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ABSTRACT
This paper presents a techno-economic analysis of the impact of
distributed generation (DG) integration for power loss reduction and
reliability of two 33 kV radial outgoing feeders at the Motta distribution
substation in Ethiopia. Transient earth faults and permanent short-
circuits were identified to be the most common causes of interruptions.
The substation’s system average interruption frequency index (SAIFI) is
806 and its system average interruption duration index (SAIDI) is
1394.145 for planned outages. This necessitates the pursuit of effective
methods to increase the reliability of the distribution system. The
results show that the distribution system is more reliable with the SAIFI
and customer average interruption frequency index (CAIFI) reduced by
97.8%, SAIDI reduced by 76%, average service availability index (ASAI)
increased by 14.38%, and average service unavailability index (ASUI)
reduced by 76%, resulting in a total power loss reduction of 0.32 MW.
The cost analysis was performed using the Monte Carlo (MC) reliability
analysis and the DG net present cost analysis results in a payback
period of less than five years indicating that the system is profitable.
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1. Introduction

Electric power is produced by generation stations and transmitted over long distances to end-users
such as industrial, commercial, and residential customer loads via distribution systems. The final
structure that connects the distribution substation and the customers is the distribution system.
Power outages experienced by customers are usually caused by the failure of a distribution system
component. The majority of failures occur at the distribution system. There are numerous ways to
improve distribution network reliability, such as the use of faster fault prediction techniques, fewer
equipment failures for contingencies, and the installation of highly reliable protection equipment,
such as reclosers, switches, and automation. Power losses and poor reliability of power systems
affect end-user satisfaction. Currently, the Motta distribution substation in Ethiopia is experiencing
frequent power outages and power interruptions. In Ethiopia, three systems control the trans-
mission and distribution of electricity: generation, transmission, and distribution. The Ethiopian
Electric Power Corporation (EEPCO) operates three transmission systems: 400, 230, and 132 kV
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(primary transmission lines), 66 and 45 kV (secondary transmission lines), and three distribution
lines. Distribution transformers then reduce the voltage to 0.380 kV three-phase or 0.220 kV single
phase required by the majority of users (Omotoso et al. 2022; Taye 2018). Power quality in electric
distribution systems is becoming increasingly important. Customers expect a higher level of service
from more sensitive electrical and electronic equipment. The effectiveness of a power distribution
system is measured in terms of efficiency, service continuity or reliability, service quality in terms of
voltage profile and stability, and power distribution system performance. The interconnection of a
number of small generators directly to a distribution system or within a customer’s facility is known
as distributed generation (Agajie et al. 2021). Various studies on the impact of distributed gener-
ation on distribution system reliability have been conducted. Reliability indices are used to gauge
a distribution system’s dependability (Ayamolowo and Salau 2020; Hassan et al. 2021). In compari-
son to generation or transmission systems, distribution system reliability modelling and evaluation
have historically received less attention. The system’s overall capacity to deliver a sufficient supply
of electrical energy is measured by the reliability of the power system. Investments pertaining to the
electrical system’s dependability are frequently evaluated in terms of their cost–benefit implications.
Adequacy and security are the two main categories that they fall under (Guan et al. 2020). Distrib-
uted generation (DG) affects flicker, harmonics, short-circuit levels, islanding, reliability, and net-
work protection in addition to power losses and low voltage profiles. In order to benefit society,
electricity must be produced close to where it will be used. This reduces network losses, greenhouse
gas emissions, market competition, and grid reliability (Addisu, Salau, and Takele 2021). Distribu-
ted generation using renewable energy sources is currently preferred for the production of clean
power. Distribution systems are significantly impacted, with benefits like loss reduction, improved
utility reliability, voltage support, and power quality (Salau, Nweke, and Ogbuefi 2021). Similarly,
capacity release, deferment of new or upgraded transmission and distribution infrastructure, quick
and easy installation thanks to prefabricated standardised components, lowers costs by not having
to use long-distance transmission lines, and provides environmental friendliness where renewable
sources are used (Jara 2016). The most direct contribution of DG to reliability is experienced at the
customer side instead of the utility or system side. DG is associated with two types of technologies:
(1) traditional energy technologies, and (2) renewable energy technologies. Base reliability is pro-
vided by the utility, and DGs boost reliability by providing local load during interruptions and
improves system reliability by supplying loads for island-based operations. Due to the availability
and capacity of the DG, especially for renewable resources, it may not be possible for the DG to
supply the demand completely during the islanded mode (Al-Muhaini and Heydt 2013). The ability
to integrate the island into the network is the most important property of DG for load restoration.
Islanding starts with the ability to self-start. It means that the generator can be powered without an
external power source, and that they are able to control the network during intentional islanding
(Hassan et al. 2021). The Monte Carlo (MC) method is often used to simulate the reliability per-
formance of power systems. A reliable fault event simulation requires a large amount of statistical
data over an extended period of time. The current generation of network information systems
allows detailed statistics to be gathered on the behaviour and operation of the distribution system
in a variety of situations (Agajie et al. 2023a; Salau, Gebru, and Bitew 2020). Distributed generators
are sources of energy connected to distribution systems. The generators are much smaller than tra-
ditional central station generators, ranging from several kilowatts to about 10 megawatts (Murty
and Kumar 2020). One vital method to evaluate the impacts of DGs on reliability, losses, and voltage
profile is DG allocation and size optimisation (Agajie et al. 2020; Hassan et al. 2022; Nweke, Salau,
and Eya 2022; Teshome 2016). Distributed Generation (DG) has some advantages over centralised
power generation. Planning the distribution system at the earliest possible stage is crucial in
determining the optimal placement and sizing of DGs (Agajie et al. 2019; Agajie et al. 2023b;
Alyu et al. 2023; Ayamolowo et al. 2019; Shonkora and Salau 2021). Based on the review of
literature, the following issues are addressed by existing methods:
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1. The relationship of reliability improvement and the bus voltage when DG is placed.
2. The coordination of reliability and power loss.
3. Different methods of reliability analysis and their performance and impact with DG placement,

