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Abstract Demand response (DR) is important to account

for behaviors of the demand side to yield an optimal dis-

patch result. However, it is difficult for energy suppliers to

collect customers’ private information unless there is an

incentive mechanism for customers to do so. Therefore,

this paper proposes a new integrated generation–con-

sumption dispatch based on compensation mecha-

nism considering DR behavior. Firstly, in light of the day-

ahead load forecast data, we deduce the utility function

model of different customers. By subtracting generating

units’ operation cost from consumers’ total utility, the

dispatch model have a decentralized demand participant

structure based on this utility function. The utility function

is used to describe consumers’ preferences and energy

consumption behaviors. Secondly, an effective compensa-

tion mechanism is designed to ensure customers to select

the level of compensation appropriate to their willingness

to curtail load. Finally, a new dispatch model is proposed

that incorporates the DR compensation mechanism into the

generation–consumption dispatch model. The new model

can improve the interaction of generation and consumption,

and benefit both the energy supplier and its customers. The

proposed model is piecewise linearized and solved by a

mixed-integer linear programming method. It is tested on a

six-bus system and the IEEE 118-bus system. Simulation

results show that the proposed model can realize both

maximum social welfare and Pareto optimal results.

Keywords Compensation mechanism, Demand response,

Demand utility function, Integrated generation–

consumption dispatch

1 Introduction

With the high penetration of renewable generation and

the increasing demand, the uncertainties in power systems

are gradually increasing [1]. Therefore, more controllable

devices are required to accommodate the uncertainties [2].

It is insufficient to rely only on the controllable generation

resources in power system. Although electric vehicles [3]

and storage [4] act as controllable resources, their exces-

sive investment cost makes them difficult to obtain on a

large-scale [5–7]. The more direct, effective, and eco-

nomical way may be to guide customers to consume

electricity rationally and efficiently [8, 9]. Thus, the role of
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demand response (DR) becomes more and more prominent

[10].

Customers’ behaviors will affect units’ dispatch strat-

egy, and enhancing the interaction between an energy

supplier and its customers can eliminate the energy

imbalances in power systems [11]. Analyzing the response

behavior of different types of consumers is the basis for

designing effective DR strategies to match the conven-

tional generation dispatch. Meanwhile, designing reason-

able market mechanisms, including appropriate

compensation scheme for customers providing DR, is

essential to ensure that DR is available to assist the safe and

economic operation of power system.

An energy supplier designs a DR compensation

scheme in order to acquire reliable resources that maybe

scheduled in a timely manner, helping to cope with an

emergency shortage of generation. Although the mecha-

nism can be better designed using optimization methods

[12, 13], what counts more is whether it is designed rea-

sonably and executed accurately by the customers. A rea-

sonable scheme can only be developed if sufficient

information can be obtained, but in practice there exists an

informational asymmetry between the energy supplier and

its customers, since a customer’s private information (e.g.

outage cost and preference parameters) is unknown to the

energy supplier and other customers. In general, this

information is difficult to obtain accurately from com-

mercial customers due to their confidentiality requirements

for strategic purposes [14]. Moreover, some customers

wishing to maximize their own benefit may lie to energy

suppliers [15, 16]. These factors can lead to low efficiency

of the DR mechanism.

To solve this problem, [17] proposes mechanism design

theory, and it encourages the participants to disclose their

true value of outage cost, willingness and other private

information by combining incentive compatibility and

informational efficiency. Reference [18] introduces a con-

tinuous customer type parameter into the customer cost

function, and applies mechanism design principles to for-

mulate a model interruptible load management (ILM)

contract with incentive compatibility, which is suitable for

different types of customers. Reference [19] presents an

improved approach to estimate the customer type and the

customer outage cost function by using historical demand

side management (DSM) data, and formulates the ILM

contract model with a discrete customer type parameter.

All show that the critical issue is how to give effective

financial compensation to customers to encourage helpful

energy consumption behavior and alleviate stress on the

power grid through load curtailment. Mechanism design

seems a promising way to solve the problem.

In China, an electricity market on the power generation

side was created by separating power plants from the

power network. Price competition is still not perfect in this

market, and dispatch operations and electricity sales are

still being integrated. Including reasonable DR mecha-

nisms into the system dispatch model is an effective

approach to improve economic efficiency and increase

system security. In [1, 20, 21] time-of-use (TOU) pricing

and interruptible load (IL) have been integrated into the

conventional generation dispatch model and they can

reduce cost and improve the accommodation of renewable

energy. In [22, 23] the authors discuss the impact of price

changes on demand elasticity and propose that unit com-

mitment (UC) can be determined by minimum cost rather

than optimal power flow (OPF) in the generation dispatch

model. In [24], the author analyzes the impact of price-

based DR on market clearing and locational marginal pri-

ces (LMPs) in a power system using network-constrained

unit commitment (NCUC).

However, these studies are all based on the following

assumptions: 1) demand is treated as a fixed value at each

time (inelastic demand); 2) customers’ benefit functions are

constant or linear functions of price, and their preferences

are expressed solely in the form of constraints; 3) the

integrated generation–consumption dispatch problem is

converted from a social welfare maximization problem to

an equivalent generation cost minimization problem. The

market price is determined only by the marginal cost of

generators. Additionally, it is considered that this price

equals the consumers’ marginal utility. These assumptions

help to quantify the model, however, they may not reflect

the impacts of the demand side on market price setting,

which may cause price spikes, and they fail to explain the

actual DR behavior and reflect customers’ true utility. It is

important that market pricing is co-determined from a

common decision between the supply side and the demand

side. Thus, DR mechanisms that do not consider users’

utility would fail to incentivize the initiative of

customers.

The novel contribution of this paper, based on the

electricity market in China [25], is an integrated genera-

tion–consumption dispatch model considering DR behavior

based on mechanism design principles. Firstly, in light of

the day-ahead load forecast data, we can deduce the utility

function of different customers. The utility function is used

to describe consumers’ preferences and energy consump-

tion behaviors. Secondly, by subtracting units’ operational

cost from consumers’ total utility, a new integrated gen-

eration–consumption dispatch model is formulated with

decentralized demand participation. The new model

improves the interaction of suppliers and their customers,

which can benefit both of them. Thirdly, based on the

above UC results, taking into account the behaviors of

users and security threats of the system, an effective

compensation mechanism is designed to ensure customers
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select a compensation scheme according to their true

willingness to curtail of load. Finally, a new dispatch

model is formed by incorporating the DR compensation

mechanism into the generation–consumption dispatch

model, which co-optimizes DR and generation–consump-

tion dispatch decisions. The new model can realize maxi-

mum social welfare with Pareto optimality for which the

customers’ marginal utility is equal to the marginal cost of

generators.

The remainder of the paper is organized as follows.

Section 2 describes the customer behavior and the mathe-

matical model of the proposed compensation mechanism.

Section 3 proposes the integrated generation–consumption

dispatch model considering the demand utility function and

the DR compensation mechanism integration. Section 4

gives the detailed method to obtain optimal solutions using

the model. Section 5 demonstrates and discusses numerical

results obtained for a six-bus system and the IEEE 118-bus

system. Finally, Section 6 concludes this work. Appendix

A gives a simple example to illustrate a derivation required

for the analysis h. Appendix B presents some details about

the mathematical formulation of compensation mechanism.

2 Customer behavior and compensation
mechanism

2.1 Customer behavior

Influenced by the factors such as the time, environment,

national policies, etc., the electricity demand of each cus-

tomer is different, therefore their response to certain

incentives differs. According to the principle of micro-

economics, a quadratic utility function is adopted to rep-

resent customers’ preferences and consumption behaviors

[26]:

Uðajt;DjtÞ ¼
ajtDjt �

1

2bjtD
2
jt

0�Djt �
ajt
bjt

a2jt
2bjt

Djt �
ajt
bjt

8
>>><

>>>:

ð1Þ

The marginal utility is then

MUðajt;DjtÞ ¼
oUðajt;DjtÞ

oDjt

¼
�bjtDjt þ ajt 0�Djt �

ajt
bjt

0 Djt �
ajt
bjt

8
>><

>>:

ð2Þ

In (1) and (2), Djt is the electricity demand of customer j

in period t; ajt is a parameter characterizing the demand

preference of customer j in period t; bjt is the saturation

point of the utility of customer j in period t. The greater is

ajt, the greater is the customer’s saturation electricity

demand. The greater is bjt, the lower is the customer’s

saturation electricity demand [27]. It can be seen that the

utility function is concave. The customer’s marginal utility

increases as the demand increases before reaching the

saturation point, and is assumed to be constant afterwards.

