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Abstract: This paper develops a new model for the optimal placement of switches (both manual and automatic ones) in 

distribution networks to simultaneously reduce energy loss and improve network security. Expected energy not supplied 

(EENS) is assumed as the security index, and a method is developed for more exact calculation of this index regarding 

drastic climatic changes along with global warming and the resultant effects on both power consumption patterns and 

power network occurrence. The objective function of the problem is minimizing investment and maintenance costs, the 

cost of energy loss, and EENS cost. The suggested model can locate optimal places for installing the switches and their 

seasonal closed and open states so that the total costs can be minimized. The model is implemented on two test networks 

and evaluated under different scenarios. According to the results, despite the higher costs of automatic switches, the 

application of automatic switches is more economical in low-security networks for improving network security. 

Keywords: Sectionalizing switch, tie switch, expected energy not supplied, seasonal network configuration, energy loss, 

investment cost. 
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1. INTRODUCTION 

Distribution network loss and security have always 

attracted the attention of distribution network operators. In 

some countries including Iran, the power industry is 

controlled with a wholesale competition model. In this model, 

distribution companies purchase the power required for 

consumers and network losses at an hourly price from a 

wholesale power market while receiving money only for 

energy delivered to the end-users at a regulatory price. 

Therefore, power loss reduction and security improvement of 

these networks are viable solutions for decreasing the costs of 

power purchase and increasing the revenue of distribution 

companies by the continuous sale of power to subscribers. 

A review of the literature shows that reducing 

distribution network losses and increasing network security 

have always been the focus of scholarly attention. Methods 

proposed for reducing network losses include reactive power 

resources management [1], optimal conductor selection [2, 3], 

network reconfiguration (to reduce power or energy losses) 

[4, 5], or a combination of these methods [6]. In some cases, 

network reconfiguration has been proposed to reduce the loss 

and improve the security of the distribution network [7]. The 

solutions proposed for improving network security can be 

classified into three general classes. The first class, which 

involves a very limited number of works, seeks to improve 

network security through improving the security of different 

system components [8]. The second class contains studies 

that rely on other feed resources, such as distributed 

generations (DGs) [9]. The third class subsuming many 

works focuses on sectionalizing the placement of switches to 

improve distribution network security [10-15].In [10], an 

optimal sectionalizing switch placement problem in 

distribution networks is formulated to minimize the sum of 

investment cost, customer outage cost, and switch installation 

and maintenance cost. Then, it is solved using the Simulated 

Annealing (SA) algorithm. In [11], sectionalizing switch 

placement is done for manual and automatic switches in a 

distribution network to minimize the sum of investment cost 

and customer interruption cost using the immune algorithm. 

In [12], the problem of finding optimal number and places of 

sectionalizing switches is formulated to minimize the switch 
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purchasing and maintenance costs and customer interruption 

cost, and the problem is then solved by a fuzzy optimization 

method. In [13], the problem of finding optimal number and 

places of automatic switches in distribution networks is 

modelled and solved to minimize the sum of customer 

interruption cost, investment cost, and maintenance cost in 

the form of a mixed-integer linear optimization problem. In 

[14], a method is presented for determining the optimal 

combination of sectionalizing and tie switches for the optimal 

design of the distribution automation system so as to 

minimize the losses and keep 100% of the reliability of 

service restoration. Moreover, an algorithm is provided to 

determine the optimal switch placement based on the pre-

determined number for each kind of switch. In [15], the 

differential search algorithm is used to determine the optimal 

placement and number of remote-control switches in a radial 

distribution network so that the cost of expected energy not 

supplied and investment cost can be minimized. In [16], a 

model is developed for the optimal simultaneous allocation of 

fault indicators and sectionalizing switches in a complex 

distribution network based on reliability and cost-benefit 

analyses. The objective function is minimizing the sum of 

investment cost, maintenance cost, and customer interruption 

cost. In [17], a risk-based two-stage mixed-integer linear 

programming model is presented for the optimal placement 

of sectionalizing switches in active distribution networks 

considering the island mode operation of distributed energy 

resources.  

Note that the third solution for reducing losses (i.e., 

network reconfiguration) and the third solution for improving 

network security (i.e., sectionalizing switch placement) are 

interrelated. In other words, optimal network reconfiguration 

to minimize energy losses is affected by the placement of the 

switches. Besides, network security depends not only on the 

place of the switches but also on the network configuration in 

normal conditions. Therefore, sectionalizing switch 

placement with the mere aim of improving network security 

and then using these switches in the reconfiguration process 

to reduce network loss is not necessarily the cost-effective 

and optimal solution. So, it is essential to pay attention to both 

roles of switches during the normal functioning of the 

network and during outages after a fault. In this regard, the 

drastic changes in climate and increased temperature of the 

earth and the resultant effects on power consumption patterns 

and power network occurrences should be taken into account. 

