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ABSTRACT

This thesis focuses on the performance evaluation of 620MW photovoltaic (PV)
systems integrated into an islanded Nigeria electric power grid. Electricity supply in
Nigeria is abysmal and the effects on the economy and quality of life of Nigerians.
To grow Nigeria GDP by 7%, additional generation capacity of 119,200MW is
needed by 2030 while contributing mitigating of the effects of greenhouse gases,
deploying renewable energy sources must be considered in generation planning.
According to African-EU Renewable Energy Corporation Programme the installed
capacity of off grid generation in Nigeria is about 14 GW, slightly above the grid
capacity of about 10 GW. This work reviews various related literatures. It carries out
load flow studies and Contingency analysis, using a set of possible contingency
scenarios, of an islanded segment of the Nigeria Electric network namely Afam
Power Substation to Yenogoa Transmission Substation without utility scale PV
system integrated. The studies are done also with S00MW PV system integrated at
Afam Power Station and 120MW at Gbarain Power Station. The data used were
valid upto the year 2021. This work utilizes PowerWorld Simulator for these
analyses. The results show a reasonable degree of stability was achieved when there
was loss of generation. For example, with Afam Generation station open, system
violations went from 14 (without PV) to 3 (with PV). Finally, the results for levelized
cost of electricity (LCoE) for combined cycle gas turbines and PV systems show that
the LCoE for PV systems was 0.1273 $/kWh, which is still less than LCoE of 0.0970
$/kWh The results also show that such hybrid generation planning can provide a
high degree of redundancy in our fragile network.

Keywords: performance evaluation, contingency analysis, levelized cost of
electricity, power system islanding, cost analysis



CHAPTER ONE
INTRODUCTION
1.1 BACKGROUND

The challenge of balancing electric power demand and supply in Nigeria has
remained persistent and seemingly unresolved over the years. Several government
and industry players have done a lot to improve the system, yet outcomes remain
abysmal. In 2008, A.S Sambo showed that based on the so- called reference
scenario, at 7% GDP growth, electricity demand projections for Nigeria are
expected to peak at 119,200MW in the year 2030 (Sambo, 2008). With a base year
of 2005, this would have implied a yearly addition of 4,538MW.

1.1.1 Off-Grid Generation

The term off-grid power generation can be seen as small-scale electricity
generation to a single or limited number of customers. It is estimated the installed
capacity of off grid generation in Nigeria is about 14 GW (African-EU Renewable
Energy Corporation Programme, 2016). This capacity exceeds the overall installed
capacity. Many manufacturing industries rely mostly on off grid generators for
their electricity needs. The current off grid generation is fraught with efficiencies
as most of the systems are still running on fossil fuel products and are not
effectively utilized. While off grid generation will assist Nigeria in achieving
power system adequacy in Nigeria, it is fraught with challenges.

Most of the off-grid projects are awarded to score cheap political victory at
elections by politicians and the ones that are completed are often done with poor
quality. Off-grid projects awarded in Nigeria are not sustained because of the
changes in government. Every new administration often comes in with its own
fresh agenda to the detriment of existing and unfinished projects.

Again, the pervasive effects of substandard products in Nigeria are felt in power

sector as well. There is hardly a link between the cost of off grid power equipment



and their quality. This has made off-grid projects fail in many cases in the country.
Finally, the technology of off grid equipment produced in Nigeria are still at
experimental stage. Their functions are often short-lived (Julius et al., 2014).
1.1.2 The Carbon Emission Issue
Climate change is one of the sole causes of adverse environmental conditions. In
2017, about 65% of electricity is produced from coal, natural gas and oil (World
Nuclear Association, 2020). Renewable sources, hydro, wind, biomass, solar and
geothermal power account for a quarter of the global electricity production
(Faroosh, 2019). Finally, nuclear accounts for 8% of electricity production today
as at 2017(International Atomic Energy Agency, 2018).
The electricity is produced by the combustion of fossil fuels to generate heat
needed to power steam turbines. Carbon dioxide (COy) is produced by burning
these fuels and is chiefly responsible for global warming (Abdallah & El-
Shennawy, 2013). In Nigeria, electricity generation industries accounted for 8.5%
share of CO, emission in 2014(Odewale et al., 2012).
1.1.3 Global trends and Kaya’s Equation
The Paris Agreement attempts to bring UN member nations together to undertake
the ambitious project of combating climate change. The Paris Agreement aims to
mitigate the threat of climate change by keeping a global increase in temperature
well below 2 degrees Celsius above pre-industrial levels and to pursue efforts to
limit the temperature increase even further to 1.5 degrees Celsius (The Paris
Agreement | UNFCCC, 2018).
A simple model to assess factors governing greenhouse gas emission was
developed by a Japanese scientist Yoichi Kaya. He stated that the evolution of
carbon emissions depends on 4 factors namely (Tavakoli, 2017);
a. The increase in carbon content of the energy we consume (CO;/ energy).
b. The energy intensity of our economic activity (generally measured by the
amount of energy consumed per unit of Gross Domestic Product (GDP)).

c. The wealth per person (GDP / capita).



d. The growth of population (Lambert-Lalitte, 2019).

The equation is set as follows;

Carbon emission = (C¢/P¢) X (P«/GDP) x (GDP/Pop) x Pop (1.1)

C. = Carbon emission

Pe = Primary Energy Consumption

GDP= Gross domestic product

Pop = Population

From equation 1.1, the various variables that influence greenhouse gas (GHG)
emissions are shown, therefore minimizing each of the variables will contribute to
achieving the goal of the Paris Agreement.

According to United Nations report, the world population will reach 9.8 billion in
2050, an increase of 30% from the present 7.6 billion and this growth pattern is
expected to continue to climb (UNDESA, 2017). In other words, world population
will continue to rise and there is not much to be done to produce significant change
that will impact on reducing carbon emission.

Considering the GDP per capita, the world economy is expected to double by 2050
due to continued increase in productivity offered by technological advancements
(PricewaterhouseCoopers, 2017). Therefore, the only options left to be
appropriated effectively in reducing carbon emission is reducing the primary
energy consumption per GDP and moving towards including as many as possible
renewable energy sources in our energy mix. The former can be achieved by
developing more energy efficient technologies and carbon capture and storage
systems.

1.1.4 The Cost Issue

Renewable energy resources have consistently shown a downward pattern when
it comes to the issue of cost. According to the International Renewable Energy
Agency (IRENA), the cost of renewable energy will continue falling so fast and
will be consistently cheaper than the traditional fossil fuels for electricity
generation within just a few years. It further stated that there has been a remarkable

3



fall in electricity costs from utility scale solar photovoltaic projects since
2010(International Renewable Energy Agency, 2018). There are several reasons
for these sharp drops in cost, one being the constant advancement in renewable
energy technologies. Secondly, the policy preference of government for
harnessing renewable energy resources for power generation. Again, levelized cost
studies conducted by Lazard, an international financial advisory and asset
management firm shows that the mean levelized cost of energy of utility-scale PV
technologies is down approximately 13% from 2017 and the mean levelized cost
of energy of onshore wind has declined almost 7% (Lazard, 2018).

1.2 STATEMENT OF PROBLEM

The persistent imbalance between electric power demand and supply in Nigeria,
driven by insufficient and inefficient power generation capacity, heavy reliance
on fossil fuels, and poorly implemented off-grid systems, exacerbates carbon
emissions and hinders sustainable economic growth. Despite global trends
favoring renewable energy adoption and energy efficiency, Nigeria faces systemic
challenges such as high costs, technological limitations, inadequate policy
frameworks, and political interference, which prevent the effective integration of

renewable energy sources and the achievement of power system adequacy.

The core issue lies in the obsolescence of Nigeria’s transmission grid, which raises
concerns about its capacity to integrate an increasing share of variable renewable
energy sources. Therefore, a comprehensive performance analysis is essential to
assess its readiness for this transition and ensure a stable and efficient power

system.



1.3 OBJECTIVES OF STUDY

The primary objective of this project is to carry out a performance analysis of

620MW utility scale Photovoltaic Systems integrated into an islanded Nigeria

Electric power grid.

The specific objectives include:

a. To model the islanded Nigeria power network with a typical large-scale solar
power plant integrated.

b. To perform load flow analysis of the islanded network with the PV system
integrated.

c. To perform contingency analysis of the network with the PV system integrated.
d. To perform levelized cost of energy calculation of the system.

1.4 JUSTIFICATION OF STUDY

While the issue of network capacity and capability of the transmission and
distribution network are receiving huge attention in Nigeria, the generation
planning, operation, security and expansion must be given adequate consideration.
It has been shown that with average generation capacity of 4000 MW, Nigeria's
per capita electricity consumption, at about 144 kWh, is significantly lower than
the global average of 3,126 kWh (Ugochukwu K. Elinwa et al., 2021). Hence, this
study is designed to determine the possibility of enhancing electricity generation
using utility scale photovoltaic systems. This work intends to propose the addition

to generation capacity using the environment friendly source-solar energy.

1.5 SCOPE OF STUDY

This research studies the performance of a representative model of the Nigeria
power grid. The selected network to be used spans from Afam Generating Station
to Alaoji TS BUS to Owerri TS BUS to Yenogoa TS. This comprises 12 buses.
The systems operations analysis to be determined are Load flow analysis,

contingency analysis and cost analysis.



CHAPTER TWO

LITERATURE REVIEW

Performance analysis of systems has been a well-established method of studying
system behaviour under specified operating conditions. In getting along with the
various analyses, it is pertinent to go through previous related literatures. This will
enable us progress without reinventing the wheels while achieving the objectives
of this work. This chapter intends to show that this research will contribute to
enhancing power system operations in Nigeria and add to knowledge in the
literature.

2.1 THE NIGERIA ELECTRIC POWER GRID

An electric power grid is an interconnected network used to deliver electricity
from producers to consumers. It consists of generating stations, high voltage
transmission lines and distribution lines that transfer power to customers. Nigeria

currently operates a single electric power grid.
2.1.1 The Structure and Performance of Nigeria Electric Power Grid

The structure of the Nigeria power grid is basically divided into 3 segments

namely;
a. Generation.
b. Transmission.

c. Distribution.

A. Generation

Presently, there are currently twenty-eight (28) grid-connected gas and
hydroelectric power generating companies (“GenCos”) in Nigeria (Nigerian
Electricity Regulatory Commission, 2022). The total installed capacity is about
13,097MW as at December 2022 and available capacity varies around 4,059MW.
Thermal based plants form 81% of the generation pool. This subsector comprises



of the privatized GenCos, Independent Power Producers (IPPs) (Nigerian
Electricity Regulatory Commission, 2022).

B. Transmission

Transmission Company of Nigeria (TCN) manages the electricity transmission
network in the country. TCN was on July 1st, 2006 issued a Transmission License
with the responsibilities of wheeling power at high Voltage, operate the National
Grid and Market Operation Service. The transmission system in Nigeria comprises
330 kV and 132 kV circuits and substations. TCN operates 10 regions at Lagos,
Oshogbo, Kaduna, Bauchi, Shiroro, Enugu, Port Harcourt, Benin, a National
Control Centre at Oshogbo and 3 Regional Control Centers at Lagos, Benin, Kano
and a supplemental Control Centre at Shiroro (Transmission Company of Nigeria,

2019). The major functions include;
I. Provision of Transmission Services
1. System Operation Services.

iii. Market Operation Services (Nigerian Electricity Regulatory Commission,
2022).

