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In this paper, a comprehensive mathematical model of designing an 
electric power supply chain network via considering preventive 
maintenance under risk of network failures is proposed. The risk of 
capacity disruption of the distribution network is handled via using a 
two-stage stochastic programming as a framework for modeling the 
optimization problem. An applied method of planning for the network 
design and power generation and transmission system via 
considering failures scenarios, as well as network preventive 
maintenance schedule, is presented. The aim of the proposed model is 
to minimize the expected total cost consisting of power plants setup, 
power generation, and the maintenance activities. The proposed 
mathematical model is solved by an efficient new accelerated 
Benders decomposition algorithm. The proposed accelerated Benders 
decomposition algorithm uses an efficient acceleration mechanism 
based on the priority method which uses a heuristic algorithm to 
efficiently cope with computational complexities. A large number of 
considered scenarios are reduced via a k-means clustering algorithm 
to decrease the computational effort for solving the proposed two-
stage stochastic programming model. The efficiencies of the 
proposed model and solution algorithm are examined using the data 
from the Tehran Regional Electric Company. The obtained results 
indicate that the solutions to the stochastic programming are more 
robust than the obtained ones provided by a deterministic model. 

  © 2017 IUST Publication, IJIEPR. Vol. 28, No. 2, All Rights Reserved 
 

1. Introduction1 
Power production systems, transmission and 
distribution infrastructure as the most important 
and yet the most widespread used by human 
beings have significant impact on economic, 
social, and industrial developments as well as 
security issues [1] .Therefore, protection of these 
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key infrastructures against an accidental damage 
and deliberate disturbance has always been of 
interest to numerous researchers [1]. For 
example, power supply systems can be disrupted 
by a variety of reasons such as weather climate, 
environmental conditions, equipment failure, 
human error, and lack of balance between supply 
and demand sides [2] . Widespread blackouts in 
Europe in 2006 for 2 hours and power outages for 
more than fifteen million subscribers are 
examples of the vulnerability of the electricity 
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transmission system, which indicates the severity 
and scope of its impact [3-5]. Blackouts in the 
north-western States of America in July and 
August 1996 and widespread blackout in August 
2003 for 4 days in different parts of the east coast 
of America along with many damaging effects on 
other infrastructures are other examples of 
disruption of electricity distributing system [1]. 
Considering the importance of stability and 
power supply systems, the analysis of the 
vulnerability of these systems is crucial for 
researchers [6]. Main Focus of the research 
conducted on the vulnerability of power 
transmission systems is on the configuration of 
power grids and communication of them. For 
instance, researchers have proposed the concept 
of entropy electrical current to assess the overall 
heterogeneity of distribution of load on the 
network, and they have demonstrated that the 
entropy power is very dependent on consecutive 
failures by using the results of the various 
simulations on the electricity transmission 
network [7]. The other researchers have proposed 
an indicator, called total ability, to assess the 
performance and stability of the power grid under 
shutdown of a power transmission path [8]. In 
another research, the power network 
configuration is studied and its ability to transfer 
electricity between nodes in the event of 
disruption of supply and demand in a particular 
node is determined [9]. Researchers have 
evaluated the performance of the power 
transmission system according to the network 
structure, and they have proposed a systematic 
approach to measuring the effect of correlated 
failures on the reliability of the network [10]. 
This mentioned approach is presented in terms of 
the probability of satisfying demand by 
considering constraints of production system 
such as supply capacity limitation. In another 
study, a new model aimed at maximizing profit 
network capacity allocation and terms of the 
allocation of capacity and performance is 
provided for the free-scale networks and 
structures belonging to the North American 
power grid [11]. In this model, only the supply 
node is considered, and it is assumed that power 
generation facilities (power plants) are always 
available. In addition, the impacts of failures on 
the reliability and risk assessment of complex 
infrastructure, such as power grids, have been 
investigated [12]. In another study, researchers 
have investigated the reliability of the power grid 
of America [9]. In this network, the power plants 
and high-voltage transmission substations are 

