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The rapid growth in electricity demand in Erbil city due
to the city's massive expansion has led to significant
challenges in the distribution power system. This
increase has resulted in various issues within the
distribution power system, including voltage profile
drops, power losses, and a decline in power quality. To
minimize the losses and raise the voltage to acceptable
levels, Renewable Energy Sources (RES), particularly
solar photovoltaic (PV) systems, could be placed within
the system in optimum locations. In this paper, the
problematic points in the 11 kV system were identified,
and a Solar Photovoltaic System with a capacity of 1
MW was incorporated into the 11 kV bus bars to reduce
the power loss and increase the voltage profile in the
locations that suffer from voltage drop, using the
Electrical Transient Analyzer Program (ETAP) software.
This implementation led to a significant improvementin
voltage levels that are compatible with international
standards and the Ministry of Electricity of the
Kurdistan Region's objectives, which permits a +10%
voltage fluctuation in 11 kV distribution networks. In
addition to the reduction in power losses by 5.18 %
compared to the system without Solar Photovoltaic
System integration. However, installing a 1 MW Solar
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1. Introduction
Three subsystems, associated with electricity generation, transmission, and

Photovoltaic system requires a suitable area of lands. In
cases where such space is not available, the best option
is to utilize flexible alternating current transmission
systems (FACTS) devices. While flexible alternating
current transmission systems devices only work with
reactive power, Solar Photovoltaic systems can control
both active and reactive power, making it a more
comprehensive option when possible.

distribution, normally manage the flow of electric power from a producing

station to the load premises (Aman et al., 2022b). Different types of power-

producing facilities, including hydropower plants, thermal power plants, and

nuclear power plants, are used to supply the ever-increasing demand for electric

power from industrial and residential customers. Conventional power plants are

frequently located in distant locations far from consumer loads (Prasad et al.,

2023; Sun & Yu, 2023). Transmission lines and feeders transfer power from the

producing station to the dispersed load. Figure 1 shows an electrical generating

station, followed by a transmission system and, finally, a distribution system.
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Figure (1): Electrical power system components: generation, transmission, and distribution.

(Afzal et al., 2020)
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However, due to several circumstances, a significant proportion of power is lost.
Energy data sources (Biswal et al., 2021) indicate a 1.40% annual increase in
electricity demand. According to the US Department of Energy, fossil fuels
generate 78.40 % of all power.

Nuclear power accounts for 2.60% of total electrical energy, while
nonconventional sources, including geothermal, wind, and solar, contribute
19.0%. Increasing the use of fossil fuels for power generation is not feasible due
to their limited availability and the negative impact on the environment.
Developing new non-fossil fuel power facilities, such as hydro or nuclear, is time-
consuming and expensive (Shkrabets et al., 2021). Optimizing established
power-generating systems can minimize power losses (PLs) and enhance voltage
profiles, reducing the need for power production units to be quickly. This paper
investigates how distribution system components affect PLs and voltage profiles
after distributed generation (DG) injection, intending to reduce power losses and
improve system efficiency.

To evaluate the suggested optimization technique, the electrical transient
analyzer program (ETAP) is used to conduct simulations using real data from the
grid stations. ETAP was used to simulate and assess a bus-bar distribution
system. The research paper is organized as follows. Section two discusses the
impacts of distributed generation on distribution networks, as well as a
proposed strategy for improving the voltage pattern and reducing power losses
caused by solar PV system injection. Section three describes the mathematical
modeling of the proposed task. Section four presents an analysis of the test
feeder and its working method, and explores the modeling of the distributed
generation unit in terms of a solar PV system. Section five presents and discusses
the results.

1466



QALAAI ZANISTSCIENTIFIC JOURNAL

A Scientific Quarterly Refereed Journal Issued by Lebanese French University — Erbil, Kurdistan, Iraq

Vol. (11), No (3), Summer 2026
LFU ISSN 2518-6566 (Online) - ISSN 2518-6558 (Print)