Assuming the customer is rational, his or her demand will

naturally maximize individual utility. Consequently, �D
reflects the customer’s demand of maximum utility. At this

optimal point, the marginal utility is zero.

ajt
bjt

¼ �Dj ð3Þ

Therefore, (1) can be replaced by:

Uðajt;DjtÞ ¼
ajtDjt �

1

2bjtD
2
jt

0�Djt � �Dj

a2jt
2bjt

Djt � �Dj

8
>>><

>>>:

ð4Þ

Figure 1 illustrates the impacts of marginal utility on

customers’ energy consumption behaviors. A part of the

demand is necessary for the customers to maintain their

basic productivity, and this part is perfectly inelastic and is

defined as the taking load. Therefore, the responsive load

part has a maximum range. To accurately describe the

market participation behavior of customers and to better

reflect the potential for customers to participate in DR, we

define the ratio DRLjt of the DR amount and the original

demand Do
jt of customer j in period t as the DR level of the

customer. Hence, the DRLjt is in the range ½0; 1�. DRLjt = 0

represents the case in which customer j in period t is not

participating in DR.

Responsive load
ShiftingReducing

Resp
Re ud cing

Demand curve

0

HMUjt

Elastic demand
curve

t
Djt

Supply curve

(1 DRLmax)Djtjt
o Djt

E

E

Marginal
utility

Demand

o

Taking load

MUjt

MUjt

LMUjt

a o Djt+ j t DRLmax Ddjt
o o

Fig. 1 Impact of marginal utility on DR level
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DRLjt ¼
Do

jt � Da
jt

Do
jt

ð5Þ

where Da
jt is the actual load demand of customer j in period

t after the DR participation.

As shown in Fig. 1, the marginal utility of customer j in

period t during the peak periods is MUH
jt . If the demand

amount is reduced to Da
jt as the marginal utility decreases,

the market will also fall to a new equilibrium E0. The

unmet partial load during the peak periods will shift to the

off-peak periods because their relative marginal utility

increases during the off-peak periods MUL
jt . Therefore, the

demand will increase to Do
jt þ

P

s6¼t

cjst � DRLmax
js � Do

js, where

DRLmax
jt is the maximum DR level of customer j in period t

and cjst is the load-shifting rate of customer j from time t to

time s. This reflects that customers’ initiative leads to

behaviors that are driven by their marginal utility.

This paper only focuses on load curtailment, the case of

load-shifting is beyond the scope of this paper, namely

cjst ¼ 0. Hence the demand of customer j in period t when

participating in DR is in the range as shown in (6).

ð1� DRLmax
jt ÞDo

jt �Da
jt �Do

jt ð6Þ

Since the marginal utility curve passes through the two

points ðð1� DRLmax
jt ÞDo

jt; MUH
jt Þ, ðDo

jt; MUo
jtÞ, the

parameters of marginal utility (2) can be derived as:

ajt ¼
MUH

jt þ ðDRLmax
jt � 1Þ �MUo

jt

DRLmax
jt

ð7Þ

bjt ¼
MUH

jt �MUo
jt

DRLmax
jt � Do

jt

ð8Þ

Here, for the sake of simplicity, we shall assume that the

customer gross surplus for the taking load part is a constant

and thus it can be neglected in the utility function.

Therefore, the utility is limited to the responsive load part,

namely from ð1� DRLmax
jt ÞDo

jt to D
a
jt, as shown in the green

shaded area in Fig. 1. Assuming that Djt � �Dj, we have

Uðajt;DjtÞ ¼
Z Da

jt

ð1�DRLjtÞ�Do
jt

�bjt ~D� ajt
� �

d ~D

¼ ajtD
a
jt �

1

2
bjt Da

jt

� �2

�ajtð1� DRLmax
jt ÞDo

jt

� 1

2
bjt ð1� DRLmax

jt ÞDo
jt

h i2

ð9Þ

Note that (9) is a quadratic utility function which is

difficult to use in analysis due to its nonlinearity. To

circumvent this problem, we can use a piece-wise linear

approximation to obtain the formulation shown in (11),

which is suitable for mixed-integer linear programming

(MILP).

Uðajt;DjtÞ ¼
XM

k¼1

sjktD
a
jkt ð10Þ

sjkt ¼
Uðajt;DjktÞ � Uðajt;Dj;k�1;tÞ

Djkt � Dj;k�1;t

0�Da
jkt �Djkt � Dj;k�1;t

Da
jt ¼ ð1� DRLmax

jt ÞDo
jt þ

XM

k¼1

Da
jkt

Djkt ¼ ð1� DRLmax
jt ÞDo

jt þ
k

M
� DRLmax

jt � Do
jt

8
>>>>>>>>>><

>>>>>>>>>>:

ð11Þ

where sjkt is the marginal utility at segmentkof customer j

in period t; Djkt and Da
jkt are respectively the load demand

and the actual load demand at segment k of customer j in

period t in the linearized DR formulation; M is the set of

segments. A similar argument applies to the case when

Djt � �Dj.

2.2 Compensation mechanism

From the perspective of maximizing social welfare, the

balance between supply-side and demand-side responses

must be the result of trading off generation cost and

demand utility. Therefore, if DR is integrated into the

conventional generation dispatch model, it will be neces-

sary to investigate the impact of demand utility on the

changes of customers’ energy consumption behaviors. The

expected generation schedule will be realized by com-

pensating the changes of the demand utility. For example,

during peak periods, a reasonable compensatory mecha-

nism can motivate customers to reduce load voluntarily. A

compensation mechanism should determine the optimal

amount of DR and optimal incentive fees to encourage the

amount of DR that each customer is willing to curtail.

The cost of demand reduction is modelled with two key

parameters: the preference parameter hj of the willingness

of customer j to curtail and the amount of his load cur-

tailment drjt (MW) in period t, such that the outage cost

Cðhj; drjtÞ of the customer hj for curtailing drjt is:

Cðhj; drjtÞ ¼ K1ðdrjtÞ2 þ K2ð1� hjÞ � drjt ð12Þ

where hj is used to characterize customers’ preference for

curtailment probabilistically, and we assume this ‘‘prefer-

ence parameter’’ hj possesses a uniform probability distri-

bution f ðhjÞ in the interval [0,1]. It sorts the customers from

the least willing to the most willing to curtail load. K1 and

K2 are the quadratic and linear term coefficients, respec-

tively, of the outage cost function. These parameters are

private customer information that is unknown to the
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supply-side. They are all positive, and they can be esti-

mated using existing data. For the sake of simplicity, this

paper assumes that K1 = 0.5 and K2 = 1 [19]. Appendix A

gives a simple example to illustrate the derivation of the

assumed values of K1, K2 and all the hj.
If rational customers do not receive any compensation

for their demand reduction, they will not choose to par-

ticipate in the DR program. Such customers will self-select

the amount of demand curtailment drjt based on the mon-

etary compensation y offered by the energy supplier in

order to maximize their utility. Hence, the customers’

benefit Udð�Þ is defined as the amount of monetary com-

pensation they received from the energy supplier minus

their outage cost due to the curtailment.

Udðhj; drjt; yÞ ¼ y� Cðhj; drjtÞ ð13Þ

When the power network suffers from peak load or

emergencies, LMPs will soar, which means it is expensive

for an energy supplier to provide electricity to the

customers at those locations. In order to maximize their

own interests, the energy supplier will make a trade-off

between the cost of providing electricity to the customer at

each location and the cost of curtailing the customer. We

define V sðLj; drjtÞ as the value of not delivering power to

customer j in period t. Hence, the energy suppliers’ benefit

Us generated by the load curtailment of customer j can be

expressed as:

UsðLj; drjt; yÞ ¼ VsðLj; drjtÞ � y ¼ Lj � drjt � y ð14Þ

where Lj is parameterized value of not providing electricity

to customer j at a specific location. Each customer has a

fixed value of Lj since it cannot move and change its

locational value. It also reflects the weak influence of

customer location and the contribution of load curtailment

for the grid. It can be obtained using optimal power flow

routines [28].

The energy supplier will have a subjective estimate for

each customer preference parameter hj. The DR function

DRðdrjt; LjÞ illustrates how much load curtailment is

obtained from customer preference parameter hj at location
Lj. The compensation function YðdrjtÞ indicates how much

the energy supplier is willing to pay the DR participants for

their curtailment.