considered and the main focus is on the network 
configuration without considering power 
generation capacity as well as supply and demand 
limitation. Most of the studies of analyzing the 
impacts of failures are concentrated on the power 
network configuration. In the literature of the 
power network design, a greatly organized 
approach is not provided for modeling production 
and transmission systems with regard to 
important limitations such as capacity, 
maintenance, and accessibility of network 
facilities and capacity of substations under 
various scenarios. Therefore, most of the 
conducted studies did not consider numerous 
properties of the power network in real-world 
context. Although many studies have been done 
on modeling power production systems in the 
literature, in general, less attention has been paid 
to considering power transmission systems. 
Researchers have examined some of the 
difficulties associated with modeling decision-
making and power generation systems 
simultaneously including minimizing the cost of 
managing power generation facilities with regard 
to production capacity and received demand [13]. 
In another study, a mathematical model for power 
plants selection is proposed via considering 
electricity demand and production capacity [14]. 
In other study, power generation systems have 
been studied and the deterministic models for 
power generation scheduling with the aim of total 
cost minimization have been proposed [15, 16]. 
In all of the mentioned studies, the main focus 
was on the power generation planning without 
considering the inherent limitations of transfer 
system such as failure occurrence in system 
facilities. Only in one study, researchers have 
proposed a robust scenario-based mathematical 
optimization model for power transfer planning 
via considering facilities maintenance under 
emergency breakdown [17]. Few numbers of 
scenarios are considered in the mentioned study 
and the proposed model is solved by optimization 
solver [17]. As a consequence of that, the power 
grid is designed as an integrated system of 
generation and transmission systems, each of 
these systems will affect the decisions of other 
systems. Therefore, in this study, a 
comprehensive planning method for integrated 
power generation and transfer systems is 
proposed for power network design under 
stochastic failures of network facilities. The 
impacts of these failures on the capacities of 
network facilities are considered. Each scenario 
with determined probability occurrence 
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represents the impact of failure occurrence, and a 
large number of scenarios are considered to 
increase an efficiency of the proposed planning 
method.  
The concept of the supply chain network with 
considering the preventive maintenance could be 
valuable to examine the integrated network of 
power generation as well as transfer. The power 
distribution network is a vulnerable infrastructure 
and failures occurrences, as well as the need to 
preventive maintenance, are inevitable. To 
address the aforementioned issues, a stochastic 
programming model for the investigation of 
various failure scenarios, including possible 
failures of transmission lines and electrical 
substations, has been presented in this paper. The 
aim of the proposed model is to minimize the 
total cost of power generation and distribution 
network during the planning periods. The 
proposed stochastic programming model is 
applied for the designing the network of the 
Tehran Regional Electric Company as a part of 
the Iran's electricity grid. The rest of this paper is 
structured as follows: 
In Section 2, the research problem is introduced. 
Then, the developed mathematical model for the 
power network design problem is presented. In 
Section 3, the proposed solution algorithm based 
on the accelerated Benders decomposition 
algorithm is described. In Sections 4 and 5, the 
case study and computational study are 
presented, respectively. Finally, the paper is 
concluded in Section 6. 
 

2. Power Network Design Under 
Uncertainty and Preventive Maintenance 

2-1. Problem description 
The main purpose of the production and 
distribution network is to fulfill customer demand 
in a sustainable manner. Meanwhile, attention to 
some issues that are more important for the 
power network planners include limitations 
associated with power generation capacity of 
network facilities and possible failure of 
distribution system from the supply to demand 
sides. The main problem that has been studied in 
this paper is how to plan and design a power 
network in a way that efficiently fulfills the limits 
of production and distribution in a multi-level 
power network and considering the preventive 
maintenance activities, especially in dealing with 
system failures. Different features of the power 
network facilities are considered with respect to 
capacity, setup time, maintenance requirements, 
and efficiency status. For instance, the 

