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ABSTRACT 
 
This research presents the photovoltaic integrated distributed 
energy generation system for sustainable energy development 
considering reliability indices and levelized cost of energy 
(LCOE). The reliability indices calculate based on failure 
rates, repair times and annual outage times in Electrical 
Transient and Analysis Program (ETAP) software. Expected 
interruption cost (ECOST) in reliability indices is evaluated 
with the analytical method. It is used based on the customer 
damage function (CDF) according to the survey in the test 
area. In this research, the calculation of the levelized cost of 
energy (LCOE) describes from 2018 to 2025. The case study 
of this paper is carried out on one of the distribution system 
which consists of 11 kV Samundri feeder line feed from 132 
kV distribution grid station located in Faisalabad, Pakistan. 
The design and annual energy production of integrated 
photovoltaic system is evaluated by using HelioScope 
simulation tool. According to reliability assessment of test 
system before integrating PV DG, average service availability 
index (ASAI) is 0.9642 pu and average service unavailability 
index (ASUI) is 0.03585. Then, expected energy not supplied 
(EENS) is 643.359 MWh/year. After integrating PV DG, 
average service availability index (ASAI) is 0.9735 pu and 
average service unavailability index (ASUI) is 0.02645. 
Then, expected energy not supplied (EENS) is 469.882 
MWh/year. Based on EENS, after integrating the PV DG the 
system reliability is increased by 27.0 percent. Similarly 
before PV DG integration, expected interruption cost 
(ECOST) is 322,210,390.15 PKR/year and after integration 
expected interruption cost (ECOST) is 189,239,286.16 
PKR/year. 
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1. INTRODUCTION 

The international energy agency (IEA) predicts that by 2040, 
global energy demand will increase by more than 25.0 percent 
[1]. As a result, developing countries are move toward to 
integrated resources planning to promote renewable energy 
generation. According to this data, it is expected that the 
demand and installation of distributed grid-connected (DG) 
power generation system are rapidly increasing [2-5]. 
Because of its flexibility and ability to provide renewable 
energy, microgrids can be considered as a feasible solution for 
distributed power generation system connected to national 
electrical grid. So far, more than 300.0 micro-grid (MG) 
projects have been established around the world, with a total 
capacity of more than 1.50 gigawatt [6]. Distributed power 
generation system is defined as “an energy source directly 
connected to the electrical distribution system/network” [7].  
 
The electrical distribution system can sustain increasing load 
demands by incorporating distributed power sources. To meet 
rising demands of load, a detailed comparison and assessment 
of distributed energy sources, such as PV energy are 
performed [8, 9]. Electrical loads and distributed generation 
(DG) (like PV) are combined with an electrical storage system 
in the power distribution system [10]. Several detailed 
research on sustainable energy generation and management 
are available in this area. The development of renewable 
energy systems, including photovoltaic energy, wind energy, 
biomass energy, geothermal energy, small hydroelectric 
energy, tidal energy, and state policies are analyzed for 
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different countries [11–13]. Energy management systems was 
designed and implemented for integration of renewable 
energy sources in to microgrid. Energy management systems 
could assure the safe functioning of island microgrids (MGs), 
when there is imbalance between power generation and load 
demand [14]. With the deepening of the energy crisis, the 
power distribution system integrated with different renewable 
energy resources is a best solution and can be used as a 
supplement to the central grid system of the country [15].   
 
Sustainable energy system require renewable and the 
dispatchables energy resources. Photovoltaic energy is a rich 
source of renewable energy in the world [16]. Pakistan is a 
developing countries and annually receives nearly 15.525 × 
1014 kilowatt-hour of solar energy, and the sunshine period is 
generally 7.50–10.50 hours/day [17]. Photovoltaic distributed 
power generation systems can make a positive contribution to 
the sustainability of developing countries. The integration of 
photovoltaic distributed power generation systems with 
central grid network will help to meet the growing demand of 
electricity. More use of photovoltaic distributed generation 
systems can also improve the reliability of the power grid 
[18]. 
 
To meet local demand, distributed energy sources such as 
controllable loads and distributed generators are managed in 
the form of multiple microgrids in the active distribution 
network. On the other hand, the load of some distribution 
network may be provided by the retailer participating in the 
energy wholesale market. A bi-level optimization 
methodology to model the interaction between retailers and 
microgrids in distribution networks is proposed to increase 
the retailer profit and reduce the cost of microgrid [19]. In a 
distribution system, a distributed method for reactive power 
management has been presented to focuse on the voltage (V) 
rise of a power distribution system equipped with a large 
number of PV systems [20].  
 