bus voltage, and power loss.
4. Easily available and cost-effective DG and their power coverage.

This study presents a techno-economic analysis of DG for power system reliability and power
loss enhancement utilising analytical and simulation (Monte Carlo) reliability analysis method
due to the increasing frequency of daily power outages at Motta substation. The frequent power
outages have a detrimental economic and social impact on the utility and the surrounding
community.

The main contributions of this paper are in overcoming these challenges and delivering
reliable electricity with high reliability, by lowering power losses, and increasing voltage profile.
To achieve this:

1. Two practical feeders were considered and modelled in order to assess the actual performance of
the Motta distribution substation.

2. The energy output from the distributed generation sources were evaluated by using actual local
metrological solar irradiation and wind speed data.

3. Reliability analysis was performed using Monte Carlo Simulation (MCS) method to overcome
the reliability problems and their impact on voltage profile and total power loss.

4. A detailed comparison of the MC reliability method with analytical and enumeration based
reliability analysis was carried out.

In the remaining sections of this paper, related work is presented in section 2, the methodology is
presented in section 3, the experimental results and discussion are presented in section 4, and the
paper is concluded in section 5.

2. Related works

Adefarati et al. (2017) presented a complete reliability study of a distribution system that meets con-
sumer load needs with wind turbine generator, electric storage system, and PV penetration. Dixit,
Kundu, and Jariwala (2019) presented a combined strategy for resolving the optimal DG placement
and distribution network reliability assessment problem. By integrating the Monte Carlo (MC)
approach and model-based technology, Dong et al. (2019) proposed a method for system reliability
analysis of big and complex systems with various failure modes. The nominal model is built using
the MATLAB/Simulink programming language. Patel and Deshpande (2019) presented a Monte
Carlo simulation (MCS) technique using Pspice to evaluate power system dependability with non-
chronological demand. The integration of DG from several categories can improve the conven-
tional EDN techno-economic performance, according to Hassan et al. (2021) which presented a
three novel multi-objective optimisation approach as a solution. Parol et al. (2022) presented the
analysis of calculated results for two typical present network structures and two hypothetical future
network structures, using specific data on DG types, locations, and power capacities, as well as dis-
tribution system automation. In Firouzi, Samimi, and Salami (2022), a non-sequential Monte Carlo
simulation (MCS)-based model and an improved Estimation of Distribution Algorithm (EDA) are
combined to evaluate the reliability of composite power systems while taking wind farms’ (WFs’)
and photovoltaics’ (PVs’) variability and uncertainty into account. For the four classes of DG tech-
nology types, a thorough and comparative analysis was conducted in Salimon et al. (2023) to deter-
mine the environmental impact of incorporating renewable and non-renewable DGs into the
distribution system.
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2.1. Existing data of Motta substation network