2. Literature Review

(Mahato et al., 2024) Focused on reducing these losses, capacitors and
distributed generation (DGs), especially solar photovoltaic (PV) systems, are
carefully dispersed throughout the system. This project is dedicated to lowering
power losses and enhancing the voltage profile by doing a thorough study that
optimizes the placement of capacitors and distributed generation along the
distribution feeder. (lkram et al., 2024) The major things this study looks at are
the load flow and short-circuit analysis of a radial distribution feeder, which is
largely made utilizing ETAP. The electrical distribution system is the last and most
important aspect of a power system. It makes sure that customers always have
access to steady, uninterrupted electricity. (Mansaray et al., 2024) This study
shows a way to connect many DSPs to the current and expanding Freetown
distribution networks using a power flow-based strategy that uses Newton-
Raphson's algorithm in the ETAP tool. The analysis found the best places to inject
power into the network and the best places to host it to reduce active power
loss and optimize bus voltage profiles.(Jaleel & Abd, 2023) In this study, has been
focused adding distributed generator units (DG) to the distribution system to fix
these difficulties. One of the most common ways to make the distribution
system more reliable, lower power losses, and raise bus voltage is to put
distributed generator units in the right area and size. This study used Enhanced
Particle Swarm Optimization (EPSO) to discover the best size and location for DG
units to cut down on power losses and raise the bus voltage level. It also used
the Transient Electricity Analyzer (ETAP) to check how reliable the distribution
system network is. (Wahhab & Muhammed, 2023) In this study, has been
focused voltage unbalance and line overload have become harder to fix because
so many things have been done to make the electric system better. You can find
out about voltage control when you generate, transport, or use electricity.
Reactive current unbalance is a big cause of voltage instability when the power
system is under stress. (Saaklayen et al., 2023), where the authors created a
formula to determine the best size for distribution networks (DNs) with various
PL configurations. (Ali et al., 2022) In this paper, the author has been this article
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looks at numerous methods, such as combining wind power, solar power, and
reactive power injection by adding FACTS devices. Using simulation models
made in MATLAB, these methods are used on the IEEE 57 bus system with
normal data. So, the findings of the study of these methods have been compared
to each other. (Li et al., 2022) These costs can be lowered by placing DG near the
load site. Integrating a DG unit into the system can also help with peak shaving
and power stability reduction. However, no analysis is provided for the size and
ideal position for the optimization process. Many ideas have been proposed to
reduce PLs, such as in (Salman et al., 2022) explain the shuffled frog jumping
method to evaluate PLs and suitable DN size, while (Aman et al., 2022b) discuss
strategies to optimize and reduce PLs in DNs. The elephant herding optimization
method was used by (Bhargava et al., 2021) to look at the best distribution sizes
and PLs, while (Normanyo & Amankwaa, 2020) used adaptive neuro-fuzzy logic
to estimate them. However, the offered methodologies require a sophisticated
framework for the study. (Shkrabets et al., 2021) Conventional approaches are
effective but time-consuming for real-world situations. Heuristic methods
simplify difficulties and provide effective solutions. In dispersed generating
systems, electricity has a radial structure and unidirectional behavior. Increased
demand has a negative influence on the voltage profile, resulting in PLs in both
transmission and distribution networks. (Bhattacharjee, 2021; Pal et al., 2020)
To reach this goal, different methods are used to find the best location and size
for the distributed generating unit, which improves how well the distribution
system works. (Berdugo Sarmiento, 2020) DNs, a low-complexity solution to
improving power quality utilizing a two-bus Thevenin equivalent model, have
been presented in. (Tahir et al., 2019) In this study, putting capacitors in the right
places is a common way to make these things better. Optimal capacitor
placement (OCP) is needed to get the most out of reducing the effects of
inductive load. The goal is to lower the system's costs while improving the
voltage profile, power factor, and power losses. (Aman et al., 2018) This research
looks at how both large and small DGs that are not deterministic affect the
voltage profile. By adding reactors and making the cables' cross-sectional area

bigger, the voltage profile changes were lessened. ETAP used detailed
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simulations to model and evaluate the Kohat road grid station in Peshawar,
Pakistan. DG development is displayed globally at two levels: research and
development (R&D) advancement and project expansion utilizing the Scopus
database. Over the past decade, there has been a significant rise in research on
optimizing DG deployment utilizing renewable energy resources. The
examination of published studies has led to an increase in DG installations. The
emergence of DGs from renewable energy resources may be attributed to four
main drivers: environmental, economic, technological, and technical. While the
rise of DGs brings benefits, it also poses economic and technological obstacles
due to aggressive integration. Transitioning from unidirectional to bidirectional
electricity with a certain voltage level will impact grid stability and power system
quality. When selecting DG-injected capacity, it's important to consider not only
the cost and benefits but also the optimal placement and size to minimize
system power losses. Numerous optimization strategies, including conventional
and intelligent search, have been used to address energy issues in the literature.
These approaches are classified as analytical, gradient, second-order, iterative,
and heuristic.

3. Mathematical Modelling

The Newton-Raphson method (Aman et al., 2022a; Kashyap et al., 2020;
MORSHED & AHMED) is one of the most effective iterative methods for solving
power flow equations due to its numerical robustness and low computational
complexity. This method involves solving two nonlinear equations with unknown
variables Y; and Y, approximating the roots of a real-valued function efficiency.
We begin by setting two working variables Y; and Y, to match the target values

Bl and Bz:

Gl(yl; Yz) =B, (1)
Similarly,

GZ(Yl' Yz) = B, (2)

We can express these equations using the first-order Taylor expansion:
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By = Gy(Y{” + av”, v + av®) 3)
= G, + v, 70 + av[?) 4)

Expanding and retaining only the first-order partial derivatives:

Bl ~ Gl(y(o) Y(O)) + Ay(o)(aGl)(O) + Ay(O)(aGl)(O) (5)
~ (0) (0) (0) 6G 0) a(;
By = Go(1",1,7) + ar OGO + arO GO (6)
In Jacobian matrix form:
G G
o |GH® GO ©)
[ABl l _| o " | _ [AYl l -
AB;” (@)(0) (@)(0) Ay,
aYl aYZ
Where:

8B = B, - 6,(1,”, )
8B = B, — Go(¥{”, 1,”)

This is the standard form of the Newton-Raphson update. For a power system
with N buses, the voltage at bus D is given by:

]QD
op=7— Z YoV (8)
DD
Expanding this:
N
—j@p = (YDDVD + Z YDnVn> Vs for m#D 9)
n=1
If n = D, the equation simplifies to:
~ Qo =V ) Youh (10)
n=1
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Separating real and imaginary parts:
N
Py =9{V5 Y YDnVn,} (11)
n=1
N
0 =-3 {vs > YDnVn} (12)
n=1

To refine the voltage values at buses, reactive Qp is evaluated using Equation
(12). Voltage and admittances are expressed in polar form:

Vp = |Vpl4dp, Vo = [Vl 285, Yon = [Ypn|26py (13)
Substituting into Equation (10):

N
Py = Qo = ) WollVall¥oul £(Bpn + 8, = 55) (14)

n=1
Real and imaginary components give

N
Po = D IVollVall Yol co5(@pn + 8, = 8p) (15)
n=1
N
Q> = ) WolVall¥pul Sin(@pn + 8, = 6p) (16)
n=1
In the Newton-Raphson method applied to power systems:
AB{® = AP, = Ppgpec = Pocarc (17)
ABS” = AQp = Qospec — Qpeaic (18)
AY® = a5 (19)
AY Y = AV, |© (20)

3.1 Jacobian Matrix in Power Flow Analysis

The Jacobian matrix J in Newton-Raphson power flow analysis consists of four
submatrices that represent the sensitivity of active and reactive power
mismatches to changes in bus voltage magnitude and phase angle:
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JdpP 0P
_as alv|
135 avil
Where:
%and Z—?: partial derivatives of real and reactive power concerning bus voltage
angle.

P d . . . . .
mand ?3': partial derivatives of real and reactive power concerning voltage

magnitudes.
This Jacobian is updated at each iteration using the current estimates of voltage
magnitudes and angles to compute improved values.

3.2 Fitness Function

(Aman et al.,, 2022a) The method also considers the benefits of Distributed
Generation (DG) unit integration, such as loss reduction and lower operation and
capital costs. The fitness function is given by:

Benefit(A)
= (22)
Total Cost(X)
Where:
Benefit (A) = Losses avoided (in kW) x Cost per kW (23)
Total Cost (X) = Investment Cost + Injection Cost + Maintenance Cost
(24)

4. Methodology

There are twenty-two (132/33) kV substations, forty-four (33/11) kV substations,
and nine mobile substations distributed geographically in Erbil city, as shown in
Table 1. In this paper, three of the twenty-two substations used as case studies
utilize solar photovoltaic system (SPVS) units that are injected and tested in
various cases. Rojhalat, Bakoor, and Park, because of these substations, suffer
more from low voltage and high power loss among all substations, as reported
from the Erbil electricity general directory and also verified by the load flow
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results obtained after modeling the systems by ETAP software. Several power
system representations are available for design, analysis, simulation,
monitoring, control, optimization, and automation applications in the Electrical
Transient Analyzer Program (ETAP), the leading integrated database for
electrical systems. From modeling to operation, this program provides the most
complete and integrated suite of power system networks. For conducting a
thorough investigation of electrical networks, ETAP is the finest program for
electrical transient analysis. ETAP software is one of the most up-to-date and
reliable tools for building, running, and planning an electrical power system. To
successfully and accurately perform load flow studies and stability analyses of
complex electrical power systems in the shortest amount of time, this paper
aims to give a basic understanding of load flow studies and the use of the
Electrical Transient Analyzer Program (ETAP) application software. The ETAP
program was used to investigate and model the selected radial feeders to
analyze the results of the load flow program (Mukherjee et al., 2021).

4.1 Baseline Scenario Without Solar Photovoltaic System (SPVS)

In this scenario, the ETAP program is used as a simulator modeling Erbil’s power
substation, without any distributed generation units, such as SPVS. Figures 2, 3,
and 4 represent the baseline models for each substation. These results are then
used as a baseline to compare with alternative scenarios, such as the addition of
SPV models in different locations to ensure the improvement in the voltage
profile and the reduction in power losses (PLs) of the distributed power system.
Tables 2, 3, and 4 show the total actual and reactive PLs for the baseline case.

4.2 Integration of a 1 MW Solar Photovoltaic System (SPVS)

In this scenario, the SPVS is being incorporated into a system that will only
provide active power or function as a power source with one power factor. This
type of SPVS will be installed at various locations along the feeder and monitored
for system power losses. Subcases are generated by installing photovoltaic cells
operating as DG units with a generating capability of 1 MW each in problem

locations. The Kurdistan Region of Irag's Ministry of Electricity adheres to
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international standards, permitting a voltage range of £10% for 11 kV networks.
The above figure indicates that the allowable voltage range is 9.9 kV to 12.1 kV.
Therefore, the standard under the voltage limit is 9.9 kV. The data sheet
information was obtained from the Jinko Solar Company, which is a global solar
panel leader and has its headquarters in Shanghai, China. 720-watt Jinko
monocrystalline photovoltaic panels, each giving a high efficiency of 23.2%. Each
panel is 2.4 meters long, 1.3 meters wide, has an average area of 3.12 square
meters, and weighs 37.5 kilograms. For a more in-depth discussion, consult
Appendix A.

Firstly, the problems of the Rojhalat substation, as shown in Figure 2, the
transformers 1, 2, and 3 are overloaded (25 MVA), and bus bars numbers 18 and
21 are under voltage. Figure 5, shows the SPVS units connected to bus bars
numbers 18 and 21 as a distributed generation unit at the Rojhalat substation.
Table 5 shows this substation's actual and reactive power losses after connecting
the SPVS.