hydroelectric power plant has less setup cost and 
more limited production capacity than a gas 
turbine power plant. Planning and 
implementation of the preventive maintenance 
have significant impact on reducing the risk of 
sudden failures and breakdown in power plants. 
In power production and distribution networks, 
failure can occur in the production facilities, 
transmission lines, and electrical substations. The 
occurrence of any of these types of failures could 
decrease the power supply capacity, thus, the 
quality of responsiveness to customers’ demands. 
The occurrence of failures and the subsequent 
disruptions in the power network is identified by 
defining specific scenarios that each scenario has 
a determined probability of occurrence. 
Therefore, an appropriate and sustainable design 
for power production and distribution network is 
required via considering planning for preventive 
maintenance of facilities under random failures. 
Finally, the objective of the proposed model is to 
minimize the total costs of facilities 
establishment, power generation, and facilities 
maintenance. The structure of the studied power 
network is depicted in Figure 1 which represents 
the four-level network including power plants, 
substations, transmission lines, and demand 
points. Considering the power network in the 
form of a supply chain network not only 
facilitates the flow of electricity within the 
network, but also provides the possibility of 
considering a set of power generation limitations 
such as generation capacity and maintenance 
schedule. Furthermore, addressing this problem 
from the perspective of supply chain management 
could provide the potential of broad implications 
and developments such as management of 
environmental impacts, sustainable development 
of power grid management, centralized network 
configuration, the reliability of the integrated 
power network, risk management, and ultimately 
the considering the level of customer service. 
Figure 2 represents the power transmission lines 
of Iran including 400 KV substations. There is a 
forward direct flow of electricity through four 
levels of the power network. In the second and 
third levels of the considered network, which 
represent the low- and high- voltage electrical 
substations, there are various linkages between 
substations within each network level. Finally, in 
this paper, a comprehensive mathematical model 
is proposed for multi-period power generation 
and distribution network design via considering 
preventive maintenance planning. The 
uncertainty of failure occurs and its impact on the 
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performance of the integrated power network is 
handled via using scenario-based stochastic 
optimization. 
2-2. Mathematical model 
In this section, the proposed multi-period 
scenario-based mathematical model for integrated 
power network design via considering preventive 
maintenance planning is introduced. 
2-2-1. Indices 
I, J, K, and L: Sets of power plants, high-voltage 
substations, low-voltage substations, and demand 
points, respectively, 
T and S: Sets of time periods and scenarios, 
respectively. 
2-2-2. Parameters 
gi,min and gi,max: Upper and lower bounds of power 
generation at power plant i, 
mni: Number of required preventive maintenance 
of power plant i, 
us

j and us
k: Upper bounds of the capacity of 

substations j and k under scenario s, 
dlt: Power demand at point l in period t, 
cmi, csi, and cgi: Cost of power plant 
maintenance, establishment, and power 
generation of power plant i, respectively, 
τ and Ps: Cost of capacity shortage and 
probability of scenario s’s occurrence. 
2-2-3. Variables 
oit: 1 if power plant i is established; 0 otherwise, 
mi t: 1 if preventive maintenance is done at power 
plant i; 0 otherwise, 
git: the amount of power generation at power 
plant i, 
xs

ijt: Power flow between power plant i and high-
voltage substation j, 
ys

ikt: Power flow between power plant i and low-
voltage substation k, 
zs

jkt: Power flow between high-voltage substation 
j and low-voltage substation k, 
zs

jj’t: Power flow between two high-voltage 
substations j and j’, 
ws

jlt: Power flow between high-voltage substation 
j and demand point l, 
vs

klt: Power flow between low-voltage substation 
k and demand point l, 
v’s

kk’t: power flow between two low-voltage 
substations k and k’, 

 and :s s
kt jt   Capacity shortage at low-voltage 

substation k and high-voltage substation j, 
respectively. 
The schematic overview of the proposed power 
network is depicted in Figure 3. 
2-2-4. Constraints 
The proposed model in this study is a two-stage 
stochastic mixed integer programming. The 

decision variables are divided into two groups 
that include first-stage variables-and second stage 
variables. The values of variables of the first 
group are independent of the uncertain scenarios. 
Therefore, the values of the first stage variables 
are determined before realization of uncertainty 
of the stochastic variables. These variables are 
related to those of power plant establishment, 
preventive maintenance plan, and the amount of 
power generation in the first planning period. The 
other variables are related to tactical and 
operational decisions affected by uncertainty 
occurrence and are assigned to the second stage. 
In other words, after making a decision about the 
first stage variables, the uncertainty is realized 
which has significant impact on the second stage 
variables. For instance, after the realization of the 
uncertainty of the capacity of substations, the 
flow assignment between substations of the 
power network is determined to efficiently 
respond to customers’ demands based on the 
decision conducted in the first stage. Constraints 
(1)-(10) present the proposed integrated power 
network design problem. Each of the power 
plants in the proposed network has determined 
upper and lower bounds of power generation 
capacity (see constraints 1 and 2).  

