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Abstract- In this study, price-controlled energy management 

problem of the end users are investigated in the generation 

scheduling and unit commitment problems of a generation 

company (GENCO) to minimize its overall cost. Herein, the 

reaction of end users with respect to the energy management 

schemes is modeled considering different mathematical behavioral 

models for the end users. It is shown that price-controlled energy 

management of end users has a considerable potential for 

minimizing the operation cost of a GENCO. In addition, it is proven 

that just an optimal scheme of energy management is able to result 

in the minimum value of operation cost for the GENCO.  

Index Terms- Generation company (GENCO), generation 

scheduling problem, behavioral models, modeling reaction of end 

users, price-controlled energy management.  

I. INTRODUCTION 

The energy scheduling problem of generation units involves 

finding the least-cost dispatch of available generation power 

plants to meet the electrical load demand [1]. Energy 

management, including price-based energy management 

schemes or incentive-based approaches, is considered as the first 

precedence in all the energy policy decisions due to its benefits 

from economic and environmental viewpoints [2-3]. Energy 

management is able to reduce overall costs of energy supply, 

increase reserve margin, and mitigate electricity price volatility 

[2]. Also, it achieves environmental goals by deferring 

commitment of polluted generation units, leading to increased 

energy efficiency and reduced greenhouse gas emissions [2].  

Some studies have investigated the potential of energy 

management [4-5]. The U.S. federal energy regulatory 

commission estimates that the contribution from the existing 

customers in the U.S. is around 41000 MW equal to 5.8% of the 

2008 summer peak demand [4]. A study presented in [5] shows 

that incentive-based energy management is responsible for 93% 

of peak load reduction in the U.S. The studies presented in [6-

10] have investigated the effects of energy management on the 

residential customers’ demand.  

In [11-12], the authors have determined value of demand for 

shifting from the peak period to other periods by direct load 

control for congestion management and increasing utilization of 

wind power. In [13-16], energy management has been 

investigated in the generation scheduling problem by modeling 

the reaction of end user customers with respect to the value of 

incentive for demand reduction at peak period. However, in the 

above mentioned studies, different behavior and reaction of end 

users with respect to electricity price changes has not been 

modeled in the generation scheduling problem from a generation 

company’s (GENCO’s) viewpoint.  

In this study, price-controlled energy management of end 

users is investigated in the generation scheduling problem of 

generation units considering different mathematical behavioral 

models (linear, power, exponential, and logarithmic) for the end 

users. The behavior of end users is modeled from a GENCO’s 

point of view based on the social welfare of end users and their 

price elasticity of demand. Herein, the values of electricity prices 

in the valley and peak periods are decreased and increased, 

respectively, to encourage the end users to shift their demands 

from the peak period to the valley period. By having this 

phenomenon, the demand profile of the system becomes more 

flat and the overall cost of generation system is decreased, since 

fuel consumption and emission level of the generation units are 

polynomial functions.  

The paper is organized as follows. In Section II, the models 

for price-controlled energy management of end users with 

different behavioral reactions are presented. In addition, the 

proposed technique for solving the generation scheduling 

problem of a GENCO is presented. In Section III, the 

mathematical formulation for generation scheduling problem of 

a GENCO is presented. The numerical study is conducted in 

Section IV, and Section V concludes the paper. 

II. PROPOSED TECHNIQUE 

A. Price-Controlled Energy Management Modeling 

Price elasticity of demand is defined as the demand sensitivity 

respect to the price [17], as can be seen in equation (1).  

                                          𝐸 =
𝜕�̃�

𝐷⁄

𝜕�̃�
𝜋⁄

=
𝜕�̃�

𝜕�̃�
×

𝜋

𝐷
                                      (1) 

Herein, 𝐷 is the initial demand level, �̃� is the demand level 

after introducing the new price, 𝜋 is the initial price, and �̃� is the 

value of new price. If the electricity price varies at different 

periods (valley, off-peak, and peak periods), the reactions of an 

end users are as follow [18]:  

 One part of demand of the end user (such as lighting or 

cooling/heating demands for every type of end users) cannot be 

transferred to other periods and it can be only “on” or “off” in 

the same period. Elasticity of such demand does not have any 

sensitivity to the electricity prices in other periods [17].  

 Another part of demand of the end user (such as 

demand of cleaning appliances) can be transferred from one 

period to other periods. Elasticity of this part of demand, which 

has sensitivity to the electricity prices of other periods, is called 

“cross elasticity” [17]. 

In this regard, the self-elasticity at time 𝑡 (𝐸𝑡,𝑡
 ) and the cross 

elasticity between time 𝑡 and 𝑡′ (𝐸𝑡,𝑡′
 ) can be written as 

equations (2) and (3), respectively [17]:  

                                             𝐸𝑡,𝑡
 =

�̃�𝑡
 − 𝐷𝑡

 

�̃�𝑡
 − 𝜋𝑡

 ×
𝜋𝑡

 

𝐷𝑡
 ≤ 0                               (2)  

                                           𝐸𝑡,𝑡′
 =

�̃�𝑡
 − 𝐷𝑡

 

�̃�𝑡′
 − 𝜋𝑡′

 ×
𝜋𝑡′

 

𝐷𝑡
 ≥ 0                             (3)  

In this study, price-controlled energy management of the end 

users is modeled based on their maximum social welfare and 

price elasticity of demand. The social welfare of an end user is 

defined as equation (4) that includes benefit function of the end 

user due to consuming electricity (and consequently producing 
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and selling commodities) subtracted by the value of electricity 

bill. Herein, t indicates the time in one hour scale.  