The Transmission Service Provider (TSP) is saddled with the role of development

and maintenance of the transmission infrastructure.

The System Operator (SO) manages the flow of electricity throughout the power
system from generation to distribution companies. The SO ensures that the grid
lines are reliable. It is actively involved in planning, dispatch, and control of the

electricity on the grid (Nigeria Electricity System Operator, 2019).

The Market Operator (MO) enforces the market rules of the Nigerian Electricity
Supply Industry (NESI). It is responsible for the administration of the Electricity

Market and promoting efficiency in the market.



C. Distribution

There are 12 electricity distribution companies (Discos) in Nigeria. The
Distribution companies operate and manage the 33kV, 11kV and 0.415kV
networks. They are in direct contact with power consumers. Distribution network
are basically of two types: radial network and interconnected network. In a radial
network, the feeder leaves the station and passes through the network area with no
normal connection to any other supply. While an interconnected network has

multiple connections to other points of supply.

In Primary Distribution System, there is high voltage (11 and 33kV) networks
fanning out from substations. In most cases, large industries consumers are often

encouraged to take supply at primary distribution system (Chinwuko et al., 2011).

In 2013, with the conclusion of the privatization process, expectations of citizens
were raised that there will be an improvement in the power sector. It is expected
that the Distribution companies who are the frontline service providers will
ultimately rise up to the challenge of delivering on the promises. However, the

performance so far has been abysmal. Some of the issues are,

. The Labour issue: The issue of paying compensation and severance
allowances to members of staff of the defunct Power Holding Company of
Nigeria .

ii.  Grid energy insufficiency and instability.

ii.  Network infrastructure challenges (overloaded transformers and feeders,
obsolete equipment, limited network, lack of automation, etc.).

iv.  Tariff challenges and revenue shortfalls (non-cost reflective tariffs, low
collection efficiency, etc.).

V. Metering challenges (huge metering gap, estimated billing, poor meter
maintenance, etc.).

vi.  Operational challenges (long feeders, quality of workforce, large

operational areas, etc.).



I. Energy theft.

Il Funding challenges (absence of long term “patient” capital (equity/debt) to
fund capex investment, high cost of borrowing, poor credit history of Discos, etc.)
(Omonfoman, 2016).

Nigeria electric power grid performance is below average. The average daily
power generation is about 4,000 MW. K. Okakwu stated that due to the
inadequacy of the transmission network capacity, the power system could be
stressed to such an extent that relatively small disturbance can cause a great upset
which may eventually result in a possible voltage collapse (Kema Okakwu, 2017).
Generally, system collapse may arise due to any of the following reasons; radial
grid system, weak system inertia, faulty protection system, defective governor,
vandalization, natural accident, poor maintenance, human error, corruption,
neglect of government by politicizing the sector and lack of adequate investment
(Uche et al., 2018).

Nigeria has recorded a total of 21 total system collapse between 2022-2024
(Energy Central News, 2024). The Nigeria National Grid is highly venerable to
voltage instability. It was observed that the high rate of system collapse is largely
due to faults (technical challenges) on the network, the state of the power system

equipment and to some extent political issues (Samuel et al., 2014).

2.2 PHOTOVOLTAIC SYSTEMS

A photovoltaic (PV) systemis a system made up of one or more solar
panels combined with an inverter and other electrical and mechanical hardware
that use energy from the sun to generate electricity (Donev et al., 2024).

Photovoltaic systems can be operated in off-grid PV or grid tied modes.


https://energyeducation.ca/encyclopedia/Solar_panel
https://energyeducation.ca/encyclopedia/Solar_panel
https://energyeducation.ca/encyclopedia/Energy
https://energyeducation.ca/encyclopedia/Sun
https://energyeducation.ca/encyclopedia/Electricity_generation

2.2.1 Off-Grid Photovoltaic System

Off-grid solar PV system is independent of the grid and provides freedom from
power quality issues and electricity billing. The excess energy can be accumulated

in the battery storage units through superior control (Karthikeyan et al., 2017).

The structure of an off-grid PV system is shown in figure 2.1, with bus
configurations and representative interconnections between components. This
figure describes the arrangement of the different solar energy components based

on voltage types.

D Bus AC Hus

PV Artay o —* AL Load

« DO JAC .

Batlery

Bask DCIDE =

—— [ Load

Figure 2.1: Schematic Diagram of Off Grid PV System (Madziga et al., 2018).

Off-grid Photovoltaic systems are basically small power plants designed to
provide electricity from a centralized solar photovoltaic power plant to a small
locality like village or a building (The World Bank Group, 2006).

2.2.2 Grid Tied Photovoltaic System

In grid-tied systems, the DC electricity produced by the PV array is fed into the
grid inverter. The inverter converts DC electricity into AC. This AC is supplied
to the grid. They range from small residential and commercial rooftop systems to
large utility-scale solar power stations. Grid-connected PV systems usually inject

active power energy to the grid. They are mainly used to avoid the dependence of
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fossil fuels (Karthikeyan et al., 2017). The integration of photovoltaic systems
into the grid is gaining more traction today as a very important application of PV
systems. This comes with inherent challenges as this variable and intermittent

energy source constitutes a significant part of the total system generation.
2.3 UTILITY SCALE PHOTOVOLTAIC SYSTEM

Utility scale solar power plants are energy generating facilities capable of
producing large amounts of electricity that can be fed into the electricity
transmission grid; they range in size from 10 MW to over 200 MW (Xoubi, 2015).
Utility-scale solar electricity now costs less than conventional generation in many
markets attributed to reduced costs of modules & improvement in efficiency,
innovations in PV technologies and improved investment climate. Today there are
several large-scale photovoltaic plants with grid integration. We have some

existing utility-scale PV plants.

In India, there is Kurnool Ultra Mega-Solar Park (KUMSP), this is a solar electric
power plant in Panyam Mandal of Kurnool District, Andhra Pradesh in India. It
has about 4,000,000 solar panels of 315 watts each connected to the nearby four
220/33 kV pooling stations of 250 MW each and a 400 / 220kV grid substation.
The facility currently produces 90% of its installed capacity (V.Raghavendra,
2017). Again, Topaz Solar Farms this is located on 4,700 acres of land in San Luis
Obispo County, California. It is 550-megawatt photovoltaic plant. The site is
adjacent to the existing 230-kV Morro Bay-to-Midway transmission line, which
provides access to transmission capacity (BHE RENEWABLES, 2019).

There is also Solar Star, U.S, a 579 MW Solar power project in the Antelope
Valley was developed by Sunpower and commissioned in June 2015. The project
uses 1.7 million Sunpower monocrystalline silicon modules on spread over 3,200
acres. It produced an average of 1,534 GWh of electricity annually between 2015
and 2016(Buckley & Shah, 2018).

11



The Agua Caliente Solar Project is a plant located 65 miles east of the city of
Yuma, Arizona. Itisa290MW AC PV solar plant. It is designed to be connected
to a 500kV transmission line (First Solar, 2018).

2.4 THE UTILITY SCALE STORAGE

The challenge of oversupply of energy when the sun shines and wind blow and
the shortage when the wind stops and the sun sets can be overcome by the so called
“big battery technology”. Although in infancy, the utility scale battery technology
helps in taking care of the imbalances between supply and demand.
Typically, utility-scale battery storage systems have a storage capacity ranging
from around a few megawatt-hours (MWh) to hundreds of MWh. Utility Scale
battery storage systems can provide grid services such as frequency response,

regulation reserves and ramp rate control (IRENA, 2019).
Utility scale batteries can provide the following services namely;

a. Arbitrage: This involves charging the battery when energy prices are low
and discharging during more expensive peak hours. That is the system enables
buying electricity when the tariff is low and using that electricity during peak
periods when the tariff rates are at their highest.

b. Firming Capacity: With the fluctuations in renewable energy generation
system due to variability of the sources, utility scale batteries can be used to
cushion these effects. Firm capacity describes the amount of installed capacity that
can be relied upon to meet demand during peak periods or other high-risk periods
(Bowen et al., 2018).

C. Black Starting: Large generators, when starting, need an external source
of electricity to perform key functions before they can begin generating electricity
for the grid. Utility scale storage comes in handy.

d. Frequency Regulation: Grid frequency dip can occur in power systems
when there is an imbalance between the power supply and the power demand and

this can go beyond the specified limits. Utility-scale battery storage systems can

12



be used for frequency regulation. Utility scale battery storage systems can
typically respond to such requirements within milliseconds unlike its conventional
generator counterpart (IRENA, 2019).

2.5 PERFORMANCE ANALYSIS OF POWER SYSTEM NETWORKS

Continuous performance analysis of power system networks is required in the
monitoring and control of electricity networks. Events like increased power
demand, which involves line expansions hence more power transfer in the system,
will require system operators to carry out certain analysis. This process helps in
economic justification of investments, grants insight into the technical
performance of the system with respect to expected and unexpected events (Kudal
etal., 2017).

2.5.1 Load Flow Analysis

Under steady state conditions, the system is seen to be performing within the set
operating points. Various system variables lie within the expected limits. A typical
power system network can contain several branches and nodes. Equations can be
formulated in node-admittance form with node currents as variables. With the
currents known the nodal voltages can be evaluated. Since, power is often known
In power system, the equations in terms of power at the buses are often evaluated.
This is known as Power Flow Equations, while the analysis is also known as Load
Flow Studies (Saadat, 1999).

They are necessary for planning, operation, economic scheduling, transient
stability, contingency studies and control of an existing system as well as planning
its future expansion. The power flow solution is used to evaluate the bus voltage,
branch current, real power flow and reactive power flow for the specified

generation and load conditions (Onojo et al., 2013).
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2.5.2 Contingency Analysis

Contingencies are disturbances capable of deviating power system networks from
normal operations. This could be sudden loss of generation, loss of load, sudden
increase in load, transmission line failure, equipment failure etc. In contingency
analysis, operator seeks to know what might happen to the system when unplanned
events occur. It essentially offers answers to questions such as “What will be the
state of the system if an outage on part of the major transmission system takes
place?” (E El-Hawary, 2000). It is further defined as the study of the outage of
elements such as transmission lines, transformers and generators, and
investigation of the resulting effects on line power flows and bus voltages of the

remaining system (Onojo et al., 2015) .

To carry out Contingency Analysis of any network, first the detailed electrical
model of the power is developed. This is the real-world equipment and
connections of a power system (typically a one-line diagram) translated into a
mathematical model of the power network that is suitable for solution by computer
algorithms. This network model like the electrical characteristics of the equipment
(such as the impedance of transmission lines). With the power network model
initialized, a series of contingency events called contingency list that is prepared
by the operator is executed. A "power flow" analysis for each potential problem
that is defined on a contingency list is conducted. A "network solution™ consists
of these calculated results (voltages, real, reactive power etc) for every bus and

branch in the power network model.