Secondly, as shown in Figure 3, transformer 2 the is overloaded (25 MVA), and
the voltage of bus bar numbers 14 and 15 are under standards. Figure 6, shows
SPVS units connected to bus bars numbers 14 and 15 as distributed generation
units at Bakoor substation. Table 6 shows this substation's actual and reactive
power losses after connecting the SPVS.

Thirdly, as shown in Figure 4, transformer 3 at Park substation, is overloaded (63
MVA), and bus bar numbers 35, 36, and 38 are under voltage. Figure 7, shows
SPVS units connected to bus bar numbers 35, 36, and 38 as distributed
generation units. Table 7 shows this substation's actual and reactive power
losses after connecting the SPVS.

4.3 Feasibility Analysis of a 1 MW Solar PV Integration using ETAP
Feasibility analysis forms the core of the evaluation of the integration of

renewable energy systems, including solar photovoltaic (PV) systems, into the
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existing distribution system. Technical, economic, environmental, and
regulatory factors are taken into account to assess the feasibility and viability of
these applications. In this work, the feasibility of integrating a 1 MW solar PV
system into Erbil's 11 kV distribution grid was investigated, taking into account
system stability analysis, voltage profile optimization, land requirements, capital
investment, and compliance with regulations, i.e., voltage tolerance limits
according to the Ministry of Electricity. This integrated evaluation ensures that
the proposed solution, in addition to improving the technical performance of the
system, also aligns with economic and environmental objectives, such as
reducing power losses and increasing the voltage profile, as shown in Tables 8
and 9, comparing the solar PV system before and after implementation. Detailed
feasibility analysis is enclosed in Appendix A. Research such as that conducted
by (Prasad et al., 2023) highlights the value of a feasibility study in distributed
energy generation planning, as it facilitates informed choices that combine
system reliability, economic profits, and long-term sustainability.

4.4 Stability and Sensitivity Analysis for a 1 MW Solar PV Integration using
ETAP

This paper examines the effect of a 5% reduction in solar photovoltaic system
(SPVS) efficiency on the operation of an 11 kV Erbil city distribution system. The
base case assumes a 1 MW SPVS with an efficiency of 23.2%. A loss of 5% in
efficiency results in a decrease of the SPVS output to 950 kW from 1000 kW. This
reduction impacts the savings in power loss offered by the SPVS. The power
losses were originally reduced by 202 kW (from 3906.8 kW to 3704.8 kW), a
percentage reduction of 5.18%. Following the reduction in efficiency, the saving
drops to 191.9 kW, which is a 4.91% reduction in loss, as shown in Appendix B.
There are similar studies, for example, by (Mahato et al., 2024), which stress the
need for sensitivity analysis of distribution generation planning optimization to
obtain improved power system performance.
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5. Results and discussion

The Rojhalat 132/33/11 kV substation was modeled in ETAP for stability and
power flow analysis of the system. The system is comprised of 11 transformers
at 22 buses, including large loads like Badawa, Awena City, and Daratool.
Detailed cable configurations and voltage data were input for higher precision in
simulation. ETAP enabled effective analysis for actual performance of the grid.
See Appendix C for details.

Electrical voltage drop and power loss are due to thin or long cables, loose
connections, overloaded circuits, heavy loads, bad weather, and aging
components, all of which raise system resistance. A solar photovoltaic (PV)
system minimizes such problems by providing power close to the point of
utilization, thereby minimizing transmission loss and grid demand, especially in
weak or remote grids. Proper system design, sizing, and quality components are
the prerequisites for stable voltage and reliable operation.

5.1 Impact of PV on Grid Stability

The incorporation of a 1 MW solar photovoltaic (PV) system into the 11 kV Erbil
city distribution system improved the stability of the grid markedly by improving
voltage profiles and minimizing active power losses. Simulation using ETAP
software showed that the installation of PV units at voltage weak nodes
improved the average voltage from 89.0% to 89.4% and decreased total active
power losses by about 5.18%.

These results are consistent with those of (Mahato et al., 2024), who showed
that distributed generation, specifically solar PV, successfully reduces power
losses and enhances voltage profiles when optimally placed in radial distribution
systems.

5.2 Voltage Profile Analysis
Table 8 shows that without a dispersed generating unit (as illustrated in Figures
2, 3, and 4), the line impedance between the source and the load causes a large
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voltage drop. However, when a one-MW solar photovoltaic (SPV) system is used
to generate power in areas with low voltage (see Figures 5, 6, and 7), the voltage
levels get much better, and power losses are reduced, as shown in Table 9.

5.3 Power Loss Analysis

Power loss analysis is the determination of where and how power is lost in an
electric circuit. Examples include resistive (I°R) losses, magnetic component core
losses, and switching or conduction losses in semiconductor devices. It starts
with system definition, then measurement (current, voltage, resistance, etc.),
and calculation by formula or simulation to identify losses. This uses instruments
such as simulator software and multimeters to facilitate this examination. The
result assists in determining the major inefficiencies so that design optimization,
such as using more efficient components, better cooling, or using superior
materials, is achievable, ultimately resulting in enhanced overall system
performance.

