6 t 6 T; j 2 N ð14Þ

Similarly , constraints on DR are:

0 6 DR0
i;t 6 DRmax

i;t � ui;t for 1 6 t 6 T; i 2 NDRS ð15Þ
2.2.2.4. Spinning reserve. Spinning reserve requiremen t must be 
sufficient enough to prevent any undesirabl e load shedding re- 
lated to different events in power system or unexpected increas- 
ing of demand is usually a pre specified amount that is either 
equal to the largest unit or a given percentage of the forecasted 
load [38]. Mathema tically, at each hour, it is the total amount 
of maximum capacity of all synchronized units minus the total 
generating output in that hour which can be given by the follow- 
ing equation :

XN

j¼1

pj;t�uj;tþ
XNDRS

i¼1

DRmax
i;t �ui;t P DtþSRt for 16 t6 T; j2N; i2NDRS ð16Þ
2.2.2.5. Unit ramp-up/do wn constrain t. Ramping up/down con- 
straints are given by Eqs. (17) and (18), respectivel y:
p0
j;t 6 pj;t

pj;t ¼ Min p0
j;t�1 þ RURj; pj

n o
1 6 t 6 T; j 2 N

8>>>><
>>>>:

ð17Þ

p0
j;t P pj;t

pj;t ¼Max p0
j;t�1 � RDRj; pj

n o
1 6 t 6 T; j 2 N

8>><
>>: ð18Þ
2.2.2.6. Unit Start up and shut down constraint. A unit may not be 
started up and shut down at a given time, therefore [26]:

SUIðj; tÞ þ SDIðj; tÞ 6 1 for j 2 N; t 2 T ð19Þ



Fig. 3. Prohibited operating zones and output limit of a generator.

Table 1
Load demands during a day.

Hour Demand (MW) Hour Demand (MW)

1 700 13 1400 
2 750 14 1300 
3 850 15 1200 
4 950 16 1050 
5 1000 17 1000 
6 1100 18 1100 
7 1150 19 1200 
8 1200 20 1400 
9 1300 21 1300 

10 1400 22 1100 
11 1450 23 900 
12 1500 24 800 

Table 2
Generators and DRSPs’ opera tion data.

Units P (MW) Pi,t (MW) MUT (h) MDT (h) SC ($) IC (h)

Unit_01 455 150 8 8 4500 8
Unit_02 455 150 8 8 5000 8
Unit_03 130 20 5 5 550 �5
Unit_04 130 20 5 5 560 �5
Unit_05 162 25 6 6 900 �6
Unit_06 80 20 3 3 170 �3
Unit_07 85 25 3 3 260 �3
Unit_08 55 10 1 1 30 �1
Unit_09 55 10 1 1 30 �1
Unit_10 55 10 1 1 30 �1
Unit_11 60 0 1 1 0 �1
Unit_12 60 0 1 1 0 �1
Unit_13 60 0 1 1 0 �1
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2.2.2.7. Prohibite d operating zone. Some on-line generating units 
have their generation limit, which cannot be exceeded at any time 
[39]. Moreove r, a typical thermal unit may have a steam valve in 
operation, or a vibration in a shaft bearing, which may result in 
interference and discontinue input–output performanc e-curve sec- 
tions, called the prohibited operating zones, as shown in Fig. 3.

Therefore, in practical operation, adjusting the generation out- 
put of a unit must avoid all capacity limits and unit operation s in 
prohibited operating zones. The feasible operating zones of a unit 
can be described as follows:

pj
—
6 p0

j 6 pLower 
j;1

pUpper 
j;k�1 6 p0

j 6 pLower 
j;k ; k ¼ 2; . . . ; PZj

pUpper 
j;PZj

6 p0
j 6 pj

8>>><
>>>:

ð20Þ
Unit_14 60 0 1 1 0 �1
Unit_15 60 0 1 1 0 �1

Table 3
Generators supply curves’ coefficients.