(1) 
min ,i it itg o g i t    

(2) 
max ,it i itg g o i t    

All of the generated power in the power plants 
could not be stored and should be transferred to 
facilities of the second and the third level of the 
power network. In the proposed model, the power 
waste during the distribution process is not 
regarded (see constraint 3). 

(3) , ,s s
it ijt ikt

j k
g x y i t s     

Constraints 4 and 5 ensure that the capacity of 
each substation is satisfied. 

(4) 
,

  , ,s s s s

ijt j jt jt j
i j j j

x z u i t s
 

      

(5) 
,

  , ,s s s s s
ikt jkt kt k kt j

i j k k k
y z v u k t s 

 

          

Constraints (6) and (7) show the flow equilibrium 
among the input and output power flow for each 
substation. 

(6) 
,

,

  , ,

s s
jkt jlt

k ls s
ijt j jt s

i j j j
jj t

j j j

z w

x z j t s
z


  

 



  


  
  

       
 

 

(7) 

,

,

 , ,

s s
ikt jkt

i j s s
klt kk ts l k k kk kt

k k k

y z

v v k t s
v


 

 



  


 
   
   

  
 

 
 


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Constraint (8) indicates the response to 
customers’ demand in the fourth level of the 
power network. The required time period for 
applying the preventive maintenance is presented 
by constraints (9). Constraint (10) shows the 
shutdown status of each power plant demurring 
the maintenance periods. 

 
Fig. 1. The four level power network 

 

 
Fig. 2. The network of power substations of 

Iran power network includes 400 KV transfer 
lines [17] 

 
The schematic overview of the proposed power 
network is depicted in Figure 3. 
 

 
Fig. 3. The schematic overview of the power 

network related to the proposed mathematical 
model 

(8) , ,s s
klt jlt il

k j
v w d l t s     

(9)  1 it i
t

m mn i    

(10) ,it ito m i t   
2-2-5. Objective function 
The objective of the proposed mathematical 
model is to minimize the total cost of the 
integrated power generation and distribution 
simultaneously (see equation 11). 

(11)  

   
, 1

, 1 , 1

, ,

Min . . 1

. . 1 .

i it i it i t
i t i t

s s s
i it i it kt kt

i t i t s

Z cs o cs o o

cg g cm m P   


 

   

     

 

  
 

2-2-6. Linearization technique 
The nonlinear term of the proposed objective 
function (equation 11) is linearized via using a 
linearization technique based on the change in 
variable technique as follows: 

(12) , 1

, 1

1 1
0 1

it i t
it

it i t

o o
S

o o




 
   

 

(13) , 1it it i tS o o    
 

3. Solution Algorithm Based on The 
Accelerated Benders Decomposition 

Method 
The proposed model is a scenario-based 
stochastic mixed integer programming model. As 
a consequence of considering various practical 
features of the power network design problem in 
this study, the proposed model is so complex and 
involves various decision variables and 
constraints. While, in general, the network design 
problems are NP-hard [18-20]. The information 
about the number of the decision variables and 
constraints as functions of the proposed problem 
size in the proposed model is presented in Table 
1. The obtained results indicate that by increasing 
the size of the power network, the number of 
decision variables, especially binary variables as 
well as the number of constraints will increase 
strictly. In addition, the number of decision 
variables and constraints will increase as a result 
of an increase in a number of scenarios and 
planning periods. Therefore, the complexity of 
problem-solving will significantly intensify by 
dealing with large-scale power network design 
problems. The described mathematical model in 
Section 2.2 can be represented in a general form 
as follows: 

(14) 
1 2 1min T T Tc z c w q x   

(15)  0,1 Ez Z     
(16) Rx u  
(17) Hx Mz  
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(18) Dx d  
(19) x 

  
 