In this research, PV DG (distributed generation) is used as a 
reliable power system and sustainable source that can provide 
customer loads without interrupting the power supply. In 
comparison with other type renewable energy resources, PV 
DG (distributed generation) is more convenient because the 
test area is situated in tropical zone.    
 
Moreover, the cost of a reliable power system must be 
considered. One possible way to consider customer benefits is 
to use the cost of energy not supplied (undelivered energy) 
(money/kWh) or/and the cost per interrupted power 

(money/kW) as an adjustable measure of the severity of the 
interruption [21].   
 
The basic concepts related to power system reliability 
cost/worth evaluation are shown in figure 1. There is a 
minimum point in the resulting total cost curve that indicate 
the optimal target level of the reliability. The reliability cost/ 
worth analysis are performed to find-out the optimal point.   

 
Figure 1: Power system reliability cost/worth 

In Pakistan, power distribution system is not fully operational 
and many interruption or power outages occurs due to faults 
of old components in distribution networks and sometime 
failure due to weather (e.g. thunderstorm). The 500/132 kV 
transmission grid station (NTDC) located in the Gujranwala 
District in Pakistan is feed by 500 kV double circuit 
transmission lines from Mangla and Terbela Hydro-power 
generating stations. This transmission grid station feed the 
132/11 kV distribution grid station located in Faisalabad 
District in Pakistan.  In this research, the test system is radial 
distribution network and the single line diagram of 132/11 kV 
distribution grid station and Samundri road feeder are shown 
in Figure 2.  

 

Figure 2: Single line diagram of Samundri road feeder line 
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     Distribution system of this research based on analytical 
evaluations that includes the evaluation of suitable adequacy 
indices at the actual consumer load point. The basic load point 
indices are the load point failure rates (λ), average outage 
times (r) and average annual unavailability or outage (U). 
These three basic reliability parameters are calculated by the 
equations given below [22].  
 

                              (1) 
 

                                      
(2) 

  
                                              

(3)  
 
    

 

Figure 3: Samundri road feeder line distribution network  

Figure 3 shows the Samundri road feeder line distribution 
network. There are 40.0 load points and its length has 10.0 
miles and its lateral points have 0.60 miles. Its total load is 3.0 
MW, total customer of Samundri road feeder is 3602.0. The 
power outage data of test system such as earthing/grounding 
fault, over current fault and power unavailability were 
collected from the 132/11 kV distribution grid station, 
Faisalabad [23].  
 

2. METHODOLOGY  
 
In this research, reliability assessment of the test system is 
simulated by the Electrical Transient and Analysis Program 
(ETAP) software and expected interruption cost (ECOST) 
was evaluated by using analytical method. HelioScope 

simulation tool is used for designing and estimation of annual 
power production of integrated PV test system. 

2.1 Reliability Assessment in ETAP Software 

The basic indices are very important but they do not provide 
the complete response and behavior of the system. Therefore, 
in this research, the following reliability indices such as 
system average interruption frequency index (SAFI), system 
average interruption duration index (SAIDI), customer 
average interruption duration index (CAIDI), average service 
availability index (ASAI), average service unavailability 
index (ASUI), expected energy not supplied index (EENS) 
and average energy not supplied index (AENS) are calculated 
to get the complete assessment of distribution system. The 
equations of above mentioned reliability indices are given 
below [22].  
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                                    (9)                              
 
                    

  MWh/year                                  (10) 
 

 
                        

                                                                                    (11) 

  Where  
 Ni : number of customer served at load point i    
 λi : failure rate (λ) at load point i 
 Ui : outage time at load point i  
 Pi : average load demand at load point i 

 
2.2 Expected Interruption Cost in Analytical Method 
 
The analytical method to assess the expected interruption cost 
(ECOST) and the interrupted energy assessment rate (IEAR) 
indices are evaluated in the following equations [24]. 
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Where, Pa is the probability that restore supply, Pk is the 
probability of the fuse or breaker “k” operates, Ne is per unit 
(kW) interruption cost cij using SCDF, ECOSTi is expected 
interruption cost in load point i, IEARi is interrupted energy 
assessment rate at load point I and Li is average load at load 
point i. The flow chart of interruption cost evaluation in 
analytical method shows in Figure 4.   

