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 Ancillary services in interconnected networks are crucial to secure real 

power transfers, maintaining network reliability, improving power quality as 

well as network stability. Reactive power has always been of special 

importance as one of the most substantial ancillary services required to 

control the voltage in power grid. This paper presents a fresh reactive power 

pricing approach by embedding variable transformer taps into voltage 

ampere reactive (var) pricing method. To carry out the resultant optimization 

problem with a set of complicating constraints, the genetic algorithm takes 

part and guarantees the global optimal solution. The simulation results show 

that when transformer tap works as a control variable, the total cost of 

reactive power can be decreased. However, the incorporation of transformer 

taps in the pricing model can slightly complicates voltage profiles as the 

sensitivity of bus voltages to the reactive power variations in the system is 

increased. Further, the findings reiterate that by optimal position of 

transformer taps, technically, the security index of the system can be 

enhanced while the var price for end-users (lowest purchase cost for 

independent system operator) being more reasonable. To simulate the 

proposed reactive pricing method, the standard IEEE 30-bus system is 

employed to analyze the proposed method. 
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1. INTRODUCTION  

In the last two decades, the electricity industry in some countries of the world has undergone various 

changes. Recently, it has been found that creating competition in the electricity industry is one of the most 

important factors to make the best use of the power system. This has turned the electricity industry into a 

competitive market in which different companies compete with each other in terms of generation, distribution 

and sales [1]–[5]. 

 More than a century has passed since the birth of the first power system. Since the inception of 

these systems, the government or one or more quasi-governmental bodies have been responsible for 

generation, transmission, distribution and selling electricity. The term "electricity industry" is used for such 

systems. At present, in many countries of the world such as Iran, the operation mechanism of power system 

is still traditional [5], [6]. 

https://creativecommons.org/licenses/by-sa/4.0/
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The world electricity industry, for various economic and technological reasons, has undergone 

changes in the way it is managed and operated. These changes are referred to as "restructuring". Restructuring 

in the electricity industry implies a change in the structure of regulations and economic activities that the 

government sets to better control and operate the electricity industry [6], [7]. Depending on the objectives, in 

the restructured electricity industry, the restructuring can be varied. In any case, the transmission system is 

unique and often remains in the hands of the government, and control and operation of the transmission 

system is vested in the independent system operator. The independent system operator is required to provide 

and price the ancillary transmission services in the performance of its power transmission functions. One of 

the most important of these services is the provision of reactive power in the power grid [8]–[10]. The profile 

and the stability of the voltage and the reliable transfer of power from the point of production to the point of 

consumption are directly related to how the reactive power is supplied in the network [11]. 

Regarding electricity pricing, various researches and practical works have been done in the world, 

which are divided into a general category of long-term pricing and short-term pricing. This research has been 

done mainly in the traditional electricity industry. In long-term pricing, it is neglected due to the low cost of 

reactive power versus active power [1], [2]. On the other hand, in [12] it is shown that the real-time price of 

active and reactive power, depending on the operating conditions of the system, can be compared with each 

other. With the expansion of interconnected transmission networks and the possibility of connecting adjacent 

networks with each other, the issue of electricity pricing has become more important. In different countries, 

depending on the structure of the electricity industry, different methods have been used in the pricing of 

reactive power [13]. 

Electricity supply is competitively generated by electricity markets. The need for such markets is the 

existence of services called ancillary services with the help of which the network operator can meet the 

problems and technical needs of the system. Reactive power as one of the most important of these services 

plays an important role in controlling network voltage and reducing transmission system losses [14], [15]. 

In a general classification, energy pricing methods are divided into "short-term" methods and  

"long-term" methods. Economic calculations conducted in these methods are performed using "marginal 

costs", "comprehensive costs" or "incremental costs" [1]. In short-term methods, point pricing theory is used 

[2]. In this type of pricing methods, there is a close relationship with the type and location of customers and 

their consumption, so that in this type of price, the price determined in certain time periods, is regularly 

informed to the customer and the customer may, depending on the price, change its consumption. Based on 

time periods, in practice, short-term methods are divided into two categories: 

- 5-minute point pricing: This pricing is done every five minutes and new quantities are notified to the 

customer. 