                            𝑆𝑊𝑡
𝑀𝑜𝑑𝑒𝑙 = 𝐵𝐹𝑡

𝑀𝑜𝑑𝑒𝑙 − �̃�𝑡
 × �̃�𝑡

𝑀𝑜𝑑𝑒𝑙                           (4) 

In addition, 𝑆𝑊𝑡
𝑀𝑜𝑑𝑒𝑙  denotes the social welfare of an end user 

at time t considering the behavior model of end user (linear, 

power, logarithmic and exponential model). Moreover, 𝐵𝐹𝑡
𝑀𝑜𝑑𝑒𝑙  

indicates the benefit function of end user at time t considering its 

model. Also, �̃�𝑡
 × �̃�𝑡

𝑀𝑜𝑑𝑒𝑙  designates the cost of electricity bill 

of the end user with the known behavioral model, and �̃�𝑡
  and 

�̃�𝑡
𝑀𝑜𝑑𝑒𝑙  are the electricity price and the amount of electricity 

consumed by the end user at time t, respectively. 

In mathematics, a Taylor series or Taylor expansion is a 

representation of a function as an infinite sum of terms that are 

calculated from the values of the function's derivatives at a 

single point. Based on this, herein, 𝐵𝐹𝑡
𝑀𝑜𝑑𝑒𝑙 is represented by its 

related Taylor series while the terms after the second term is 

neglected due their small values compared to the first and 

second terms. The Taylor expansions of 𝐵𝐹𝑡
𝑀𝑜𝑑𝑒𝑙  for the first 

two terms considering linear, power, exponential, and 

logarithmic models for the behavioral model of end user are 

presented in equations (5)-(8) in Table I [19]. In these equations, 

the constant value of benefit function is indicated by 𝐵𝐹0,𝑡
 .  

TABLE I 
 TAYLOR EXPANSIONS OF BENEFIT FUNCTION FOR THE FIRST TWO TERMS CONSIDERING DIFFERENT MODELS FOR THE BEHAVIOR OF END USER [19]. 

Model Gross surplus function Equation 

Linear 𝐵𝐹𝑡
𝐿𝑖𝑛 = 𝐵𝐹0,𝑡

𝐿𝑖𝑛 + 𝜋𝑡
 × (�̃�𝑡

𝐿𝑖𝑛 − 𝐷𝑡
𝐿𝑖𝑛) +

𝜋𝑡
 

2 × 𝐸𝑡,𝑡 × 𝐷𝑡
𝐿𝑖𝑛

× (�̃�𝑡
𝐿𝑖𝑛 − 𝐷𝑡

𝐿𝑖𝑛)
2
 (5) 

Power 𝐵𝐹𝑡
𝑃𝑜𝑤 = 𝐵𝐹0,𝑡

𝑃𝑜𝑤 +
𝜋𝑡

 × �̃�𝑡
𝑃𝑜𝑤

1 +
1

𝐸𝑡,𝑡

× ((
�̃�𝑡

𝑃𝑜𝑤

𝐷𝑡
𝑃𝑜𝑤)

1
𝐸𝑡,𝑡

− 1) (6) 

Exponential 𝐵𝐹𝑡
𝐸𝑥𝑝

= 𝐵𝐹0,𝑡
𝐸𝑥𝑝

+ 𝜋𝑡
 × �̃�𝑡

𝐸𝑥𝑝
× (1 +

1

𝐸𝑡,𝑡

× (𝑙𝑛 (
�̃�𝑡

𝐸𝑥𝑝

𝐷𝑡
𝐸𝑥𝑝) − 1)) (7) 

Logarithmic 
𝐵𝐹𝑡

𝐿𝑜𝑔
= 𝐵𝐹0,𝑡

𝐿𝑜𝑔
+ 𝜋𝑡

 × 𝐷𝑡
𝐿𝑜𝑔

× 𝐸𝑡,𝑡 × 𝑒

�̃�𝑡
𝐿𝑜𝑔

−𝐷𝑡
𝐿𝑜𝑔

𝐷𝑡
𝐿𝑜𝑔

×𝐸𝑡,𝑡

 − 1

 
(8) 

 

Based on the classical optimization theory, in order to 

maximize the value of 𝑆𝑊𝑡
𝑀𝑜𝑑𝑒𝑙with respect to �̃�𝑡

𝑀𝑜𝑑𝑒𝑙 , value of 
𝜕𝑆𝑊𝑡

𝑀𝑜𝑑𝑒𝑙

𝜕�̃�𝑡
𝑀𝑜𝑑𝑒𝑙  must be equal to zero. In other words, equation (9) 

needs to be solved.  

                                                
𝜕𝐵𝐹𝑡

𝑀𝑜𝑑𝑒𝑙

𝜕�̃�𝑡
𝑀𝑜𝑑𝑒𝑙

= �̃�𝑡
                                             (9) 

End User with Linear Behavioral Model: Differentiating 

equation (5) with respect to �̃�𝑡
𝐿𝑖𝑛 results in equation (10).  