5.4 Results without connecting a 1 MW solar PV system

Solar photovoltaic (SPV) systems were not integrated into the grids of Rojalat,
Bakoor, and Park substations. Simulated in ETAP software, the basic active losses
of power, calculated without the addition of photovoltaic (PV) systems, are: The
Rojhalat substation has a loss of 1512.5 kW, the Bakoor substation has a loss of
1252.2 kW, and the Park substation has a loss of 1142.1 kW, as shown in Tables
2, 3, and 4, and the total voltage drop for all substations was 89%. These losses
are caused by various factors, including line impedance, connection losses, and
additional losses from transformers. This statistic is used as a benchmark for
evaluating the results after adding a PV system.

5.5 Results with connecting a 1 MW solar PV system

This case investigated three separate situations, each assessing the impact of
injecting the Solar Photovoltaic System (SPVS), functioning as a Distributed
Generator (DG), onto various bus bars: In the first case, a solar photovoltaic (SPV)

system was installed at the Rojhalat substation, specifically on bus bars 18 and
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21. The bus bars were selected because their voltage drops were below
acceptable levels according to international standards. The affected bus bars are
shown in red, as shown in Figure 5, reducing power losses to 1460.2 kW, as
shown in Table 5. In the second case, a solar photovoltaic (SPV) system was
integrated into the Bakoor substation with connections at bus bars 14 and 15.
These bus bars were considered weak points due to their large voltage drops,
which significantly violate international standards. To identify them, these bus
bars are colored red in Figure 6 to indicate their contribution to system
performance, reducing power losses to 1202.1 kW, as shown in Table 6.

In the third case, the solar photovoltaic (SPV) system was strategically
connected to the park substation, connecting to bus bars 35, 36, and 38. The bus
bars were carefully selected following a comprehensive analysis that highlighted
any significant voltage fluctuations beyond acceptable limits, according to
international standards. Points of visual interest are highlighted in red in Figure
7, highlighting areas of interest for system optimization, which resulted in a
reduction of power losses to 1042.5 kW, as shown in Table 7.

Before installing the solar photovoltaic (SPV) system, the average voltage across
the three substations, Rojhalat, Bakoor, and Park, was 89.0%, with a total active
power loss of 3,906.8 kW. Following the installation of the SPV system, the
average voltage increased to 89.4%, marking a 0.4% improvement, while the
total active power loss decreased to 3,704.8 kW. This reduction corresponds to
an approximate 5.18% decrease in power loss. Notably, the most significant
improvements were observed at the substations that had previously
experienced voltage drop issues.
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Table (1): Erbil Government Substations (132/33/11 kV)
No. of No. of No. of
Power
N Name of Grid 3-W.T. 2-W.T. | 2-W.T. | No.of | No.of No. of
o. ri
Substations MVA 132/33 | 33/11 33/0.4 | Cable | OHTL | Bus bars
kv kv kv

1 Azadi 98.24 3 5 1 8 0 18

3 Salahaddin 81.53 3 12 0 6 0 15

4 | soran 138.71 3 10 2 0 5 24

5 | Kawrgosk 105.29 2 9 0 2 4 19

6 Rezan 65.41 2 8 0 0 4 17

9 | Pirzin 222.94 3 6 6 11 0 30
10 | Bashur 214.24 3 8 1 10 0 23
11 | Hawleri Nwe | 175.65 3 2 4 6 0 19
12 | Rozh Awa 182.47 3 7 1 10 0 22
13 | Rosak 69.88 2 4 0 0 4 13
14 | Grdmala 140.47 3 6 1 1 4 19
15 | Bawaji 75.65 2 3 1 0 3 12
16 | Koya 48.47 2 2 0 0 2 9
17 Mon?menti 59.06 2 0 0 0 0 5

Shahidan
18 | Zanyari 67.76 2 4 0 2 2 13
19 | Nishtiman 17.29 2 0 0 0 0 7
20 | Nusaran 74.82 3 3 4 7 0 21
21 | Karezan 93.76 3 0 1 1 0 9
22 | Shawes 63.65 3 2 2 4 0 18
Total 2441.76 58 122 25 106 28 391
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Figure (2): Rojhalat Substation (132/33/11 kV) without PV, simulated in ETAP

Table (2): Power losses

of Rojhalat Substation (132/33/11 kV) without PV,
simulated in ETAP

Branch

Losses

kw kvar

Cablel

0 -461.6

Cable2

0 -461.6

Cable3

0 -596.7

Cabled

0 -596.8

Cable5

98.8 -290.1

Cable6

98.8 -290.1

Cable7

2.7 -419

Cable8

32.8 -486.2

Cable9

34.3 -373.9

Cablel0

34.3 -373.9

T1

77.1 847.6

T2

331.4 3645.4

T3

3534 3887.3

T5
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T7 68.9 3101.9
T8 13.5 175.3
T9 29 580.5
T10 42.5 1912
T11 295 442.5
Total 1512.5 10242.6