This increase in the earth’s temperature is notable in some 

areas of the world such as parts of the Middle East. For 

example, in June and July of 2017, some parts of the Middle 

East experienced their maximum temperature compared to 

their previous patterns in a relatively long period of 4 weeks. 

In this context, on June 29th, 2017, Ahvaz city, the capital of 

Khuzestan province in Iran, was the warmest city in the world 

with a temperature of 54.29℃ [18]. The air temperature rises 

and subsequently the feeling temperature rise increase the use 

of the cooling electric devices, such as split air conditioners, 

which, in turn, affects the consumers’ load patterns in the 

warm season of the year. In Iran, for example, although the 

demand-side management policies have been encouraged, the 

daily time of the load peak, which used to occur at night in 

the summertime, has changed to the afternoon (i.e., the hours 

of the maximum daily air temperature) since 2011.  

 

Furthermore, since 2011, the annual load peak, which belongs 

to the summer season, has experienced an average growth of 

4.61% per year [19]. 

These changes in the consumption patterns have caused 

the load curves in warm and cold durations (seasons) to be 

significantly different in terms of both the shape and peak of 

the consumption. Therefore, optimal network configurations 

in the normal state of the network operation are different in 

warm and cold periods. 

Moreover, in recent years, the volume of the atmospheric 

pollutants emitted from hydrocarbon sources and the dust 

hazes in the Middle East (owing to the water elimination 

policies and droughts) have increased. The frequent resting of 

these pollutants on the insulators of power distribution and 

transmission lines leads to insolation breakage of the 

insulators and consequently increases the line outage rate 

during the dense fogs or intermittent rains in cold seasons. For 

example, in spite of all preventive measures already taken, the 

rate of outages caused by dust hazes and air pollutant 

concentrations in the cold season is still notable in the 

southwest of Iran. As a result, the reasons behind fault 

occurrences and distribution of the number and time of 

interruptions in two warm and cold seasons are different. 

Evidently, using an average annual load, and indexes such as 

the number of annual feeder section interruptions and their 

average annual repair time as the basis for calculating the 

average out-of-service time of the load points and hence for 

the annual expected energy not supplied (as network security 

index) reduces the precision of calculations. 

To solve the above-mentioned concerns in the operation 

of distribution networks in the south of Iran, a new and 

applied model is proposed here for optimal placement of 

switches in distribution networks in that the seasonal 

variations in load patterns that necessitate changes in network 

configurations are considered. Moreover, it simultaneously 

takes into account the considerations of both normal and post-

fault conditions. In other words, the presented model takes 

account of the roles of switches in normal conditions and 

upon fault and outage occurrences and also determines the 

optimal seasonal configuration of the network. The objective 

function is to minimize the total costs of the network 

including the investment cost, maintenance cost, energy loss 

cost, and the cost of annual expected energy not supplied (as 

the network security index). For a more precise calculation of 

this index, the indices for the number of the feeder sections’ 

interruptions and their average time of repair have been 

defined here seasonally rather than annually. By expanding 

the existing relations, the index for the annual expected 

energy not supplied has thus been calculated based on the 

aforesaid seasonal values and the average of the seasonal 

consumption of the loads. The suggested model can optimally 

determine the switch placement and seasonal configurations 

of the network in such a way that the total costs of the network 

are minimized. The remainder of the paper is organized as 

follows. Section II redefines the annual expected energy not 

supplied index for real networks considering climatic 

changes. Section III represents the formulation of the 

proposed model. Implementation results of the model on test 

networks are given in Section IV. Section V provides 

conclusions. 
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Fig. 1: The load curve of a sample feeder in Khuzestan 

province for two cold and warm seasons (normalized). 

2. REDEFINITION OF ANNUAL EXPECTED ENERGY NOT 

SUPPLIED WITH RESPECT TO THE CHANGES IN 

CLIMATE 

One geographical region that has negatively been 

affected by climatic changes, the rise of air temperature, and 

increased concentration of air pollutants (such as 

hydrocarbon pollutants and hazes from the droughts) is 

Khuzestan province, southwest of Iran. The power 

distribution network of Khuzestan is a network with a low 

annual load factor (about 50%). The load factor in the 8-

month period of the warm season is around 70% and the load 

factor in the 4-month period of the cold season is about 25%. 