                                  
𝜕𝐵𝐹𝑡

𝐿𝑖𝑛

𝜕�̃�𝑡
𝐿𝑖𝑛

= 𝜋𝑡
 × (1 +

�̃�𝑡
𝐿𝑖𝑛 − 𝐷𝑡

𝐿𝑖𝑛

𝐸𝑡,𝑡 × 𝐷𝑡
𝐿𝑖𝑛

)                     (10) 

Combining equations (9) and (10) leads to equation (11). 

                                �̃�𝑡
𝐿𝑖𝑛 = 𝐷𝑡

𝐿𝑖𝑛 × (1 +
�̃�𝑡

 − 𝜋𝑡
 

𝜋𝑡
 × 𝐸𝑡,𝑡)                     (11) 

The complete model is achieved by considering all the times, 

as can be seen in equation (12). 

                          �̃�𝑡
𝐿𝑖𝑛 = 𝐷𝑡

𝐿𝑖𝑛 × (1 + ∑
�̃�𝑡′

 − 𝜋𝑡′
 

𝜋𝑡′
 × 𝐸𝑡,𝑡′

24

𝑡′=1

)               (12) 

End User with Power Behavioral Model: Differentiating 

equation (6) with respect to �̃�𝑡
𝑃𝑜𝑤 results in equation (13).  

    
𝜕𝐵𝐹𝑡

𝑃𝑜𝑤

𝜕�̃�𝑡
𝑃𝑜𝑤

=
𝜋𝑡

 

1 +
1

𝐸𝑡,𝑡

× ((
�̃�𝑡

𝑃𝑜𝑤

𝐷𝑡
𝑃𝑜𝑤)

1
𝐸𝑡,𝑡

− 1 +
1

𝐸𝑡,𝑡
× (

�̃�𝑡
𝑃𝑜𝑤

𝐷𝑡
𝑃𝑜𝑤)

1
𝐸𝑡,𝑡

)   (13) 

Since the realistic value of elasticity is too small compared to 

the value of 1, the value of first and third terms in the 

parenthesis are dominant. Thus, the equation (13) can be 

approximated as following:  

         
𝜕𝐵𝐹𝑡

𝑃𝑜𝑤

𝜕�̃�𝑡
𝑃𝑜𝑤

≅
𝜋𝑡

 

1 +
1

𝐸𝑡,𝑡

× ((
�̃�𝑡

𝑃𝑜𝑤

𝐷𝑡
𝑃𝑜𝑤)

1
𝐸𝑡,𝑡

+
1

𝐸𝑡,𝑡
× (

�̃�𝑡
𝑃𝑜𝑤

𝐷𝑡
𝑃𝑜𝑤)

1
𝐸𝑡,𝑡

)     (14) 

Simplification of the equation (14) results in equation (15):  

                                      
𝜕𝐵𝐹𝑡

𝑃𝑜𝑤

𝜕�̃�𝑡
𝑃𝑜𝑤

≅ 𝜋𝑡
 × (

�̃�𝑡
𝑃𝑜𝑤

𝐷𝑡
𝑃𝑜𝑤)

1
𝐸𝑡,𝑡

                               (15) 

Combining equations (10) and (15) results in equation (16). 

                                          �̃�𝑡
𝑃𝑜𝑤 ≅ 𝐷𝑡

𝑃𝑜𝑤 × (
�̃�𝑡

 

𝜋𝑡
 )

𝐸𝑡,𝑡

                                (16) 

The complete model is obtained by considering all the times 

presented in equation (17). 

                                     �̃�𝑡
𝑃𝑜𝑤 ≅ 𝐷𝑡

𝑃𝑜𝑤 × ∏ (
�̃�𝑡′

 

𝜋𝑡′
 )

𝐸𝑡,𝑡′24

𝑡′=1

                          (17) 

End User with Exponential Behavioral Model: Differentiating 

equation (7) with respect to �̃�𝑡
𝐸𝑥𝑝

 results in equation (18).  

                          
𝜕𝐵𝐹𝑡

𝐸𝑥𝑝

𝜕�̃�𝑡
𝐸𝑥𝑝 = 𝜋𝑡

 × (1 +
1

𝐸𝑡,𝑡
× 𝑙𝑛 (

�̃�𝑡
𝐸𝑥𝑝

𝐷𝑡
𝐸𝑥𝑝))                  (18) 

Combining equations (10) and (18) results in equation (19). 

                                      �̃�𝑡
𝐸𝑥𝑝

= 𝐷𝑡
𝐸𝑥𝑝

× 𝑒
�̃�𝑡

 −𝜋𝑡
 

𝜋𝑡
 ×𝐸𝑡,𝑡

                                 (19) 

The complete model is achieved by considering all the times 

presented in equation (20). 

                                     �̃�𝑡
𝐸𝑥𝑝

= 𝐷𝑡
𝐸𝑥𝑝

× 𝑒
∑

�̃�
𝑡′
 −𝜋

𝑡′
 

𝜋
𝑡′
 ×𝐸𝑡,𝑡′

24
𝑡′=1

                      (20) 

End User with Logarithmic Behavioral Model: Differentiating 

equation (8) with respect to �̃�𝑡
𝐿𝑜𝑔

 results in equation (21).  

                                  
𝜕𝐵𝐹𝑡

𝐿𝑜𝑔

𝜕�̃�𝑡
𝐿𝑜𝑔 = 𝜋𝑡

 × 𝑒

�̃�𝑡
𝐿𝑜𝑔

−𝐷𝑡
𝐿𝑜𝑔

𝐷𝑡
𝐿𝑜𝑔

×𝐸𝑡,𝑡

−1

                              (21) 

Combining equations (9) and (21) gives equation (22).  