- 24-hour point pricing: This price changes every hour, so that based on a specific daily pattern, these 

changes are obtained and the customer is informed at specific times of each day. 

In long-term methods, costs are calculated based on inclusive costs or incremental costs. Inclusive 

costs are the revenue required to pay for all existing equipment in the system plus the cost of all new 

equipment that is added to the system during the contract period. The incremental cost indicates the revenue 

required to pay for all new equipment added to the transmission network. In long-term methods, the price of 

reactive power is omitted due to the low cost of reactive power utilization compared to the cost of electrical 

power utilization. 

In the field of reactive power pricing, studies have been done by some researchers, each of which 

has advantages and disadvantages. Based on the final cost theory introduced in [16], Jiang et al. [12] 

formulated equations for an optimal power flow (OPF) problem that calculates reactive power pricing 

simultaneously using active power balance equations. In this sense, two optimization sub-problems were 

built [12] so as to price active and reactive power, where the objective function is to price reactive power in 

premise of minimizing active power generation [16]. In the above cases, the objective function is formed 

solely on the basis of active power cost and reactive power costs are encompassed within it. 

As an alternative, Chattopadhyay et al. [17] proposed an objective function for reactive power 

pricing, which calculates the investment costs of new equipment to compensate for reactive power. To 

calculate reactive power, further, a quadratic and linear function is reported [18] to model the reactive power 

cost of each generator within the problem of minimizing reactive power generation, without clearly defining 

reactive power cost curves [18]. In any case, the fundamentals of the theory and analysis of real-time pricing 

of active and reactive power is based on the studies presented in [2], [16]. Further, Caramanis et al. [16] 

extended the idea by supplementing parlances about real-time pricing of real power in the traditional 

electricity industry. 

According to the definition of incremental cost which is represented as the rate of change in the 

optimization objective function due to the change of specific optimization variable [16], [19], [20]. Based on 

the explanations given for real-time pricing, the Lagrange function represents the total cost of production in 

fulfilling International Organization for Standardization (ISO) obligations and power transactions according 
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to contracts at a desirable level of profile and voltage stability. Following the definition of incremental costs, 

the Lagrangian function calculates the incremental cost of reactive power supply in particular bus of the 

system based on the calculation of the generation cost variation in exchange for a small change in the reactive 

power of the aforementioned bus. In this paper, the concept of incremental costs is used to price real-time 

reactive power service. 

 

 

2. METHOD  

In this section, the costs of active and reactive power generation in the objective function are 

considered for optimization. OPF is used to dispatch active and reactive power at the same time. Genetic 

algorithm is employed to solve the OPF problem [21]. The results of the active and reactive power pricing 

problem for the standard 30-bus IEEE system are discussed below. 

In this method, it is assumed that reactive and active power demand are obtained from load 

forecasting, and are considered constant during the OPF steps. The purpose of this method is to minimize the 

generation costs of reactive power for generator. Network management and system maintenance costs are 

assumed to be fixed and given in the objective function. Therefore, the objective function is considered as 

relation (1). 

 

𝐶 = ∑ [𝐶𝑔𝑃𝑖
(𝑃𝐺𝑖) + 𝐶𝑔𝑞𝑖(𝑄𝐺𝑖)]𝑖∈𝐺  (1) 

 

where G is the number of generators and the active power cost function for the generator at bus i is the 

function of reactive power cost at bus i. 

The cost of generating active power used in (1) is approximated by (2). 

 

𝐶𝑔𝑝𝑖(𝑃𝐺𝑖) = 𝑎 + 𝑏𝑃𝐺𝑖 + 𝑐𝑃𝐺𝑖
2  (2) 

 

Reactive power generation reduces the ability to generate more active power with respect to the power 

(capability) curve of the generator Figure 1. 
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Figure 1. Generator capability curve 
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The cost of modeled reactive power generation takes into account the financial loss when reactive 

power generation is generated (opportunity cost) [22]. An approximation for the cost of reactive power 

generation can be expressed as in (3). 