Coefficients Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

a 0.00048 0.00031 0.002 0.00211 0.00398 
b 16.19 17.26 16.6 16.5 19.7 
c 1000 970 700 680 450 

Unit 6 Unit 7 Unit 8 Unit 9 Unit 10 

a 0.00712 0.0079 0.00413 0.00222 0.00173 
b 22.26 27.74 25.92 27.27 27.79 
c 370 480 660 665 670 
2.2.2.8. Minimum up/down time limit (MUT/MDT). Once a unit is 
committed, it must remain ‘‘on’’ for a minimum number of hours.
The minimum number of hours that a unit must be continuously 
on-line since it has been turned on is represented as:

MUTj 6 TU
j ð21Þ

The minimum down time constrain t is the minimum number of 
hours that a unit must be continuously off-line since it has been 
turned off as represented by:

MDTj 6 TD
j ð22Þ

DR programs might have other constrain ts and costs such as 
minimum down or up time and any changes in their status will 
have extra costs for them. Since the focus of this paper is to model 
the participa tion of DRSPs in the network and also to show the ef- 
fect of DR resources on the system flexibility and operation cost,
extra costs which are related to DRRs such as shutting down costs 
are not considered in this study. This assumption will not affect the 
purpose and generality of this paper.
3. Numerical study 

In this study, a conventi onal 10-unit test system has been used 
for our simulation studies with a scheduling time horizon of 24 h.
The load data associated with the 10-unit test system are listed in 
Table 1 [26], and the operation constraints of the problem are rep- 
resented in Table 2. In Table 2, SC and IC denote the startup cost 
and initial condition of units, respectively. Five different DRSPs 
are suggested here. Units 11–15 are considered as demand re- 
sponse service providers. As demonstrated in section 2, linear de- 
mand response supply curves are considered where, their 
coefficients are fluctuating during a scheduling period. Generating 
units’ data associated with the 10-unit test system are listed in 
Table 3 [26].

According to Eqs. (8) and (9), DRSPs must estimate the approx- 
imate amount of required demand response. Here, 20% of load is 
assumed as the amount of required DR.

Table 4, shows the amounts of b0 coefficients which are deter- 
mined optimally through the dynamic approach by DRSPs. Here,
the coefficient ‘‘ a’’ for different DRSPs’ supply curves are also con- 
sidered equal to 20 as described in section 2. It should be men- 
tioned that similar results are also taken into account in the 
subsequent section for different values of ‘‘ a’’.

The italicized hourly statuses in Table 5 present the status of 
units that are different from the base case without considering 
DRRs. Also, Fig. 4 shows the results of unit commitmen t optimiza- 
tion problem by concurrently consideration of commercial DR and 
generato rs’ supply curve. In Fig. 4, the amount of enabled DR and 
generato rs supply power are simultaneously exposed for the sim- 
ulated period. Note that the amounts of specified power for each 



Table 4
b0i Coefficients for DRSPs during a day.

Hour Beta 1 Beta 2 Beta 3 Beta 4 Beta 5

1 96 74.4 26.4 18 12 
2 168.78 151.68 113.68 107.03 102.28 
3 194.22 176.93 138.52 131.8 126.99 
4 209.48 192.20 153.80 147.08 142.28 
5 217.59 200.31 161.91 155.18 150.38 
6 230.05 212.77 174.37 167.65 162.85 
7 237.68 220.40 182 175.28 170.48 
8 244.51 227.23 188.83 182.11 177.31 
9 256.76 239.48 201.08 194.36 189.56 

10 269.91 252.63 214.23 207.51 202.71 
11 277.66 260.38 221.98 215.26 210.46 
12 284.50 267.22 228.82 222.10 217.30 
13 274.53 257.25 218.85 212.13 207.33 
14 261.76 244.48 206.08 199.36 194.56 
15 248.52 231.24 192.84 186.12 181.32 
16 229.65 212.37 173.97 167.25 162.45 
17 220.95 203.67 165.27 158.55 153.75 
18 230.61 213.33 174.93 168.21 163.41 
19 243.33 226.05 187.65 180.93 176.13 
20 267.67 250.39 211.99 205.27 200.47 
21 260.62 243.34 204.94 198.22 193.42 
22 237.22 219.94 181.54 174.82 170.02 
23 211.10 193.82 155.42 148.70 143.90 
24 195.63 178.35 139.95 133.23 128.43 