                        �̃�𝑡
𝐿𝑜𝑔

= 𝐷𝑡
𝐿𝑜𝑔

× (1 + (𝑙𝑛 (
�̃�𝑡

 

𝜋𝑡
 )) × 𝐸𝑡,𝑡)                  (22) 

The complete model is achieved by considering all the times, 

as can be seen in equation (23).  

                  �̃�𝑡
𝐿𝑜𝑔

= 𝐷𝑡
𝐿𝑜𝑔

× (1 + ∑ (𝑙𝑛 (
�̃�𝑡′

 

𝜋𝑡′
 )) × 𝐸𝑡,𝑡′

24

𝑡′=1

)             (23) 

As can be seen in equations (12), (17), (20) and (23), if the 

electricity prices in different periods are the same, the end user 

will not change its demand pattern, since there is not any 

encouragement.  

In the price-controlled energy management, the prices of 

electricity at peak and valley periods are changed using 𝜌𝐸𝑀, as 



can be seen in (24). In other words, the price-controlled energy 

management includes decreasing the electricity price at valley 

period and increasing the electricity price at peak period.  

                        �̃�𝑡
 = {

𝜋𝑡
 − 𝜌𝐸𝑀                  𝑡 ∈ 𝑉𝑎𝑙𝑙𝑒𝑦

𝜋𝑡
                      𝑡 ∈ 𝑂𝑓𝑓 − 𝑝𝑒𝑎𝑘

𝜋𝑡
 + 𝜌𝐸𝑀                     𝑡 ∈ 𝑃𝑒𝑎𝑘

                         (24) 

B. Optimization Technique  

Herein, GA is applied to solve the optimization problem. The 

value of objective function (the total cost of generation system 

over the operation period (one day)) is defined as the fitness of a 

chromosome, and then it is tried to maximize the fitness of 

chromosome. The defined chromosome is presented in Fig. 1. 

The outputs of GA include the minimum value of total cost of 

generation system over the operation period (one day), the 

optimal generation level of units and the optimal demand level 

of the end users with a behaviour model. 

 
Fig. 1. The structure of chromosome in the applied GA. 

After energy management (modifying the electricity prices at 

peak and valley periods using 𝜌𝐸𝑀), the end users react and 

revise their demand level. In other words, they shift part of their 

demand from the peak period (more expensive electricity) to off-

peak and valley periods (cheaper electricity). Herein, the 

problem is solved and optimized for every possible value of 𝜌𝐸𝑀 

and then, the optimal scheme of energy management (optimal 

value of 𝜌𝐸𝑀) is determined based on the minimum value of 

total cost of generation system over the operation period (one 

day). TABLE II presents the pseudo code for finding the optimal 

scheme of energy management of end users by the GENCO.  
TABLE II  

The pseudo code for finding the optimal scheme of energy management of 

end users.  

1: Set the value of 𝜌𝐸𝑀 = 0. 

2: 𝜌𝐸𝑀 = 𝜌𝐸𝑀 + 1. 

3: Update the electricity price at every period (�̃� 
 ) using (24). 

4: Update the system demand (�̃� 
𝑀𝑜𝑑𝑒𝑙) using (12), (17), (20), and (23) for und 

users with linear, power, exponential, and logarithmic behaviors, respectively.  

5: Solve the optimization problem and determine the minimum daily operation 

cost of GENCO using GA. 

6: Go to Step 2, if 𝜌𝐸𝑀 < 𝜌𝑀𝐴𝑋
𝐸𝑀 . //𝜌𝑀𝐴𝑋

𝐸𝑀  is determined based on the initial 

electricity price at valley period.  

7: Determine optimal value of 𝜌𝐸𝑀 based on the minimum daily operation cost 
of GENCO. 

III. MATHEMATICAL FORMULATION 

A. Objective Function of the Problem 

The objective function of the problem over the operation 

period (one day) is presented in (25). As can be seen, it includes 

energy management cost of end users (i.e., difference in income 

of GENCO), the fuel cost of generation units, the greenhouse 

gas emissions cost of generation units, the start-up cost of de-

committed units, and the shut down cost of committed units. 

               𝑂𝐹 = ∑ [𝐶𝑜𝑠𝑡𝑡
𝐸𝑀 + ∑ [

𝐶𝑜𝑠𝑡𝑔,𝑡
𝐹 + 𝐶𝑜𝑠𝑡𝑔,𝑡

𝐸

+𝐶𝑜𝑠𝑡𝑔,𝑡
𝑆𝑇𝑈 + 𝐶𝑜𝑠𝑡𝑔,𝑡

𝑆𝐻𝐷]

𝑁𝑔

𝑔=1

]

𝑁𝑡

𝑡=1

          (25) 

B. Cost Terms of the Objective Function 

Cost of energy management of end users: 

Energy management of end users may result in cost or profit 

for the GENCO when the income of sold electrical energy 

decreases or increases after energy management, respectively, as 

can be seen in equation (26).  