Moreover, the load peak of the warm season is about 3-4 

times greater than that of the cold season (see Fig. 1), which 

can be attributed to the wide application of the split air 

conditioners in the warm season. This significant difference 

in the amounts of consumption and load behavior in warm 

and cold seasons besides the climatic conditions of the region 

would affect system operation, which entails avoiding the 

integrated view of the whole year in the system operation and 

instead the features of each season should be considered. One 

important problem in the operation of such systems is 

dissimilar reasons for faults and accordingly, for the number 

of interruptions and the time of repair and restoration of the 

system in cold and warm seasons, meaning that the 

distribution of the number and time of interruptions in these 

seasons are different. One index for estimating network 

security is expected energy not supplied generally defined in 

the literature as follows [10]: 

𝐸𝐸𝑁𝑆 = ∑ 𝐿𝑎𝑣,𝑖

𝑁𝑙𝑝

𝑖=1

× 𝑈𝑙𝑝,𝑖  (1) 

𝑈𝑙𝑝,𝑖 = ∑ 𝜆𝑗 × 𝑟𝑗

𝑛

𝑗=1

 (2) 

where 𝐸𝐸𝑁𝑆 is expected energy not supplied in a year (in 

kWh), 𝐿𝑎𝑣,𝑖 denotes annual average load at load point I (kW), 

𝑈𝑙𝑝,𝑖 is the annual average time of interruption for load point 

i (minute), 𝜆𝑗 is the number of failures of section j of the 

feeder which is placed between substation and load point 𝑖 in 

a year, 𝑟𝑗 is the average repair time of section 𝑗 of the feeder that is 

placed between substation and load point 𝑖 in a year (minute), 𝑁𝑙𝑝 

is the number of load points, and 𝑛 denotes the number of 

feeder sections between substation and load point 𝑖. 

As is seen, this index is affected by the average annual 

consumption and the average annual interruption time. 

Concerning the nonhomogeneous distribution of the number 

and time of interruptions and different consumption levels in 

cold and warm seasons, (1) and (2) are not precise enough to 

be utilized for calculating expected energy not supplied index 

in the studied distribution networks that are situated in warm 

and polluted areas. Therefore, indexes 𝜆𝑗 and 𝑟𝑗, based on 

which the average time of out-of-service for load points is 

computed (see (2)), need to be defined and calculated 

separately for warm and cold durations. Note that the method 

for seasonal calculation of these indexes is similar to their 

annual calculations considering seasonal information. 

However, such calculations are beyond the scope of the 

present study. In this work, having the said indexes as 

seasonal, the expected energy not supplied is calculated 

seasonally and annual expected energy not supplied is 

obtained from the sum of the expected energy not supplied 

indexes of the two seasons: 

𝐸𝐸𝑁𝑆𝑘 = ∑ 𝐿𝑎𝑣,𝑖,𝑘

𝑁𝑙𝑝

𝑖=1

× 𝑈𝑙𝑝,𝑖,𝑘  (3) 

𝑈𝑙𝑝,𝑖,𝑘 = ∑ 𝜆𝑗,𝑘 × 𝑟𝑗,𝑘

𝑛

𝑗=1

 (4) 

𝐸𝐸𝑁𝑆 = ∑ 𝐸𝐸𝑁𝑆𝑘

𝐾

𝑘

 (5) 

where 𝐸𝐸𝑁𝑆𝑘 denotes the expected energy not supplied in 

season k (kWh), 𝐿𝑎𝑣,𝑖,𝑘 is the seasonal average load at load 

point i (kW), 𝑈𝑙𝑝,𝑖,𝑘 refers to the seasonal average time of 

interruption for load point i (minute), 𝜆𝑗,𝑘 is the number of 

failures of section j of the feeder that is placed between 

substation and load point 𝑖 in season 𝑘, 𝑟𝑗,𝑘 denotes the 

average repair time of section 𝑗 of the feeder that is placed 

between substation and load point 𝑖 in season 𝑘 (minute), and 

𝑘 is an index for time durations of a year, 𝑘 ∈
{1: warm, 2: cold}. 

To confirm this, a real case is exampled. The annual 

number of interruptions of a sample feeder section of a feeder 

in the distribution network of Ahvaz in 2015 was 21 (with 6 

and 15 for warm and cold seasons, respectively). Besides, the 

average interruption time per year was 34.17 minutes where 

9.6 and 44 minutes were observed for warm and cold seasons, 

respectively. The same was also true for most of the other 

feeder sections. Moreover, the average consumptions in the 

warm season, cold season, and total year for most of the load 

points were significantly different (e.g., 75.44 kW, 24.29 kW, 

and 37.43 kW, respectively for a sample load point). The 

annual expected energy not supplied of the abovementioned 

sample network is calculated using (1) as to be 69.68 MWh. 

Moreover, the expected energy not supplied in the cold 

season and that in the warm season is calculated using (2) at 

7.419 and 26.68 MWh, respectively. Accordingly, the annual 

expected energy not supplied from (5) is 34.099, which is 
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different from the value obtained from (1). Besides, based on 

the real information from the record system of the network 

events, the real value of the energy not supplied for this 

network is equal to 34.55 MWh. This finding well 

corroborates the authenticity of our suggested modified 

model for the calculation of the expected energy not supplied. 