Contingency analysis can be viewed from two perspectives, namely Primary
Contingency (N-1) Analysis, a single contingency condition, where there loss of
only one part of the network say transmission equipment tripped but without
including the bus bar and radial line and Multiple/Secondary (N-1-1) contingency
in which case series of unplanned events occurs(Ramanaiah & Rao, 2014). There
are various methods of contingency analysis which include the following:
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a. AC Load flow method.

AC load flow is used to study system behavior with respect to parameters like
voltage, angle, active and reactive power flows at the buses and lines. Thus, AC
load flow method reveals the system overloads and voltage bounds violation
accurately, when a contingency scenario occurs. Its major setback is long
computation time as the systems to be analyzed gets larger. Where there is conflict
between accuracy and speed and accuracy is preferred, it is recommended to use
AC load flow method.

b. DC Load flow method.

Direct current (DC) power flow is a common model for power system contingency
analysis its computation time is shorter. It reveals only real power flow in the
system network branches. The shorter computational time of DC load flow is due
to the impact of linearization of power flow solution. The following assumptions
are made;

) Voltage angle difference between two buses is considerably small so that
its approximate sine is equal to that angle and its cosine is one.

i)  All voltage magnitudes are approximately equated to be 1.00 p.u.

i) The system is an ideal network. i.e. lossless network branches.

Iv).  The tap settings are ignored.
The advantages DC load flow over the full AC load flow under Newton Raphson
method are,

) The system impedance matrix is less about half the size of the full
problem.

i) The problem is simplified to be non-iterative, just requiring a simple
calculation in order to have final solution.

iv) Impedance matrix is independent to the system network; hence it is

calculated once throughout the whole calculation to have a final solution.

15



C. Z-Matrix method.

In this method, the bus impedance matrix associated with the system under
consideration and the system modified by either line removals or additions. The
Z-matrix of a system is now obtained by inverting the bus admittance matrix. In
Z-matrix method, we inject fictitious current into the buses linked to the element
to be removed based on our contingency list, the current is selected such that the
value is equal to the base case flow. All other nus currents are set to be equal to
zero. In effect, this procedure creates throughout the system a current flow pattern
that will change in the same manner as the current flow pattern in the AC load
flow solution when the element in question is removed. This method is more
accurate compared to DC load flow method and the results are comparable to those
obtained using AC power flow (Sureban., 2019). The Z-matrix further describes
the relationship between the bus voltages and current injections by,

[Vous] = [Zmatrix] [Tous] (2.1)
Where [Vgus] and [lsys] are the vectors of bus voltages and bus current injections,
respectively. [Zmarix] 1S the bus impedance matrix. The algorithm for building the
Z-matrix transmission lines one by one and divides them into four types,

(i)  Adding a line from a new bus to the reference bus.

(i)  Adding a line from a new bus to an existing bus.

(ili)  Adding a line from an existing bus to the reference bus.

(iv)  Adding a line between two existing buses (Teng et al., 2004).

d. Performance index method.

In this method, the contingencies are selected by calculating some indices used to
measure severity. These indices are known as Performance Indices (P1). They can
be calculated using the basic load flow algorithms. The contingency with the
highest value of PI is ranked first. The analysis is then done starting from the
contingency that is ranked one and is continued till no severe contingencies are

found. The two kind of performance index normally used are
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I. Power performance index (Plp) which shows the violation of line active
power flow.

I, Reactive power performance index (Ply) corresponds to bus voltage
magnitude violations.

2.5.3 Cost Analysis

The cost generating electricity with the existing technologies in Nigeria is shown
in Table 2.1.

Table 2.1 depicts the various components of cost for gas-based and Hydro-based
power plants are evaluated based on the efficiency of the technology used,

investment cost, fuel cost etc.

Fuel Resource Eff. CO,(TC) Investment Fuel Cost O&M Costs LCOE
% per MWh | Cost (N MWh)
(N /MWh) (N /MWh)
Gas (Single 57 0.23 1748.285 6096.25 608.7584 8453.293
Cycle)
Hydro 95 0 3334.09 0 1917.264 5251.354

Table 2.1: Cost generating electricity in Nigeria (Emodi & Yusuf, 2015).

To compare cost in electricity sector, capital cost and the Levelized cost of
electricity are the basic parameters used. The Levelized Cost of Electricity is a
lifecycle cost analysis of a power plant that uses assumptions about the future value
of money to convert all future costs and revenues into current prices. Capital cost
represents the amount that must be found at the outset to finance a power plant (Paul
Breeze, 2010).

2.5.4 Levelized Cost of Electricity

Levelized cost of electricity (LCOE) is the average revenue per unit of electricity
generated that would be required to recover the costs of building and operating a
generating plant during an assumed financial life and duty cycle. The key parameters

required in calculating LCOE are capital costs, fuel costs, fixed and variable
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operations and maintenance (O&M) costs, financing costs, and an assumed
utilization rate for each plant type (U.S. EIA, 2019).

LCoE can be calculated using Equation 2.1.
L CoE (Capital Cost * CRF * (1-T *Dypv) Fom
o=
(8760 * Capacity Factor (1-T) (8760 * Capacity Factor)

+Vom +(Fp*Hr) (2.2)

CRF = capital recovery factor, turning capital costs into annual values (if capital is
financed at discount rate D)

Fom= Fixed Operation and maintenance Costs.

Vom = Variable Operation and maintenance Costs.

F,= Fuel Price

H; = Heat Rate

T= Tax rate

Dpy = Depreciation Factor

_D* K(HD))N

CRF
[(1+D))"-1

(2.3)

D = Discount rate
N= Lifetime of System.

I = Investment expenditures in year t (including financing).
M = Operations and maintenance expenditures in year t.

F: = Fuel expenditures in year t.

E: = Electricity generation in year t.

r = Discount rate.

n = Life of the system (Foster et al., 2014).

Several models however exist for the calculation of LCoE. They include
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I. California Energy Commission Cost of Generation Model (2012).
California Energy Commission LCOE assumes calculation of annual costs of
generation for each technology (Ct) with further transformation of annual costs
into the present value (sum of discounted annual costs). CEC model allows for
calculation of LCOE for the plants types different in ownership: merchant owners,
IOUs, or POUs with associated differences in financing. The U.S. NREL’s Simple
Levelized Cost of Energy LCOE is utilized for Nigeria (Roche, 2017).

Il Bureau of Resources and Energy Economics (BREE) Australia Energy
Technology Assessment (AETA) model. This model was developed specifically
for Australian conditions and provides cost estimates for 40 electricity generation
technology types.

2.6 MODELLING OF POWER SYSTEM NETWORKS

The components of power systems network can be defined by mathematical and

graphical models.

2.6.1 Transmission Lines

The transmission line can be characterized by shunt and series parameters. They
are,

R’ = series resistance/km per phase (/km)

X' = series reactance/km per phase (/km) for series parameters and

B’ = shunt susceptance/km per phase (Siemens/km)

G’ = shunt conductance/km per phase (Siemens/km) for the shunt parameters.
Figure 2.2 is =- model of transmission line showing the line flows with

associated impedances and admittances.
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Figure 2.2: =-model of a transmission line between nodes k and m.

Zxm = Rkm + JXkm = Series impedance (2.3)
Where, Zm = Impedance between buses k and m.

lkm = Current from bus k to bus m.

y{t = shunt admittance.

Y =G +jBsh = shunt admittance (Andersson, 2008). (2.4)
2.6.2 Generator Model

In load flow analysis, generators are represented as current injections. Under
steady state operation, generators are commonly controlled so that the active
power injected into the bus and the voltage at the generator terminals are kept
constant. Active power from the generator is determined by the turbine control
and must of course be within the capability of the turbine- generator system.
Voltage is primarily determined by the reactive power. The reactive capability of
a generator depends on a number of quantities, such as active power, bus voltage
and other operating conditions.

In Figure 2.3, a simplified model of the generator is shown with the current flow
direction excluding the impedances. [‘,%en Is the current flowing from the generator

to the bus.
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Figure 2.3: Model of a generator connected to bus k.

2.6.3 PV Generator Model

The solar cell is building block of the PV generator is, which is basically a P-N

semiconductor junction that directly converts solar radiation into DC current using

the photovoltaic effect.

The circuit model for a photocell is shown in Figure 2.4 with the associated

arrangement of the single solar cell.

-

Figure 2.4: Equivalent circuit of a PV cell. (Molina, 2016)

Where,

l,n = photocurrent.

Io = diode current.

D = diode.

Rs = Series resistance.

R, = Shunt Resistance.
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In Figure 2.5 the equivalent circuit for the solar cells arranged in Np-parallel and

Ns-series is seen with the multiple configurations of solar cells.

Np *_5 Ry

Np Ipy ﬂ-};< é ; Rp v,

[N ]
[ N

o l -

Figure 2.5: Equivalent circuit of a generalized PV generator. (Molina, 2016)

The mathematical model that predicts the power production of the PV generator,

Is a current-voltage relationship given by,

IARS )I-1}-72 (VA + IARS) (2.5)

|A:

From eqn (2.5) the definitions of the parameters are clearly stated

Ia: PV array output current, in A

Va: PV array output voltage, in V

Ipn: Solar cell photocurrent, in A

Irs: Solar cell diode reverse saturation current (aka dark current), in A

A: Solar cell diode P-N junction ideality factor, between 1 and 5 (dimensionless)
Rs: Cell intrinsic series resistance, in

Rp: Cell intrinsic shunt or parallel resistance, in Q

V1 Cell thermal voltage, in V, determined as Vt,= k TC/q

k: Boltzmann's constant, 1.380658e-23 J/K

Tc: Solar cell absolute operating temperature, in K

g: Electron charge, 1.60217733e-19 Cb. This nonlinear equation can be solved
using the Newton Raphson iterative method. The parameters Iy, Irs, Rs, Rp, and

A are commonly referred to as “the five parameters” from which the term “five-
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parameter model” originates. To determine the current and voltage characteristic,
these five parameters must be known. Therefore, the power generation of the PV
generator for different operating conditions. Thus, in order to obtain a complete
model for the electrical performance of the PV generator over all solar radiation
and temperature conditions, Eq. (2.5) is supplemented with equations that define
how each of the five parameters changes with solar radiation and/or cell
temperature (Molina, 2016).
2.6.4 The Load Model

The load is often fed into the power network at a lower voltage level. Often the
voltage in the distribution systems is kept constant by controlling the tap-positions
of the distribution transformers which means that power, active and reactive, in
most cases can be regarded as independent of the voltage on the high voltage side.
This means that the complex power is independent of voltage.