The aim of designing the DR compensation mechanism

is to calculate the optimal compensation fee for a customer

to provide some amount megawatt of load curtailment, so

as to improve security of the power grid. It is a mathe-

matical optimization problem, which maximizes the total

utility for DR. The objective function is:

max
DRð�Þ;Yð�Þ

EhðUsðDRjtðhj; LjÞ; YðDRjtðhj; LjÞÞ; LjÞ

þ UdðDRjtðhj; LjÞ; YðDRjtðhj; LjÞÞ; hjÞÞ
¼ ðV sðLj;DRjtÞ � YðDRjtÞÞ þ ðYðDRjtÞ � Cðhj;DRjtÞÞ
¼V sðLj;DRjtÞ � Cðhj;DRjtÞ

ð15Þ

Both energy supplier and customer are assumed to be

rational. The energy supplier will only provide

compensation for customers at more critical locations

where it can reduce the threat to security of the power grid

by curtailing some amount of load. As discussed above,

customers will not curtail load unless there is a positive

incentive for them. Thus both supplier and customer are

subject to the individual rational constraints as (16), (17)

and to the incentive compatibility constraint as (18) [19].

UsðDRjtðhj; LjÞ; YðDRjtðhj; LjÞÞ; LjÞ� 0 ð16Þ

UdðDRjtðhj; LjÞ; YðDRjtðhj; LjÞÞ; hjÞ� 0 ð17Þ

UdðDRjtðhj; LjÞ; YðDRjtðhj; LjÞÞ; hjÞ
� UdðDRjtð~hj; LjÞ; YðDRjtð~hj; LjÞÞ; hjÞ

ð18Þ

Equation (18) illustrates that if a customer hj reports his

information ~hj wrongly, his benefit will not be at the

maximum, so it is not wise for the customer to lie. Hence,

(18) can prevent customers from lying about hj, and it

ensures customers select their compensation

scheme according to their true willingness to provide

DR.

The diagram in Fig. 2 illustrates the principle of the

compensation mechanism.

As mentioned above, the decision variables DRð�Þ, Yð�Þ
of the proposed compensation mechanism are also the

functions of the customer preference parameter hj and the

location Lj, and they are given by (19) and (20). Their

detailed mathematical derivations are given in Appendix B.

Compensation mechanism designing

Supply side Customer side (θ j, Lj)

Compensation function
Y(DR(θ j, Lj))

Demand response 
level DR(θ j, Lj)

Equation (16) Equation (17)

Location
value Lj

Outage cost function
C(θ j, DR(⋅))

Equation (15)

Compensation
value Y(⋅)

Fig. 2 Principle diagram of the compensation mechanism
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DRjtðhj; LjÞ ¼
0 0� hj\1� Lj

2

2hj þ Lj � 2 1� Lj

2
� hj\1

8
><

>:
ð19Þ

YðDRjtðhj; LjÞÞ ¼

0 0� hj\1� Lj

2

h2j � 2hj þ 2hjLj þ
3

4
L2j � 2Lj þ 1

1� Lj

2
� hj\1

8
>>>><

>>>>:

ð20Þ

3 Mathematical formulation

3.1 Integrated generation–consumption dispatch

model

Each individual user’s behavior is assumed to be inde-

pendent. Customers will make various responses to a given

price according to their own utility maximization. But the

individual optimal choice may not be equal to the social

optimal choice. In order to unify individual optimal choice

and social optimal choice, we propose the following opti-

mization problem.

max
Pgt ;ugt

F ¼ max
XT

t¼1

XD

j¼1

Uðajt;DjtÞ �
XG

g¼1

ðCgtugt þ SgtvgtÞ
" #

ð21Þ
ugt � ug;t�1 � vgt � 0 8g 2 G; 8t 2 T ð22Þ

XG

g¼1

Pgt ¼
XD

j¼1

Do
jt 8g 2 G; 8t 2 T ð23Þ

ugtP
min
g �Pgt � ugtP

max
g 8g 2 G; 8t 2 T ð24Þ

Pgt�Pg;t�1�rupg ug;t�1þPmax
g 1�ug;t�1

� �
8g;8t ð25Þ

Pg;t�1 � Pgt � rdng ugt þ Pmax
g 1� ugt

� �
8g; 8t ð26Þ

PT
on
g

t¼1

ð1�ugtÞ¼0 g¼1;2; . . .;G

PtþXon
g �1

d¼t

ugd�Xon
g ðugt�ug;t�1Þ g¼1;2; . . .;G; t¼Ton

g ; . . .;T�Xon
g þ1

PT

d¼t

½ugd�ðugt�ug;t�1Þ��0 g¼1;2; . . .;G; t¼T�Xon
g þ2; . . .;T

8
>>>>>>>><

>>>>>>>>:

ð27Þ

PT
off
g

t¼1

ugt¼0 g¼1;2;...;G

PtþXoff
g �1

d¼t

ð1�ugdÞ�Xoff
g ðug;t�1�ugtÞ g¼1;2;...;G; t¼Toff

g þ1;...;T�Xoff
g þ1

PT

d¼t

½1�ugd�ðug;t�1�ugtÞ��0 g¼1;2;...;G; t¼T�Xoff
g þ2;...;T

8
>>>>>>>><

>>>>>>>>:

ð28Þ

XGb

g¼1

Pgt �
XDb

j¼1

Do
jt ¼

X

j

Bijðhit � hjtÞ 8b; 8t ð29Þ

�Fmax
l �Bijðhit � hjtÞ�Fmax

l 8l; 8t ð30Þ

�p� hbt � p 8b; 8t ð31Þ
hrefb;t ¼ 0 8t ð32Þ

Equation (21) is subject to (4), (10) and (11) as well. The

optimization goal (21) is to maximize the social welfare, in

which the first term on the right-hand side represents the

aggregate utilities of all customers, and the last two terms

represent the unit commitment cost and the startup cost of

thermal units. Cgt ¼ agP
2
gt þ bgPgt þ cg is quadratic

production cost function, where ag, bg, cg are the cost

coefficients and Pgt is power output of thermal unit g in

period t. ugt is the binary decision variable: on/off status of

unit g in period t, ‘‘1’’ if the generator is on, ‘‘0’’ otherwise.

vgt is the binary decision variable: ‘‘1’’ if unit g is started up

in period t, ‘‘0’’ otherwise. T is the set of scheduling

periods. D is set of loads. G is set of thermal units. Sgt ¼

Kg þ Bg 1� exp �Xoff
gt

.
sg

� �h i
is a typical exponential

startup cost function, for convenient analysis, these can

be linearized using the piecewise linearization method with

three segments [29–32].

Equation (22) gives the start-up constraints of thermal

units. Equation (23) depicts the supply-demand balance

requirement of the system, associate the dual variable kt
with (23), namely the Lagrangian multiplier, which is also

the market clearing price (MCP) of the system. Equa-

tion (24) gives the generation capacity limits of thermal

units. Pmax
g and Pmin

g are the maximum/minimum power

output of thermal unit g, respectively. Equations (25) and

(26) are the ramping up and down rate limits of thermal

units, where rupg and rdng are the ramp-up/ramp-down rate

for thermal unitg. Equations (27) and (28) describe the

linearized minimum up-time and down-time constraints

[29–32], where Ton
g and Toff

g are the minimal on/off hour of

thermal unit g (1 is on and 0 is off); Xon
g and Xoff

g are the

number of periods unit g has been online/offline prior to the

first period of the time span (end of period 0). This for-

mulation can be converted into a MILP problem. Equa-

tion (29) represents the power balance equations for each

node, where hit is the phase angle of bus i in period t; Db is

set of loads in bus b; Gb is set of thermal units in bus b.

Equation (30) gives the network power flow limits Fmax
l on

transmission lines l, associate the dual variables pþlt and p�lt
with (30). Bij is element in row i and column j of DC power

flow matrix. Equation (31) describes the upper and lower

limits of the phase angle hbt and (32) represents the ref-

erence phase angle hrefb;t.
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After solving the model (21)–(32), the LMPs are cal-

culated in terms of the dual variables:

LMPbt ¼ kt þ
X

l

ðpþlt � p�lt Þ ð33Þ

3.2 Compensation mechanism in integrated model

This section proposes an integrated generation–con-

sumption dispatch model to calculate unit commitment

decisions incorporating DR. The focus is on maximizing

social welfare by including the benefits and costs of cus-

tomers participating in DR (15) into the decision-making.