               𝐶𝑜𝑠𝑡𝑡
𝐸𝑀 = ∑ [𝐷𝑡

𝑀𝑜𝑑𝑒𝑙 × 𝜋𝑡
 − �̃�𝑡

𝑀𝑜𝑑𝑒𝑙 × �̃�𝑡
 ]

 

𝑀𝑜𝑑𝑒𝑙

                  (26) 

Fuel cost of generation units:  

The fuel cost of every generation unit (𝐶𝑜𝑠𝑡𝑔,𝑡
𝐹 ), which is in 

“on” status (𝑥𝑔,𝑡
𝐺 = 1), is a quadratic polynomial [20]. In other 

words, the generation unit consumes more fuel per power unit 

when its power is in the upper level of power compared to the 

value of consumed fuel per power unit in the lower level. 

         𝐶𝑜𝑠𝑡𝑔,𝑡
𝐹 = (𝛼1,𝑔

𝐹 × (𝑃𝑔,𝑡
 )

2
+ 𝛼2,𝑔

𝐹 × (𝑃𝑔,𝑡
 ) + 𝛼3,𝑔

𝐹 ) × 𝑥𝑔,𝑡
𝐺       (27) 

Greenhouse gas emissions cost of generation units: 

The greenhouse gas emissions cost of every generation unit 

(𝐶𝑜𝑠𝑡𝑔,𝑡
𝐸 ), which is in “on” status (𝑥𝑔,𝑡

𝐺 = 1), is a quadratic 

polynomial [20].  

  𝐶𝑜𝑠𝑡𝑔,𝑡
𝐸 = 𝛽 

𝐸 × (𝛼1,𝑔
𝐸 × (𝑃𝑔,𝑡

 )
2

+ 𝛼2,𝑔
𝐸 × (𝑃𝑔,𝑡

 ) + 𝛼3,𝑔
𝐸 ) × 𝑥𝑔,𝑡

𝐺      (28) 

Start-up cost and shut down cost of generation units: 

                             𝐶𝑜𝑠𝑡𝑔,𝑡
𝑆𝑇𝑈 = 𝐶𝑔

𝑆𝑇𝑈 × (1 − 𝑥𝑔,𝑡−1
𝐺 ) × 𝑥𝑔,𝑡

𝐺                      (29) 

                             𝐶𝑜𝑠𝑡𝑔,𝑡
𝑆𝐻𝐷 = 𝐶𝑔

𝑆𝐻𝐷 × 𝑥𝑔,𝑡−1
𝐺 × (1 − 𝑥𝑔,𝑡

𝐺 )                    (30) 

C. Constraints of the Problem 

System power balance constraint:  

The power-demand balance constraint of the system that must 

be held in every time step of the operation period is presented in 

(31). This constraint is applicable for the problem with (𝑥 
𝐸𝑀 =

1) and without (𝑥 
𝐸𝑀 = 0) energy management of end users.  

∑ 𝑃𝑔,𝑡
 × 𝑥𝑔,𝑡

𝐺

𝑁𝑔

𝑔=1

= ∑ (𝐷𝑡
𝑀𝑜𝑑𝑒𝑙 × (1 − 𝑥 

𝐸𝑀) + �̃�𝑡
𝑀𝑜𝑑𝑒𝑙 × 𝑥 

𝐸𝑀)

 

𝑀𝑜𝑑𝑒𝑙

    (31) 

System minimum generation constraint:  

∑ 𝑃𝑔
𝑚𝑖𝑛 × 𝑥𝑔,𝑡

𝐺

𝑁𝑔

𝑔=1

≤ ∑  

 

𝑀𝑜𝑑𝑒𝑙

(𝐷𝑡
𝑀𝑜𝑑𝑒𝑙 × (1 − 𝑥 

𝐸𝑀) + �̃�𝑡
𝑀𝑜𝑑𝑒𝑙 × 𝑥 

𝐸𝑀)(32) 

System maximum generation constraint with spinning reserve:  

∑ 𝑃𝑔
𝑚𝑎𝑥 × 𝑥𝑔,𝑡

𝐺

𝑁𝑔

𝑔=1

≥ ∑ (𝐷𝑡
𝑀𝑜𝑑𝑒𝑙 × (1 − 𝑥 

𝐸𝑀) + �̃�𝑡
𝑀𝑜𝑑𝑒𝑙 × 𝑥 

𝐸𝑀)

 

𝑀𝑜𝑑𝑒𝑙

+ 𝑆𝑅𝑡                                                                        (33) 
Generation units’ power constraint:  

                                  (𝑃𝑔
𝑚𝑖𝑛 ≤ 𝑃𝑔

 (𝑡) ≤ 𝑃𝑔
𝑚𝑎𝑥) × 𝑥𝑔,𝑡

𝐺                             (34) 

Ramp-up rate and ramp-down rate constraints:  

                                ((𝑃𝑔,𝑡+1
 − 𝑃𝑔,𝑡

 

 

 ) ≤ 𝑅𝑈𝑅𝑔
 ) × 𝑥𝑔,𝑡

𝐺                          (35) 

                               ((𝑃𝑔,𝑡
 − 𝑃𝑔,𝑡+1

 

 

 ) ≤ 𝑅𝐷𝑅𝑔
 ) × 𝑥𝑔,𝑡

𝐺                            (36) 

Minimum “off time” and minimum “on time” constraints:  
                                       𝑂𝐹𝐹𝑇𝑔,𝑡

 ≥ 𝑀𝐷𝑇𝑔
                                                  (37) 

                                        𝑂𝑁𝑇𝑔,𝑡
 ≥ 𝑀𝑈𝑇𝑔

                                                   (38) 

IV. SIMULATION AND RESULTS  

A. Characteristics of the System 

The technical characteristics of generation units are presented 

in TABLE III. Moreover, the minimum value of spinning 

reserve at every hour of a day is assumed about 10% of demand 

at the same hour. Furthermore, the value of penalty for 

greenhouse gas emissions is assumed about $10 per ton based on 

the California Air Resources Board auction of greenhouse gas 

emissions [21]. In addition, the value of self and cross price 

elasticity of demand of end users at valley, off-peak, and peak 

periods are presented in TABLE IV, which are based on [18] 

after some revisions. 