Tab. 1. Size of the proposed power network 
design problem 

 Dimension 
Binary variables 2.|I|.|T| 
Continuous 
variables 

|I|.|T|+|I|.|J|.|T|.|S|+2.|I|.|K|.|T|.|
S|+|J|2.|T|.|S|+|J|.|L|.|T|.|S|+|K|.
|L|.|T|.|S|+|K|2.|T|.|S| 

Constraints 3.|I|.|T|+2.|I|.|T|.|S|+2.|K|.|T|.|
S|+|J|.|T|.|S|+|L|.|T|.|S|+|I| 
 
In this study, change in the required data for 
decision making is considered as the main source 
of the uncertainty. Therefore, the two-stage 
scenario-based stochastic programming approach 
is adopted to solve the proposed problem. The 
stochastic two-stage objective minimizes the total 
operational cost of power network after 
realization of uncertain parameters and making 
the first stage decisions. The capacity of the 
facility after failure occurrence is accompanied 
by uncertainty. Random vector  , ,d u q   is a 

realization of uncertain parameters  , ,d u q  . 
A new variable is added to the left-side of 
constraint (18) so that the recursive function can 
still be feasible for all possible combinations of 
decisions of the first stage. The Value of this 
variable in the objective function is equal to the 
penalty of capacity shortage, as a cost of the 
blackout. The proposed two-stage stochastic 
programming is as follows: 

(20)    1 2,
min , ,T T
z w

f z w c z c w Q z        
(21)  0,1 Ez Z     
(22)  0,1 Nw W    
(23)    ,, min PrT T

x prQ z q x h    
(24)  Rx u   
(25) 0Nx   
(26) Hx Mz  
(27)  PrDx d    

Objective function (20) involves the cost of 
strategic decisions and value of expected costs of 
operational decisions. ܳ(ݖ,  is the random (ߦ
function related to first-stage decision z and 
scenario ߦ. In the first-stage of the model, the 
configuration of the power network is determined 
(Constraints 20-27). In the second-stage, the 
decision related to operational decisions, which 
are affected by the scenario, are conducted. 

Interested researchers can be referred to Birge 
and Louveaux  [21] and Ruszczynski and Shapiro 
[22] for more details on two-stage stochastic 
programming methods. Finally, the overall steps 
of the proposed solution algorithm are presented 
in Figure 4. According to the tests conducted for 
the issues examined in this paper, the classic 
Benders decomposition algorithm has a weak 
convergence because of the existence of a large 
number of the first repetitions, which are 
ineffective without significant improvements to 
the optimal point. Hence, there is a need to 
improve the efficiency of the classic Benders 
decomposition. Therefore, in this paper, a simple 
but effective method is used for generating 
heuristic basic feasible solution. This approach 
leads to develop appropriate cuts and ultimately 
improve convergence in the initial iterations of 
the Benders decomposition algorithm. For this 
purpose, the heuristic approach based on the 
prioritizing allocation technique is adopted which 
is described as follows [21]. In the first step, a set 
of random numbers is assigned to the power plant 
and each node with the highest priority is selected 
for the allocation of demand according to the 
allocation cost. End of the allocation task is 
dependent on achieving the maximum supply 
capacity as well as satisfying the total demands of 
customers. In case of using the maximum supply 
capacity, the next supply node is selected with 
the highest priority. This process continues to 
meet the maximum of customers’ demands. In 
the second step, demand node with the highest 
priority is selected, and it is assigned to the 
supplying node with the lowest supply cost with 
the amount of minimum of supply capacity and 
demand. Then, the priorities of the two nodes 
become zero and the next node with the highest 
priority is selected. This process continues to 
respond to maximum possible demand. At least 
20 numbers of feasible solutions are generated 
without considering the quality of each solution 
by using the proposed heuristic algorithm. Then, 
only 10 numbers of the best generated solutions 
are selected and their related cuts are developed. 
In the proposed solution algorithm, k-means 
clustering method is adopted to decrease the 
scenario numbers. The computational time 
increases significantly as a consequence of 
considering the large number of scenarios [22]. In 
the proposed model, the uncertainty of the 
decision making environment is considered, 
although we have tried to reduce the 
computational difficulties. For this reason, 1000 
numbers of scenarios have been generated. Then, 
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the number of scenarios is reduced to 100 by 
using the k-means clustering algorithm. In Table 
2, the reason for reducing the number of 
scenarios is presented. The objective gap is equal 
to the difference of the value of the objective 
functions of the test problem in comparison with 
considering the test problem with 1000 numbers 
of scenarios. As shown in Table 2, by decreasing 
the scenario number to 50, the objective gap 
increases, although the solution runtime has been 
significantly reduced. With considering 50 
numbers of scenarios, the objective gap equals 
6.27 percent that is a high-error rate due to the 
strategic nature and longtime effects of supply 
chain network design decisions. 
 