The load current in complex form is

Iload load (Uk) (2 . 6)

Where Iload( ) describes the characteristics of the load. The active and reactive

power are given by Equations 2.7 and 2.8 as shown in Figure 2.7

Pload 10ad (U) 2.7)
load — 1oad(Uk) (2.8)

In Figure 2.6, the load model, with the flow direction is depicted, however from

this model the load characteristics are not shown.
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Figure 2.6: Model of a load connected to bus k.
2.7 POWER SYSTEM ANALYSIS SOFTWARE
Several software tools are available for the analysis and operations of power
system networks. A few are discussed here.
A. ETAP: This is an electrical power system analysis and operation software. It
finds use in modelling and visualization of electrical diagrams, analysis and
optimization of power networks, analysis of protective devices, cable sizing,
transient stability analysis etc (ETAP, 2019).
B. PowerWorld: It is a User-friendly and highly interactive power system
analysis and visualization platform. Integrates many commonly performed power
system tasks—Contingency Analysis, Time-Step Simulation, OPF, ATC, PVQV,
Fault Analysis, SCOPF, Sensitivity Analysis, Loss Analysis, Transient Stability,
etc (PowerWorld Corporation, 2019). PowerWorld is shown because of the
flexibility it provides in the analysis of power system mainly at transmission
voltage levels. It offers the functionality for implementing oneline diagrams of
systems up to 250,000 buses. PowerWorld includes models that represents the
parameters of various types of generators. Model includes power and voltage
control parameters (MW Output, Min. MW Output, Max. MW Output, Mvar
Output, Min. Mvar Output, Max. Mvar Output), as well as stability parameters
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(Machine Model, Exciter Model, Governor Model, etc.) (Vulin et al., 2011). For
example, the GENROU, GENSAL, GENTPF, and GENTPJ models represent
round rotor and salient pole synchronous machines. The predominant difference
between the GENROU/GENSAL and GENTPF/GENTPJ models is how they
account for saturation.

« The GENSAL model uses simplifying approximations that significantly
compromise treatment of magnetic saturation. The GENSAL model ignores
saturation on the g-axis completely. In both the GENROU and GENSAL models,
saturation is a single additive term.

* The GENTPJ and GENTPF models use approximations in their treatments of
saturation but are more accurate than GENSAL and GENROU.

The GENROU model is shown in Figure 2.7, however, the processes are reflected

with the various control blocks.

N Xi—x Metwork Interface Equations
Xy — X Zeource = Hg +.lerir

+ e =% | Yoouree =g gy~ ¢ 1P

dw ] g, I 3 rn
V= =g +a) () + )
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Figure 2.7: Block diagram of GENROU model (PowerWorld Corporation, 2020).
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Table 2.2: Parameters of GENROU model (PowerWorld Corporation, 2020).

PARAMETER DESCRIPTION

H Inertia Constant sec

D Damping Factor pu

Ra Stator Resistance pu

Xd D-axis Synchronous Reactance

Xq Q-axis Synchronous Reactance

Xdp D-axis Transient Reactance

Xgp Q-axis Transient Reactance

Xdpp=Xgpp Subtransient Reactance

X1 Stator Leakage Reactance pu

Tdop D-axis transient rotor time constant

Tqop Q-axis transient rotor time constant

Tdopp D-axis subtransient rotor time constant

Tqgopp Q-axis subtransient rotor time constant

S (1.0) Saturation Factor at 1 pu Flux

S(1.2) Saturation Factor at 1.2 pu Flux

Rcomp Compounding Resistance for voltage control pu
Xcomp Compounding Reactance for voltage control pu

For modelling renewable energy sources like solar energy, the PowerWorld

Simulator model used is REG-C which is Renewable Energy Generator-

Converter.

The “generator” model (REGC_A) to provide current injections into the network

solution.

In Figure 2.8, the block diagram of a typical REG-C_A model and its input

parameters for PV system are shown.
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Here the various blocks and their processes are depicted.
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Figure 2.8: REG-C A model block diagram (PowerWorld Corporation, 2020).
Furthermore, the various parameters used in the model are described in table 2.3,
for example the voltage limit for high voltage clamp logic is denoted by Volim.
Table 2.3: REG-C Input parameters (PowerWorld Corporation, 2020)

PARAMETER DESCRIPTION

Tfltr Terminal Voltage Filter (LVVPL) time constant (s)

Lvpll LVPL gain breakpoint (pu current on mbase/pu voltage)
Zerox LVPL zero crossing (pu voltage)

Brkpt LVPL breakpoint (pu voltage)

Lvplsw Enable (1) or disable low voltage power logic

Rrpwr Active current up-ramp rate limit on voltage recovery (pu/s)
Tg Inverter current regulator lag time constant (s)

Volim Voltage limit for high voltage clamp logic (pu)

lolim Current limit for high voltage clamp logic (pu)
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Khv High voltage clamp logic accerelation factor

Lvpnt0 Low voltage active current management breakpoint (pu)
Lvpntl Low voltage active current management breakpoint (pu)
Igrmax Maximum rate-of-change of reactive current (pu/s)
1grmin Minimum rate-of-change of reactive current (pu/s)

C. NEPLAN: A broad-based software that offers diverse solution in electricity
sector, gas/heating/water supply, asset management etc. It covers all aspects of the
electrical industry example transmission, distribution, generation/industrial
networks and well suited for renewable energy system and smart grid applications
(NEPLAN, 2019). It can be used to develop electrical models like a network
combination of high-, medium- and low voltage networks, models for steady state

and dynamic network behavior, renewables etc. (ABB, 2017).

D. Power System Analysis Toolbox (PSAT): PSAT is an open-source power
system analysis toolbox for Matlab and GNU/Octave developed by Dr. Federico
Milano and it can be used for power system analysis and control learning,
education and research (Federic Milano, n.d.). PSAT can perform several power
system analyses which include, continuation Power Flow (CPF), Optimal Power
Flow, Small Signal Stability Analysis, Time Domain Simulations (Federico
Milano, 2006).

2.8 POWER SYSTEM ISLANDING.

Islanding refers to the condition in which a portion of the grid becomes
temporarily isolated from the main grid but remains energized by its own
distributed generation resource(s). Islanding may occur accidentally or
deliberately. Traditionally, islanding has been seen by utilities as an undesirable
condition due to concerns about safety, equipment protection, and system control
(Greacen et al., 2013). Islanding operation can be intentional may be desired in

cases where the central grid is prone to reliability problems. This reflects the
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Nigeria electric power scenario. Here, a segment of the grid is permitted to operate
autonomously and provide service to local customers when the main grid is out.
Transitioning between islanded and grid modes, protective devices are configured
automatically. Interconnection of the islanded grid comes with some challenges

technical namely,

a. Frequency regulation.

b. Voltage regulation.

C. Disconnection and reconnection protocols in the event of grid disturbances.
a. Safe intentional islanding operation.

b. Control of faults when in grid-connected mode.

C. harmonization of technical standards among and within countries

d. Protection coordination
To implement intentional islanding, the system must perform these steps correctly,

. The system to be islanded must recognize an abnormal condition on the
utility grid and disconnect a circuit breaker located at an appropriate location to

separate mini grid load from the main grid.

ii. Upon disconnecting, the islanded system must immediately switch from
grid mode to autonomous mode. This will involve several operations depending
on the type of systems. For example, automatic voltage regulator (AVR) controls
may need to switch over immediately to operate in a different mode. The settings
of various protective relays will likely need to be different in islanded mode, or

separate relays employed.

ii.  The system must continue to sense line voltage on the main grid, and when
main grid power returns to stable conditions, initiate reconnection, and return to

control regimes (Greacen et al., 2013).
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2.9 REVIEW OF RELATED WORKS

Insight into the behaviour of the Nigeria 330KV electric power grid under certain
contingencies was discussed in “Contingency Analysis of the Nigeria 330kV Post-
Reform Integrated Power System Using Power World Simulator” (Onojo et al.,
2015). It was shown that Nigeria 330kV grid system is more complex and difficult
to analyze, there are fewer violations in the system during contingencies when
compared to previous works done on the pre-reform grid. The research further
noted that even though parameter changes were always noticed at lines and buses
during contingencies, most severe violations were noted in areas with single
circuit transmission line between the buses. With these observations, direct

corrective actions can always be planned for the system.

The paper “Improving Electricity Access in Nigeria: Obstacles and the Way
Forward” showed that the obstacles to electricity access include; low efficiency
and performance, security of fuel source for power generation, data inadequacy,
regulatory barriers, lack of institutional arrangement, poor grid structure,
dilapidated transmission and distribution network, low financial investment, lack
of policy and project continuity.(Emodi & Yusuf, 2015) The research suggested
encouraging investors to invest in renewable energy technology for the off-grid
supply.

Mario Mureddu et al (2016), “Islanding the power grid on the transmission level:
less connections for more security” studied the effect of islanding on the
transmission grid and how it can enhance energy security and grid resilience.
(Mario Mureddu et al., 2016) It was further shown that if the power grid gets
fragmented under an outage, many of the resulting fragments may be self-
sustainable if the production within the fragments is readjusted and that the higher
the percentage of renewable energy sources, the larger is the probability that a
fragment is self-sustainable. This implies that renewable energy sources can

enhance grid security.
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Limitation: the research gives little insight on how the Nigeria electric grid, with
its negative peculiarities, will perform when islanded.

According to Marcelo Gustavo Molina (2016), presented a detailed mathematical
model of a three-phase grid-connected photovoltaic generator in “Modelling and
Control of Grid-connected Solar Photovoltaic Systems”. The research showed
model of the PV array uses theoretical and empirical equations together with data
provided by manufacturers and meteorological data (solar radiation and cell
temperature among others) to predict the PV array characteristic curve.
MATLAB/Simulink was used to implement the model and control strategy of the
PV generator (Molina, 2016).

Limitations: While this research gave deep insight into modelling and control of
distributed generation systems integrated into the power grid using empirical
methods, it did not explore the integration of PV systems into the power grid from
system operations perspective.

The work “A Guidebook on Grid Interconnection and Islanded Operation of Mini-
Grid Power Systems Up to 200 kW™, provided further insight in interconnection
of existing mini-grids to national or regional energy infrastructure (Greacen et al.,
2013). It focuses on issues related to connecting existing small renewable
electricity (RE) generators to the utility grid. It was further stated that the merging
of renewable energy systems with the power grids required standardized best
practices and technologies to ensure safety, efficiency, reliability, and best value
for mini-grid operators, utilities, and their customers.

Limitations: The study considered mini-grids up to 200kW and also integrated at
the low voltage interface.

In addition, Xoubi (2015) studied the “Viability of a Utility-Scale Grid-Connected
Photovoltaic Power Plant in the Middle East”. The study examines the technical
and economic potential of utility-scale PV electricity generation in the Middle East

(Xoubi, 2015). It concluded, based on its findings, that a utility-scale PV power

31



plant is a viable option in Jordan and that it is capable of fulfilling a sizable portion
of the country’s energy needs at a competitive cost.

Limitations: Focuses on energy yield and cost component of grid tied utility scale
PV systems in the Middle East. The study does not capture the peculiarities of the
Nigeria electric grid.

Furthermore, M Oman et al. (2019) designed and simulated a PV system operating
in Grid connected and stand-alone modes in an area where there are frequent black
outs. In their work “Design and Simulation of a PV System Operating in Grid-
Connected and Stand-Alone Modes for Areas of Daily Grid Blackouts”, the
system which includes a storage battery block with a proper capacity to secure for
continuous power supply of a residential house with a daily energy load of 10 kwWh
(Omar & Mahmoud, 2019). It was found the system was able to cover the total
daily energy demands of the house including the outlined electricity cutoff hours.
Matlab software was used to simulate the system, where the daily load curve, grid
cutoff hours, and the monthly solar radiation are considered. The obtained
simulation results show that the produced PV energy exceeds the load demands
during nine months of the year, and thereby, a high battery state of charge (SOC)
in the range of 73-84% is achieved.