The details are as follows.

max
Pgt ;DRjtð�Þ;Yð�Þ

F ¼
XT

t¼1

XD

j¼1

ðUðajt;DjtÞ þ V sðLj;DRjtÞ
"

�Cðhj;DRjtÞÞ �
XG

g¼1

ðCgt þ SgtÞ
#

ð34Þ
XG

g¼1

Pgt ¼
XD

j¼1

ðDo
jt � DRjtÞ 8g 2 G; 8t 2 T ð35Þ

�Fmax
l �Bijðhit � hjtÞ�Fmax

l 8l;8t ð36Þ

Da
jt ¼ ð1� DRLmax

jt ÞDo
jt þ

XM

k¼1

Da
jkt 8j;8t ð37Þ

ð1� DRLmax
jt ÞDo

jt �Da
jt �Do

jt 8j; 8t ð38Þ

0�DRjt �DRLmax
jt � Do

jt � Ijt 8j; 8t ð39Þ

Da
jt ¼ Do

jt � DRjt 8j; 8t ð40Þ

Equation (34) is subject to (4), (10), (11), (19), (20),

(24)–(28), (31), (32) as well. The optimization goal (34) is

to maximize social welfare using the compensation

mechanism, where the first term represents the aggregate

utilities of all customers, the second and the third terms

represent the objective of the compensation mechanism

(15), and the last two terms represent the unit commitment

cost and the startup cost of thermal units. Equation (35)

depicts the supply-demand balance requirement of system

considering DR, associate the dual variable kt with (35),

which is also the MCP of the system. Equation (36) gives

the network power flow limits on transmission lines,

associate the dual variables pþlt and p�lt with (36).

Equations (37) and (38) describe the actual load demand

allowing for DR. Equation (39) gives the load curtailment

capacity limits. Equation (40) calculates actual load

demand. LMPs may be calculated as before using (33)

after solving the model (4), (10), (11), (19), (20), (24)–(28),

(31), (32), (34)–(40).

4 Solution method

Equation (4) is difficult to define explicitly in terms of

load demand variables. To do this, it is first necessary to

introduce a new set of binary variable rjt to model the

demand utility in an explicit manner [33, 34]. They satisfy:

rjt ¼
1 �Dj � Djt � 0

0 otherwise

�

ð41Þ

�Dj � Djt

PG

g¼1

Pmax
g

� rjt � 1þ
�Dj � Djt

PG

g¼1

Pmax
g

ð42Þ

From (41), if �Dj � Djt � 0, and considering

�Dj �
PG

g¼1

Pmax
g , the lower bound of (42) must be strictly

greater than zero and less than 1, while the upper bound is

greater than 1. Since rjt is a binary variable, then if
�Dj � Djt � 0, it must be equal to 1. A similar argument

applies when �Dj � Djt � 0 in which case rjt ¼ 0.

Analogously, the same method is applied to solve (19)

and (20).

By these means, the demand utility function can be

formulated as the sum of the products of some binary

variables and a bounded continuous variable. After it is

linearized, the proposed mathematical model is formulated

as a MILP problem and it can be solved with the com-

mercial MILP solver CPLEX.

5 Case studies

Numerical experiments are carried on a six-bus system

and the modified IEEE 118-bus system to demonstrate the

validity and effectiveness of the proposed model. In order

to analyze the impacts of customer demand behavior on the

MCP, LMPs, customer demand utility and social welfare,

all these results are analyzed comparing the social welfare

maximization model with a constant demand benefit

function and with the customer utility function. All

experiments are implemented on a personal computer with

Inter (R) Core (TM) Duo 3.2 GHz CPU and 4 GB memory

and programmed using Visual Studio 2010 C??, and the

MILP solver is CPLEX 12.5. The simulated time interval is

one day and is divided into 24 periods.

5.1 Six-bus system

A six-bus system with 3 thermal units, 3 load nodes, and

7 branches is shown in Fig. 3. All the parameters can be

found in [35]. Three cases are used to illustrate the impacts

of different factors on the dispatch results.
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Case 1: The NCUC model without DR, i.e. DRL = 0.

Case 2: The integrated generation–consumption dispatch

model considering the demand utility function with

DRL = 0, and compare the proposed model with the

traditional one that has a fixed electric energy price.

Case 3: The DR compensation mechanism is integrated

into the generation–consumption dispatch model,

DRL 6¼ 0.

5.1.1 Case 1 analysis

The NCUC model is listed in (21)–(32) with the first

term of (21) removed. Its aim is to obtain the maximum

and the minimum LMPs of each load bus, and these are

shown in Table 1.

We assume that the maximum and the minimum LMPs

of each load bus are equal to MUH
jt and MUo

jt, respectively.

Hence, we deduce the customer’s information through (3),

(7) and (8). The results are shown in Table 2.

5.1.2 Case 2 analysis

1) Dispatch results

The dispatch results from the integrated method with

DRL = 0 are shown in Table 3. The customer’s demand

utility can be deduced through (4) after we obtain the

customer’s information ajt and bjt from Case 1 as discussed

above. The demand utility for each customer and in total

are shown in Table 4.

In this case, the energy production cost is 132 k$, the

startup cost of units is 808 k$, the total demand utility of

customers is 2095 k$, the social welfare is 19623 k$.

2) Comparison with traditional fixed-price strategy

The proposed distributed real-time market clearing

pricing strategy (kt in Section 3.1) can be compared with

the traditional fixed-price strategy [36]. The NCUC pro-

gram has been implemented using a MILP algorithm to

obtain the initial price in a centralized manner. Given the

initial price at each period of time t 2 T , customers of each

type a determine their optimal demand. The type amax has

the most demand, and this paper assumes that all of the

customers are of type amax, representing the worst case.

If a customer’s demand is Djt (MW) and the price is kt
($/MWh) during time interval t 2 T , the welfare of each

customer can be simply expressed as:

Wðajt;DjtÞ ¼ Uðajt;DjtÞ � ktDjt ð43Þ

2G1G L

1

1

2 3

654

Line 1

Line 3

Line 6 Line 4

Line 5

L3

Line 7Line 2

L2 G3

Fig. 3 Line diagram of six-bus system

Table 1 Demand LMPs for NCUC model

Period Demand LMP ($/MWh)

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6

1 17.03 17.03 17.03 17.03 17.03 17.03

2 17.03 17.03 17.03 17.03 17.03 17.03

3 17.03 17.03 17.03 17.03 17.03 17.03

4 17.03 17.03 17.03 17.03 17.03 17.03

5 17.03 17.03 17.03 17.03 17.03 17.03

6 17.03 17.03 17.03 17.03 17.03 17.03

7 17.03 40.69 43.05 55.51 53.14 44.20

8 17.03 40.76 43.13 55.63 53.26 44.29

9 17.03 40.69 43.05 55.51 53.14 44.20

10 17.03 40.76 43.13 55.63 53.26 44.29

11 17.03 40.83 43.21 55.75 53.37 44.37

12 17.03 40.83 43.21 55.75 53.37 44.37

13 17.03 40.83 43.21 55.75 53.37 44.37

14 17.03 40.83 43.21 55.75 53.37 44.37

15 17.03 79.39 85.63 118.50 112.20 88.66

16 17.03 21.43 21.86 24.18 23.74 22.08

17 17.03 21.46 21.90 24.24 23.80 22.12

18 17.03 17.03 17.03 17.03 17.03 17.03

19 17.03 21.50 21.94 24.30 23.85 22.16

20 17.03 17.03 17.03 17.03 17.03 17.03

21 17.03 17.03 17.03 17.03 17.03 17.03

22 17.03 40.69 43.05 55.51 53.14 44.20

23 17.03 40.69 43.05 55.51 53.14 44.20

24 22.08 22.08 22.08 22.08 22.08 22.08

Table 2 Estimated parameters of demand utility function at each

load bus using NCUC results

Bus ajt bjt �Dj (MW)

Bus 3 359.99 1.827553 196.9792

Bus 4 524.34 2.289513 229.0181

Bus 5 492.84 4.831536 102.0048
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where Wðajt;DjtÞ is customer’s welfare function; ktDjt is

customer’s electricity cost. For each price kt, customers try

to adjust their electricity consumption Djt to maximize

their own welfare Wðajt;DjtÞ, and the optimal consumption

is achieved when the first derivative of (43) equals zero.

Additionally, the customer’s marginal utility is equal to the

market price. Hence, the fixed price kfixedt in each period

t 2 T is calculated as:

kfixedt ¼ amax
jt �

bjt
PG

g¼1

Pgtugt

D
ð44Þ

The calculated average welfare for the proposed

distributed real-time pricing and for fixed pricing are

compared in Fig. 4. It should be noted that the average

welfare of each customer using the proposed distributed

real-time pricing algorithm is much higher than that for the

traditional fixed pricing algorithm. This demonstrates that

distributed real-time pricing is an effective tool because the

price interacts with customer behavior.