3. PROBLEM FORMULATION 

3.1. Objective Function 

The objective function of the presented model has three 

components, as follows:  

3.1.1. The first component– minimization of energy loss 

cost for normal conditions of the network 

This study considers energy loss corresponding to Joule 

loss affected by network configuration and consumption 

pattern of loads in cold and warm seasons. Generally, the 

energy loss cost for season k is calculated as follows: 

𝐿𝑜𝑠𝑠 − 𝐶𝑜𝑠𝑡𝑘 = 𝑁𝑘 × ∑ 𝜌𝑡,𝑘 × 𝐿𝑜𝑠𝑠𝑡,𝑘

24

𝑡=1
 (6) 

where 𝐿𝑜𝑠𝑠𝑡,𝑘 is power loss at hour t for a typical day of 

season k (warm or cold) in the first year of the project which 

can be obtained from load flow calculations considering the 

network configuration and load patterns of different 

consumers, 𝑁𝑘 is the number of days of season 𝑘, and 𝜌𝑡,𝑘 

denotes the price of the energy market at hour t of the day 

corresponding to season k ($/kWh). Note that the costs of the 

first year are calculable based on the existing load and market 

prices. However, for the next years, both the amount of loss 

(influenced by load growth) and energy prices (influenced by 

economic factors) change. Since Joule loss is proportional to 

the second power of load current, having the annual load 

growth rate, network losses in the project lifetime can be 

estimated. Also, by applying interest and inflation rates to the 

unit price of energy in the first year, costs of energy loss for 

the project lifetime can be calculated. Hence, the first 

component of the objective function is: 

𝑂𝐹1 = ∑ ∑ 𝐿𝑜𝑠𝑠 − 𝐶𝑜𝑠𝑡𝑘

𝐾

𝑘=1

𝑇

𝑦=1

× 𝑃𝑊(𝑦−1). (1 + 0.01 × 𝐿𝑔𝑘)2(𝑦−1) 

(7) 

𝑃𝑊 =
1 + 𝐼𝑛𝑓𝑟

1 + 𝐼𝑛𝑡𝑟
 (8) 

where 𝑇 is the lifetime of the project, 𝐿𝑔𝑘 denotes the 

percentage of load growth corresponding to season 𝑘, 𝐼𝑛𝑓𝑟 is 

the inflation rate and 𝐼𝑛𝑡𝑟 is the interest rate. 

Note that practically in each season, the annual growth 

rate of the base load and that of the load peak are not similar. 

Although this point can be entered into problem formulation, 

it is here disregarded for the simplicity of calculations while 

keeping the problem generality. 

3.1.2. The second component– minimization of cost of 

expected energy not supplied (CEENS) 

Expected energy not supplied is an energy amount that 

could have been consumed by users if no fault had occurred 

in the system but has become inaccessible after the fault 

occurrence. Note that when a fault occurs, a number of loads 

are restored by the switching process and some other ones 

remain without electricity until the complete removal of the 

fault. Therefore, by expanding (3) and considering the cost of 

load interruptions, the cost of expected energy not supplied 

(CEENS) for the first year of the project is: 

CEENS = ∑(∑ 𝐿𝑎𝑣,𝑖,𝑘

𝑁𝑠,𝑘

𝑖=1

× 𝑈𝑙𝑝,𝑖,𝑘 × 𝐶𝐸𝑖,𝑘 + ∑ 𝐿𝑎𝑣,𝑖,𝑘

𝑁𝑛,𝑘

𝑖=1

𝐾

𝑘=1

× 𝑈𝑙𝑝,𝑖,𝑘 × 𝐶𝐸𝑖,𝑘) 

(9) 

where 𝑁𝑠,𝑘 is the number of restored load points after a fault 

(based on network configuration in season 𝑘), 𝑁𝑛,𝑘 is the 

number of unrestored load points after a fault (based on 

network configuration in season 𝑘), and 𝐶𝐸𝑖,𝑘 is the cost of 

energy not supplied at load point 𝑖 based on the tariff of 

season 𝑘 ($/kWh). 

The first term in (9) shows the load points restored by 

switching after the fault occurrence. The second sentence is 

related to the loads remaining without electricity during the 

faulty section repair. Obviously, in the first term, the average 

interruption time equals the average restoration time, and in 

the second term, the average interruption time equals the 

average repair time. Applying the annual load growth and 

interest and inflation rates to the first year costs, the net 

present value of CEENS of the project lifetime is calculated. 