BAKOOR
158,82 MVAsE

63/40/50 MvA

Table (3): Power losses of Bakoor Substation (132/33/11 kV) without PV,

A

24 AV

Figure (3): Bakoor Substation (132/33/

simulated in ETAP

11 kV) without PV, simulated in ETAP

Branch Losses
kw kvar
Cablel 1.9 -197
Cable2 47.6 -388.1
Cable3 47.6 -388.1
Cabled 16.2 -27.7
Cable5 0 -405.7
Cable6 27.8 -308.2
Cable7 27.8 -308.2
Cable8 38.7 -410.3
Cable9 38.7 -410.3
Tl 67.5 742.8
T2 442.8 4870.6
T3 323.4 3556.9
T4 9.3 120.6
T5 31 1394.6
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T6 82.6 1652.7
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Figure (4): Park Substation (132/33/11 kV) without PV, simulated in ETAP
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Table (4): Power losses of Park Substation (132/33/11 kV) without PV,
simulated in ETAP

Branch Losses
kw kvar
Cablel 0.5 -118.4
Cable2 0.1 -176
Cable3 0.1 -176
Cable4 0 -459.2
Cable5 0 -176.3
Cableb 0 -183.7
Cable7 0.7 -143.7
Cable8 0.7 -143.7
Cable9 0 -270
Cable10 0 -320.6
Cablel1 0 -320.6
Cable12 1.7 -172.1
Cablel3 1.7 -172.1
Cablel14 0 -75.4
Cablel5 0.6 -68
Cablel6 123.7 -508.7
Cablel7 123.7 -508.7
Cable18 0 -0.1
Cable19 0 -0.1
T1 30 330.3
T2 111.2 1223.6
T3 554 6094.3
T4 8.7 113
T5 2.3 19.5
T6 3.9 33.1
T10 2.4 31.4
T11 3.7 47.7
T15 17.3 346.8
T17 3.5 45.4
T18 18.1 813.7
T19 9 407
T21 124.5 2490.5
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| Total | 1142.1 | 8002.9 |

ROIMALAT
154 MVASC

Moball Substation_Safin
18.73 MuA

a5%

45,02 v
5,56 Myar

0.58% vd
Cable10

Sa81%

:::::

Pyl

Pua2

Figure (5): Rojhalat Substation (132/33/11 kV) with PV, simulated in ETAP

Table (5): Power losses of Rojhalat Substation (132/33/11 kV) with PV,
simulated in ETAP

Branch Losses
kw kvar
Cablel 0 -461.6
Cable2 0 -461.6
Cable3 0 -596.7
Cabled 0 -596.8
Cable5 92 -300.2
Cable6 92 -300.2
Cable7 2.7 -419.8
Cable8 32.8 -487.1
Cable9 31.3 -380.5
Cablel0 31.3 -380.5
Tl 77.1 847.6
T2 319.3 3512.1
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Figure (6): Bakoor Substation (132/33/11 kV) with PV, simulated in ETAP
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Table (6): Power losses of Bakoor Substation (132/33/11 kV) without PV,
simulated in ETAP

Branch Losses
kw kvar
Cablel 1.9 -197.7
Cable2 42.8 -396.4
Cable3 42.8 -396.4
Cable4d 14.7 -30.7
Cable5 0 -407.2
Cable6 27.8 -308.2
Cable7 27.8 -308.2
Cable8 38.7 -410.3
Cable9 38.7 -410.3
T1 67.5 742.8
T2 414.5 4559.3
T3 323.4 3556.9
T4 9.3 121.1
T5 27.9 1255.5
T6 75 1500.8
T8 24.1 1086
T9 25.2 1136
Total 1202.1 11093
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Figure (7): Park Substation (132/33/11 kV) with PV, simulated in ETAP
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Table (7): Power losses of Park Substation (132/33/11 kV) with PV, simulated in

ETAP
Branch Losses
kw kvar
Cablel 0.5 -118.4
Cable2 0.1 -176
Cable3 0.1 -176
Cable4 0 -459.2
Cable5 0 -176.3
Cable6 0 -183.7
Cable7 0.7 -143.7
Cable8 0.7 -143.7
Cable9 0 -270
Cable10 0 -320.6
Cablel1 0 -320.6
Cable12 1.7 -172.1
Cable13 1.7 -172.1
Cable14 0 -75.4
Cablel5 0.6 -68.4
Cablel6 104.6 -538.9
Cablel7 104.6 -538.9
Cable18 0 -0.1
Cable19 0 -0.1
T1 30 330.3
T2 111.2 1223.6
T3 505.8 5564
T4 8.7 113
T5 2.3 19.5
T6 3.9 33.1
T10 2.4 31.4
T11 3.7 47.7
T15 17.3 346.8
T17 3.5 45.6
T18 15.7 708.7
T19 7.4 332.8
T21 115.3 2306.9
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| Total | 1042.5 | 7049.2 |
Table (8): Voltage Profile and Power Losses in Substations Before Connecting a
1 MW Solar PV System

Under Losses
Name of . .
No. . Problems with the substations Voltage
Substations kw kvar
110 (%)
T1,T2 and T3 Overload (25MVA) 87.71
1 Rozh Halat 1512.5 | 10242.6
Bus18 and Bus21 Under Voltage 89.71
T2 Overload (25MVA) 89.54
2 | Bakoor 1252.2 | 11716.6
Bus14 and Bus15 Under Voltage 89.6
T3 Overload (63MVA) 88.9
3 | Park Bus35,Bus36 and Bus38 Under 89.87 | 1142.1 | 8002.9
Voltage 87.7
Average 89.00
Total 3906.8 | 29962.1