 

𝐶𝑖(𝑄𝑔𝑖) = [𝐶𝑖(√𝑃𝑔𝑖
2 + 𝑄𝑔𝑖

2 ) − 𝐶𝑖(𝑃𝑔𝑖)] (3) 

 

According to the generator load diagram, the reactive output power may reduce the active output 

power capacity of the generator [23]. In practice, opportunity cost depends on the simultaneous balance 

between production and market demand; Therefore, it is difficult to determine its true value. In the simplest 

case, the opportunity cost of the generator is considered as in (4). 

 

𝐶𝑔𝑞𝑖(𝑄𝐺𝑖) [𝐶𝑔𝑝𝑖(𝑆𝐺𝑖,𝑚𝑎𝑥) − 𝐶𝑔𝑝𝑖(√𝑆𝐺𝑖,𝑚𝑎𝑥
2 − 𝑄𝐺𝑖

2 )] 𝐾 (4 )  

 

where, 

SGi, max : Maximum apparent rated power of the generator at bus i 

QGi : Reactive power of generator output in bus i 

K : Reactive power rate (usually between 5 and 10%). 

 

2.1.  Problem formulation 

The load flow equations are expressed as in (5) and (6): 

 

𝑃𝑔𝑖 − 𝑃𝑑𝑖 − ∑ |𝑉𝑖||𝑉𝑗|𝑛𝑏
𝑗=1 |𝑌𝑖𝑗|𝐶𝑜𝑠(𝜃𝑖𝑗 + 𝛿𝑗 − 𝛿𝑖) = 0 (5 )  

 

𝑄𝑔𝑖 − 𝑄𝑑𝑖 − ∑ |𝑉𝑖||𝑉𝑗|𝑛𝑏
𝑗=1 |𝑌𝑖𝑗|𝑆𝑖𝑛(𝜃𝑖𝑗 + 𝛿𝑗 − 𝛿𝑖) = 0 (6 )  

 

The mathematical expressions expressed in (5) and (6) represent the active and reactive balance power 

dispatch. The nb is the number of buses. The active power generation capacity for each generator is limited 

by its maximum and minimum limits in (7). 

 

𝑃𝑔𝑖
𝑚𝑖𝑛 ≤ 𝑃𝑔𝑖 ≤ 𝑃𝑔𝑖

𝑚𝑎𝑥 (7 )  

 

The flow capacity of the active power, which is limited by the thermal constraints of the transmission lines is 

given in (8). 

 

𝑃𝑖𝑗 ≤ 𝑃𝑖𝑗
𝑚𝑎𝑥 (8 )  

 

The reactive power generated at bus i must be in the range of maximum and minimum reactive power 

generated by the generator stated in (9). 

 

𝑄𝑔𝑖
𝑚𝑖𝑛 ≤ 𝑄𝑔𝑖 ≤ 𝑄𝑔𝑖

𝑚𝑎𝑥 (9 )  

 

Technical and operating conditions limit the voltage range of all buses to the acceptable range defined for 

each bus, as described in (10). 

 

𝑉𝑖
𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑖

𝑚𝑎𝑥 (10 )  

 

Definition of active and reactive power pricing. According to the definition of marginal costs, the 

limit cost of active and reactive power in bus i is as relation (11) and (12). 

 

𝐶𝑀𝑝𝑔𝑖 =
𝜕𝐿

𝜕𝑃𝑑𝑖
 (11 )  

 

𝐶𝑀𝑄𝑔𝑖 =
𝜕𝐿

𝜕𝑄𝑑𝑖
 (12) 

 

The Lagrangian function corresponding to (11) and (12) for this optimization problem will then be as in (13): 
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Qgi, Pgi : Generation of active and reactive power at ith bus 