The computation efficiency of the two methods is con-

sidered in Table 5, where it can be seen that the total

computational time and the number of iterations for dis-

tributed real-time pricing strategy are significantly reduced

compared with fixed pricing strategy.
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Fig. 4 Average customer welfare considering demand utility and

with fixed price

Table 3 Results of unit commitment and generation dispatch with

DLR = 0

Period UC status Generation schedule (MW)

G1 G2 G3 G1 G2 G3

1 1 0 0 203.4 0 0

2 1 0 0 218.4 0 0

3 1 0 0 217.8 0 0

4 1 0 0 219.7 0 0

5 1 0 1 211.8 0 10.00

6 1 0 1 216.9 0 10.00

7 1 1 1 212.7 20.98 20.00

8 1 1 1 206.2 43.28 20.00

9 1 1 1 208.8 34.31 20.00

10 1 1 0 206.8 54.19 0

11 1 1 1 191.6 93.37 20.00

12 1 1 1 191.8 92.70 20.00

13 1 1 1 192.5 90.19 20.00

14 1 1 1 193.5 86.80 20.00

15 1 1 1 192.2 91.08 20.00

16 1 1 1 205.8 51.08 10.23

17 1 1 1 216.9 11.08 13.34

18 1 0 1 219.0 0 10.00

19 1 0 1 219.2 0 18.39

20 1 0 1 210.3 0 10.00

21 1 0 1 215.8 0 10.00

22 1 1 1 209.0 33.76 20.00

23 1 1 1 209.0 33.65 20.00

24 1 0 1 220.0 0 10.84

Table 4 Demand utility of all customers with DLR = 0

Period Demand utility (k$) Total utility (k$)

Bus 3 Bus 4 Bus 5

1 21.90 37.53 15.68 75.11

2 23.11 39.58 16.54 79.23

3 23.06 39.49 16.51 79.06

4 23.21 39.75 16.61 79.57

5 23.37 40.04 16.73 80.14

6 23.76 40.69 17.01 81.47

7 25.72 44.02 18.40 88.15

8 26.79 45.83 19.16 91.79

9 26.37 45.12 18.86 90.35

10 26.22 44.87 18.76 89.84

11 28.97 49.51 20.70 99.17

12 28.94 49.46 20.68 99.08

13 28.84 49.29 20.61 98.74

14 28.70 49.06 20.51 98.27

15 28.87 49.35 20.63 98.86

16 26.63 45.56 19.05 91.24

17 24.84 42.52 17.77 85.13

18 23.92 40.97 17.12 82.01

19 24.56 42.05 17.58 84.20

20 23.25 39.83 16.65 79.72

21 23.68 40.55 16.95 81.18

22 26.34 45.07 18.84 90.26

23 26.34 45.06 18.84 90.24

24 24.06 41.21 17.22 82.49

Total 611.45 1046.41 437.43 2095.29
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5.1.3 Case 3 analysis

1) DR compensation mechanism

As mentioned in Section 2.2, the locational value and

the preference parameter of customers are the two critical

parameters of the DR compensation mechanism, and the

locational value can be calculated according to literature

[19]. The calculated locational values and assumed pref-

erence parameters are listed in Table 6.

To demonstrate the advantage and validity of the pro-

posed compensation mechanism, we take customer 3 of

Bus 3 in period 12 as an example. Its locational value is

L3 ¼ 0:9, and its true preference parameter is h3 ¼ 0:7.

According to (19) and (20), the optimal DR amount and

compensation fees are obtained, and they are graphed in

Fig. 5.

Customers may lie about their private information h3 to
receive more monetary compensation y offered by energy

supplier. The proposed compensation mechanism avoids

this because only customers who report their true private

information can obtain maximum utility (18). According to

(13), we can obtain customers’ benefit, and Fig. 6 shows

the benefit of customer 3 for all possible private informa-

tion h3. The benefit of customer 3 is maximized when he or

she reports the truth at h3 ¼ 0:7. Hence, each customer

better reports his or her true private information h3 and

thereby selects a compensation scheme according to their

true willingness to provide DR.

2) Dispatch results

The consumers respond to the market energy price based

on their voluntary psychological feelings and then deter-

mine whether and how much to curtail. The optimal DR

amounts of customers can be solved by co-optimizing DR

and generation–consumption dispatch decisions

Table 5 Computation efficiency of two methods

Method Time (s) Iteration

Real-time pricing 0.194 7

Fixed pricing 0.236 11

Table 6 Customer attributes

Period Locational value Lj Preference parameter hj

Bus 3 Bus 4 Bus 5 Bus 3 Bus 4 Bus 5

1 0.3 0.4 0.4 0.2 0.4 0.3

2 0.4 0.3 0.3 0.1 0.3 0.2

3 0.3 0.4 0.3 0.1 0.3 0.2

4 0.4 0.5 0.4 0.2 0.4 0.3

5 0.4 0.4 0.4 0.3 0.5 0.4

6 0.5 0.5 0.4 0.4 0.6 0.5

7 0.7 0.8 0.7 0.7 0.7 0.7

8 0.8 0.8 0.8 0.7 0.7 0.6

9 0.7 0.8 0.8 0.7 0.7 0.6

10 0.8 0.7 0.8 0.6 0.8 0.7

11 0.9 0.8 0.9 0.6 0.8 0.7

12 0.9 0.8 0.8 0.7 0.9 0.8

13 0.9 0.8 0.8 0.7 0.9 0.8

14 0.9 0.9 0.9 0.8 0.8 0.8

15 0.9 0.9 0.9 0.9 0.9 0.9

16 0.6 0.7 0.6 0.8 0.7 0.6

17 0.6 0.6 0.5 0.5 0.5 0.6

18 0.3 0.4 0.4 0.5 0.5 0.5

19 0.6 0.8 0.7 0.4 0.6 0.5

20 0.6 0.5 0.4 0.5 0.7 0.6

21 0.4 0.6 0.5 0.6 0.7 0.7

22 0.7 0.6 0.8 0.8 0.8 0.8

23 0.8 0.7 0.7 0.9 0.9 0.9

24 0.6 0.5 0.6 0.4 0.6 0.5
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mechanism for customer 3 on Bus 3
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simultaneously. According to the dispatch model in Sec-

tion 3.2, the optimal DR amounts are shown in Table 7.

Using the data in Table 7, the DRL = 1.88% according

to (5). Different types of customers have different DR

preferences in different periods.

Meanwhile, the optimal DR compensation mechanism

for consumers can be obtained. The curtailing capacity (i.e.

DR), the compensation cost (CC), the outage cost (OC), the

consumer revenue (CR), and the energy supply side rev-

enue (SR) are shown in Table 8. The demand utility for

each customer and in total are shown in Table 9. The

LMPs of each bus are shown in Table 10.

In this case, the energy production cost is 122 k$, the

startup cost of units is 808 k$, the total demand utility of

customers is 2070 k$, the revenue generated by the DR

compensation mechanism is 47 k$, and the social welfare

is 1994 k$.

In addition, in order to emphasize the importance of the

two critical parameters (Lj; hj), some further tests are per-

formed. On one hand, Lj is fixed at 0.7 for all the customers

during study cycle, as if all the customers were at the same

location. On the other hand, hj is fixed at 0.7 for all the

customers during study cycle, so all customers have the

same preference. Table 11 compares these results.

With fixed Lj ¼ 0:7 or fixed hj ¼ 0:7, the total demand

utility of all customers is increased but the amount of DR,

CC, OC, CR and SR, as well as the social welfare are

reduced. Therefore, when Lj and hj are fixed to a certain

value, the dispatch results are non-optimal. Only customers

who share their true information, and select a compensation

scheme according to their true willingness to provide DR,

can achieve maximum benefit. Therefore, the proposed

compensation mechanism benefits both the suppliers and

their customers, and realize maximum social welfare and

Pareto optimal results.

The computing time is also listed in Table 11, demon-

strating the applicability of our model to the six-bus

system.

3) Comparison of Case 3 with Case 2

The system demand, the LMP, the customers’ demand

utility and the social welfare with and without DR are

shown in Fig. 7a to Fig. 7d, respectively.

Figure 7a compares the system demand without DR

(DRL = 0) and the expected system demand with

DRL = 1.88% as determined above from optimal decision-

making results. It illustrates that the compensation mech-

anism encourages customers to curtail a certain amount of

load.