4. Case study: Tehran Regional Electric 
Company 

Iran has an integrated power grid network 
consisting of generation, transmission, and 
distribution systems. This paper focuses on the 
generation and transmission, which can be 
regarded in the form of an integrated network. 
The arcs in the network represent the 
transmission lines. The Iranian grid network 
includes 400 and 230 KV transmission lines with 
a length of more than 30 thousands km and 132 
and 63 KV low-voltage transmission lines [23]. 
Nodes in this network represent the power plants 

as a part of the production system and power 
substations a as part of the transmission system. 
The 400 KV transmission lines and electrical 
substations of Iran's electricity grid are shown in 
Figure 2. In this paper, to solve the proposed 
mathematical model, only part of the Iran power 
network which belongs to the Tehran Regional 
Electric Company is considered. Tehran Regional 
Electric Company is responsible for satisfying 
demands of electricity consumers of Tehran, 
Alborz, and Qom province in Iran (see Figure 5). 
The covered areas of Tehran Regional Electricity 
company are very important in terms of 
economic, industrial, and security perspectives. 
This emphasizes the importance of planning for 
sustainable service provided to subscribers in this 
region. 

 
Fig. 4. Steps of the proposed hybrid solution 

algorithm 
 

 
Tab. 2. Performance evaluation of the proposed k-means clustering algorithm 

Objective 
value 

error (%) 

Time 
improvement 

(%) 

Time 
(sec.) 

Objective 
value 

Scenario 
number 

- - 2734 1.57495 
e+12 1000 

0.0048 7.23 2292 1.57503 
e+12 800 

0.0076 36.42 1880 1.57507 
e+12 600 

0.045 59.49 1507 1.57566 
e+12 400 

0.215 73.21 1263 1.57834 
e+12 200 

0.371 91.13 935 1.56913 
e+12 100 

6.27 95.57 624 1.67370 
e+12 50 

21.8 98.59 358 1.91877 
e +12 10 

 
Tehran Regional Electric Company has 15 power 
plants in four different types that include steam 
turbines, gas turbines, combined cycle, and 
hydropower. Nominal capacity and power 

generation of power plants according to their 
types are shown in Table 3. Upper and lower 
limits of the power generation based on the 
minimum and maximum numbers of generating 
units are shown in Figure 6 [17]. In Table 4, fuel 
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and maintenance costs of each type of the power 
plant are presented [17]. There are hig-voltage 
(400 KV)14 substations and low-voltage (230 
KV)  substations in the considered power 
network. Capacities of high- and low-voltage 
electrical substations are shown in Figures 7 and 
8, respectively. In addition, there are 213 
numbers of 63 KV substations in the fourth level 
of the considered transmission system. Power 
substations at this level of the transmission 
system are at the first level of the electricity 
distribution system. These electrical substations 
are regarded as demand nodes in the considered 
generation and transmission system. Usually, in 
the spring and summer seasons, there is a higher 
demand for electricity at demand nodes. In this 
study, power demand is regarded for a period 
with a six-month duration includes the spring and 
summer seasons with the aim of considering peak 
power consumption based on the data of the 
previous studies [17]. 

 
Fig. 5. Covered areas by the Tehran 

Regional Electric Company 
 

Tab. 3. Nominal capacity and monthly 
power generation 

 Nominal capacity Monthly power 
generation 

Power 
plants MWh % MWh % 

Gas turbine 2683 26.7 1169315 21.6 
Steam 
turbine 1922.5 19.1 1152399 21.3 

Combined 
cycle 5143.4 51.1 3023189 55.8 

Hydropower 316 3.1 68262 1.3 
Total 10138.3 100 5413165 100 

 
The definitions of scenarios for failures of 
network facilities are based on the experts’ 
opinions and the previous conducted studies 

about the Tehran Regional Electric Company 
[17]. The power grid is always under intentional 
and unintentional threats. The occurrence of any 
failure could lead to disruption event in power 
network performance and then change on the 
condition of electricity production and 
maintenance planning. In general, three types of 
failures that can occur in the power network 
including random failures in the nodes, 
intentional failures in the nodes with the highest 
degree (maximum number of input and output 
lines), and random failures of the transmission 
lines between nodes. Therefore, a variety of 
scenarios of failures occurrence in different 
network levels can be considered in the power 
network planning. 
 

