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Introduction  

 The energy scheduling problem of generation units involves finding the least-cost dispatch of available 
power plants to meet the electrical load demand.  

 

 Energy management is considered as the first priority in all the energy policy decisions due to its 
benefits from economic and environmental viewpoints.  

 

 Energy management is able to reduce overall costs of energy supply, increase reserve margin, and 
mitigate electricity price volatility.  

 

 Also, it achieves environmental goals by deferring commitment of polluted units, leading to increased 
energy efficiency and reduced greenhouse gas emissions.  
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 Previous work 

 Investigate potential of energy management.  

 Determine 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. 

 Investigate energy management 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 behaviors of end users with respect to 
electricity price changes has not been modeled in the generation scheduling problem. 

 In this study, price-controlled energy management of end users is investigated in the generation 
scheduling problem of generation units. 

 Different mathematical models (linear, power, exponential, and logarithmic) are considered for the end users 
behavior.  

 The behavior of end users is modeled based on the social welfare of end users and their price elasticity of demand.  

 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.  

 Therefore, 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. 

Literature Review 
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 Price-Controlled Energy Management Modeling  

 Price elasticity of demand is defined as the demand sensitivity respect to the price 

 𝐸 =
𝜕𝐷 

𝐷 

𝜕𝜋 
𝜋 
=
𝜕𝐷 

𝜕𝜋 
×
𝜋

𝐷
                                      (1) 

 𝐷 is the initial demand level, 𝐷  is the demand level after introducing the new price, 𝜋 is the initial price, and 𝜋  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: 

 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.  

 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”.  

Proposed Technique    
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 End User with Linear Behavioral Model: 

𝐷 𝑡
𝐿𝑖𝑛 = 𝐷𝑡

𝐿𝑖𝑛 × 1 +  
𝜋 𝑡′
 − 𝜋𝑡′

 

𝜋𝑡′
 × 𝐸𝑡,𝑡′

24

𝑡′=1

               (12) 

 End User with Power Behavioral Model: 

𝐷 𝑡
𝑃𝑜𝑤 ≅ 𝐷𝑡

𝑃𝑜𝑤 × 
𝜋 𝑡′
 

𝜋𝑡′
 

𝐸
𝑡,𝑡′

24

𝑡′=1

                          (17) 

 End User with Exponential Behavioral Model: 

𝐷 𝑡
𝐸𝑥𝑝

= 𝐷𝑡
𝐸𝑥𝑝

× 𝑒
 

𝜋 
𝑡′
 −𝜋

𝑡′
 

𝜋
𝑡′
 ×𝐸

𝑡,𝑡′
24
𝑡′=1

                      (20) 

 End User with Logarithmic Behavioral Model: 

𝐷 𝑡
𝐿𝑜𝑔

= 𝐷𝑡
𝐿𝑜𝑔

× 1 +  𝑙𝑛
𝜋 𝑡′
 

𝜋𝑡′
 × 𝐸𝑡,𝑡′

24

𝑡′=1

             (23) 

 Electricity prices at peak and valley periods are changed using 𝜌𝐸𝑀, as can be seen in (24).  

𝜋 𝑡
 =  

𝜋𝑡
 − 𝜌𝐸𝑀                  𝑡 ∈ 𝑉𝑎𝑙𝑙𝑒𝑦

𝜋𝑡
                      𝑡 ∈ 𝑂𝑓𝑓 − 𝑝𝑒𝑎𝑘

𝜋𝑡
 + 𝜌𝐸𝑀                     𝑡 ∈ 𝑃𝑒𝑎𝑘

                         (24) 
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 Optimization Technique  

 Genetic algorithm (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.  

 The outputs of GA include: 

 Minimum value of total cost of generation system over the operation period (one day),  

 Optimal generation level of units 

 Optimal demand level of the end users with a behaviour model. 

Proposed Technique 
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 Finding Optimal Scheme of Energy Management   

Proposed Technique 
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 Objective Function of the Problem 

𝑂𝐹 = 𝐶𝑜𝑠𝑡𝑡
𝐸𝑀 + 

𝐶𝑜𝑠𝑡𝑔,𝑡
𝐹 + 𝐶𝑜𝑠𝑡𝑔,𝑡

𝐸

+𝐶𝑜𝑠𝑡𝑔,𝑡
𝑆𝑇𝑈 + 𝐶𝑜𝑠𝑡𝑔,𝑡

𝑆𝐻𝐷

𝑁𝑔

𝑔=1

𝑁𝑡

𝑡=1

          (25) 

 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
 − 𝐷 𝑡

𝑀𝑜𝑑𝑒𝑙 × 𝜋 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. 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.  

  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) 

 

Problem Formulation 
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 Constraints of the Problem 

 System power balance constraint: 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 + 𝐷 𝑡
𝑀𝑜𝑑𝑒𝑙 × 𝑥 

𝐸𝑀

 

𝑀𝑜𝑑𝑒𝑙

    (31) 

 System minimum generation constraint:  

 𝑃𝑔
𝑚𝑖𝑛 × 𝑥𝑔,𝑡

𝐺

𝑁𝑔

𝑔=1

≤   

 

𝑀𝑜𝑑𝑒𝑙

𝐷𝑡
𝑀𝑜𝑑𝑒𝑙 × 1 − 𝑥 

𝐸𝑀 + 𝐷 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 + 𝐷 𝑡
𝑀𝑜𝑑𝑒𝑙 × 𝑥 

𝐸𝑀 + 𝑆𝑅𝑡

 

𝑀𝑜𝑑𝑒𝑙

 (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) 
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Problem Simulation 
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 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 the proposed approach in minimizing the total cost 
of system. 

 

Conclusion 
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