Figure 7b shows the LMP with DRL = 0 and with

DRL = 1.88%. It can be seen that the LMP decreases due

to the demand curtailment of customers participating in DR

during peak periods. However, the LMP of Bus 4 is

increased to 55.55 $/MWh as compared with that of Case

Table 7 Optimal DR amounts for three types of customers in six-bus

system

Period DR amount (MW) Period DR amount (MW)

Bus 3 Bus 4 Bus 5 Bus 3 Bus 4 Bus 5

1 0 0 0 14 5 5 5

2 0 0 0 15 7 7 7

3 0 0 0 16 2 1 0

4 0 0 0 17 0 0 0

5 0 0 0 18 0 0 0

6 0 0 0 19 0 0 0

7 1 2 1 20 0 0 0

8 2 2 0 21 0 0 0

9 1 2 0 22 3 2 4

10 0 3 2 23 6 5 5

11 1 4 3 24 0 0 0

12 3 6 4 Total 34 45 35

13 3 6 4

Table 8 Components of DR compensation of customers

Period DR (MW) CC ($) OC ($) CR ($) SR ($)

1 0 0 0 0 0

2 0 0 0 0 0

3 0 0 0 0 0

4 0 0 0 0 0

5 0 0 0 0 0

6 0 0 0 0 0

7 4 1650 1500 150 1350

8 4 1800 1600 200 1400

9 3 1275 1150 125 1025

10 5 2175 1850 325 1525

11 8 4050 3400 650 2750

12 13 6875 5350 1525 3825

13 13 6875 5350 1525 3825

14 15 8625 6750 1875 4875

15 21 13125 9450 3675 5775

16 3 1075 950 125 825

17 0 0 0 0 0

18 0 0 0 0 0

19 0 0 0 0 0

20 0 0 0 0 0

21 0 0 0 0 0

22 9 3975 3250 725 2525

23 16 8050 5900 2150 3750

24 0 0 0 0 0

Total 114 59550 46500 13050 33450
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2, illustrating that, when deploying the DR compensation

mechanism with the objective of maximizing the social

welfare, LMPs at some buses may increase. In this case, the

higher LMP is primarily induced by congestion on Line 2.

Dynamic unit commitment is affected by the units’ start-up

costs, which changes the choice of marginal unit. Thus

increasing social welfare does not necessarily reduce

LMP.

Figure 7c shows the total demand utility of customers

with DRL = 0 and with DRL = 1.88%. When the units’

output can meet the original demand of customers, the

demand utility of customers is at a maximum. Therefore,

the demand utility of customers is reduced by the demand

curtailment of customers participating in DR.

Figure 7d shows the social welfare with DRL = 0 and

with DRL = 1.88%. The social welfare increases very

significantly with DRL = 1.88% because the customers’

utility loss from DR is compensated by the cost savings of

the generation side. The proposed compensation mecha-

nism can increase the benefits both the supply-side and

demand-side. The main reason is that the reduction in

demand utility of customers is approximately 1.2%, from

2095 k$ to 2070 k$, while the total cost saving for gen-

erators is approximately 7.4%, from 132 k$ to 122 k$, due

to not starting up the unit with higher marginal cost.

5.2 IEEE 118-bus system

A modified IEEE 118-bus test system is used to test the

proposed dispatch model at a more practical scale [37]. The

system has 53 units, 186 branches, 14 capacitors, 9 tap-

changers, and 91 load buses. The detailed IEEE 118-bus

system data are given in motor.ece.iit.edu/data/SCUC_118.

The dispatch results including DR, CC, OC, CR, and SR,

and the computation time are shown in Table 12. The

comments applying to Table 11 above apply equally to

Table 12.

The system demand, LMP, demand utility and social

welfare with and without DR are shown in Fig. 8a to

Fig. 8d, respectively, as they were shown for the six-bus

system in Fig. 7.

Figure 8a compares the system demand with DRL = 0

and with DRL = 4.56% at bus 38, as determined from the

optimal decision-making results. A large amount of load is

curtailed in the peak periods 10-16 and 18-22.

Table 9 Demand utility with optimal DR

Period Demand utility (k$) Total utility (k$)

Bus 3 Bus 4 Bus 5

1 21.90 37.53 15.68 75.11

2 23.11 39.58 16.54 79.23

3 23.06 39.49 16.51 79.06

4 23.21 39.75 16.61 79.57

5 23.37 40.04 16.73 80.14

6 23.76 40.69 17.01 81.47

7 25.53 43.48 18.15 87.15

8 26.43 45.32 19.16 90.91

9 26.19 44.59 18.86 89.64

10 26.22 44.07 18.25 88.54

11 28.81 48.61 20.06 97.48

12 28.47 48.10 19.81 96.38

13 28.36 47.92 19.73 96.01

14 27.89 47.91 19.39 95.19

15 27.74 47.75 19.06 94.54

16 26.27 45.30 19.05 90.62

17 24.84 42.52 17.77 85.13

18 23.92 40.97 17.12 82.01

19 24.56 42.05 17.58 84.20

20 23.25 39.83 16.65 79.72

21 23.68 40.55 16.95 81.18

22 25.79 44.55 17.82 88.15

23 25.21 43.73 17.55 86.48

24 24.06 41.21 17.22 82.49

Total 605.63 1035.51 429.27 2070.40

Table 10 LMP of each bus with optimal DR

Period LMP ($/MWh)

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6

1 17.03 17.03 17.03 17.03 17.03 17.03

2 17.03 17.03 17.03 17.03 17.03 17.03

3 17.03 17.03 17.03 17.03 17.03 17.03

4 17.03 17.03 17.03 17.03 17.03 17.03

5 17.03 17.03 17.03 17.03 17.03 17.03

6 17.03 17.03 17.03 17.03 17.03 17.03

7 17.03 40.69 43.02 55.46 53.10 44.17

8 17.03 40.76 43.08 55.56 53.19 44.23

9 17.03 40.69 43.06 55.52 53.16 44.21

10 17.03 40.76 43.11 55.59 53.22 44.26

11 17.03 40.83 43.20 55.74 53.36 44.36

12 17.03 40.83 43.18 55.71 53.33 44.34

13 17.03 40.83 43.18 55.70 53.32 44.33

14 17.03 40.76 43.16 55.67 53.30 44.32

15 17.03 40.76 43.15 55.65 53.28 44.30

16 17.03 40.76 43.08 55.55 53.18 44.23

17 17.03 21.46 21.90 24.22 23.78 22.12

18 17.03 17.03 17.03 17.03 17.03 17.03

19 17.03 21.50 21.95 24.29 23.84 22.16

20 17.03 17.03 17.03 17.03 17.03 17.03

21 17.03 17.03 17.03 17.03 17.03 17.03

22 17.03 40.68 43.04 55.48 53.12 44.19

23 17.03 40.65 43.01 55.44 53.08 44.16

24 22.08 22.08 22.08 22.08 22.08 22.08
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Figure 8b shows the LMP with DRL = 0 and with

DRL = 4.56% at bus 38. Load curtailment occurs at peak

periods, however, the LMP of bus 54 is increased to 14.42

$/MWh as compared with 14.13 $/MWh for DRL = 0,

even the system load levels are smaller than those of the

case DRL = 0. The higher LMP is primarily induced by

the congestion of line 54. Dynamic unit commitment is

affected by the units’ start-up cost, and the load curtailment

at some buses may trigger new transmission congestions

and change the marginal unit.

Figure 8c shows the demand utility of customers with

DRL = 0 and with DRL = 4.56%. Figure 8d shows the

social welfare with DRL = 0 and the social welfare with

DRL = 4.56%. The reduction in demand utility of

Table 11 Comparison of optimal DR compensation mechanism with fixed Lj ¼ 0:7 and hj ¼ 0:7 in six-bus system

Scenario DR (MW) CC (k$) OC (k$) CR (k$) SR (k$) Demand utility (k$) Social welfare (k$) Time (s)

Optimal 114 59.55 46.50 13.05 33.45 2.07 1993.73 0.077

Lj ¼ 0:7 88 38.65 30.80 7.85 22.95 2095.29 1947.36 0.088

hj ¼ 0:7 80 33.15 24.90 8.73 25.05 2093.81 1951.07 0.107

Table 12 Comparison of optimal DR compensation mechanism with fixed Lj ¼ 0:7 and hj ¼ 0:7 in IEEE 118-bus system

Scenario DR (MW) CC (k$) OC (k$) CR (k$) SR (k$) Demand utility (k$) Social welfare (k$) Time (s)

Optimal 338.9 1696.88 1338.35 358.53 979.83 1670.20 829.04 0.445

Lj ¼ 0:7 325.1 1414.48 1134.35 280.13 854.23 1679.24 810.47 0.243

hj ¼ 0:7 195.2 919.95 698.70 233.58 697.05 1666.38 800.68 0.223
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customers is approximately 4.1%, from 1670 k$ to 1602

k$, a larger relative change compared with the six-bus

system, while the total cost savings of generators is

approximately 9% from 817 k$ to 739 k$.