The Motta substation receives power from the main grid, which is connected to Baherdar and
Debre Markos substations. In Ethiopia, the Ethiopian Electric Power Corporation (EEPCO) pro-
vides electric power to customers. The EEPCO has a transmission line of 230 kV and a distri-
bution system of 33 kV. This voltage value is stepped down to 0.380 kV/0.220 kV in three-
phase and single phase, respectively. The Motta feeder has 57 nodes and 40 load buses, while
the Meltolemariyam feeder has 94 nodes and 66 load buses. The distribution network has trans-
formers of 6,045 KVA and 2,520 KVA serving 700 and 2,537 customers at the Motta and Mel-
tolemariyam feeders respectively. These feeders have a combined capacity of 8,565 KVA. A radial
distribution network is used in the Motta feeder and Meltolemariyam feeder. Aluminium con-
ductors are used in these feeders. Table 1 shows the annual average power consumption of
the feeders from 2017/18 to 2018/19.

Figure 1 depicts the overall system diagram of the substation. The power factor (Pf) of the
substation can be determined using Pf = Cos (tan−1(Q/P)) = Cos (tan−1(8530.62378/
17653.0206)) which is 0.9. The single line diagram of the Motta distribution network is shown
in Figure 1.

Table 1. Power consumption of the feeders on annual basis.

Feeder name
Average
KVA

Average Active
power
(kW)

Average Reactive
power
(KVAr)

Average Active
energy
(MWh)

Average Reactive
Energy
(MVArh)

Motta 925 832.5 402.2797 7292.7 3523.970172
Meltolemariyam 1314.09 1182.685 571.5358233 10360.3206 5006.653608
Total 2239.09 2015.185 973.8155233 17653.0206 8530.62378

Figure 1. Single line diagram of the Motta distribution network.
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In Figure 2, the hourly load of the feeder Meltolmariyam is 196.02 kW and the maximum load is
1059.52 kW, while it is 230.3 and 958.74 kW for the feeder at Motta. The maximum load is observed
at the Motta feeder between 2:00 PM and 3:00 PM and at the Meltolmariyam feeder between 3:00
PM and 4:00 PM. Figure 1 shows that the overall maximum load during day time is 1.8MW between
2:00 PM and 3:00 PM.

Power system faults at Motta substation include permanent and transient earth faults, perma-
nent and transient short-circuits, and interruptions due to operation/maintenance. Faults, such
as transient earth faults (TEF) and permanent earth faults (PEF), are sorted by duration and fre-
quency as presented in Table 2.

3. Methodology

In reliability engineering, outage data is gathered and system designs are evaluated. The Motta dis-
tribution feeder outage data obtained included information on each failure event that occurred
during the specified time period. There are two kinds of outages: forced and planned. In this
study, reliability is assessed using a stochastic model. A MCS method is used to generate an oper-
ating history for various components of a power system based on the measured parameters for each
component. The most important parameters are Mean Time to Failure (MTTF) and Mean Time to
Repair (MTTR). In order to create an overall system operation profile from which reliability indices
can be calculated, the operating profiles of the system’s constituent parts including the customer
load profile are superimposed. To measure the effect of hybrid distributed generation units on
an existing system, reliability indices obtained before and after the implementation of hybrid dis-
tributed generation units can be compared. The analysis is split into two phases as a result. In the
first phase, only the electricity produced by the generation station under utility control is used to
evaluate the system’s suitability. Hybrid distributed generation (DG) units located at a variety of
customer sites were included in the analysis in the second phase. HOMER Energy software is
used to perform the feasibility analysis of DG resources. In addition to testing the system before
and after integration with the DG, the DIgSILENT Power Factory software is utilised to develop

Figure 2. Hourly load of each feeder at Motta substation.