Fig. 2 illustrates the daily demand profile (p.u.) of different 

types of end users. The characteristics of demand of different 

end users are given in TABLE V. Herein, the considered 

behavioral model for every type of end user is arbitrary due to 



lack of real data regarding this subject. The number of 

chromosomes in the population (𝑛𝑐) and the value of mutation 

probability of genes (𝜃 
𝑀𝑢𝑡) are assumed to be about 100 and 

10%, respectively. 
TABLE III 

 THE TECHNICAL CHARACTERISTICS OF GENERATION UNITS.  

Generation unit   G1 G2 G3 G4 G5 

𝛼1
𝐹 ($/MWh2) 0.00048 0.00031 0.00200 0.00211 0.00398 

𝛼2
𝐹 ($/MWh) 16.19 17.26 16.60 16.50 19.70 

𝛼3
𝐹 ($) 1000 970 700 680 450 

𝛼1
𝐸 (Ton/MWh2) 0.0005 0.0005 0.0005 0.0005 0.0010 

𝛼2
𝐸 (Ton/MWh) 0.4050 0.4320 0.4150 0.4120 0.4930 

𝛼3
𝐸 (Ton) 0.3000 0.4250 0.4500 0.7000 0.7250 

𝑃 
𝑚𝑖𝑛 (MW) 75 75 15 15 15 

𝑃 
𝑚𝑎𝑥 (MW) 230 230 65 65 80 

𝑀𝑈𝑇 (h) 5 5 5 5 5 

𝑀𝐷𝑇 (h) 5 5 5 5 5 

𝑅𝑈𝑅 (MW/h) 80 70 70 60 60 

𝑅𝐷𝑅 (MW/h) 80 70 70 60 60 

𝐶 
𝑆𝑇𝑈 ($) 4500 5000 550 560 900 

𝐶 
𝑆𝐻𝐷 ($) 4500 5000 550 560 900 

Initial status +24 +24 +24 +24 +24 

Generation unit G6 G7 G8 G9 G10 

𝛼1
𝐹 ($/MWh2) 0.00712 0.00790 0.00813 0.00822 0.00873 

𝛼2
𝐹 ($/MWh) 22.26 27.74 25.92 27.27 27.79 

𝛼3
𝐹 ($) 370 480 660 665 670 

𝛼1
𝐸 (Ton/MWh2) 0.0020 0.0020 0.0024 0.0025 0.0025 

𝛼2
𝐸 (Ton/MWh) 0.5560 1.6940 1.6480 1.6820 1.6950 

𝛼3
𝐸 (Ton) 0.9250 1.2000 1.6500 1.6625 1.7750 

𝑃 
𝑚𝑖𝑛 (MW) 10 10 10 10 10 

𝑃 
𝑚𝑎𝑥 (MW) 40 40 25 25 25 

𝑀𝑈𝑇 (h) 3 3 1 1 1 

𝑀𝐷𝑇 (h) 3 3 1 1 1 

𝑅𝑈𝑅 (MW/h) 20 20 10 10 10 

𝑅𝐷𝑅 (MW/h) 20 20 10 10 10 

𝐶 
𝑆𝑇𝑈 ($) 170 260 30 30 30 

𝐶 
𝑆𝐻𝐷 ($) 170 260 30 30 30 

Initial status -1 -2 -1 -2 -3 

TABLE IV 
 SELF AND CROSS PRICE ELASTICITY OF DEMAND OF END USERS AT DIFFERENT 

PERIODS.  

Peak (h:18-24) Off-peak (h:9-17) Valley (h:1-8) Period 

0.2230 0.0080 -0.1450 Valley 

0.0355 -0.0900 0.0130 Off-peak 

-0.1500 0.0040 0.1050 Peak 

         

 
Fig. 2. The daily demand profile (p.u.) of different types of end users. 

TABLE V 

 THE RATED DEMAND OF EVERY TYPE OF END USER, TOTAL NUMBER OF END 

USERS WITH EACH TYPE, AND BEHAVIORAL MODEL OF EVERY TYPE OF END USER.  

Agr. Ind. Com. Res. - 

500 1000 15 25 Rated demand (kW) 

226 273 20600 10320 Number of end users 

Log. Exp. Pow.  Lin. Behavioural model 

B. Simulating the Problem 

1) Solving the Problem without Energy Management  

The total cost of system ($/day) and total value of greenhouse 

gas emissions (Ton/day) are presented in TABLE VI. The value 

of electricity price at every period is determined based on the 

average value of hourly marginal costs at the same period. Based 

on this, the electricity prices are calculated about $21.3/MWh, 

$23.1/MWh, and $27.3/MWh for valley, off-peak, and peak 

periods, respectively. As can be seen, because of the initial value 

of electricity at valley period, the value of 𝜌𝑀𝐴𝑋
𝐸𝑀  must be 

$21/MWh in the presented pseudo code in TABLE II, since the 

value of electricity price cannot be negative, as can be realized 

from (24). 
TABLE VI 

 RESULTS OF THE PROBLEM SIMULATION WITH AND WITHOUT ENERGY 

MANAGEMENT OF END USERS. 