6 Conclusion

Based on consumer behavior theory in microeconomics,

this paper, from a novel perspective, establishes an inte-

grated generation–consumption dispatch model consider-

ing the demand utility function. Additionally, the decision-

making process of the DR compensation is incorporated

into this dispatch model. The individual behavior of cus-

tomers is seen to impact market equilibrium. Simulation

results using a six-bus system and the modified IEEE

118-bus system verify the impact of behavior changes of

customers on generation dispatch, social welfare, market

clearing, LMP and the demand utility. All these results are

analyzed by comparison with and without DR. Finally,

compared with the traditional fixed pricing, the proposed

method can increase the benefits to both the supply and

demand sides, and the original demand utility of customers

is not lost because it is compensated by participating in

DR. Therefore, the Pareto optimality of system dispatch is

achieved and social welfare maximization is realized as

well.
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Appendix A

We present a simple example to illustrate the derivation

process of the assumed values of K1 and K2. The energy

supplier provides the different compensation fees for dif-

ferent types of customers. If a customer curtails x (kW)

power energy at a rate of p ($/kWh), he or she will obtain

px dollars per hour of monetary compensation. Hence, the

benefit function of the customer is:

Udðh; xÞ ¼ px� cðh; xÞ ðA1Þ

Customers are rational, they will select to curtail x of

load to maximize their benefit, where x satisfies the first

order condition of its benefit function:

oUd

ox
¼ p� oc

ox
¼ 0 ðA2Þ

The compensation fees provided by the energy suppliers

are not classified in detail. They only show the amount of

power that each participating customer is willing to curtail,

and the fee that the energy supplier is willing to pay them

per kWh. The main focus is to research energy

consumption behaviors of customers.

An example will illustrate the basis for obtaining the

coefficients K1 and K2 of the assumed outage cost function.

According to the first order condition (A2), we have

p� 2K1x� K2 þ K2h ¼ 0 ðA3Þ

Assume that there are n customers participating in the

demand response program. According to (A3), we know

that n customers need n equations, there are nþ 2 unknown

variables (K1, K2 and all the h). Since h is normalized as

0� h� 1, it sorts the customers from the least willing

(h ¼ 0) to the most willing (h ¼ 1) to curtail load. Hence,

there are n equations and n unknown variables. The

compensation fee p provided by the energy suppliers and

the amount of curtailment x for each customer is known.

Therefore, this method can estimate the assumed values of

K1 and K2, as well as the customer types h.
In order to illustrate the calibration method mentioned

above, take 10 customers for example, and if a customer

willing to curtail less load than 500 kW, he or she will get

paid 3.25 $/kWh. Otherwise, a customer willing to curtail

more load than 500 kW will get paid 3 $/kWh. The

amounts of load curtailment for each customer are shown

in Table A1. The assumed values of K1, K2 and estimated

values of all the customer types h can be deduced using the

described method, and are shown in Table A2 for this

example.

Table A1 Load curtailment amount of each customer

Customer Amount of load (kW)

1 59

2 100

3 130

4 134

5 151

6 184

7 200

8 349

9 364

10 770
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Appendix B

The optimal mechanism design is described by:

max
DRð�Þ;Yð�Þ

EhðUsðDRðh; LÞ; YðDRðh; LÞÞ; LÞ

þ UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞÞ
ðB1Þ

UsðDRðh; LÞ; YðDRðh; LÞÞ; LÞ
¼ V sðL;DRðh; LÞÞ � YðDRðh; LÞÞ� 0

ðB2Þ

UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞ
¼ YðDRðh; LÞÞ � Cðh; drÞ� 0

ðB3Þ

UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞ
�UdðDRð~h; LÞ; YðDRð~h; LÞÞ; hÞ

ðB4Þ

Both the energy supplier and customers are assumed to

be rational. An energy supplier will only provide

compensation for customers at more critical locations

where curtaining some load can reduce any hidden dangers

to power grid security. Customers will not curtail load

unless there is a positive incentive for them, so both

customers and suppliers are subject to the individual

rational constraint.

As mentioned above, h is the parameter indicating

customer willingness to curtail, and it is normalized as

0� h� 1, sorting the customers from the least willing to

the most willing to curtail load. Hence, we have

UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞ ¼ 0 ðB5Þ

Let

�Udðh; LÞ � max
~h

UdðDRð~h; LÞ; YðXð~h; LÞÞ; hÞ ðB6Þ

From the individual rationality constraint for h, and the

incentive compatibility constraint, we have

�Udðh; LÞ ¼ UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞ ðB7Þ

According to the chain rule

o �Ud

oh
¼ oUd

odr

oDR

oh
þ oUd

oy

oY

odr

oDR

oh
þ oUd

oh
ðB8Þ

The energy supplier designs the special compensation

scheme YðdrÞ for each customer, and the customers will

self-select the optimal amount of demand response dr to

maximize their utility UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞ, given
by the point at which the first order condition is zero:

oUd

odr
þ oUd

oy

oY

odr
¼ 0 ðB9Þ

Then, it follows that

o �Ud

oh
¼ oUd

oh
ðB10Þ

�Udðh; LÞ ¼UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞ

þ
Z h

h

oUd

oh
ðDRð~h; LÞ; ~hÞd~h

ðB11Þ

From (B3)

oUd

oh
¼ � oC

oh
ðB12Þ

Substitute (B12) into (B11)

�Udðh; LÞ ¼UdðDRðh; LÞ; YðDRðh; LÞÞ; hÞ

�
Z h

h

oC

oh
ðDRð~h; LÞ; ~hÞd~h

ðB13Þ

And according to (B5), we can get

�Udðh; LÞ ¼ �
Z h

h

oC

oh
ðDRð~h; LÞ; ~hÞd~h ðB14Þ

Furthermore, with (B2), (B3) and (B7), we have

Us ¼ V s � C � �Ud ðB15Þ

Substitute (B14) and (B15) into (B1), we can obtain

max
DRð�Þ

Z 1

h
VsðDRðh; LÞÞ � CðDRðh; LÞ; hÞ½

þ
Z h

h

oc

oh
DRð~h; LÞ; ~h

� �
d~h

#

f ðhÞdh
ðB16Þ

where FðhÞ ¼
R h
0
f ð~hÞd~h.

The first order derivative is zero, and the maximum

DRð�Þ is where
oVs

oDR
� oC

oDR
þ 1� FðhÞ

f ðhÞ
o2C

oCoh
¼ 0 ðB17Þ

As mentioned above

Cðh;DRÞ ¼ 1

2
DR2 þ DR� DR � h ðB18Þ

V s ¼ L � DRðhÞ ðB19Þ

Substitute (B18) and (B19) into (B17), we have

Table A2 Assumed coefficients and estimated types of 10 example

customers

K1 K2 h1 h2 h3 h4

0.0019 3.0201 0 0.0529 0.0916 0.0968

h5 h6 h7 h8 h9 h10

0.1187 0.1613 0.1819 0.3741 0.3935 1
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DRðh; LÞ ¼
0 0� h\1� L

2

2hþ L� 2 1� L

2
� h\1

8
><

>:
ðB20Þ

From (B3), we have

YðDRðh; LÞÞ ¼ Udðh; LÞ þ CðXðh; LÞ; hÞ ðB21Þ

Substitute (B20) into (B18), we have

Cðh;DRÞ¼1

2
DR2þDR�DR �h

¼1

2
ð2hþL�2Þ2þð2hþL�2Þ�ð2hþL�2Þh

¼1

2
L2þhL�L

ðB22Þ

From (B14), we have

Udðh;LÞ ¼ �
Z h

h

oC

oh
ðDRð~h; LÞ; ~hÞd~h

¼�
Z h

h
ð�DRð~h; LÞ; ~hÞd~h

¼
Z h

h
ðDRð~h; LÞ; ~hÞd~h

¼
Z h

h
ð2~hþ L� 2Þd~h

¼ h2 � 2hþ hLþ 1

4
L2 � Lþ 1

ðB23Þ

Finally, substitute (B22) and (B23) into (B21), and we

have

YðDRðh;LÞÞ¼

0 0�h\1�L

2

h2�2hþ2hLþ3

4
L2�2Lþ1

1�L

2
�h\1

8
>>>><

>>>>:

ðB24Þ

References

[1] Zhao C, Wang J, Watson JP et al (2013) Multi-stage robust unit

commitment considering wind and demand response uncer-

tainties. IEEE Trans Power Syst 28(3):2708–2717

[2] Rahiman FA, Zeineldin HH, Khadkikar V et al (2014) Demand

response mismatch (DRM): concept, impact analysis, and

solution. IEEE Trans Smart Grid 5(4):1734–1743

[3] Wu D, Aliprantis DC, Ying L (2012) Load scheduling and

dispatch for aggregators of plug-in electric vehicles. IEEE Trans

Smart Grid 3(1):368–376

[4] Vazquez S, Lukic SM, Galvan E et al (2010) Energy storage

systems for transport and grid applications. IEEE Trans Ind

Electron 57(12):3881–3895

[5] Tan KM, Ramachandaramurthy VK, Yong JY (2016) Integra-

tion of electric vehicles in smart grid: a review on vehicle to grid

technologies and optimization techniques. Renew Sustain

Energy Rev 53:720–732

[6] Zhou L, Li F, Gu C et al (2014) Cost/benefit assessment of a

smart distribution system with intelligent electric vehicle

charging. IEEE Trans Smart Grid 5(2):839–847

[7] Bahramirad S, Reder W, Khodaei A (2012) Reliability-con-

strained optimal sizing of energy storage system in a microgrid.