Limitations: The research does not cover a global scope for load considerations, it
used only a 10kWh load

D. O.Johnsonand A.A. Ogunseye‘s work “Grid-Connected Photovoltaic System
Design for Local Government Offices in Nigeria” designed a roof-mounted Grid-
connected 148.5kWp Photovoltaic System with Energy Storage for use in a Local
Government secretariat in Nigeria. The design was simulated using PV*SOL
software to evaluate the system’s production performance and to know the amount
of electric power generation for every day of the year. The result shows that the
PV system’s daily production far exceeds energy demand in the building. (Johnson
& Ogunseye, 2017)
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Limitations: The research does not cover a global scope for load considerations. It
does not reflect the islanded grid system.

M. Kesraoui et al also reflected the modeling and simulation of grid connected
solar PV system in “Grid Connected Solar PV System: Modeling, Simulation and
Experimental Tests” where a solar PV system was modeled, simulated and
experimentally tested. Then simulation work of the current voltage (I-V)
characteristics and efficiency by using MATLAB/IMULINK was performed and
disturbances and cases like blackout, load disconnection and islanded system have
been investigated. Results that have been obtained showed that the grid connected
PV system responds adequately to all the applied disturbances.

Research Gaps.

The review of related works revealed the following gaps:

iv.  There is a notable lack of studies analyzing large-scale PV systems
integrated with existing grid infrastructure.

V. Most research provides limited insights into cost-related aspects of
large-scale PV systems within the Nigerian energy context.

vi.  There is insufficient data on the performance and operational behavior
of utility-scale PV systems when integrated into the Nigerian grid.

vii.  Research on islanding sections of Nigeria’s 132kV grid remains limited.
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1. CHAPTER THREE
MATERIALS AND METHODS
3.1 Introduction

In this chapter, the procedure taken to actualize the project objectives is outlined.

The materials, mathematical calculations and models will be fully discussed.
3.2 Materials
3.2.1 Physical Materials

I. A data collection printout, used to collate the various system parameters of the
selected network for example impedance per unit length of the transmission lines.

This was printout was designed using Microsoft excel spreadsheet.
3.2.2 Software Tools.

I. PowerWorld Simulator 20 Educational Version.

Ii. Microsoft Excel Spreadsheet.

PowerWorld

This is high level simulation software developed by PowerWorld Corporation that
deploys graphic user interface capabilities in the modeling and analysis of power

systems. Some of its uses include
° Modeling

° Simulation

° Visualization

° Developing Scientific graphics
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Microsoft Excel Spreadsheet

This Microsoft-developed application is utilized in this project for data tabulation,

analysis results, and, in some cases, graphical presentations.

Data collection template

The template in Table 3.1 was used to collect the data of the generation stations,

transmission lines, inter bus transformers and loads that are connected to the

chosen network. The various parameters like voltage ratings, power ratings,

voltage ratios, frequency etc.

Table 3.1: Data collection template.

GENERATORS
VOLTAGE | POWER Voltage ACTIVE
RATING RATING Magnitude | POWER
S/IN | GENERATOR [ (kV) (MW) (p.u) (p.u) Qmax (p.u) | Qmin (p.u)
TRANSFORMERS
VOLTAGE | POWER PRI/SEC
TRANSFORM | RATING RATING FREQUEN | VOLTAG | RESISTAN | REACTANCE
SIN | ER (kV) (MVA) CY (Hz) E RATIO CE (P.U) (P.U)
TRANSMISSION LINES
VOLTAGE POWER
TRANSMISSI RATING RATING | FREQUEN | LENGTH | RESISTAN REACTANCE
S/N | ONLINE (kV) (MW) CY (Hz) (km) | CE (P.U) (P.U)
LOADS
REACTI
VOLTAGE | POWER ACTIVE VE
LOAD RATING RATING POWER POWER
S/IN | CENTERS (KV) (MVA) (p.u) (p.u)
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Note this template was distributed in 2019 to the transmission company of Nigeria,
Owerri work center, Alaoji Transmission station and Afam Generating stations.
The systems controllers obliged with the system parameters and data of the

networks.
3.3 METHODOLOGY

In this section the steps that will be taken to achieve the objectives of the project

were presented.
3.3.1 Network Selection and Data Collection.

The approach taken before carrying out the performance analyses are shown

below:

I. The Nigeria Electric Grid Spanning Afam power station to Yenogoa

transmission station was considered.

ii.  The generation stations, Gbarain PS and Afam PS were contacted and

requisite data collected.

Ii.  The transmission stations were contacted and the line and load profile data

collected.

Iv.  Meetings with system operators were held to discuss the need and the

feasibility of the project.
V. Data of cost components of the system were collected.
3.3.2 Procedure for the project.
The algorithm for the project is as stated below;

I. Collection of data: this involves the data of the generation stations,

transmission lines, inter-bus transformers and connected loads.
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V.

Vi.

Model system in PowerWorld: This will include creating models of the
network the system without Utility Scale PV systems and with PV systems

integrated.

Carry out load flow analysis of the system: This will include load flow

analysis of the system

a. Without PV systems integrated
b. With PV systems integrated
Develop a contingency list.

Conduct contingency analysis.

Carry out cost analysis of the different plants.

3.3.3 Flow Charts

A flowchart represents a workflow or process. It is a diagrammatic representation

of an algorithm, a step-by-step approach to solving a task. The flow chart in figure

3.1 depicts the procedure for the project.

Collection of Data
(Generation stations, transmission lines, transformers, loads)

Model System in PowerWorld
(Without & With PV systems)

Load Flow Analysis

Without PV Systems @

Develop Contingency List

Cost Analysis of Plants

Figure 3.1: Flow chart for the procedure.
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3.2.4 Data of Generation Stations.

Table 3.2 outlines the selected generation stations and their base specifications
namely, Voltages in kilovolts and maximum active power rating. Note the
maximum power rating is necessarily not the power the generating stations often

export. For example, the Afam PS do not often exceed 1000MW.

Table 3.2: Generation station Voltage and power ratings (Niger Delta Power

Holding Company).

SIN Generating Stations Type of Turbine Voltage (kV) Power (MW)
1 AFAM PS AFAM VI ST 330 200
GT11 330 160
GT12 330 150
GT13 330 150
AFAM IV GT17 330 85
GT18 330 85
AFAM IPP GT1 330 180
TOTAL 1010
2 GBARAIN PS GT 132 120

3.2.5 Inter-Bus Transformers.

The inter-bus transformers and the requisite specifications namely frequency,
power rating in MVA, primary/secondary voltage ratios, Reactance
and %impedance, for the analysis are populated in Table 3.3. Note the interbus
transformers enable the Alaoji bus to be operated at 132kV, Hence the voltage
level for this analysis is 132kV starting at Alaoji bus.
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Table 3.3: Data of the inter-bus transformers (Transmission Company of Nigeria:
TCN).

S/ | Transformers Power Freq. | Pri/Sec XP,u %Z
N (MVA) Voltage
Ratio
1 | 330/132kV Tx at Alaoji (T2) | 150 50 2.5 0.07573 | 11.36
2 | 330/132kV Tx at Alaoji (T3) | 150 50 2.5 0.07573 | 11.36
3 | 330/132kV Tx at Alaoji (T4) | 300 50 2.5 0.04523 | 13.57
4 | 330/132kV Tx at Afam (T1) 164 50 2.5 0.07074 | 11.46
5 |330/132kV Tx at Alaoji (T2) | 150 50 2.5 0.07573 | 11.36
3.2.6 Loads.

In Table 3.4 the maximum rated electrical loads (apparent, active and reactive

power) at the 132/33kV substations are shown.

Table 3.4: Load Data ((Transmission Company of Nigeria).

S/N | Load Centers Voltage (kV) Power Active Power | Reactive Power
(MVA) (MW) (MVAR)

1 PH MAIN 132 180 144 36

2 ABATS 132 187.5 150 37.5

3 UMUAHIATS | 132 80 64 16

4 OWERRI TS 132 160 128 32

5 AHOADATS | 132 80 64 16

6 YENOGOATS | 132 130 104 26
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3.2.7 Transmission Lines

Table 3.5 shows the parameters of the transmission lines in the network, namely

the transmission lines, bus voltages, maximum active power drawn, frequency,

line length, reactance and resistance in per unit values.

Table 3.5: Transmission Line Data (Transmission Company of Nigeria).

SIN Transmission Lines Voltage | Power MW | Freq. | Length (km) | Resistance p.u Reactance p.u
kv

1 Afam- Alaoji Line 1 330 400 50 25 0.0009825 0.0073898

2 Afam- Alaoji Line 2 330 400 50 25 0.0009825 0.0073898

3 Afam- Alaoji Line 1 132 300 50 30 0.0047001 0.058801

4 Afam- Alaoji Line 2 132 300 50 30 0.0047001 0.058801

5 Alaoji-PH Line 1 132 144 50 37 0.0002121 0.0770005

6 Alaoji-PH Line 2 132 144 50 37 0.0002121 0.0770005

7 Alaoji-Aba Line 1 132 100 50 7 0.0011204 0.01412

8 Alaoji-Aba Line 2 132 100 50 7 0.0011204 0.01412

9 Alaoji-Umuahia 132 80 50 57 0.0022401 0.016845
Linel

10 Alaoji-Umuahia 132 80 50 57 0.0022401 0.016845
Line2

11 Alaoji-Owerri Line1 | 132 100 50 60 0.0112947 0.1412004
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12 Alaoji-Owerri Line2 | 132 100 50 60 0.0112947 0.1412004

13 Owerri-Ahoada Line | 132 100 50 74 0.0029084 0.021869
1

14 Owerri-Ahoada Line | 132 100 50 74 0.0029084 0.021869
2

15 Ahoada- 132 50 50 37.5 0.0014542 0.0109345
GbarainLinel 1

16 Ahoada- 132 50 50 37.5 0.0014542 0.0109345
GbarainLinel 2

17 Gbarain-Yenogoa 132 50 50 375 0.0014542 0.0109345
Linel

18 Gbarain-Yenogoa 132 50 50 375 0.0014542 0.0109345
Line2

3.2.8 Single Line Diagrams of the Network

Figure 3.2 is the single line diagram of the power system network. This represents
the model of the selected system as it is currently. It shows all the generating
stations, buses and transformers of interest. Note for the purpose of clarity the

protection equipment were excluded in the model.