Table (9): Voltage Profile and Power Losses in Substations After Connecting a 1
MW Solar PV System

Under Losses
Name of . .
No. . Problems with the substations Voltage
Substations kw kvar
+10 (%)
T1,T2 and T3 Overload (25MVA) 88.01
1 Rozh Halat 1460.2 | 9563.8
Bus18 and Bus21 Under Voltage 89.99
T2 Overload (25MVA) 89.9
2 Bakoor 1202.1 11093
Bus14 and Bus15 Under Voltage 89.94
T3 Overload (63MVA) 89.42
3 | Park Bus35,Bus36 and Bus38 Under 90.39 | 1042.5 | 7049.2
Voltage 88.12
Average 89.40
Total 3704.8 | 27706.0

6. Conclusion

The analysis was conducted using ETAP software; voltage drop points were
identified on the 11 kV bus bars at selected major substations. A more
comprehensive analysis was conducted to identify voltage drop locations on the
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11 kV bus bars at selected substations, with a particular focus on Rojhalat,
Bakoor, and Park substations. At the Rojhalat substation, transformers 1, 2, and
3 were observed to be operating at a high load per terminal (25 MVA), while bus
bar numbers 18 and 21 were operating below the minimum acceptable voltage.
Similarly, at the Bakoor substation, transformer 2 was overloaded (25 MVA), and
bus bar numbers 14 and 15 were identified as operating under voltage drop
conditions. At Park substation, transformer 3 (63 MVA) was significantly
overloaded, and all associated bus bar numbers 35, 36, and 38 were found to be
operating below their rated voltage levels. Before the installation of the solar
photovoltaic (SPV) system, the average voltage level at the three substations
was 89.0%, resulting in a total actual power loss of 3906.8 kW. However, the
average voltage level increased to 89.4%, marking a 0.4% improvement, and the
total actual power loss decreased to 3704.8 kW, which represents approximately
a 5.18% decrease after the SPVS system was integrated, especially in the
substations with voltage drop issues. The system is technically feasible for PV
integration.
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Appendix A:
1 MW Solar PV System Design Overview

1. Basic Information
Target capacity: 1 MW = 1000 kW

Panel output: 0.72 kW

Number of panels required = % = 1388.89 = 1390 panels

Size of each panel: 3.12 m?
Total area required for 1 MW = 1390 * 3.12 = 4336.8 m? ~ 4350 m? ~
1.075acres
Price per panel: $60
Total cost of all panels = 1390 * 60 = $83400
Inventor Cost: $200000
Balance of System (BoS): $40000
Total investment or Total Estimated Cost = $83400 + $200000 + $40000
= $323,400 =~ $323000
Design steps

1. Determine daily average electricity consumption (in kWh):
Energy Output per day
= Panel Output * No. of Panels * Peak Sun Hours
* Inverter Efficiency

NORMAL
VECTOR

NORTH SOUTH
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2. Calculate optimum azimuth angle a,(deg) using:
Visit: https://footprinthero.com/solar-panel-azimuth-angle-calculator or

Scan:

Your optimal axlmuth angle s o soth, whleb e

5.5 east of magnetic south

Azimuth angle(direction) a,(deg) = 5.5°
3. Determine the optimum tilt angle a(deg) using:
Visit: https://footprinthero.com/solar-panel-tilt-angle-calculator or

Scan:

Adires, City,or ZipCude

¥ourepeimal year-round i gl

288 from horizontal

4. Find the average daily peak sun hours Sg,,_,x (h/day), calculator
Visit: https://footprinthero.com/peak-sun-hours-calculator or

Scan:

Peak Sun Hours Calculator

Vo sl avi i

5.86 peak sun hours per

day

Peak Sun Hours (PSH) = 5.86 h/day
5. Estimate invertor efficiency (9, = 98.5%)
6. Calculate the Photovoltaic system output using the formula:
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Energy Output per day
= Panel Output * No. of Panels * Peak Sun Hours
* Inverter Efficiency
Egaity = 0.72 % 1390 * 5.86 * 0.985 = 5776.7 kWh/day
Eyearty = 5776.7 % 365 = 2108495.5 ~ 2108500 kWh /year
3. Financial Evaluation
Energy Cost: $0.085/kWh

Annual Revenue = 0.085 * 2108495.5 = $179222.5
Total investment

Return On Investment (ROI) = (

_ ($179222.5
~\ $323000

1
Annual Revenue) * 100

> * 100 = 55.48%

4. Economic Feasibility Analysis
Energy Loss Reduction (kWh/year)
e Loss Reduction =202 kW
24hours days

e Annual Loss Reduction= 202 kW =* Ty * 365

1769520 kWh /year
b. Monetary Savings

year

Assume the electricity cost in Kurdistan =~ $0.085 per kWh
kWh $0.085
year " kWh
~ $150410/year

Annual Savings = 1769520 = $150409.2/year

c. Payback Period
Total investment _ $323000
Annual Saving ~ $150410

Payback Period = ~ 2.15 years

Table (10): Technical and Economic Feasibility Analysis of Integrating a 1
MW Solar PV System into an 11 kV Distribution Network