Qdi, Pdi : Active and reactive power demand at ith bus  

𝛿𝑖, 𝑣𝑖  : Magnitude and angle of voltage at ith bus 

𝜃𝑖𝑗 , 𝑌𝑖𝑗  : Amplitude and phase of ijth bus and admittance matrix 

N, G, S : Set of bus, generator and lines respectively 

𝑃𝑔𝑖
𝑚𝑖𝑛 , 𝑃𝑔𝑖

𝑚𝑎𝑥 : Maximum and minimum active output power produced in the bus 

𝑄𝑔𝑖
𝑚𝑖𝑛 , 𝑄𝑔𝑖

𝑚𝑎𝑥 : Maximum and minimum reactive output power produced in the bus 

𝑃𝑖𝑗
𝑚𝑎𝑥 , 𝑃𝑖𝑗  : Active power flow of the transmission line and its maximum 

𝑉𝑖
𝑚𝑖𝑛 , 𝑉𝑖

𝑚𝑎𝑥 : Maximum and minimum voltage at bus i 

𝐶𝑀𝑄𝑔𝑖 , 𝐶𝑀𝑝𝑔𝑖  : Lagrange coefficients for active and reactive bus power which are equal to the 𝜆𝑞𝑖 , 𝜆𝑝𝑖 

𝐶𝑖  : The cost function of the generation unit in the bus 

𝜂, 𝛾, 𝜇, 𝜆 : Lagrange coefficients for active and reactive power limits, bus voltages and active power 

flow 

According to the definition of marginal costs, the final price for active and reactive power at bus i, 𝜆𝑞𝑖 , 𝜆𝑝𝑖  

will be in Lagrangian function, respectively. 

 

2.2.  Genetic algorithm 

Genetic algorithm is that of search methods employed in this work to handle all the nonlinearity and 

optimization process which works based on natural genetics that developed using the imitation of processes 

observed in natural evolution. Genetic algorithm only needs information about the quality of the responses 

generated by each set of parameters [24], [25]. 

The algorithm begins by defining a chromosome or a set of optimization parameters. For example, if 

the chromosome contains a parameter with NPar number (an optimization problem with NPar dimension), then 

the chromosome can be shown as [26]. 

 

𝐶ℎ𝑟𝑜𝑚𝑜𝑠𝑜𝑚𝑒 = [𝑃1 𝑃2. . . 𝑃𝑁𝑃𝑎𝑟  ]  
 

PNpar…. P2, P1 are optimization parameters that have real numerical values in the genetic algorithm. 

Therefore, in order to optimize, each of the optimization parameters carries a cost in the objective function 

and we obtain a cost for each of the parameters, which will be a benchmark for the convergence of the 

algorithm. 

 

𝐶𝑜𝑠𝑡 = 𝑓 (𝑐ℎ𝑟𝑜𝑚𝑜𝑠𝑜𝑚𝑒) = 𝐹 (𝑃1, 𝑃2 …  𝑃𝑁𝑝𝑎𝑟)  

 

Thus, there will be a cost for each chromosome. And this is the measurement cost for the survival or 

non-survival of a chromosome to generate and extend the characteristics of that chromosome. In optimization 

problems, the goal is usually to minimize the cost function. The forms of (14) and (15) are expressed 

 

𝑆𝑆𝐸 = ∑ (𝐹𝑎𝑐𝑡𝑢𝑎𝑙𝑖 − 𝐹𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑𝑖)𝑛
𝑖=1  (14 )  

 

%𝑅𝑆𝑆𝐸 =
𝑆𝑆𝐸

∑ 𝐹𝑎𝑑𝑢𝑎𝑙𝑖
2𝑛

𝑖=1

× 100 (15 )  
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Factual is the actual value of the signal and Festimated is the estimated value of the signal based on the 

optimization parameters specified by the genetic algorithm. Usually, the sum of squares errors less than 

0.0001 or the sum of squares of relative error 0.01 is promoted as the convergence criterion. 

 

 

3. SIMULATION RESULTS 

To demonstrate the benefits of the proposed reactive pricing in presence of transformer variable 

taps, the standard IEEE 30-bus power system is studied. To end this, we first price the active and reactive 

power by assuming all the transformer taps in the network are fixed, and then the transformer taps between 

the 6 and 10 buses are considered as a control variable and its effect on the objective function is evaluated. In 

this system, 6 generators are connected to buses 1, 2, 13, 22, 23 and 27. Bus 1 is considered as the Slack bus. 

The base power will be 100 MVA throughout the system and voltage range for each bus is 0.95<Vi<1.05. 