A
PH Main
132kV'SS
z T
Alaoji ABA
132KV 3 132KV SS .
l FAN
_L Ahaoda
” Owerri 6 132KV SS Yenogoa
o B co— 132KV SS 132KV SS
( GS /\ - DS ‘ ‘
M - T4 e
AFAM T1] |p T | l
PS330kV QO L S g — 2 . l I ‘ .
330KV/132k\V ! Ahaoda L8 5
132kvss [ .
(cs)
4 N
Umuahia GBARAIN
132kVSS 32KV
AFAM 7/ PS 132K
PS 132kV

Figure 3.2: Single Line Diagram of the network
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In Figure 3.3 diagram is the single line diagram of what the modified network will
look like when integrated with PV systems. The PV plants are strategically located

at the existing generation buses.

PH Main
132KV SS
~ A
Alaoji T ABA
132KV 3 132kV'SS
1 I
a— Ahaoda
Owerri 6 132KV SS
Lo 132kv'SS G e
/\\ CO— & 132KVSS
( GS } — C0—
N i T4~
AFAM il =S
0S 330KV Alaoji > { >
13330k 330kV/132kV 5 7 18 [
Ahaoda ~ N 9
oy 132KV SS ( Ey
KPVGS; 4 \
Nt Umuahia GBARAIN
— 132KV SS o~ PS 132kV
PS 132KV QVGS)
s

Figure 3.3: Single Line Diagram of the Modified Network.

3.2.9 Load Flow Analysis.

The derivation of power flow equations for a typical power system network are in

Figure 3.4 is done with the following equations.

Vi
yil V‘l
. V2
yi2 ‘
li o |
- Vn
yin |
|
yio
Figure 3.4: Typical Power System Network
The current entering the ith bus is given as
Ii = yiOVi+yi1 (Vi'V1)+yi2 (Vi'v2)+' ST yik(Vi'Vk) (31)
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Collecting like terms in egn 3.1, we have,
L= (it ot ) Vie v Vi Va - vy Vi (3.2)

The term (y, +y, ty,+... Ty, ) is the self-admittance and the coefficients of Vv,

V,, ...V, are the mutual admittances.

We simplify equation (3.2) as

=Y YuVgi=12..,n (3.3)
The complex power injected into the ith bus of the power system is

S; =Pi+jQ. = Vil; ; wherei=1,2,...,n (3.4)

Where V; is the ith bus voltage with respect to the earth and I; is the conjugate of

the current I;. The power conjugate therefore becomes,

S; = Pi-jQ, = ViL ;wherei=12,....,n (3.5)
Substituting I; into equation 3.5

S =P-jQ = Vi X, Yy Vi wherei=12,..,n (3.6)
Separating the real and reactive components of equation (3.6)

Real power = P; =R {V; 31, Y Vi} (3.7)
Real power = S; = — o {V; b, Yy Vi} (3.8)
The Voltage and the admittance in polar form as given as

V,=V,28;, Vi =V,z-8, and Yy, = Y 20y, (3.9)
The real and reactive powers in polar form are expressed

Real power = P=V, 30_, Yy Vi €0S (8;+ 8y &) (3.10)

Reactive power = Q; =V, Yh_, Yy Vi sin (6y+ 8. 8,) (3.11)
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Due the non-linearity of the above equations, numerical methods are employed in
the evaluation of the solutions to the equations. Several techniques exist like the
Newton Raphson, Gauss Seidel and the Fast Decouple methods. The Newton
Method is employed in this project.

The equations used for the Newton Raphson Method are as followed.

V,= V.ei® also V.= V,e 73! (3.12)
V.= V elok (3.13)
Yik: Yike_jaik (314)

6 and 6 are the phase angle and the admittance angle respectively.
Substituting equations (3.12), (3.13), (3.14) into equation (3.6)

Si =Pi-jQ, =Xk ViV, Yi d(Ok+31-3k)- \wherei=1,2,...,n (3.15)
Therefore:

Pi=Xk1 ViY, Vicos (6 + 8- 6))

= ViVini C0Ss6;;+ ZE:] YikVi Vk COos (eik+ Sk- 61) (316)

(1]

While
Q, =Xk=1  ViY, Vi sin (0y+ & 8;)

= ViViYii sin Gii+ Z]rg:_1 Y Vi Vi sin (eik‘i‘ 81(_ 81) (317)

k#1

3.2.10 PowerWorld Load Flow Simulation

The data of the various part of the network were input in the PowerWorld
Simulator. This was used to calculate the voltages, power flows, the voltage angles

of the busses. The PowerWorld base settings include

I Base MVVA =100
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Ii.  Voltage tolerance = +5%

ili.  Maximum number of iterations = 100

Iv.  Range of Voltage angle= + 10°

V. Power Factor = 0.8

vi.  Slack bus voltage and angle = 1.05 2 0.00°

vii. Slack Bus = Afam PS

viii. Machine models: REG-C (Renewable Energy Generator- Controller) for

PV generators and GENROU for Combined Cycle Gas Turbine.

The PowerWorld simulator is used to implement the system model and

subsequently to run analyses of the models. The different line, bus, transmission

and generation parameters are duly inputted the fields provided by the simulator.

In Figure 3.5 PowerWorld model of the network under analysis shows the one-
line diagram of the entire selected network. The actually generating capacities of

generation plants, inter-bus transformers, load buses and their capacities are

modelled using the functionalities provided by PowerWorld.

Afam

1000 MW
200 Myar

PS 330kv

150 MW

37,3 Mvar 144 MW

- Owierri 1.

Aba 132kV 55 36.0 Mvar
PH Main 132kV S5 0 Mvar
Ahaoda 132kV 55

kv 55 : Ahaoda 132kvV S5 ‘fenogoa

0 Mw

=
-

Afam PS 132kV

Umuahia 132kV 58
Alacji PS 132kV

64.00 MW
16 Mvar

p—
128 MW
32 Mvar

Gharain PS5 132kV
120 MW/

30 Mvar

[ L

32kV 55

104 MW
26 Mvar

Figure 3.5: PowerWorld model of the network
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The modified model sees an integration of an appropriate Utility scale PV systems
at the generator buses and their parameters duly inserted. This is possible as
PowerWorld provides structures that can accept basic parameters required for the
analyses. Note the REG-C model was selected in the PowerWorld setup, with the

real power capacities included.

Figure 3.6 depicts PowerWorld model of the modified network. The 500MW
Photovoltaic generation plant was connected to Afam PS 132kV bus and another
120W Photovoltaic generating plant connected to Gbarain PS. This selected was

made with the demand capacity at the load centers in mind.

150 MW
37,5 M 14
36.0 Mvar

Aba 132KV 55 fd MW
16 Mvar

; " PH Main 132kV S
Atam PS 330 : Ahaoda 132KV 83
) [FEE Oveti 324V 5 Ahaod 132KV 55 Yenogoa 1324V 55

LLL.E

sy
.—| =
— » .
18 MW
1000 MW X X N
200 Mar - " ; 32 bhvar 104 MW
) Uniha 12055 Gharan PS 132KV 2 Mt
500 MW A‘aﬂ]\ PS 132kV 120 MW @
0 Mvar Afam PS 132kV 64,00 MW 0 Mvar 0

16 Mvar 30 Mvar

Figure 3.6: PowerWorld Model of the Network with PV systems integrated.

PowerWorld allows for settings such as maximum and minimum power output
(both active and reactive power), voltage regulation settings, machine models,

governor types, general MVVA base etc.
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3.2.11 Contingency Analysis

Since the Photovoltaic system is a still a budding development, it is crucial to
explore the behaviour of the system under an unexpected or planned system outage
to detect the weakness that the network will bear. Contingencies can exist as the
result of the outages of the system elements such as: generator, network
transmission lines and system transformer for the purpose this work, we focus on
the effect of outages of generating stations, particularly with the PV systems

integrated and the effect of variability of the photovoltaic source on the system.
3.2.12 Contingency L.ist

The contingency list is set in order to identify the effect of contingencies on the
system operation and to experience which critical contingencies causes most

violation of the system (Alex, 2015). In this project, the contingencies tested are
I. Open Afam 330kV power station without the photovoltaic systems

ii.  Open Gbarain 132kV power station without the photovoltaic systems

iii.  Open Afam 330kV power station with the photovoltaic systems

iv.  Open Gbarain 132kV power station with the photovoltaic systems

V. Zero Insolation at Afam 132kV Photovoltaic Station

vi.  Zero Insolation at Gbarain 132kV Photovoltaic Station

The PowerWorld simulator was used for the simulation of each of the

contingencies.
3.2.13 Levelized Cost Energy Calculations

The levelized cost of electricity (LCoE) was evaluated for the two different power
generation sources namely natural gas and solar energy. The Nigerian Electricity
Regulation Council employs the US department of energy method of calculating

LCOE. The formula is given below
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Capital Cost*CRF*(1-T*Dpy ) Fom
= ; + : +Vom+Fo*H; (3.18)
8760*Capacity factor*(1-T) 8760*Capacity Factor

LCoE

CRF = capital recovery factor, turning capital costs into annual values (if capital
Is financed at discount rate D)

Fom = Fixed Operation and maintenance Costs.

F, =Fuel price.

H, =Heat rate.

Vom = Variable Operation and maintenance Costs.

T= Tax rate, DPv = Depreciation Factor

_ D*(1+D)N

CRF =
(1+D)N-1

(3.19)

D = Discount rate

N= Lifetime of System.

The cost components for evaluating LCoE are itemized in the next table.

The following values in table 3.6 are the cost components for LCoE evaluations
of CCGT and PV systems. It represented the capital cost, the unit of cost measure,
the two systems under consideration namely Combined cycle gas turbines
(CCGT), steam turbines, Gas turbine and photovoltaic systems.

Table 3.6: Cost Components of the LCoE for GT and PV systems (Lazard,

2023)(TCN)

PARAMETERS UNIT GT PV
Capital Cost $/kW 1300 1400
Fixed O & M $/KW-YTr 17 14
Variable O & M $/kWh 0.005 0
Capacity Factor % 80 15
Discount Rate % 11 9
Fuel Cost $/MMBtu 2.92 0
Depreciation % 10 8
Tax Rate % 5 0
Heat Rate Btu/KWh 6900 0
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Assuming N = 20 years and calculating the LCoE using equation (3.18) and (3.19)
1. For Open cycle gas turbine (GT).

_0.11%(1.11)%°

CRF = L1D)™1 =0.1256

1300*0.1256*(1-(0.05*0.1))) +( 17
8760%0.8*(1-0.05) 8760%0.8

= 0.0970 $/kWh
2. For PV systems

2.92
LCOE = ( )+ 0.05 + (=5 * 6900)

- 0.09%(0.09)°

= =0.1095
(1.09)%0-1

1400%0.1095%(1-(0%0.08))y 14

LCoE = ( 8760*0.15%(1-0) ) (8760*0.15

)+ 0+ (0*0)=0.1273 $/kWh
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CHAPTER FOUR
RESULTS AND DISCUSSION

RESULTS AND DISCUSSION

This chapter presents results and discussion of the objectives in chapter 3:

. Load flow analysis of the network without PV system

Il Load flow analysis of the network with PV system integrated

ii.  Contingency analysis of the network without PV system integrated.

Iv.  Contingency analysis of the network with PV system integrated.