Before PV After PV .
Parameter . . Improvement/Saving
Connection Connection
Average Voltage (%) 89 89.4 0.40%
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Total Real Power Loss (kW) 3906.8 3704.8 202.0 kW
Annual Energy Loss (kWh/year) — — 1769520 kWh
Annual Cost Saving (USD/year) — — $150410

Estimated PV Cost (USD) — — $323000

Return On Investment (ROI) — — 55.48%

Payback Period (Years) — — 2.15

So, technically:

e Voltage profile improved.

e Real and reactive power losses were reduced.
Appendix B:
Sensitivity Analysis Calculation: If a 5% Drop in SPVS Efficiency
Assumptions from in study:

1. Installed SPVS =1 MW

2. Panel efficiency (baseline) = 23.2% (Jinko panel)

3. Improvement after SPVS:
e Voltage rise = 0.4% (from 89% to 89.4%)
e Power loss reduction = 5.18% (from 3906.8 kW to 3704.8 kW), 202
kW saved.

Case: SPVS Efficiency Drop by 5%
New Efficiency: e, = 23.2% * (1 — 0.05) = 22.04%

New Power Output = 1 MW x 2223'024 = 0.95 MW

This means the SPVS now delivers 950 kW instead of 1000 kW, a 50 kW
decrease.

Impact Estimation Using Proportionality
1. Losses Saved at Full Efficiency = 202 kW

2. New Expected Loss Saving:

APsaved,new =202 = 1950

3. New Power Loss Total
Power LossS ey = 3906.8 — 191.9 = 3714.9 kW

So, instead of 5.18% savings, the new loss reduction is:
1498
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191.9
3906.8

* 100 = 4.91%

Effect of 5% Efficiency Drop in SPVS on Power Loss Reduction
5.18%

4.91%

Loss Reduction (%)

0

Baseline (23.2%) Reduced I(22.O4%]
Figure (8): Comparison of Power Loss Reduction Before and After 5% SPVS
Efficiency Drop

Table (11): Effect of 5% Efficiency Reduction in SPVS on Output Power and
Power Loss Reduction

Efficiency SPVS Output (kW) Power Losses (kW) Loss Reduction (%)
23.20% 1000 3704.8 5.18%
22.04% 950 3714.9 4.91%
Appendix C:

ETAP modeling of the Rojhalat 132/33/11 kV Substation presented in table
format:

Table (12): Generation Parameter of Rojhalat Substation
Parameter Value

Substation Name Rojhalat
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Voltage Levels 132 /33/11kV
Short Circuit Capacity 154 MVA (at 132 kV)
Software Used ETAP
Main Purpose Power Flow & Stability Analysis
Table (13): Transformer Rating and Loading Data
Rating Voltage Level Loading Connected
Transformer
(MVA) (kV) (MW/Mvar) Bus
Tl 63/25/50 132/11/33 22 /13.7 Bus2
T2 63/25/50 132/11/33 21.8/13.5 Bus3
T3 63/25/50 132/11/33 23.2/14.4 Bus4
T4 31.5 33/11 0/0 Bus15
T5 16 33/11 0.049/0.031 Bus16
T6 16 33/11 0/0 Bus17
T7 31.5 33/11 20.8/12.9 Bus18
T8 5 33/11 2.53/1.57 Bus19
T9 16 33/11 7.47/4.63 Bus20
T10 31.5 33/11 16.7/10.4 Bus21
T11 25 132/11 15.1/9.35 Bus22
Table (14): Bus Configuration and Connectivity
Buses Voltage Level Connected Elements
Busl 132 kV Grid, T1, T2, T3
Bus2 11 kV T1, Loadl
Bus3 11 kV T2, Load2
Bus4 11 kv T3, Load3
Bus5-21 33 /11 kv T4-T10, Distribution feeders to various loads
Bus 22 11 kV T11, Distribution feeders to various loads
Table (15): Load Distribution and Connection Data
Apparent Power
Load Name Connected Bus Voltage Level
(MvA)
Loadl 26.94 Bus2 11 kv
Load2 27.64 Bus3 11 kv
Load3 29.41 Bus4 11 kv
Daratoo 0 Bus 15 11 kV
Zaytoona 0.059 Bus 16 11 kv
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Loadb6 0 Bus 17 11 kV
Daratool 31.88 Bus18 11 kV
Awena City 3.53 Bus19 11 kv
Zaytoonal 10.58 Bus10 11 kv
Badawa 24.47 Bus21 11 kV
Mobail Substation 18.73 Bus22 11 kV

Table (16): Power Cable Specifications and Voltage Drops

Cable No. | Voltage Drop (%) | Type of Cables | Size of Cables | Length (Km)
Cablel 0.016 Cu/XLPE 1*240 6
Cable2 0.016 Cu/XLPE 1*¥240 6
Cable3 0.017 Cu/XLPE 1*400 6.5
Cable4 0.021 Cu/XLPE 1*400 6.5
Cable5 1.14 Cu/XLPE 1*¥240 6
Cable6 1.14 Cu/XLPE 1*240 6
Cable7 0.161 Cu/XLPE 1*400 5
Cable8 0.65 Cu/XLPE 1*400 6.5
Cable9 0.605 Cu/XLPE 1*400 5.2

Cable10 0.605 Cu/XLPE 1*400 5.2
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