So, the second component of the objective function is 

expressed by (10): 

𝑂𝐹2 = ∑ CEENS

𝑇

𝑦=1

× 𝑃𝑊(𝑦−1). (1 + 0.01𝐿𝑔𝑘)(𝑦−1) (10) 

3.1.3. The third component–minimization of investment and 

maintenance costs 

This has three parts. The first part is related to the cost of 

establishing any new switch including the cost of purchase 

and installation of switches. The second part is due to the cost 

of moving the existing switches to new positions, and the 

third one is related to maintenance costs. Purchase, 

installation, and replacement costs are for the first year, but 

maintenance costs are for the project lifetime. So, the third 

component of the objective function is: 

𝑂. 𝐹3 = (𝑁𝑆𝑛𝑒𝑤. 𝐶𝑛𝑒𝑤) + (𝑁𝑆𝑝𝑙𝑐 . 𝐶𝑝𝑙𝑐)

+ ∑ (N𝑡𝑜𝑡𝑎𝑙 . 𝐶𝑚𝑎𝑖𝑛𝑡. 𝑃𝑊𝑦−1)
𝑇

𝑦=1
 

(11) 

𝑁𝑡𝑜𝑡𝑎𝑙 =  𝑁𝑆𝑛𝑒𝑤 + 𝑁𝐶+𝑁𝑡𝑖𝑒 (12) 

where 𝑁𝑆𝑛𝑒𝑤 is the number of new switches, 𝐶𝑛𝑒𝑤 is the cost 

of purchase and installation of new switches ($), 𝑁𝑆𝑝𝑙𝑐 

denotes the number of existing switches that are placed in 

new positions, 𝐶𝑝𝑙𝑐 is the cost of replacement of existing 

switches in the new position ($), 𝑁𝐶 is the number of 

sectionalizing (normally closed) switches in the original 

network, 𝑁𝑡𝑖𝑒 denotes the number of tie-switches (normally 

open switches) in the original network, and 𝐶𝑚𝑎𝑖𝑛𝑡 denotes 

the maintenance cost of a switch ($). 

3.1.4. General objective function of the problem 

Since each component of the objective function 

considers the net present value of the related costs for the 

whole project lifetime, all three components are of the same 
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economic value. Therefore, the general objective function of 

the problem is defined by (13) and minimized in the trend of 

problem-solving. 

𝑂. 𝐹= 𝑂. 𝐹1 + 𝑂. 𝐹2 + 𝑂. 𝐹3 (13) 

3.2. Constraints 

1. Maximum number of purchased switches:  

This constraint is considered with respect to the budget 

limitations of the distribution company: 

𝑁𝑆𝑛𝑒𝑤 ≤ 𝑁𝑠𝑤,𝑚𝑎𝑥 (14) 

where 𝑁𝑠𝑤,𝑚𝑎𝑥 is maximum number of new switches which 

can be purchased. 

2. Power capacity of lines: 

𝑆𝑖𝑗(t) = (∑ |𝑌𝑖𝑗𝑉𝑖𝑉𝑗| <  (𝜃𝑖𝑗 + 𝛿𝑗(t) − 𝛿𝑖

𝑁𝑛𝑜𝑑𝑒

𝑗=1

(t)))∗ (15) 

|𝑆𝑖𝑗(𝑡)| ≤ 𝑆𝑖𝑗,𝑚𝑎𝑥    ∀ 𝑖, 𝑗 = 1: 𝑁𝑛𝑜𝑑𝑒   , 𝑖 ≠ 𝑗   

 ∀ 𝑡 = 1: 24 
(16) 

where 𝑆𝑖𝑗(𝑡) is the apparent power passing through the line 

connected between node 𝑖 and node 𝑗, 𝑌𝑖𝑗 = |𝑌𝑖𝑗| < 𝜃𝑖𝑗 is 

component (𝑖, 𝑗) of nodal admittance matrix, 𝑉𝑖(𝑡) = |𝑉𝑖(𝑡)| <

𝛿𝑖(𝑡) denotes the voltage of node 𝑖,  𝑁𝑛𝑜𝑑𝑒  𝑖𝑠 the number 

of nodes, and 𝑆𝑖𝑗,𝑚𝑎𝑥 is the capacity of the line connected 

between node 𝑖 and node 𝑗. 

3. Voltage limits of buses: 

𝑉𝑖,𝑚𝑖𝑛 ≤ |𝑉𝑖(𝑡)| ≤ 𝑉𝑖,𝑚𝑎𝑥     ∀𝑡 = 1: 24 (17) 

4. Keeping radial structure and feeding all loads:  

This constraint is necessary for the feasibility of the 

proposed configurations for cold and warm seasons. 

According to graph theory, for a radial network, the number 

of graph branches equals the number of nodes minus 1. Also, 

there exists one and only one path between every two nodes 

of a continuous graph corresponding to a radial network. 

Therefore, this constraint is formulated as: 

𝑁𝑏𝑟 = 𝑁𝑛𝑜𝑑𝑒 − 1 (18) 

𝑁𝑝𝑖𝑗 = 1    ∀ 𝑖, 𝑗 = 1: 𝑁𝑛𝑜𝑑𝑒  , 𝑖 ≠ 𝑗 (19) 

where 𝑁𝑏𝑟 denotes the number of branches and 𝑁𝑝𝑖𝑗 is the 

number of paths between node 𝑖 and node 𝑗. 