IEEE Trans Smart Grid 3(4):2056–2062

[8] Department of Energy of the United States (2006) Benefits of

demand response in electricity markets and recommendations

for achieving them: a report to the United States congress pur-

suant to section 1252 of energy policy act of 2005. https://

energy.gov/oe/downloads/benefits-demand-response-electricity-

markets-and-recommendations-achieving-them-report. Acces-

sed 10 February 2006

[9] Tellidou AC, Bakirtzis AG (2009) Demand response in elec-

tricity markets. In: Proceedings of 15th international conference

on intelligent system applications to power systems, Curitiba,

Brazil, 8–12 November 2009, 6 pp

[10] Albadi MH, El-Saadany EF (2008) A summary of demand

response in electricity markets. Electric Power Syst Res

78(11):1989–1996

[11] Singh SN, Østergaard J (2010) Use of demand response in

electricity markets: an overview and key issues. In: Proceedings

of 7th international conference on the European energy market,

Madrid, Spain, 23–25 June 2010, 6 pp

[12] Kim DM, Kim JO (2012) Design of emergency demand

response program using analytic hierarchy process. IEEE Trans

Smart Grid 3(2):635–644

[13] Zhong MM, Chen JQ, Wang K et al (2014) A centralized

decision method for multi-time scale coordinated orderly power

consumption. Power Syst Technol 38(22):70–77

[14] David AK, Wen FS (2001) Market power in electricity supply.

IEEE Trans Energy Convers 16(4):352–360

[15] Wang BB, Sun YJ, Li Y (2015) Application of uncertain

demand response modeling in power-score incentive decision.

Autom Electr Power Syst 39(10):93–99

[16] Niu WJ, Li Y (2014) Uncertain optimization decision of inter-

ruptible load in demand response program. In: Proceedings of

IEEE innovative smart grid technologies-Asia (ISGT Asia),

Kuala Lumpur, Malaysia, 20–23 May 2014, pp 675–679

[17] Leonid H, Stanley R (2006) Designing economic mechanisms.

Cambridge University Press, England

[18] Fahrioglu M, Alvarado FL (1999) Designing cost effective

demand management contracts using game theory. In: Pro-

ceedings of IEEE power engineering society 1999 winter

meeting, New York, USA, 31 January–4 February 1999,

pp 427–432

[19] Fahrioglu M, Alvarado FL (2000) Designing incentive com-

patible contracts for effective demand management. IEEE Trans

Power Syst 15(4):1255–1260

[20] Chen Z, Wu L, Fu Y (2012) Real-time price-based demand

response management for residential appliances via stochastic

optimization and robust optimization. IEEE Trans Smart Grid

3(4):1822–1831

[21] Aalami HA, Parsa MM, Yousefi GR (2010) Demand response

modeling considering interruptible/curtailable loads and capac-

ity market programs. Appl Energy 87(1):243–250

[22] Kirschen DS, Strbac G, Cumperayot P et al (2000) Factoring the

elasticity of demand in electricity prices. IEEE Trans Power

Syst 15(2):612–617

[23] Su CL, Kirschen D (2009) Quantifying the effect of demand

response on electricity markets. IEEE Trans Power Syst

24(3):1199–1207

1040 Yumin ZHANG et al.

123

https://energy.gov/oe/downloads/benefits-demand-response-electricity-markets-and-recommendations-achieving-them-report
https://energy.gov/oe/downloads/benefits-demand-response-electricity-markets-and-recommendations-achieving-them-report
https://energy.gov/oe/downloads/benefits-demand-response-electricity-markets-and-recommendations-achieving-them-report


[24] Wu L (2013) Impact of price-based demand response on market

clearing and locational marginal prices. IET Gen Trans Dist

7(10):1087–1095

[25] Ngan HW (2010) Electricity regulation and electricity market

reforms in China. Energy Policy 38:2142–2148

[26] Fahrioglu M, Alvarado FL (2001) Using utility information to

calibrate customer demand management behavior models. IEEE

Trans Power Syst 16(2):317–322

[27] Jian XH, Zhang L, Miao XF et al (2018) Designing interruptible

load management scheme based on customer performance using

mechanism design theory. Electr Power Energy Syst

95:476–489

[28] Madani R, Ashraphijuo M, Lavaei J (2016) Promises of conic

relaxation for contingency-constrained optimal power flow

problem. IEEE Trans Power Syst 31(2):1297–1307

[29] Wood AJ, Wollenberg BF (1996) Power generation, operation,

and control, 2nd edn. Wiley, New York

[30] Carrion M, Arroyo JM (2006) A computationally efficient

mixed-integer linear formulation for the thermal unit commit-

ment problem. IEEE Trans Power Syst 21(3):1371–1378

[31] Ostrowski J, Anjos MF, Vannelli A (2012) Tight mixed integer

linear programming formulations for the unit commitment

problem. IEEE Trans Power Syst 27(1):39–46

[32] Arroyo JM, Conejo AJ (2000) Optimal response of a thermal

unit to an electricity spot market. IEEE Trans Power Syst

15(3):1098–1104

[33] Bouffard F, Galiana FD (2004) An electricity market with a

probabilistic spinning reserve criterion. IEEE Trans Power Syst

19(1):300–307

[34] Floudas CA (1955) Nonlinear and mixed-integer optimization:

fundamentals and applications, 1st edn. Oxford University

Press, New York

[35] Wang J, Shahidehpour M, Li Z (2008) Security-constrained unit

commitment with volatile wind power generation. IEEE Trans

Power Syst 23(3):1319–1327

[36] Samimi A, Nikzad M, Mohammadi M (2016) Real-time elec-

tricity pricing of a comprehensive demand response model in

smart grids. Int Trans Electr Energ Syst 27(3):1–15

[37] Wu L, Shahidehpour M, Li T (2007) Stochastic security-con-

strained unit commitment. IEEE Trans Power Syst

22(2):800–811

Yumin ZHANG received her M.E. degree from Liaoning University

of Technology, Jinzhou, China, in 2013. Currently, she is pursuing

her Ph.D. degree in Shandong University, Jinan, China. Her research

interests include power system operation and control, electricity

market and demand response.

Xueshan HAN received the Ph.D. degree from Harbin Institute of

Technology, Harbin, China, in 1994, in electrical engineering. From

1998 to 2000, he was a research fellow in Nanyang Technological

University. He is now a professor and serving as vice dean of the

School of Electrical Engineering, Shandong University, Jinan, China.

His research interests include energy system forecasting, power

system economic dispatch, electricity market design, power system

operation optimization and control.

Li ZHANG received the B.E. degree from Tianjin University,

Tianjin, China, in 1989, and the M.E. and Ph.D. degrees from the

Shandong University of Technology and Shandong University, Jinan,

China, in 1992 and 2006, respectively. She is currently an associate

professor at Shandong University, Jinan, China. Her research interests

include power system operation and control and electricity market.

Bo XU received the B.E. and Ph.D. degrees from Shandong

University, Jinan, China, in 2010 and 2016, respectively. He is now

a postdoctoral fellow in Department of Electrical Engineering,

Tsinghua University, Beijing, China. His research interests include

power system economic dispatch, power system condition-based

maintenance.

Mingqiang WANG received the Ph.D. degree from Nanyang

Technological University, Singapore, in 2012. Currently he is an

associate professor at the School of Electrical Engineering, Shandong

University, Jinan, China. His research interests are power system

economic operation and microgrid.

Ming YANG received the Ph.D. degree in electrical engineering from

Shandong University, Jinan, China, in 2009. Currently, he is an

associate professor at Shandong University. His research interests

include energy system forecasting, power system analysis and power

system operation optimization.

Integrated generation–consumption dispatch based on compensation mechanism considering demand… 1041

123


	Integrated generation--consumption dispatch based on compensation mechanism considering demand response behavior
	Abstract
	Introduction
	Customer behavior and compensation mechanism
	Customer behavior
	Compensation mechanism

	Mathematical formulation
	Integrated generation--consumption dispatch model
	Compensation mechanism in integrated model

	Solution method
	Case studies
	Six-bus system
	Case 1 analysis
	Case 2 analysis
	Case 3 analysis

	IEEE 118-bus system

	Conclusion
	Acknowledgement
	Appendix A
	Appendix B
	References