V. LCoE calculation of the systems.

4.1 RESULTS FROM LOAD FLOW ANALYSIS OF THE NETWORK
WITHOUT PV SYSTEM

Table 4.1 shows the values of the various key parameters of the buses under
analysis when the photovoltaic systems are not integrated. The parameters of
interest are Bus no, nominal voltage, per unit voltage, voltage angle, loads
demanded and the generation from each station.

Table 4.1: Results of the PowerWorld Load Flow Simulation.

Nom Volt Angle Load Gen
Name kV PU Volt (kV) (Deg) Load MW | Mvar | Gen MW | Mvar
Afam PS 330kV 330 1.05 346.5 0.00 537.8 225.97
Afam PS 132kV 132 1.03063 136.043 | -2.82
Alaoji PS
132kV 132 1.01356 133.79 -5.10
Umuahia 132kV
SS 132 1.01151 133.519 | -5.39 64 16
Aba 132kV SS 132 1.01006 133.328 | -5.68 150 37.5
PH Main 132kV
SS 132 0.998 131.736 | -8.24 144 36
Gbarain PS
132kV 132 0.96317 127.139 | -12.02 120 30
Owerri 132kV
SS 132 0.96164 126.936 | -12.28 128 32
Yenogoa 132kV
SS 132 0.96089 126.837 | -12.36 104 26
Ahaoda 132kV
SS 132 0.95593 126.182 | -13.12 64 16
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From the results of the load flow analysis of the system as shown in the Figure
4.1, the following is deduced.

a. All the bus voltage magnitudes are within the acceptable limit of +5%

b. There are violations of bus voltage angles at buses 8,9,10, 11, 12, which are
not within the + 10° range. This is explained by the fact that Gbarain PS is not
sufficient to boost the real and reactive power supply at that end and there are NO
reactors installed at the downstream station for compensation of losses. Hence the
need for a system that can boost supply and compensate for losses. The
Photovoltaic system comes as a viable option.

C. The major active and reactive power demand is on Afam 330kV which will
definitely have impact on system stability. Therefore, the system is always close
to the tipping point and this explains clearly the partial collapses often experienced
in this segment.

In Figure 4.1 and Figure 4.2 the graphical representation of the bus voltage p.u
and voltage angle in degrees for each of the buses are plotted in bar charts. This

shows the various voltage levels observed per bus during the analyses.
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Figure 4.1: Bar chart of the Bus voltages without PV system.
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Figure 4.2: Bar chart of VVoltage angles without PV system.
4.2 RESULTS FROM LOAD FLOW ANALYSIS OF THE NETWORK
WITH PV SYSTEM
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The results from LFA with the PV system integrated are tabulated with the value

of several parameters shown. The parameters of interest again are Bus no, nominal

voltage, per unit voltage, voltage angle, loads demanded and the generation from

each station. In this case the PV systems are integrated.

Table 4.2: Results of the Power World Load Flow Simulation with PV system

integrated
Bus Nom Angle | Load | Load |Gen | Gen
No Name kv PU Volt | Volt (kV) | (Deg) | MW | Mvar | MW | Mvar
1 | Afam PS 330kV 330 1.05 346.5 0 1732 | 1914
2 | Afam PS 132kV 132 | 1.03328 136.392 2.46 400 0
4 | Alagji TS 132kV 132 1.0173 134.283 | -1.85
5| Aba 132kV SS 132 | 1.0138 133.822 | -2.43 | 150 37.5
PH Main 132kV
6| SS 132 | 1.0018 132.238 | -4.97 144 36
Umuahia 132kV
7| SS 132 | 1.01525 134.013 | -2.14 64 16
Owerri 132kV
8| SS 132 | 0.97648 128.895 -4 128 32
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Ahaoda 132kV
9SS 132 | 0.97086 128.153 | -4.82 64 16
Ahaoda 132kV
10 | SS 132 | 0.98055 129.433 | -2.23
Gbarain PS
11 | 132kV 132 | 0.98171 129.586 | -1.79 240 30
Yenogoa 132kV
12 | SS 132 | 0.97948 129.291 | -2.12 104 26

The results in Table 4.2 show a clear improvement when the PV systems were
integrated into the select segment of the grid. The following can be clearly seen.
a. All the bus voltage magnitudes are within the acceptable limit of +5%, even
with more improvement in values.

b. There are no violations of buses angles as all are within the + 10° range.
This is due to the fact that the PV systems assisted in improving the bus angle by
supplying more active power.

C. The reactive power demand on Afam PS was greatly reduced as the PV
system relieved the station of that demand. This implies that when the PV is
available we it can deliver most of the required real power in system. This will
greatly impact on fuel cost as we will show later.

The bar chart in figure 4.3 showing the bus voltage profile after analysis presents

an interesting observation.

Bus Voltage Profile
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Figure 4.3: Bar chart of Bus Voltages with PV system
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Again, a plot of voltage angle profile further interesting behaviour in Figure 4.4

of the various buses presents are marked difference upon integrating PV systems.
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Figure 4.4: Bar chart of Voltage angles with PV system

4.3 RESULTS FROM CONTIGENCY ANALYSIS OF THE NETWORK
WITHOUT PV SYSTEM

The contingency lists and the results of the simulations are shown in the tables 4.4.
Here we see the various parameters considered namely the contingency label,
violations, the least voltage encountered, the category, elements affected, value,
limit etc.

Table 4.3: Results of the Power World contingency analysis without PV system

Max
Contingency Branch | Min
Label Violations % Volt
OPEN Afam
330kV PS 14 | 632.3| 0.653
OPEN
Gbarain
132kV PS 7| 138.5| 0.866
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VIOLATION SUMMARY WHEN AFAM 330kV PS WAS OPENED WITHOUT PV

Nom
kv

Category Element Value Limit Percent | Assoc.
Owerri 132kV SS ( 8) -> Alaoji PS 132kV (4) CKT

Branch MVA | 1 at Owerri 132kV SS 247.28 125 197.82 132
Owerri 132kV SS ( 8) -> Alaoji PS 132kV (4) CKT

Branch MVA | 2 at Owerri 132kV SS 247.28 125 197.82 132
Ahaoda 132kV SS ( 10) -> Owerri 132kV SS (8)

Branch MVA | CKT 1 at Ahaoda 132kV SS 779.82 125 623.85 132
Gbarain PS 132kV ( 11) -> Ahaoda 132kV SS (10)

Branch MVA | CKT 1 at Gbarain PS 132kV 404.37 62.5 646.99 132
Gbarain PS 132kV ( 11) -> Ahaoda 132kV SS (10)

Branch MVA | CKT 2 at Gbarain PS 132kV 404.37 62.5 | 646.99 132

Bus Low

Volts Afam PS 330kV (1) 0.5676 0.95 59.75 330

Bus Low

Volts Afam PS 132kV (2) 0.5676 0.95 59.75 132

Bus Low

Volts Alaoji TS 132kV (3) 0.5676 0.95 59.75 330

Bus Low

Volts Alaoji TS 132kV (4) 0.5676 0.95 59.75 132

Bus Low

Volts Aba 132kV SS (5) 0.5618 0.95 59.13 132

Bus Low

Volts PH Main 132kV SS (6) 0.5378 0.95 56.61 132

Bus Low

Volts Umuahia 132kV SS (7) 0.5642 0.95 59.39 132

"Bus Low

Volts Owerri 132kV SS (8) 0.8298 0.95 87.35 132

Bus Low

Volts Ahaoda 132kV SS (9) 0.8231 0.95 86.64 132

The table 4.4 shows the contingency analysis without PV system. The violation

summary is presented with respect to the category of violation, element affected,

value, nominal voltage etc
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Table 4.4: Results of the Power World contingency analysis without PV system

VIOLATION SUMMARY WHEN GBARAIN 132 kV PS WAS OPENED WITHOUT PV
Nom kV

Category Element Value Limit Percent | Assoc.
Bus Low Volts Yenogoa 132kV SS (12) 0.8661 0.95 96.23 132
Bus Low Volts Owerri 132kV SS (8) 0.882 0.95 98 132
Bus Low Volts Ahaoda 132kV SS (9) 0.8757 0.95 97.31 132
Bus Low Volts Ahaoda 132kV SS (10) 0.8712 0.95 96.8 132
Bus Low Volts Gbarain PS 132kV (11) 0.8686 0.95 96.51 132

Alaoji PS 132kV (4) -> Owerri 132kV
Branch MVA SS (8) CKT 2 at Alaoji PS 132kV 173.07 125 | 138.46 132

Alaoji PS 132kV (4) -> Owerri 132kV
Branch MVA SS (8) CKT 1 at Alaoji PS 132kV 173.07 125 | 138.46 132

The results in Figure 4.3 registered 14 violations when Afam PS was suddenly lost.
The violations are severe as seen from the 9 bus voltage violations and 5 transmission
line violations, thus whenever Afam PS is lost, the segment must collapse if any
external source is not quickly brought in from the grid. Again, losing Gbarain PS
recorded 5 bus voltage violations as shown in Table 4.4, which exceeded the +5%
voltage limits and overloaded Alaoji-Owerri line with above 30%, this could lead to
loss of that transmission line thus compromising the system. Thus, this network as
Is, requires further redundancies as this contingency tested can trigger a system

collapse of the entire grid.

4.4 RESULTS FROM CONTIGENCY ANALYSIS OF THE NETWORK
WITH PV SYSTEM

In table 4.5, the contingency lists and the results of the simulations are shown in the
Again, we see the various parameters considered namely the contingency label, no
of violations, the least voltage encountered, the category, elements affected, value,

limit etc.
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Table 4.4: Results of the Power World contingency analysis with PV system

Contingency Max Min

Label Violations Branch % | Volt Max Volt
Open Afam

330kV 3 108.8

Open Gbarain

132kV 0
Nom

Category Element Value Limit | Percent kv
Ahaoda 132kV SS ( 10) -> Owerri 132kV SS (8)

Branch MVA CKT 1 at Ahaoda 132kV SS 135.79 125 108.63 132
Gbarain PS 132kV ( 11) -> Ahaoda 132kV SS

Branch MVA ( 10) CKT 1 at Gbarain PS 132kV 67.98 62.5 108.76 132
Gbarain PS 132kV ( 11) -> Ahaoda 132kV SS

Branch MVA (10) CKT 2 at Gbarain PS 132kV 67.98 62.5 108.76 132

The results showed improvements when the Afam 330kV PS was opened. The
following could be deduced.

a. There were only 3 violations which is far removed from the 13 violations
recorded without PV system.

b. There were no bus voltage violations.

c. The percentage violations of the transmissions are negligible compared to the
results got without PV systems. These lines overload can be remedied by simply
increasing line capacities.

Hence, the PV systems will provide a high degree of stability when there is outage
of any of the generation plants.

4.6 RESULTS FROM CONTIGENCY ANALYSIS OF THE NETWORK
WHEN THERE IS ZERO INSOLATION AT THE PV POWER STATIONS
The basic challenge faced with PV systems is the variability of the source- the sun.

We cannot certainly predict whether the sun will shine at the time we need it and
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will definitely not be available at night. The results in Table 4.6 tested the effect
of losing any of the PV systems.