Reduction 
After 

optimal EM  

Before 

EM  
- 

15,497 361,793 377,290 Generation cost ($/day) 

- -5,543 0 Energy management cost 

21,040 356,250 377,290 Total cost of system 

180 6,358 6,538 Total emissions (Ton/day) 

2) Solving the Problem with Optimal Energy Management  

The total cost of the system ($/day) and total value of 

greenhouse gas emissions (Ton/day) after optimal scheme of 

price-controlled energy management of the end users are 

presented in TABLE VI. As can be seen, generation cost is 

decreased about $15,497/day. In addition, the energy 

management of end users increases the income of GENCO about 

$5,543/day. Therefore, the total cost of system is decreased 

about $21,040/day. 

The reason for reduction of generation cost is leveling the 

demand profile of the system due to energy management, since 

the fuel cost and greenhouse gas emissions of the generation 

units are quadratic polynomial functions, as can be seen in 

equations (27) and (28). In other words, a more flat power 

demand profile will cause less fuel consumption and less 

greenhouse gas emissions for the units, with the same amount of 

energy demand over the operation period (one day).  

Herein, the optimal scheme of price-controlled energy 

management of the end users is considering $12/MWh for the 

value of 𝜌𝐸𝑀. Based on this, the electricity prices at valley, off-

peak and peak periods are changed into $9.3/MWh, $23.1/MWh, 

and $39.3/MWh, respectively, as can be seen in Table VII. In 

other words, the electricity prices at valley period and peak 

period are decreased and increased, respectively to motivate the 

end users to transfer their demand from the peak period to the 

valley period. 

Fig 3 shows the hourly demand level of residential, 

commercial, industrial, and agricultural end users before and 

after optimal scheme of price-controlled energy management. As 

can be seen, every type of end user with any behavioral model 

has shifted some of its demand from the peak period to the off-

peak and valley periods; however, the percentage of transferred 

demand is different for every type of end user. 
TABLE VII 

 THE OPTIMAL SCHEME OF PRICE-CONTROLLED ENERGY MANAGEMENT OF THE 

END USERS. 

Peak 

period 

Off-peak 

period 

Valley 

period  

 

27.3 23.1 21.3 Electricity price before EM ($/MWh) 

39.3 23.1 9.3 Electricity price after optimal EM ($/MWh) 

TABLE VIII presents the generation level of units for the 

optimal scheme of price-controlled energy management 

(𝜌𝐸𝑀=$12/MWh). Herein, the highlighted values indicate the 

differences in the generation level of the units compared to their 

values before energy management. Moreover, the highlighted 

squares indicate the differences in the commitment status of 

units compared to their values before energy management. As 

can be seen, after optimal energy management, the most 

expensive and pollutant units (G7-G10) are kept off in the whole 



operation period. In addition, due to transferring demand from 

the peak period to other periods, the generation level of the least 

expensive and the least pollutant units (G1-G4) are increased in 

the off-peak and valley periods.  

 
Fig. 3. The hourly demand level of residential, industrial, commercial, and 
agricultural end users before and after optimal scheme of price-controlled energy 

management. 

TABLE VIII 
THE POWER LEVEL OF UNITS (MW) WITH OPTIMAL SCHEME OF PRICE-

CONTROLLED ENERGY MANAGEMENT OF END USERS. 
Hour  G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 

1 203 75 65 65 15 0 0 0 0 0 

2 208 75 65 65 15 0 0 0 0 0 

3 198 75 65 65 15 0 0 0 0 0 

4 198 75 65 65 15 0 0 0 0 0 

5 203 75 65 65 15 0 0 0 0 0 

6 190 75 65 65 15 0 0 0 0 0 

7 204 75 65 65 15 0 0 0 0 0 

8 216 75 65 65 15 0 0 0 0 0 

9 230 86 65 65 15 0 0 0 0 0 

10 230 121 65 65 15 0 0 0 0 0 

11 230 141 65 65 15 0 0 0 0 0 

12 230 136 65 65 15 0 0 0 0 0 

13 230 141 65 65 15 0 0 0 0 0 

14 230 162 65 65 15 0 0 0 0 0 

15 230 192 65 65 15 0 0 0 0 0 

16 230 194 65 65 15 0 0 0 0 0 

17 230 172 65 65 15 0 0 0 0 0 

18 230 175 65 65 15 0 0 0 0 0 

19 230 230 65 65 18 10 0 0 0 0 

20 230 230 65 65 40 10 0 0 0 0 

21 230 230 65 65 46 10 0 0 0 0 

22 230 230 65 65 34 10 0 0 0 0 

23 230 190 65 65 15 0 0 0 0 0 

24 230 149 65 65 15 0 0 0 0 0 

 

Fig. 4 illustrates the sensitivity plot of total cost of system 

with respect to the value of  𝜌𝐸𝑀 ($/MWh). As can be seen, the 

plot is not a linear function of 𝜌𝐸𝑀 and $12/MWh is the only 

optimal value for 𝜌𝐸𝑀. In other words, the optimal value of 𝜌𝐸𝑀  

needs to be investigated and incidental values will not be 

efficient.  

 
Fig. 4. Sensitivity analysis for the total cost of system with respect to the value of 

𝜌𝐸𝑀 ($/MWh). 