 

Figure 4:  Flow chart of interruption cost in analytical 
method 

 
3.  RESULTS 
 
3.1 Reliability Analysis of Test System  
Test system in this research is the 11 kV Samundri road 
feeder line of 132/11 kV distribution grid station, Faisalabad. 
In this section, the basic case reliability assessment describes 
and then shows the PV integrated distributed generation in 
the test area. 
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3.1.1 Base Case Reliability Analysis Before DG 
Integrating   
The methods of the reliability assessment of the power 
distribution system are analytical method. This method is 
solution of the mathematical model and the simulation 
method is based on statistical distributions data in ETAP 
software. Table 1 shows the customer types and load of the 
test system. According to the data collection of test area, there 
are three types of customers i.e. commercial, industrial and 
residential. Table 2 shows the interruption cost data in 
PKR/kW of peak demand for the three types of customer 
according to the survey costs of customers per hour in the test 
area.  
 

Table 1: Customer types and load of the test system 
Customer 

Type 
No. of 

Customer 
Load Point Average 

Load per 
Load 

Point(kW) 
Industrial 1 32 22.1 
Residential 318 14,18,33,34,36,

38 
22.1 

Commercia
l 

6 3,9,12,13,17,24
, 

22.1 

Residential 830 11,20,25,26,29,
37,39,40 

32.3 

Commercia
l 

2 15,30 32.3 

Residential 567 10,22,27,35 41.65 
Commercia
l 

2 7,8 41.65 

Residential 735 19,21,28,31, 51.85 
Industrial 1 1 62.05 
Industrial 1 6 72.25 
Commercia
l 

1 5 121 

Industrial 220 2 132 
Residential 366 16 142 
Residential 369 4 192 
Residential 183 23 262 
Total No. 

of 
Customer 

3602 

 
 
 
 
 
 

Table 2: Customer Interruption Costs (PKR/kW) 
 Types of Customer 
Duration 

(min) 
Commercial 

PKR/kW 
Industrial 
PKR/kW 

Residential 
PKR/kW 

1 - - - 
20 3000 500 - 
60 10000 2000 500 
240 40000 8000 2000 

Figure 5 shows reliability assessment of test system before 
integrating PV DG by using the ETAP Software. The ETAP 
software calculate several reliability indices of each load point 
of test system. The failure rates of test system (for example 
high consuming load, far away from the supply feeder and 
many tap points in one lateral) are more interrupt than others 
failures. 

 
Figure 5: Reliability assessment of test system before 
integrating PV DG by using ETAP Software  
According to reliability assessment of test system before 
integrating PV DG, the average service availability index 
(ASAI) is 0.9642 pu and the average service unavailability 
index (ASUI) is 0.03585. Therefore, expected energy not 
supplied (EENS) is 643.359 MWh/year and average energy 
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not supplied (AENS) is 0.1859 MWh/customer/year. 
Expected interruption cost (ECOST) is 322,210,390.15 
PKR/year and interrupted energy assessment rate (IEAR) is 
565.0 PKR/year. These results are shown in Table 4.  
 
3.1.2 Reliability Analysis of Integrated PV Distributed 
Generation in Test System 
Grid-tied distributed generation (DG) systems such as solar 
photovoltaic (PV) systems, wind energy, diesel generator, 
biomass combined heat and power (CHP), etc. are appropriate 
technologies for residential, commercial and industrial 
application. This research considers the PV DG (distributed 
generation) as additional power source to improves the test 
system reliability. The PV DG (distributed generation) is 
more suitable because the test area is situated in tropical zone. 
So, this paper considers the 500.04 kW PV DG type to 
improve the system reliability. The parameters of solar 
module panel are: Model JA Solar (JAM72S30-540/MR), 
maximum power: 540W, open-circuit voltage: 49.600V, 
short-circuit current: 13.860A, Current at maximum power: 
12.970A, Voltage at maximum power: 41.640V, cell 
efficiency 16.1%, module efficiency 15.1%, Temp Coefficient 
Pmax: -0.350%/°C and life expectancy: 25 years.   
 