3.3. Solving the Problem 

The presented optimization model is a mixed-integer 

nonlinear programming problem. Among the existing 

algorithms for optimization problems, the evolutionary 

algorithms (EA) simulate natural evolution principles to find 

optimal solutions. These algorithms are population-based and 

free-derivative that easily model the constraints. Although 

they do not determine the condition for reaching absolute 

optimum, they take advantage of some operators that reduce 

their chance of involving in local optimum, so they have a 

good chance for reaching the optimal solution. Due to its wide 

applicability, straightforwardness, and versatility, the genetic 

algorithm is one of the best evolutionary algorithms [20, 21]. 

Here, the optimization problem is solved by a genetic 

algorithm. 

 
Fig. 2: The chromosome structure. 

 

Each chromosome comprises the selected places of 

sectionalizing switches and places of tie-switches (normally 

open) in warm- and cold-season configurations. A typical 

chromosome structure is given in Fig. 2. Each gene actually 

shows the number of network branches on which the switch 

is installed. In the chromosome shown in Fig. 2, 𝑆𝑝,𝑖 shows 

the location of the sectionalizers. Also, 𝑇𝑤,𝑖 and 𝑇𝑐,𝑖 show the 

location of tie-switches in warm and cold seasons, 

respectively. The number of nonzero values in the first part 

of each chromosome (white-color part) represents the total 

number of the sectionalizes in the structure. By comparing the 

number and place of all the switches (sectionalizes and tie-

switches) in each chromosome to the number and place of the 

existing switches in the original configuration, the number of 

new switches purchased (𝑁𝑆𝑛𝑒𝑤) and the number of the 

existing switches in the present structure that must be 

replaced (𝑁𝑆𝑝𝑙𝑐) are determined. From the second (light grey) 

and the third (dark grey) parts of each chromosome, the 

configurations of warm and cold seasons are obtained, 

respectively. By the method in [4], the constraint of keeping 

radial structure and feeding all loads is checked. If this 

constraint is violated in a given chromosome, a very large 

value is assigned as the objective function to this 

chromosome and the next chromosome is examined. If this 

constraint is satisfied, the objective function is calculated. 

Recall that the first and second components of the objective 

function depend on the proposed configurations for the two 

seasons. In this respect, for each proposed configuration of 

the warm and cold seasons, 24 load flow programs are run 

and the first component is calculated using (7). For load flow 

calculations, the backward-forward algorithm is used as in 

[22]. Other problem constraints are checked based on the load 

flow results and for each constraint violation, a penalty is 

applied. The imposed penalty is a variable value as a function 

of the distance of the violated constraint from the feasible 

area. Next, for each infeasible chromosome, a coefficient of 

the penalty values is subtracted from the value of the 

objective function of the worst feasible chromosome in the 

present population. The obtained value is assumed to be the 

objective function of the infeasible chromosome. By doing 

so, the infeasible chromosomes that do not violate the 

constraint of keeping radial structure and feeding all loads are 

not discarded and their information can be used for the 

algorithm search procedure. In the reproduction process, the 

roulette-wheel selection is used for a new generation. Using 

a test and set method, a two-point crossover with a rate of 0.8 

is selected. Besides, the mutation rate is determined using a 

test and set of 0.05. If the objective function does not improve 

after a certain number of consecutive iterations, the algorithm 

will stop. In this work, these iterations are determined for 

each network by the test and set method. The general 

problem-solving algorithm is shown in Fig. 3. 
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Fig. 3: The solving algorithm. 

4. NUMERICAL RESULTS 

4.1. Assumptions 

The project lifetime is 5 years, the inflation rate is 11%, 

and the interest rate is 15%. The costs of purchase and 

installation of any new automatic and manual switches are 

US$ 5000 and 3000, respectively. The cost of replacing any 

existing switch and its installation in a new place is 0.1 of the 

purchase and installation cost of a new switch. The cost of 

annual maintenance for any switch is 0.02 of its purchase and 

installation cost. The annual load growth rates in warm and 

cold seasons are 3% and 0.5%, respectively. The cost of 

expected energy not supplied for different types of users is 

calculated as the average tariffs of the Power Ministry of Iran 

for different types of subscribers in warm regions and is 

assumed to be 0.03 US$/kWh. Energy market prices are 

similar to the energy market prices in Iran. Service restoration 

times for automatic and manual switches are 1 minute and 30 

minutes, respectively. 

4.2. Test Systems 

To evaluate the proposed model, two test systems are 

used. The first one is a 33-bus system with characteristics in 

[4]. To have a real network’s conditions, the system is 

modified and three types of loads as residential, commercial, 

and administrative and teaching centres are considered. Fig. 