Fig. 4. The output data for all 15 units.
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unit are normalized according to their maximum generation power 
during a day. The base values for each of these units are shown in 
Table 6. Each of DRSPs can enabled special amount of DR accordin g
to its willingness coefficient. As indicated in Fig. 4, DRSPs 11 and 12 
participate in DRP only in peak times, while providers 13–15 are 
called in demand response programs in most hours. Using Fig. 4,
it can be concluded that DRSPs have more penetration in DRPs in 
peak hours, which is directly due to the more capacity and need 
for demand response.

Here, the operation cost during the scheduling time horizon is 
obtained equal to 558180 ($) without considering DR supply 
curves. By enrolling DRSPs’ supply curves in UC problem, the oper- 
ation cost is decrease d to 453,511, 492,415, 531,070 and 
551,664.072 ($) for a = 5, 10, 15 and 20, which causes 18.7%,
11.7%, 4.8% and 1.2% cost reduction , respectively. Therefore, the 
cost reduction due to net reduction in consumptio n and deferring 
commitmen t of expensive units emphasize the economic-d riven 
measure of the proposed scheme.

As it is demonst rated in Fig. 4, units 6, 7 and 8 can be turned off 
during a scheduling time horizon when DRP is enrolled. In the con- 
ventional UC problem, the aforementione d units should be on in 
Table 5
Unit output power and enabled DR for the 10-unit test system.

Units Hours (1–24)

1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 1 1 1 1 1
3 0 0 0 0 0 1 1 1 1 1 1 1
4 0 0 0 0 1 1 1 1 1 1 1 1
5 0 0 0 0 0 0 0 1 1 1 1 1
6 0 0 0 0 0 0 0 0 0 0 1 1
7 0 0 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 0 0 0 0 0 0 0 1
12 0 0 0 0 0 0 0 0 0 1 1 1
13 0 0 0 0 0 0 0 0 0 1 1 1
14 0 0 0 0 0 0 0 0 1 1 1 1
15 0 0 0 1 0 0 0 0 1 1 1 1
some hours. Then, the minimum up time constraint of generators 
cause these units to be on in next hours. So, they are on with a
low efficiency in these hours. All these situations have important 
effects on increasing operation costs. But, when DR is considered 
in UC problem, most of these unfavorable situations can be 
mitigated.

Network operation cost which is obtained by solving the pro- 
posed ‘‘unit and DR commitment’’ problem is shown in Fig. 5 ver-
sus b0 coefficients of DRSPs’ supply curve.

Furthermore, DRSPs’ benefit by varying the amounts of b0 coef-
ficients is illustrate d in Fig. 6. Increasing the amount of b0 cause the 
operation costs to be greater. This is due to DRSPs’ willingnes s to 
participa te in DRPs. Small amounts of b0 means more willingnes s
of DRSPs. Increasin g in b0 value shows that demand response ser- 
vice providers have less willingnes s to participate in DRPs. If the 
coefficient b0 get higher value, DRSPs cannot enroll for load pro- 
curement. In this condition, DRSPs’ benefit tends to zero and the 
operation cost tends to the cost of conventional UC.

Changes in the amount of operation costs by varying the maxi- 
mum amount of DR capacity in the network is shown in Fig. 7 for
a = 5, 10, 15 and 20. Also, Table 7 presents the changes in operation 
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 0 0
1 1 1 1 1 1 1 1 1 1 0 0
1 1 1 1 1 1 1 1 1 1 0 0
1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0
1 0 0 0 0 0 0 1 0 0 0 0
1 1 0 0 0 0 0 1 1 0 0 0
1 1 0 0 0 0 0 1 1 0 0 0



Table 6
The base value for units power.