From HelioScope simulation result we found that that the 
integrated photovoltaic system annual production of is 754.9 
MWh and integrated photovoltaic system performance ratio is 
82.40 %. Table 3 Integrated photovoltaic system Monthly 
Energy to Grid and Nameplate (kWh) comparison.  Figure 6 
shows the Monthly Energy to Grid (kWh) for each month of 
year. 
Table 3: Integrated photovoltaic system Monthly Energy to 

Grid and Nameplate (kWh) comparison 
Month GHI 

(kWh/m2) 
Nameplate 

(kWh) 
Monthly 

Energy to 
Grid (kWh) 

January 88.5 50,746.5 46,842.8 
February 106.6 59,200.9 53,766.4 
March 147.6 76,925.9 68,082.6 
April 165.8 81,461.7 70,799.9 
May 186.5 87,839.6 74,992.6 
June 187.1 86,426.7 73,789.9 
July 169.7 78,841.4 68,057.9 
August 168.9 81,162.9 69,961.1 
September 156.0 79,447.3 68,733.4 
October 130.7 70,458.8 61,611.6 
November 100.3 57,619.7 51,814.8 
December 86.2 50,866.5 46,414.9 

Energy to Grid (kWh) 754,867.8 

40,000.00

45,000.00

50,000.00

55,000.00

60,000.00

65,000.00

70,000.00

75,000.00

80,000.00

Monthly Energy 

 
Figure 6: Monthly Energy to Grid (kWh) for each month of 

year 

 
Figure 7: Single line diagram of integrated photovoltaic 

system 
After integrated photovoltaic system simulation, we find 
reliability analysis of integrated PV distributed generation in 
test system. According to reliability assessment of test system 
after integrating PV DG, average service availability index 
(ASAI) is 0.9735 pu and average service unavailability index 
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(ASUI) is 0.02645. Then, expected energy not supplied 
(EENS) is 469.882 MWh/year and average energy not 
supplied (AENS) is 0.1358 MWh/customer/year. Expected 
interruption cost (ECOST) is 189,239,286.16 PKR/year and 
interrupted energy assessment rate (IEAR) is 464.0 
PKR/year. 
 
The comparison of the expected energy not supply with two 
conditions are shown in Figure 8. The comparison of ECOST 
of each load point in two conditions (with DG and without 
DG) are shown in Figure 9 and then comparison of 
interruption cost for two condition is shown in Figure 10. 
Reliability assessment results of two conditions (with and 
without DG) presents the Table 4. According to the 
interruption costs in analytical method, the difference of 
interruption energy assessment rate between PV DG 
integrating condition and normal case condition can be seen 
in Table 4. 

 

 
Figure 8: Comparison of EENS of each load point in 

two condition (with and without DG) 
 

 
Figure 9: Comparison of interruption costs of each 

load point in two condition (with and without DG) 

 
Figure 10: Comparison of interruption costs of two condition 

(with and without DG) 
 

Table 4: Reliability assessment results of two condition 
Reliability 

indices 
Without PV 
Distributed 
Generation 

With PV 
Distributed 
Generation 

SAIFI (f/year) 61.1951 35.9855 
SAIDI (hour/year) 314.0 231.7216 
CAIDI (hour) 5.131 6.439 
ASAI (p.u) 0.9642 0.9735 
ASUI (p.u) 0.03585 0.02645 
EENS 
(MWh/year) 

643.359 469.882 

AENS (MWh/ 
customer/year) 

0.1859 0.1358 

ECOST 
(PKR/year) 

322,210,390.15 189,239,286.16 

IEAR (PKR/year) 565.0 454.0 

4. LEVELIZED COST OF ENERGY FOR PV 
DISTRIBUTED GENERATION   

The average cost of energy (LCOE) refers to the ratio of the 
cost of the power generation system (installation plus life 
cycle O&M (operation and maintenance) costs) to the power 
generated by the energy generation system during its entire 
life cycle, in PKR/kilowatt-hour (kWh). The sum of the 
present value LCOE multiplied by the energy produced 
should equal the present value net cost. It must be noted that 
the total calculation starts from t = 0 and includes project 
costs that are not discounted at the beginning of the first year 
and there are no system energies output to be degraded.    
 
LCOE calculations are highly sensitive to system installation 
costs, operation and maintenance costs, system lifetime, local 
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solar resources and climate, photovoltaic modules 
orientation, financing terms and conditions, taxes and state 
policies. Therefore, the photovoltaic levelized cost of energy 
(LCOE) estimates vary significantly based on the 
assumptions made when assigning the values to these 
variables [25, 26].  
 