V. CONCLUSION  

Price-controlled energy management of the end users in the 

generation scheduling problem is noticeably advantageous, since 

it can decrease the total cost of system and the greenhouse gas 

emissions level of the generation units.  In order to minimize the 

total cost of system managed by the generation company, we 

proposed and implemented optimal scheme of price-controlled 

energy management. In addition, we realistically modeled the 

behavior of end users since the end users with different 

behavioral models have dissimilar reactions to the energy 

management schemes, and consequently different value for the 

total cost of system will be obtained. Our numerical studies 

confirm the effectiveness of proposed approach in minimizing 

the total cost of system. 

ACKNOWLEDGMENTS 

This research was supported in part by U.S. NSF grants NSF-

1404981, IIS-1354123, CNS-1254006, IBM Faculty Award 

5501145 and Microsoft Research Faculty Fellowship 8300751. 

REFERENCES 
[1] M. Muslu, “Economic dispatch with environmental considerations: 

Tradeoff curves and emission reduction rates,” Electr. Power Syst. Res. 
vol. 71, pp. 153-158, 2004.  

[2] IEA, Strategic plan for the IEA demand-side management program 2008-
2012, [Online]. Available: http://www.ieadsm.org.  

[3] Worldwide survey of network-driven demand-side management projects, 

Task XV, IEA-DSM Res. Rep. 1, 2006. 
[4] C. Goldman, M. Reid, R. Levy, and A. Silverstein, “Coordination of energy 

efficiency and demand response,” A Resource of the National Action Plan 
for Energy Efficiency, Jan. 2010.  

[5] P. Cappers, C. Goldman, and D. Kathan, “Demand response in U.S. 

electricity markets: Empirical evidence,” Energy, vol. 35, pp. 5126-1535, 
2010.  

[6] J. H. Yoon, R. Bladick, and A. Novoselac, “Demand response for 
residential buildings based on dynamic price of electricity,” Energy and 

Buildings, vol. 80, pp. 531-541, 2014. 

[7] M. Rastegar and M. Fotuhi-Firuzabad, “Load management in a residential 
energy hub with renewable distributed energy resources,” Energy and 

Buildings, vol. 107, pp. 234–242, 2015. 
[8] A. Taniguchia, T. Inouea, M. Otsukia, Y. Yamaguchia, Y. Shimoda, A. 

Takamic, and K. Hanaoka, “Estimation of the contribution of the 

residential sector to summer peak demand reduction in Japan using an 
energy end-use simulation model,” Energy and Buildings, vol. 552, pp. 80–

92, 2016.  
[9] F. Brahman, M. Honarmand, and S. Jadid, “Optimal electrical and thermal 

energy management of a residential energy hub, integrating demand 

response and energy storage system,” Energy and Buildings, vol. 90, pp. 
65–75, 2015.  

[10] A. Keshtkara, S. Arzanpoura, F. Keshtkarb, and P. Ahmadi, “Smart 
residential load reduction via fuzzy logic, wireless sensors, and smart grid 

incentives,” Energy and Buildings, vol. 504, pp. 561–180, 2015. 

[11] Z. Zhao and L. Wu, “Impacts of high penetration wind generation and 
demand response on LMPs in day-ahead market,” IEEE Trans. Smart Grid, 

vol. 5, pp. 220-229, 2014. 
[12] C. D. Jonghe, B. F. Hobbs, and R. Belmans, “Value of price responsive 

load for wind integration in unit commitment,” IEEE Trans. Power Syst., 

vol. 29, pp. 675-85, 2014. 
[13] M. Rahmani-andebili and G. K. Venayagamoorthy, “Combined emission 

and economic dispatch incorporating demand side resources,” IEEE 
Clemson PSC, Clemson, SC, USA, Mar. 2015.  

[14] M. Rahmani-andebili, “Risk-cost based generation scheduling smartly 

mixed with DRPs,” Int. Trans. Electr. Energy Syst. J., vol. 21, pp. 994-
1007, 2015.  

[15] M. Rahmani-andebili, Modeling nonlinear incentive-based and price-based 
demand response programs and implementing on real power markets,” 

Electric Power System Research, vol. 132, pp. 115–124, 2016.  

[16] U.S. Department of Energy, “Benefits of demand response in electricity 
markets and recommendations for achieving them,” A report to the U.S. 

congress, section 1252, energy policy act of 2005, Feb. 2006. 
[17] D. S. Kirschen, G. Strbac, “Fundamentals of power system economics,” 

Hoboken, NJ: Wiley, 2004. 

[18] D. S. Kirschen, G. Strbac, P. Cumperayot, and D. Mendes, “Factoring the 
elasticity of demand in electricity prices,” IEEE Trans Power Syst. vol. 51, 

pp. 612–617, 2000.  
[19] J. M. Yusta, H. M. Khodr, and A. J. Urdaneta, “Optimal pricing of default 

customers in electrical distribution systems: effect behavior performance of 

demand response models,” Electr. Power Syst. Res., vol. 77, pp. 148–558, 
2007. 

[20] A. J. Wood and B. F. Wollenberg, “Power generation, operation and 
control,” 2nd ed. New York: Wiley, 5996. 

[21] U.S. energy information administration (EIA), [Online]. Available: 

http://www.eia.gov/todayinenergy/detail.cfm?id=9310. <Accessed Oct. 
2015>. 