5. Computational Results 
5-1. Performance evaluation of the proposed 
benders decomposition 
In this section, results of investigating the 
performance of the proposed Benders 
decomposition algorithm in terms of solution 
quality and computational time are presented. 
Dimensions of the test problems, the optimal 
value of the objective function and the 
computational times of applying the Benders 
decomposition algorithm as well as the GAMS 
optimization software 24.1.3 are presented in 
Tables 5 and 6. The obtained results indicate that 
the Benders decomposition algorithm has 
improved the computational time of solving the 
proposed model to the 68.26 percent compared 
with the solutions obtained by GAMS. In Tables 
6 and 7, the performance of the proposed 
accelerated Benders decomposition algorithm is 
compared with that of the traditional Benders 
algorithm. The obtained results show the better 
convergence of the accelerated Benders 
algorithm. Table 6 shows that the accelerated 
Benders algorithm starts the search process with 
less distance to an optimal point which indicates 
better performance of the primary cuts. Finally, 
the total numbers of iterations to reach the final 
solution are compared in Table 7. 
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Fig. 6. Limits of power generation capacity of 

each plant 
 

Tab. 4. Cost of fuel and maintenance by type 
of power plant 

Production 
technology 

Maintenance 
cost Fuel type Fuel 

cost 
Gas turbine 2683 Gas 950 

Steam turbine 1922.5 Fuel and 
black oil 2000 

Combined 
cycle 5143.4 Diesel 3500 

Hydropower 316   
 

 
Fig. 7. Capacity of high voltage substation (400 

KV) 
 

 
Fig. 8. Capacity of low voltage substation (230 

KV) 
 

Tab. 5. Performance evaluation of the 
proposed Benders decomposition 

Pr
ob

le
m

 

O
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e 
fu

nc
tio

n 
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lu
e 

Ite
ra

tio
n 

(B
en

de
rs

) 

Ti
m

e 
(B

en
de

rs
) 

Ti
m

e 
(G

A
M

S)
 

Im
pr

ov
e

m
en

t (
%

) 

Case 
study 

1.56913 
e+12 41 935 2946 68.26 

Results of quality assessment of the obtained 
solutions of the stochastic programming in 
comparison with those of the deterministic model 
are presented in Table 8. The regarded standard 
deviation of the capacity of each substation is 
considered as  10 percent. The 3 numbers of top 
generated solutions (i.e., ranks 1 to 3) are 
considered in the solution assessment process. 
Table 8 shows that the cost of the obtained results 
from solving the stochastic programming model 
is significantly less than the average cost of the 
solutions of the deterministic model. The results 
indicate that the worst obtained solution of the 
stochastic programming is much better than the 
worst obtained solution of the deterministic 
programming. In addition, under the best 
condition, there is no significant difference 
between the performances of these two solution 
algorithms. Generally, the standard deviation of 
the solutions to the deterministic model is more 
than the stochastic programming model. 
 

Tab. 6. Comparison between convergence of 
the accelerated Benders decomposition (ABD) 

and the traditional benders decomposition 
(TBD) 

Algorithm Iteration to 
1% gap 

Iteration to 
10% gap 

TBD 273 185 
ABD 27 6 

 
Tab. 7. Comparison between total iterations 

ABD TBD  
41 214 Total 

 
5-2. Case study 
Table 9 shows the upper and lower bounds of the 
objective value in each iteration of the Bender 
decomposition algorithm. The upper and lower 
bound limits converge to each other at the 41th 
iteration. The computational time of the proposed 
model is 935 seconds. The obtained results of 
solution algorithm validation indicate the 
efficiency and capability of the proposed solution 
algorithm to solve large-scale problems. Details 
of the proposed plan for power generation and 
applying preventive maintenance under various 
scenarios of network facility failure are presented 
in Table 10. With regard to considering the cost 
of setting up the power plants in the objective 
function of the proposed model, the minimum 
number of required active power plants according 
to received demands has been considered in the 
proposed program of the power network 
management. Although the combined cycle 
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power plants and gas turbines have higher setup 
cost, they have more power generation capacity 
and less requirement for preventive maintenance 
requirements than other types of power plants. 