Table 2. Total number of interruptions and duration hours of feeders at the substation.

Feeder name

Frequency Duration hour

PSC TEF Operational Total PSC TEF Operational Total

Motta 309 223 174 706 389.09 100.02 169.06 658.17
Meltolemariyam 540 232 134 906 1,334.06 480.33 315.33 2,130.12
Total 849 455 308 1,612 1,723.15 580.35 484.39 2,788.29

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 877



the reliability model using the MCS technique and the analytical method. Figure 3 shows the
reliability analysis procedure using DIgSILENT power factory.

3.1. Base case reliability analysis

Power system reliability indices are used to assess the dependability of both individual components
and the entire system. Reliability indices typically consider factors such as: number of customers,
load connected, duration of the interruption in seconds, minutes, hours, or days; The amount of
power interrupted (kVA); and Interruption’s frequency.

A. Customer-oriented indices

The indices discussed in this section are directly related to the customers. These indices are
defined by the IEEE Standard 1366.

1. System Average Interruption Frequency Index (SAIFI):

SAIFI = Total number of customer interruptions
Total number of customers served

=
∑

li Ni∑
Ni

(1)

where
li is the failure rate at the load point i, and Ni is the number of customers found at load point

I and Ni is the number of customers found at load point, i.
2. Customer Average Interruption Frequency Index (CAIFI):

CAIFI = Total number of customer interruptions
Total number of customers affected

=
∑

Ni∑
N0

(2)

where No is total number of customer interruptions and Ni is the number of customers found at
load point, i.

Figure 3. Reliability analysis procedure using DIgSILENT power factory.
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3. System Average Interruption Duration Index (SAIDI):

SAIDI = Total number of customer interruptions duration
Total number of customers served

=
∑

UiNi∑
liNi

(3)

where Ui is the annual outage time at load point i, and Ni is the number of customers at the
load point i; li is the failure rate at load point i, and Ni is the number of customers found at
load point i.

4. Customer Average Interruption Duration Index (CAIDI)

CAIDI = Sum of customer interruptions duration
Total number of customers intrruption

=
∑

UiNi∑
liNi

(4)

where λi represents the failure rate at the load point i, Ui represents the annual outage time at
load point i, and Ni represents the number of customers at load point i.

5. Average Service Availability Index (ASAI):

ASAI = Customer hours of available service
Customer hours demanded

=
∑

Ni × 8760 −∑
Ni Ui∑

Ni × 8760
(5)

where Ui represents the annual outage time at load point i and Ni represents the number of cus-
tomers at the load point i.

6. Average Service Unavailability Index (ASUI): This index is a supplement to the average service
availability index (ASAI). It is given by Eq. (6).

ASUI = 1− ASAI = Customer hours of unavailable service
Customer hours demanded

=
∑

Ni Ui∑
Ni × 8760

(6)

where Ui represents the annual outage time at load point i and Ni represents the number of cus-
tomers at the load point i.

B. Load or energy-oriented indices

1. Energy Not Supplied Index (ENS):

ENS = ∑
La(i)Ui (7)

where, La (i) is the average load given by:

La (i) = Lp(i)× Lf (i) = Ed(i)
t

(8)

LP stands for peak load demand, Lf stands for load factor, and Ed stands for total energy
demanded during the time period of interest, t.