First case: by assuming the fixed tap for all transformers in the pricing study for active and reactive 

power, the cost function of the active power of the generators along with the opportunity cost function are 

considered as the objective function. Considering Table 1 and Figure 2, the amount of cost obtained for the case 

where the transformer tap is assumed to be unchanged led to 595.3041$/hr. If the tap of the transformers is 

accounted as a control variable, therefore the final cost ought to be less than the amount obtained earlier, which 

will be studied below. Optimal values obtained by control variables that include power and voltage of 

photovoltaics (PV) buses and Slack bus voltage are presented in Table 2. Table 1 shows the optimal values of 

the control variables obtained from the OPF solution taking into account fixed transformer tap changers. 

 

 

Table 1. Optimal values of control variables 
 Active Power Voltage Magnitude Reactive Power 

Control variable P2 P22 P27 P23 P13 V1 V2 V22 V27 V23 V13 Q4 Q24 
Optimal value 56 36.8 17 17.2 23 1.03 1 0.98 0.998 0.998 1.01 12 2.6 

 

 

 
 

Figure 2. Active and reactive price for 30-bus system with fixed transformer taps 

 

 

As a result, the amount of marginal cost at each bus is calculated according to values given in Table 1. 

As can be seen in Table 1, all the control variables in terms of active/reactive generation and voltage 

magnitudes are in a pre-specified acceptable range of operation, which, on the other hand, states that all the 

unequal constraints in the Lagrange function are satisfied. To obtain the Lagrangian coefficients, which 

according to the definition are the marginal cost of active and reactive power in the buses, the calculated 

control values will be plugged into the Lagrangian function. As a result, the value of 𝜆𝑃 and 𝜆𝑄 can be 

obtained for all buses which are shown in Figures 2 and 3.  

Second case: In this case, the transformer taps between bus number 6 and 10 will be treated as a 

decision variable in the optimization problem. That is, transformer taps are considered as chromosomes in the 

genetic algorithm solution mechanism. In this regard, the transformer tap is set between 0.98 and 1.02 in a 

discrete manner with 0.01 steps so as to find the optimal tap (the amount in which the cost function meets its 

lowest value). As a part of genetic algorithm, the initial population of 3000 is taken to end computations. 

Further, to price active and reactive power, the cost function of generator’s active power along with the 

opportunity cost function is considered as the objective function. 
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The amount of cost obtained in the second case where the transformer taps are treated as a variable 

found to be 594.8272$/hr, which is less than the amount obtained in the previous case. In this sense, the 

optimal values for control variables including power and voltage of PV buses and Slack bus voltage and 

values of reactive generation by capacitors are stated in Table 2. 

 

 
Table 2. Optimal values of control variables with variable transformer taps 

 Active Power Voltage Magnitude Reactive Power Tap 

Control 

variable 

P2 P22 P27 P23 P13 V1 V2 V22 V27 V23 V13 Q4 Q24 TP6-10 

Optimal 

value 

57.4 34.6 18.5 17 22.4 1.03 1.019 0.978 0.994 0.989 1.012 12.8 2 0.99 

 

 

However, much optimal operating points for control variables can tend to the total cost reduction 

that is a priority for many utilities around the globe. In this approach of reactive pricing, the cost of 

purchasing active and reactive power for ISO is minimized. To prevent customer’s financial loss who buy 

power from ISO, the selling price is multiplied by a coefficient called the penalty coefficient, which is the 

ratio of the total purchase price to the total selling price. Figure 3 shows the simulation results in the case 

where the transformer taps between 6 and 10 is variable. 

 

 

 
 

Figure 3. Active and reactive price for 30-bus system with variable transformer taps 

 

 

4. CONCLUSION  

Since the power pricing aims at, as described in this work, considering all the different possibilities 

for power variations, however, it should be noted that if the above constraints are satisfied, the real-time 

marginal cost of active and reactive power will be the same as their balance coefficients. That is, if an active 

power unit is increased by one unit, there is no possibility of power plant being shut down and the lines are 

within the allowable power transfer range and also the maximum and minimum power production by 

generators is met within this range due to the active power balance coefficient. The same can be said for 

reactive power. If the transformer taps are considered as a control variable, during optimization process, the 

total cost is reduced by obtaining more suitable optimal points. However, due to the fact that the transformer 

taps are involved in voltage control, the voltage buses become more sensitive to reactive power changes. 
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