Therefore, these power plants will have an 
important contribution to power production in the 
proposed plan. 

 
Tab. 8. Quality comparison between solutions of the stochastic and deterministic models 

Stochastic 
solution 3 

Stochastic 
solution 2 

Stochastic 
solution 1 

Deterministic 
solution 

Measures 

15.6917 15.6913 15.6914 18.3585 Mean 
12.0934 15.5535 19.9783 26.069 Maximum 
9.32828 9.32997 9.21816 9.06287 Minimum 

2.711113 6.2235 10.7602 17.0061 Range 
0.0725488 1.59346 3.16546 7.83262 Standard 

deviation 
0.97 1.05 1.68 11.39 Gap 

0.08 0.11 0.18 1.17 
Standard 
deviation 

of gap 
 

 
Fig. 9. Upper and lower bounds’ convergence 

 
6. Conclusion 

In this paper, a two-stage stochastic mixed-
integer programming model is proposed for 
multi-period power network design under 
uncertainty of capacities of network facilities. 
The aim of the proposed model is to minimize the 
total costs of power production and distribution 
simultaneously via determining an appropriate 
power generation, power plant establishment, and 
preventive maintenance plan. In addition, at the 
operational level, the power flow management 
between network facilities is conducted. With 

respect to considering the case study of the 
Tehran Regional Electric Company, the proposed 
model is adaptable to the decision-making 
environment of Iran power nationwide network. 
Due to the nature of the network design problem 
with high complexity, an appropriate solution 
algorithm based on the accelerated Benders 
decomposition algorithm is proposed for solving 
the proposed model.  The number of scenarios is 
reduced via using a k-means clustering method. 
The obtained results of extensive computational 
experiments indicate the superiority of the 
proposed solution algorithm in terms of solution 
quality and computational time. In addition, the 
obtained results show the higher robustness of 
solutions of stochastic programming compared to 
the deterministic model. For future research, 
taking into account the strategies and policies of 
power network management before and after the 
disruption occurrence due to the critical 
importance of network service stability under 
different conditions is suggested. In addition, 
applying the modified Benders’ decomposition 
method and hybrid metaheuristic solution 
algorithm for solving large-scale problems may 
be investigated in future. 

 
Tab. 9. Limits of the proposed Benders decomposition algorithm 

Ite
ra

tio
n 

LB
 

U
B

 

Ite
ra

tio
n 

LB
 

U
B

 

1 0 18.6335 21 14.6361 15.6913 
2 2.00535 17.5005 22 14.6361 15.6913 
3 3.60744 16.9655 23 14.6361 15.6913 
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4 3.60744 16.9074 24 14.6361 15.6913 
5 4.20292 16.7458 25 14.6361 15.6913 
6 4.20292 16.7458 26 14.6361 15.6913 
7 4.20292 16.7458 27 15.0684 15.6913 
8 6.31105 16.7458 28 15.1162 15.6913 
9 6.58801 16.3551 29 15.1162 15.6913 

10 6.58801 16.3551 30 15.1162 15.6913 
11 7.09405 16.0067 31 15.1162 15.6913 
12 7.09405 15.8969 32 15.1421 15.6913 
13 7.09405 15.6913 33 15.1421 15.6913 
14 12.6017 15.6913 34 15.1421 15.6913 
15 12.6017 15.6913 35 15.1421 15.6913 
16 14.4462 15.6913 36 15.1421 15.6913 
17 14.4462 15.6913 37 15.1421 15.6913 
18 14.4462 15.6913 38 15.1421 15.6913 
19 14.4462 15.6913 39 15.1421 15.6913 
20 14.4462 15.6913 40 15.6913 15.6913 
21 14.4462 15.6913 41 - - 
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