2. Average Energy Not Supplied Index (AENS):

AENS = Total energy not supplied
Total number of customers served

=
∑

La(i)Ui∑
Ni

(9)

3. Average Customer Curtailment Index (ACCI):

ACCI = Total energy not supplied
Total number of customers affected

=
∑

La(i)Ui∑
N0

(10)

where La (i) represents the average load and No. represents the number of customers affected.
4. Expected Interruption Cost (EIC) Index: EIC is the cost of the not supplied energy at that load

point ($/yr).
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After connecting the DGs, Customer-Oriented and Load-Oriented reliability indices were com-
pared. Eqs. (1) to (10) are used to calculate the reliability index of the existing substation. On the
basis of the data presented in Table 2, the reliability indices for one full year from April 2017/18 to
April 2018/19 (20/2010 E.C) was calculated. Therefore, Table 3 shows the analyticalMotta distribution
substation reliability indices fromApril 2017/18 (20/2009E.C) to April 2018/19 (20/2010 E.C) by using
0.53 birr/kWhwhich is $0.02/kWh average EEPCO electric tariff on a radial systemwithoutmesh con-
nections, the failure rate (λ/year), outage durations (hr) and average outage durations (hr/year). Table 4
presents the comparison of the different reliability analysis methods, which are analytical enumeration
and MC at the base case. The results show that the MC method outperforms the other methods.

3.2. Siting and sizing of distributed generation

As shown in Eq. (11), the objective is to maximise the generation capacity, while minimising cus-
tomer outage costs, which can be expressed using Eq. (12). Therefore, the existing network assets
are optimally utilised to assist in siting and sizing the DG in a cost-effective manner. The generation
capacity should be distributed across the buses so that the technical constraints are not exceeded
and the capacity is maximised. Eq. (11) presents the proposed objective function to be minimised.

J = ∑N

i=1
PDGi (11)

where P is the DG capacity at the i bus and N is the number of buses.

Minimize EIC = ∑nh

h=1

∑ni

i=1
(La(i)lhrhCh(i) (12)

where: La(i) = average load connected to load point i
Ch(i) = outage cost ($/kWh) of customer due to contingency h,
λh = failure rate of contingency h,
rh = failure time of contingency,
nh = number of contingencies,
ni = total number of load point i.
Under the following constraints, the objective function J (MW), given in Eq. (11) is maximised,

while the objective function EIC ($/kWh), given in Eq. (12), is minimised.

. Power flow constraint:

Pk =
∑N

i=1
YikVkVi cos (uik + dk − di) (13)

Qk = −∑N

i=1
[YikVkVi] sin (uik + dk − di) (14)

Table 3. Base case system indices.

Indices Units Value

SAIFI Inter./customer. yr 806
SAIDI Hrs/customer. yr 1394.145
CAIDI Hrs/customer interruption 1.729
ASAI % 84.08
ASUI % 15.91
EENS MWh/yr 22,347.415
EIC $M/yr 0.4386715
AENS kWh/Ca. yr 2.508
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where Yik is the element (i, k) of the admittance matrix, Pk is the active power at bus k, Qk is the
reactive power at bus k, uik is the angle of uik, while δk is the voltage angle at bus k.

. The voltage of each bus k must be within standards limits

Vmin
k ≤ Vk ≥ Vmax

k (15)

. Current transfer capability of feeder lines:

Il ≤ Imax
l ; l [ (1, 2, 3 . . . . . . ..N) (16)

3.2.1 Placement of DG based on load flow bus voltage
The voltage sensitive buses are first identified by measuring the per unit value of each bus voltage
from the nodal and load sides and comparing the obtained value to the expected standard value of
minimum of 0.90pu and maximum of 1.005pu.

The base load flow feeders are 0.88pu at bus number 88 of theMotta feeder and 0.76pu at bus num-
bers 253 and 202 of theMeltolemariyam feeder, as shown in Figure 4 and Figure 5. The voltage value of
Motta feeder is close to the standard of loadflowbus voltage, whichhas aminimumvalue of 0.90pu and
maximum value of 1.005pu, as compared to Meltolemariyam feeder, which has a minimum value of
0.88pu and maximum value of 0.99pu and minimum value of 0.76pu to maximum value of 0.904pu,
respectively. As shown in Table 2, the Meltolemariyam feeder voltage profile is completely below the
standard, and the bus with the low voltage value in both feeders is discovered to be far from the station,
which is closed to more interruptions. The maximum reliability problem that occurs far from the
station is indicated by a temporary earth fault (TEF) and a permanent short-circuit (PSC) fault.