Units Base value Units Base value 

Unit_01 455 Unit_09 55 
Unit_02 455 Unit_10 55 
Unit_03 130 Unit_11 60 
Unit_04 130 Unit_12 60 
Unit_05 162 Unit_13 60 
Unit_06 80 Unit_14 60 
Unit_07 85 Unit_15 60 
Unit_08 55 

Fig. 5. Operation cost versus b0 coefficient.

Fig. 6. DRSPs’ revenue versus b0 coefficient.

Fig. 7. Operation cost versus maximum capacity of DR.

Table 7
Operation costs with various amount of maximum DR capacity.

Total 
amount of 
DR capacity 
(MW)

Percentage 
of peak 
load 

The minimum 
amount of 
operation cost 
($)

Percentage of cost reduction 
comparing to the operation 
cost in the absence of DR 

100 6.67 548257.54 1.8 
200 13.33 537854.5 3.64 
300 20 531070 4.86 
400 26.67 530720.38 4.91 

Fig. 8. Operation cost versus ‘‘ a’’ coefficient value.
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costs by varying the total amount for DR’s maximum capacity in 
the network and the percentage of all changes.

Operation costs with various amount of maximum DR capacity 
for a = 15.
Fig. 8 shows the changes in operation cost for some different a
values. Increasin g in a, shows that DRSPs have less willingness to 
participa te in DRPs. For this reason, increasing in the amount of 
a, cause more operation cost. If the coefficient a be extremely high,
DRSPs cannot participate in DR and the operation cost will be equal 
to the cost of conventional UC problem.
4. Conclusion 

In this paper, the commercial concept of DR is addressed.
Based on this new concept, DR programs are modeled as a trad- 
able commodity which can be considered concurrently with gen- 
erators in unit commitmen t optimization problems . Simultan eous 
determinati on of generators power and amount of enabled DR for 
minimizing the operation costs is the main aim of the proposed 
UC problem. A dynamic approach is proposed for achieving to 
DRSPs’ supply curves. Each DRSPs’ supply curve depends on the 
behavior of other providers in the past times. It also depends 
on the amount of the required DR. Comparison between the re- 
sults of the proposed UC, which contains the commerc ial DR 
curves beside the generato rs supply curves, by traditional UC, will 
clarify the advantage of the proposed method. As it is shown with 
numerica l study, using of introduced approach decreases the 
operation costs dramatical ly. Sometimes, it is possible that some 
generato rs have to work with low efficiency only because of its 
MUT constraint. These similar situation s will cause huge costs 
for operation . Considering commerc ial supply curves of DR simul- 
taneously with generators supply curves, can eliminate some of 
these expensive situations. If it is possible for operators to supply 
a load demand without using of expensive generato rs in peak 
times, these generators can stay off and it is not necessary for 
these units to work with low efficiency in other hours. In addi- 
tion, the startup costs of these units will be removed . All simula- 
tion results are verifying these claims and show the advantage 
and usefulness of the proposed method.
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Appendix A

Rewriting (7),

pfi ¼ DP � DP � b0i
ai

� �

� ami

2
� DP � b0i

ai

� �2

þ bmi �
DP � b0i

ai

� �" #
ðA:1Þ

DP is a function of b0i, and:

DP ¼
RDþ

PNDRS

i¼1
b0i
aiPNDRS

i¼1
1
ai

� � ¼
RDþ b0i

ai
þ
PNDRS

i–j
b0j
ajPNDRS

i¼1
1
ai

� � ðA:2Þ

By taking the derivative of the DP with respect to bi and putting 
the result in @pfi

@bi
; and by taking the result equal to zero, we 

conclude:

b0i ¼
Xl

i–j

ai

aj
� 1

a2
i � S

2 � 1
� b0j

 !
þ ai

a2
i � S

2 � 1
� RD

 !

þ ai � S
ai � S� 1

� bmi

� �
ðA:3Þ

where

S ¼
Xl

i¼1

1
ai

� �
:

So, Eqs. (8) and (9) are easily derived from (A.3).
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