4 shows the single-line diagram of the modified 33-bus 

system. The load pattern for different consumers of this 

system is presumed to be similar to the load behavior of the 

consumers in Khuzestan, Iran [4]. Also, the distribution of the 

number and the time of interruptions in cold and warm 

seasons are assumed to be similar to the ruling conditions in 

studied real networks. Since the present study has introduced 

a novel model, the validity of the results cannot be 

investigated through the literature. Therefore, the validity of 

the suggested model is confirmed by analyzing the results 

obtained for different scenarios of the 33-bus system. The 

second test system has two 33-kV feeders from the power 

distribution network of Ahvaz city, the center of Khuzestan, 

with 332 buses to show the efficiency of the proposed model 

in real systems. This system has three normally closed 

switches and two normally open switches with residential and 

commercial subscribers. The details of this system are 

available in [23]. 

4.3. Results for Modified 33-Bus Test System 

Section I of Table 1 shows the original system 

conditions, i.e., the location of the switches, normally open 

switches, the cost of seasonal energy loss, and the cost of 

seasonal expected energy not supplied considering the load 

and prices in the first year. The maximum number of new 

switches is assumed to be four and sectionalizing switch 

placement results for this system are given under five 

scenarios in section II of Table 1. 

Scenario 1: All switches are assumed to be manual and 

the switch placement is intended to minimize energy not 

supplied and investment and maintenance costs. After that, 

optimal seasonal configuration for minimizing energy loss 

cost is attained by reconfiguration. Two new switches are 

purchased and four of the existing switches are replaced. The 

normally open switches in the cold season are 7, 33, 34, 35, 

and 37. Also, the normally open switches in the warm season 

are 14, 27, 33, 35, and 36. The comparison of the results with 

the original network conditions shows that in the first year, 

energy loss costs in the cold and warm seasons have been 

reduced from US$ 803.2 and 15021 to US$ 670 and 11941 

(16.58% and 20.5%), respectively, and total year decrease is 

20.3%. Also, the costs of expected energy not supplied in the 

cold and warm seasons have been reduced from US$ 818 and 

3088.5 to US$ 813.9 and 2707.6 (5% and 12.33%), 

respectively, and the total annual reduction is 9.8%. Besides, 

the total cost in the project lifetime is US$ 89425. 

Scenario 2: All switches are assumed to be manual and 

the switch placement is done by the proposed model. In the 

first year of the project, energy loss costs in the cold and warm 

seasons have been reduced by 20.56% and 22.1%, 

respectively and by 22% in the total year. Expected energy 
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Fig. 4: The modified 33-bus test network. 

Table 1: The results of sectionalizing switch placement for modified 33-bus test system. 
Part 1: Initial condition 

Switches 

Position 
Tie-Switches 

Cost of Energy Loss ($) 

Cost of EENS ($) 

When all switches are manual 
When all switches are 

automatic 

Cold Season 
Warm 

Season 

Cold 

Season 
Warm Season 

Cold 

Season 

Warm 

Season 

9-14-33-34-35-

36-37 

33-34-35-36-

37 
803.2 15021 818 3088.5 

 
738 2596 

Part 2: Optimization Results 

 
Scenario No. 

1 2 3 4 5 

Number of New Switches 2 2 2 2 2 

Number of Replaced Switches 4 3 3 3 3 

Tie-Switches 

Cold Season 
7-33-34-35-

37 

7-9-14-32-

37 
7-9-14-32-37 

7-9-14-32-

37 

7-9-14-32-

37 

Warm Season 
14-27-33-

35-36 

7-33-34-35-

37 
9-33-34-35-37 

7-33-34-35-

37 

7-33-34-35-

37 

First Year 

Cost of 

Energy Loss 

($) 

Cold Season 670 638 638 638 638 

Warm Season 11941 11700 11761 11700 11700 

Cost of EENS 

($) 

Cold Season 813.9 795.5 654 1591.2 1262 

Warm Season 2707.6 2831 1800 5583 3788 

Lifetime of 

Project 

Total Cost of Energy Loss ($) 63491 62128 62440 62128 62128 

Total Cost of EENS ($) 16604 17110 11553 33844 23564 

Total Investment Cost 9329 8729 15048 8729 14548 

Total Cost ($) 89425 87969 89043 104701 100240 

 

not supplied costs in the cold and warm seasons have been 

reduced by 2.75% and 8.33%, respectively and by 7.16% in 

the total year. The total cost in the project lifetime equals 

US$ 87969. As is seen, the cost of energy not supplied in 

scenario 1 is low, compared to scenario 2, since switch 

placement in scenario 1 is focused on minimizing energy not 

supplied and investment and maintenance costs, and thus the 

places determined for installing the switches are optimal only 

from the said aspects. So, the application of these switches for 
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finding optimal seasonal configuration to minimize energy 

loss cost cannot necessarily yield the best response. However, 

in scenario 2, switch placement is done by focusing on 

minimizing energy not supplied and energy loss costs besides 

investment and maintenance costs. As observed, in this 

scenario, reductions in the costs of energy loss in the cold and 

warm seasons and in the total year are more than the 

reductions in scenario 1. Although in scenario 2, the reduction 

in the cost of energy not supplied is smaller than this 

reduction in scenario 1, the total costs of scenario 2 in the 

project lifetime have been reduced by 1.6%, compared to 

scenario 1. This result supports the proposed model in the 

present study. 