3.2.2 DG sizing
In order to determine the optimal size of DG, the following steps were taken:

1. First, the DG is placed at the bus with the lowest voltage
2. Keeping the Pf of the DG constant (0.9, the same as the power factor of the distribution system), the

size of the DG is changed until the smallest system losses and reliability index value are reached.
3. The ideal DG size is determined to be the one with the lowest losses and the highest reliability

index.

3.2.2.1 Change of power loss and reliability index as DG size is varied. The total active and reactive
power loss and reliability index of the Motta distribution substation feeders decrease as the value of
DG is increased in constant steps from its minimum value to a value equal to the feeder’s loading

Table 4. Base case, Monte Carlo, and enumeration of reliability index.

Reliability index Monte Carlo simulation Enumeration simulation Percentage change

SAIFI 806.051958 1/Ca 973.835596 1/Ca −0.20815
CAIFI 806.051958 1/Ca 973.835596 1/Ca −0.20815
SAIDI 1394.545 h/Ca 1577.134 h/Ca −0.13093
CAIDI 1.730 h 1.620 h 0.063584
ASAI 0.8408053089 0.8199619000 0.02479
ASUI 0.1591946911 0.1800381000 −0.13093
ENS 22347.415 MWh/a 22628.459 MWh/a −0.01258
AENS 2.508 MWh/Ca 2.539 MWh/Ca −0.01236
ACCI 7.519 MWh/Ca 7.614 MWh/Ca −0.01263
EIC $0.438 M/a $0.444 M/a −0.0137
IEAR $0.020/kWh $0.020/kWh 0
ASIFI 1240.787088 1/a 1302.540786 1/a −0.04977
ASIDI 2212.100734 h/a 2299.114470 h/a −0.03934
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capacity. Table 5 shows that the minimum system losses occur at a DG value of 2.1 MW active
power and a constant Pf of 0.9, which is the power factor of the substation. When the DG value
exceeds 2.1 MW, the system’s loss and reliability index rises because the DG’s penetration limit
affects power loss, which directly translates to energy not supplied.

3.3 Types of accessible DG technology around feeders

For distributed generation, there are numerous technologies or resources available. The choice of a
particular DG technology for a given area is influenced by a variety of elements, such as resource
accessibility, environmental suitability, and cost. Diverse geographic regions have a range of

Figure 4. Comparison of bus voltage at Motta distribution feeder.

Figure 5. Comparison of bus voltage at Meltolemariyam (M/M) distribution feeder.
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renewable and non-renewable resources. Wind and solar energy resources can differ from one
location to another depending on the local wind speed. The positive and negative effects that DG tech-
nologies have on the environment vary as well. Different DG technologies have different effects on the
environment, which could be beneficial and detrimental to the enviroment. The amount of CO, CO2,
and other greenhouse gases in the environment has a significant impact. We display the cost and
emission levels of the various DG technologies in Table 6. Based on the aforementioned consider-
ations, the DG technology chosen in this paper is a wind/PV hybrid renewable energy system.

4. Results and discussion

The single line diagram of the distribution substation network shown in Figure 1 has 49 nodes and
106 transformer buses. The network is formed by two radial feeders, namely:Motta andMeltolemar-
iyam.Motta feeder has 21 nodes and 40 transformer buses andMeltolemariyam has 28 nodes and 66
transformer buses. The 33 kV Motta distribution substation is owned by Ethiopian Electric Utility
(EEU). Reliability bus bar test system (RBTS) is the distribution system reliability bar testing system
which was modified so that it has two outgoing feeders with a voltage of 33 and 0.4 kV. This distri-
bution system has 155 buses and nodes. 230 kV circuit breakers are assumed to operate properly
when required, disconnects are opened whenever possible to isolate a fault, and power is restored
to as many load points as possible with the help of appropriate isolators when alternative power
sources are available. In the proposed system, DG units are connected to the 33 kV bus of the incom-
ing feeders and after the 0.4 kV low voltage transformer (33/0.4 kV). There is no restriction on load
transfer in this study, so DG units have the same function as power sources.