The general calculation method for levelized cost of energy 
(LCOE) are expressed by equations (19-21). The energy 
produced in the given year (Et) is the annual rated output 
energy (St) multiplied by the degradation factor (1- d) which 
will decrease the energy with time.  
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Where,  

 t  = year (t) 
 T= Life of project (years) 
 Et = Energy produced for year t  
 Ct = Net Cost of project for year t (€) 
 It = Initial investment cost such as 

construction costs, installation costs 
 Mt = maintenance costs 
 Ot = Operation Costs for year t (€)  
 Ft = Interest expenditure for year t (€) 
 r   = Discount rate for year t (%) 
 St = Yearly rated energy output for year t 

(kWh/year) 
 d  = Degradation rate (%) (0.20-0.50%) 

When the LCOE calculates, the financial parameters are 
required for the reference system design in shown Table 5. 
 

Table 5: PV test system costs 
Installed Systems PV Distributed 

Generation 
PV Installed Capacity 500.04 kW 
Area 44,032.9 ft2 
PV Module Efficiency 19 
PV Module Cost (€ /kWdc) 0.28 
Installed Inverter Capacity 
(5*100kW) 

500kW 

Inverter Cost € 500 
Discount Rate (%) 7 
Fixed Costs (€) 131520 
System Degradation (%/year) 0.5 
Other O&M Costs (€ /kW-yr) 15 

 
As shown in Table 6, the installation costs have been reduced 
by 65.0%, inverter replacement costs have been reduced by 
58.0%, operation and maintenance costs have been reduced 
by 41.0%, annual degradation rate has been reduced by 
25.0%, and equity discount rate has been reduced by 23.0%, 
the debt interest rate has been reduced by 13.0%, and the debt 
ratio has increased by 17.0% from 2018 to 2025. When 
evaluating the levelized cost of energy (LCOE) of 
photovoltaic distributed generation, LCOE reduces from 
0.120€/kWh in 2018 to 0.106€/kWh in 2025. This result is 
shown in Figure 11 and cost benefits and profits of PV DG for 
test system are shown in Table. 6.    

 
Figure 11: Levelized cost of energy for Integrating PV DG 
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Table 6: Cost Benefits and Profit of DG for Test System 
 2019 2020 2021 2022 2023 2024 2025 

Installed 
Cost 

€131,
520 

€117,
272 

€103,
024 

€88,7
76 

€74,5
28 

€60,2
80 

€46,032 

Annual 
Degradati
on 

1.00
% 

0.95
% 

0.90
% 

0.85
% 

0.80
% 

0.75
% 

75 % 

Inverter 
Cost 

€500 €450 €402 €354 €306 €258 €210 

O & M 
expenses 

15 13.97
5 

12.95 11.92
5 

10.9 9.875 8.85 

5. CONCLUSION 

The purpose of this research describes the importance of 
sustainable energy development. In order to obtain reliable 
and sustainable energy, the test system needs a second power 
source like PV energy. According to reliability assessment of 
test system before integrating PV DG, average service 
availability index (ASAI) is 0.9642 pu and the average service 
unavailability index (ASUI) is 0.03585. Then, expected 
energy not supplied (EENS) is 643.359 MWh/year and 
average energy not supplied (AENS) is 0.1859 
MWh/customer/year. Expected interruption cost (ECOST) is 
322,210,390.15 PKR/year and interrupted energy assessment 
rate (IEAR) is 565.0 PKR/year. According to reliability 
assessment of test system after integrating PV DG, average 
service availability index (ASAI) is 0.9735 pu and the average 
service unavailability index (ASUI) is 0.02645. Therefore, 
expected energy not supplied (EENS) is 469.882 MWh/year 
and average energy not supplied (AENS) is 0.1358 
MWh/customer/year. Expected interruption cost (ECOST) is 
189,239,286.16 PKR/year and interrupted energy assessment 
rate (IEAR) is 464.0 PKR/year. Therefore, based on expected 
energy not supplied (EENS), the system reliability is 
increased by 27.0 percent. In addition, this article describes 
the costs and benefits of DG in the 132kV/11 kV distribution 
grid station, Faisalabad by integrating photovoltaic DG. This 
article mainly introduces the reliability index results with and 
without DG and the average energy cost (LCOE) results from 
2018 to 2025.  
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