Scenario 3: All switches are assumed to be automatic and 

switch placement is conducted by our model. Two new 

switches are purchased and three of the existing switches are 

replaced. Here, the normally open switches of the cold season 

are similar to that of scenario 2. The normally open switches 

in the warm seasons are 9, 33, 34, 35, and 37. In the first year, 

energy loss costs in the cold and warm seasons are US$ 638 

and 11761 and the expected energy not supplied costs are 

US$ 654 and 1800, respectively. In the cold seasons of the 

first year, the energy loss costs are similar to those in 

scenarios 2 and 3 due to similar configurations of cold 

seasons. However, due to different configurations of the 

warm seasons, the energy loss cost in the warm season of the 

first year in scenario 3 shows a 61-dollar (0.52%) increase 

compared to scenario 2, and in annual bases, a 0.49% increase 

is seen. Besides, due to the very short restoration time with 

automatic switches compared to manual ones, the costs of 

expected energy not supplied for the cold and warm seasons 

in the first year in scenario 3 have had US$ 141.5 (17.78%) 

and US$ 1031 (36%) reductions, respectively, compared to 

scenario 2. Nonetheless, due to the higher investment costs in 

automatic switches, the total cost of scenario 3 is 1.2% greater 

than that of scenario 2. In a network with a low level of 

security, the decrease in the cost of expected energy not 

supplied due to automatic switches is expected to go beyond 

the increase in the original investment costs for these 

switches. This is shown in scenarios 4 and 5. 

Scenario 4: In this scenario, the number of occurrences 

and the repair time for each feeder section are assumed to be 

double and manual switch placement is done by the proposed 

model.  

Scenario 5: This scenario is similar to scenario 4, except 

that the switches are here automatic. 

In scenario 4, the costs of energy not supplied in the cold 

and warm seasons in the first year are US$ 1591.2 and 5583, 

respectively. In scenario 5, they are US$ 1262 and 3788, 

showing 20.68% and 32% reductions compared to scenario 4. 

In scenario 5, a 4.2% decrease in total cost in the project 

lifetime is observed compared to scenario 4. As it is seen, 

despite the higher investment cost of automatic switches, in 

the low-security networks, they can be more economic for 

improving network security. 

4.4. Results for the Real System 

The costs of energy loss and expected energy not 

supplied per year (considering the load and prices in the first 

year) are US$ 28850 and 4189.9, respectively. The maximum 

number of new automatic switches is assumed to be two and 

switch placement is done by the proposed model. No new 

switch is purchased and four of the existing ones are replaced. 

Therefore, the existing switches are not in proper places in the 

original network structure, and replacement of these switches 

can reduce the costs of energy loss and energy not supplied 

without installing new switches and spending investment 

costs. Due to these replacements and network 

reconfigurations, the costs of energy loss and energy not 

supplied in the first year decrease to US$ 24330.9 and 3331.1 

(i.e., 15.56% and 20.5% reductions), respectively, and the 

total cost in the whole project lifetime equals US$ 142882.4. 

The detail of the results is provided in [23]. 

5. CONCLUSIONS 

This study introduces a novel and applied model for 

switch placement in radial distribution networks in which 

both roles of switches in normal operating conditions and in 

the presence of fault are taken into consideration. Moreover, 

the conditions of Khuzestan's distribution networks in both 

warm and cold seasons are incorporated in the model. The 

objective function is to minimize investment and 

maintenance costs, the cost of energy loss, and the cost of 

expected energy not supplied. The cost of energy loss in each 

season is calculated based on the network configuration of the 

normal condition in that season. The expected energy not 

supplied is also calculated seasonally and the annual expected 

energy not supplied is obtained by the sum of expected energy 

not supplied in the cold and warm seasons. This model can 

determine optimal places for installing sectionalizing 

switches and optimal network's configurations for 

minimizing the total costs. The model is confirmed through a 

33-bus network under the first and the second scenarios. The 

total costs of scenario 2, which is corresponding to the 

presented model, are decreased by 1.6% compared to scenario 

1, which is like the common cases in previous papers. The 

comparison of scenarios 2, 3, 4, and 5 shows that in low-

security networks, the application of automatic switches for 

improving network security can be more economic. The 

results of implementation on a real network in Ahvaz show 

that the existing switches in the original network structure are 

not properly positioned and the costs of energy loss and 

energy not supplied significantly decrease by replacing these 

switches and without purchasing new ones. 
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