4.1. Comparison of the distribution systems reliability without DG and with DG

According to the Ethiopian Electricity Agency (EEA), there is a reliability gap in the distribution
system, with SAIFI = 20 and SAIDI = 25. As shown in Table 5, the reliability with DG using MC
method for SAIFI and CAIFI is improved to 97%, while the interruption frequency is reduced
due to the use of DG, and the value of SAIDI is improved to 76%, while the interruption duration
is reduced due to the use of DG, and the value of CAIDI is increased from 1.73–19.035 (a 1000%

Table 5. Power loss and reliability index variation as DGs increase.

DG value
(MW)

Total power loss Reliability

Active
(MW)

Reactive
(MVar)

SAIFI
(1/Ca)

SAIDI
(h/Ca)

ENS
(MWh/a)

Without DG 1.93 1.43 806.051958 1394.545 22347.415
0.000001 1.02 0.66 801.215 1386.10195 22212.284
0.005 1.02 0.65 772.8567 1337.042 21426.098
0.05 0.99 0.64 605.5479 1047.598 16787.758
0.1 0.95 0.63 549.14729 950.0248 15224.147
0.6 0.66 0.51 376.07453 715.8466 7478.4494
1.1 0.47 0.44 204.106437 388.5105 4058.7692
1.6 0.36 0.40 167.28643 318.4247 3526.5828
2.1 0.32 0.39 17.582090 334.670 3496.499
2.6 0.38 0.42 17.682090 334.675 3501.5876

Table 6. Emission levels of different DGs.

Technology Emission Cost

PV No Moderate
Fuel cell Low High
Wind turbine No harmful emission Moderate
Diesel generator High emission Low
Micro turbine Low Moderate
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increase due to the reduction of SAIDI). Because of the frequency interruptions and shorter dur-
ation, the value of ASAI increases from 84% to 96% and the value of ASUI decreases from 15%
to 3%, causing the value of ENS to decrease from 22,347.415 MWh to 3,496.499MWh per year.
As a result of the reduction in power loss and ENS, the AENS is reduced from 2.508 to 0.392
MWh/yr and the EIC is reduced from 0.438 to 0.069 M/yr at a constant IEAR of 0.020.

4.2. Comparison of customer-oriented reliability indices

DGs were installed at the bus of the minimum bus voltage of the Motta feeder in the 33 kV
radial distribution system (RDS) using the proposed method. Figure 6 depicts the customer-
oriented reliability index without and with DG. The figure shows the comparison of the custo-
mer-oriented reliability indices of the RDS, when DGs are installed at the bus which has a low
voltage value with a size of 2.1 MW of active power at Motta and Meltolemariyam feeders. More-
over, the distribution substation has a constant Pf of 0.9 and improved customer-oriented
reliability indices, as a result of reduction of SAIFI and CAIFI from 806.05 to 17.58, and
SAIDI from 1394.545 to 34.

4.3. Comparison of load or energy-oriented reliability indices

DGs were installed at the bus of the minimum bus voltage of the Motta feeder in the 33 kV RDS
using the proposed method. Figure 7 depicts the energy-oriented reliability index without and
with DG. The energy-oriented reliability index of the RDS of the Motta and Meltolemariyam fee-
ders was compared to the DG at the bus, which has an active power of 2.1 MW and a constant Pf of

Figure 6. Customer-oriented reliability indices with and without DG integration.
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0.9 (see Figure 7). The energy-oriented reliability indexes were improved by reducing ENS from
22347.315 to 34964.999, AENS from 2.508 to 0.392, ACCI from 7.593 to 3.311, and EIC from
0.438 to 0.069 at constant IEAR of $0.2. As can be seen in Figure 6 and Figure 7, the distribution
substation reliability indexes that are customer- and energy-oriented have generally improved. This
indicates that the size of the DG and its location at the bus with low voltage value leads to power
losses and has a direct bearing on the reliability of the distribution system.

4.4. Cost analysis

To analyse the cost, the paper considers two types of costs: one is due to reliability because the EIC
above is only due to interruption frequency and duration hour, and the second is due to power loss
using average cost of energy of EEPCO that considers reliability 0.35birr/kWh, which is $0.0196 ≅
$0.020 using current exchange rate of CBE. Before introducing DG, the utility loses $5,363,379.6, or
$0.438 million per year, due to only power interruption frequency, but there is a power loss of
1.93MW, or 16,906.8 MWh energy as shown in Table 2.

The energy assessment rate = $0.020/kWh, then the utility losses $338,136 due to power loss.

Total utility losses = losses due to power interruption+ losses due to power loss

Total utility losses = $(5, 363, 379.6+ 338, 136) = $5, 701, 515.6
(17)

The total cost of energy that the utility loses is $5, 701, 515.6 = 153, 940, 921.2 Ethiopian Birr.
The cost of energy after introducing DG due to only power interruption is $839,159.76 as shown

in Table 2. 0.32MW which is 2,803.2MWh of energy and when energy assessment rate = $0.020 m/
kWh is used, the utility loses $56,046. Using Eq. (17), we obtain the total utility losses as

Figure 7. Energy-oriented reliability index with and without DG integration.
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Total utility losses = $(839, 159.76+ 56, 046)

= $839, 215.824

The total cost of energy that the utility loses is $839, 215.842 = 22, 658, 827.734 Ethiopian Birr.

Total utility savings = Total utility losses before using DG–Total utility losses after using DG

(18)

Total utility saving = $(5, 701, 515.6-839, 215.842) = $4, 862, 299.758

= 131, 282, 093.466 Ethiopian Birr

Then the total net present cost (TNPC)of the DG

= sum [DG of Motta feeder+ 2∗(DG of Meltolemariyam feeder)] (19)

TNPC = $4, 957, 279.855+ 2∗($7, 937, 096.677)
= $20, 831, 473.21

Then payback period = Total NPC of DG
Annual saving

(20)

payback period = $20, 831, 473.21
$4, 862, 299.758

= 4.284284 years

The results show that the utility is profitable based on the integration of the three DGs for 25
years and the cost is reduced by 4 years. Therefore, the utility is able to save a large amount
of money during the remaining 21 years and at the same time provide reliable power supply
to the customer.

5. Conclusion

This paper presents an analysis and assessment of the reliability of Motta distribution substation for
the sole aim of reliability improvement, power loss minimisation, and proper DG location and siz-
ing. The reliability assessment and load flow analysis processes were carried out on a 33 kV two
feeder radial distribution system at Motta and Meltolemariyam feeders using analytical enumer-
ation and Monte Carlo Simulations (MCS). Reliability assessment of distribution substation system
was performed with DG units, by applying analytical approach and MCS method using the DIgSI-
LENT and HOMER software tools for DG cost optimisation. In the base case study, it was observed
that there is a higher outage as the load point is at a distance away from the supply point. As a result,
there is a great challenge in terms of system reliability and power loss; the consumer does not use
energy, so the utility is estimated to lose around $22,347.415 of Expected Energy Not Served
(EENS), and $5,363,379.6 and $338,136 due to power losses and high overall system unavailability
indices, respectively. The utility has a total loss of around $5,701,515.6 or 153,940,921.2 Ethiopian
birr annually. The proposed solution was chosen in this study as an option for improving system
reliability indices, expected energy not supplied, and outage cost of interruptions. The installation
of the DG at feeder bus numbers 88, 202, and 253 at Meltolemariyam with the lowest VSI, has a
positive impact on the entire distribution substation, reducing the SAIFI and CAIFI by 97.8%,
SAIDI by 76%, increasing the ASAI by 14.38%, and reducing the ASUI by 76%, resulting in a
total power loss reduction of 0.32 MW. Because of the improved reliability and power loss, the uti-
lity’s annual loss decreased from $5,701,515.6 to $839,215.842, or from 153,940,921.2 to
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22,658,827.734 Ethiopian birr. The utility incurs expenses every year because of these losses, thus
the cost of DG integration to produce 2.1 MW of hybrid wind and solar electricity for the system
over a 25-year period was decreased. Additionally, the cost incurred is far less than the amount the
utility loses annually as a result of the power losses. The utility is profitable with a consistent supply
of electricity to customers over the next 21 years thanks to its four-year payback period.
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