Table 4.6: Results of the Power World contingency analysis when there is zero

insolation.
Min Max

Contingency Label Violations Max Branch % Volt | Volt
Zero Insolation @
Afam 3 108.8
Zero Insolation @
Gbarain 2 131.1

VIOLATIONS WHEN THERE IS ZERO INSOLATION AT AFAM PVGS

Nom
Category Element Value Limit | Percent kv
Branch Ahaoda 132kV SS ( 10) -> Owerri 132kV SS (8)
MVA CKT 1 at Ahaoda 132kV SS 135.79 125 108.63 132
Branch Gbarain PS 132kV ( 11) -> Ahaoda 132kV SS ( 10)
MVA CKT 1 at Gbarain PS 132kV 67.97 62.5 108.76 132
Branch Gbarain PS 132kV (' 11) -> Ahaoda 132kV SS (' 10)
MVA CKT 2 at Gbarain PS 132kV 67.97 62.5 108.76 132
VIOLATIONS WHEN THERE IS ZERO INSOLATION AT GBARAIN PVGS
Nom

Category Element Value Limit | Percent kv
Branch Alaoji TS 132kV ( 4) -> Owerri 132kV SS (8) CKT
MVA 1 at Alaoji PS 132kV 163.88 125 131.1 132
Branch Alaoji TS 132kV (  4) -> Owerri 132kV SS (8) CKT 2 at
MVA Alaoji PS 132kV 163.88 125 1311 132

The violations observed are transmission lines overload occasioned by the demand
for more active power from
a. Gbarain PS when there was zero insolation at Afam 132kV PVGS, Owerri-
Ahoada line 2 and Gbarain-Ahoada Linel&2 being the trunk lines in this case (see
appendix for branch flows).
b. Afam PS when there was zero insolation at Gbarain PVGS, Alaoji-Owerri
transmission lines. These can be mitigated again increasing line capacities of the

affected lines.
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4.6 RESULTS FROM COST ANALYSIS

The LCoE calculation in Chapter three was based on the variables collated. The
tax rate was based only on the VAT for gas supply. The calculated LCoE for the
open cycle gas turbines is 0.0970 $/kWh, while LCoE for PV system is 0.1273
$/kwh. While gas-fired power plants remain more cost-effective in the short term,
PV systems offer a competitive alternative over the long run due to their

decreasing costs and lower operating expenses.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION
5.1 CONCLUSION

The performance evaluation of an islanded Nigerian electricity network was
conducted with a clear focus on predefined objectives. Using PowerWorld
Simulator, both load flow analysis and contingency analysis were performed on a

modified network incorporating a photovoltaic (PV) system.

In the load flow analysis of the network without PV system integration, significant
variations in bus voltage angles were observed. Specifically, voltage angle
deviations exceeded 10°, which could trigger relay operations, leading to the
disconnection of multiple system segments. Additionally, the primary power
demand was concentrated on Afam Power Station (PS), increasing the risk of

instability in islanded conditions or in the event of an Afam PS outage.

Conversely, integrating PV systems into the network improved system
performance. The PV system effectively supplied load demand when available,

maintaining bus voltage angles within acceptable operating limits.

The contingency analysis further demonstrated that, without PV integration, the
system exhibited significant instability, rendering intentional islanding
impractical. The integration of PV systems mitigated this instability, reducing the

number of severe violations from 14 to 3.

Furthermore, the levelized cost of electricity (LCoE) analysis provided insight into
the economic implications of PV integration. At an exchange rate of 1,670.74
NGN/USD, the LCoE for conventional power sources was calculated at 162
NGN/KkWh, whereas the LCoE for PV systems was 212 NGN/kWh. Despite the
higher initial cost, the PV system presented a favorable long-term cost implication

due to potential reductions in fuel dependency and operational costs.
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5.2 RECOMMENDATIONS

This work is recommended for all power generation companies in Nigeria
(GenCos). Once Nigeria power network is strengthened, the next challenge will
be low generation capacity. This will lead to more electricity supply challenges in
Nigeria. Generation companies can use the PV systems as relief stations when
there is good insolation and gas supply is low. They can also use PV systems
integrated to the grid to control electricity tariff because while deploying the
system, cheaper electricity costs are likely going to be achieved.

5.3 RECOMMENDATIONS FOR FURTHER STUDIES

In view of the need to push this research across new frontiers, the following are
recommendations for further study.

a. The concept of islanding of power system in Nigeria electric grid with the
focus on full integration renewable systems viz solar, wind etc., at
transmission voltage levels should be further studied.

b. Furthermore, more studies should be done on the deployment and
performance of renewable energy systems, not limited to solar energy
system, integrated into existing 33kV power grid in Nigeria.

c. Again, research interests should be generated along lines the application of
internet of things (loT) to the existing grid with renewable energy systems
integrated.

5.4 CONTRIBUTIONS TO KNOWLEDGE

This study contributes to knowledge in power system stability, renewable energy

integration, and economic viability by:

1. Islanded Grid Stability Analysis — Identifies the instability of Nigeria’s
islanded power network without PV integration, particularly due to over-reliance
on Afam Power Station.

2. Voltage Stability Improvement — Demonstrates that PV integration reduces

voltage angle deviations, ensuring operational stability.
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3. Enhanced Contingency Performance — Shows that PV systems reduce severe
system violations from 14 to 3, improving fault tolerance.

4. Economic Viability of PV Systems — Provides real-world cost comparisons,
showing an LCoE of 162 NGN/kWh for conventional power vs. 212 NGN/kWh

for PV, supporting discussions on renewable energy investment.
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APPENDIX

BRANCH FLOWS WITHOUT PV

To Branch
From From Numb Device MW Mvar | MVA | Lim % of MVA MW | Mvar
Number | Name er To Name Type From | From From MVA | Limit (Max) Loss | Loss

Afam PS Afam PS Transforme

1 | 330kV 2 | 132kv r 75.2 30.6 81.2 162 50.1 0 4.23
Afam PS Afam PS Transforme

1 | 330kV 2 | 132kv r 70.2 28.6 75.8 150 50.6 0 3.95
Afam PS Alaoji PS

1 | 330kV 3| 132kV Line 196.2 834 | 2132 500 426 | 041 3.05
Afam PS Alaoji PS

1 | 330kV 3 | 132kv Line 196.2 83.4 213.2 500 42.6 0.41 3.05
Afam PS Alaoji PS

2 | 132kV 4 | 132kV Line 72.7 255 77.1 300 257 | 0.26 3.29
Afam PS Alaoji PS

2 | 132kv 4 | 132kVv Line 72.7 255 77.1 300 25.7 0.26 3.29
Alaoji PS Alaoji PS Transforme

3 | 132kv 4 | 132kV r 106.6 437 | 1152 150 76.8 0 9.25
Alaoji PS Alaoji PS Transforme

3 | 132kv 4 | 132kVv r 106.6 43.7 115.2 150 76.8 0 9.25
Alaoji PS Alaoji PS Transforme

3 | 132kv 4 | 132kV r 1784 732 | 1929 300 64.3 0| 15.49
Alaoji PS Aba 132kV

4 | 132kv 5] SS Line 75.1 19.6 77.6 125 62.1 0.07 0.83
Alaoji PS Aba 132kV

4 | 132kv 5] SS Line 75.1 19.6 77.6 125 62.1 0.07 0.83
Alaoji PS PH Main

4 | 132kVvV 6 | 132kV SS Line 72 22.3 75.4 180 41.9 0.01 4.26
Alaoji PS PH Main

4 | 132kv 6 | 132kV SS Line 72 22.3 75.4 180 419 0.01 4.26
Alaoji PS Umuahia

4 | 132kV 7 | 132kV SS Line 32 8.2 33.1 100 33.1 0.02 0.18
Alaoji PS Umuahia

4 | 132kv 7 | 132kV SS Line 32 8.2 33.1 100 331 0.02 0.18
Alaoji PS Owerri

4 | 132kVv 8 | 132kV SS Line 89.1 35.6 96 125 76.8 1.01 | 12.66
Alaoji PS Owerri

4 | 132kv 8 | 132kV SS Line 89.1 35.6 96 125 76.8 1.01 | 12.66
Owerri Ahaoda

8 | 132kV SS 9 | 132kV SS Line 64.1 17 66.4 125 53.1 0.14 1.04
Owerri Ahaoda

8 | 132kV SS 10 | 132kV SS Line -15.9 -3.2 16.2 125 13 0.01 0.06
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Ahaoda Gbarain PS
10 | 132kV SS 11 | 132kV Line -8 -1.7 8.1 62.5 13 0 0.01
Ahaoda Gbarain PS
10 | 132kV SS 11 | 132kVv Line -8 -1.7 8.1 62.5 13 0 0.01
Gbarain Yenogoa
11 | PS 132kV 12 | 132kV SS Line 52 13.3 53.7 62.5 86 | 0.05 0.34
Gbarain Yenogoa
11 | PS 132kVv 12 | 132kV SS Line 52 13.3 53.7 62.5 86 0.05 0.34
BRANCH FLOWS WITH PV
From To Branch MW Lim | % of MVA Mva
Numbe | From Num Device Fro Mvar | MVA | MV | Limit MW | r
r Name ber To Name | Type m From | From | A (Max) Loss | Loss
Afam PS Afam PS | Transform
1 | 330kV 2 | 132kV er -65.9 26.2 70.9 162 43.8 0| 323
Afam PS Afam PS | Transform
1 | 330kV 2 | 132kv er -61.6 245 66.3 150 442 0 3.02
Afam PS Alaoji PS
1 | 330kV 3| 132kV Line 724 70.3 | 100.9 500 202 | 0.09 | 0.8
Afam PS Alaoji PS
1 | 330kV 3 | 132kV Line 72.4 70.3 | 100.9 500 202 | 0.09 | 0.68
Afam PS Alaoji PS
2 | 132kV 4 | 132kV Line 136.3 223 | 1381 300 46 | 0.84 | 105
Afam PS Alaoji PS
2 | 132kv 4 | 132kV Line 136.3 223 | 1381 300 46 | 0.84 10.5
Alaoji
PS Alaoji PS | Transform
3 | 132kv 4 | 132kV er 394 37.9 54.6 150 36.4 0 2.07
Alaoji
PS Alaoji PS | Transform
3 | 132kv 4 | 132kV er 394 37.9 54.6 150 36.4 0 2.07
Alaoji
PS Alaoji PS | Transform
3 | 132kv 4 | 132kV er 65.9 63.5 91.5 300 30.5 0 3.47
Alaoji Aba
PS 132kV
4 | 132kv 51| SS Line 75.1 19.6 77.6 125 62.1 | 0.07 0.82
Alaoji Aba
PS 132kV
4 | 132kv 51| SS Line 75.1 19.6 77.6 125 62.1 | 0.07 0.82
Alaoji PH Main
PS 132kV
4 | 132kv 6 | SS Line 72 22.2 75.4 180 419 | 0.01 4.23
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Alaoji PH Main
PS 132kv

4 | 132kV 6 | SS Line 72 222 75.4 180 419 | 0.01 | 4.23
Alaoji Umuahia
PS 132kV

4 | 132kV 7SS Line 32 8.2 331 100 331 | 0.02 | 0.8
Alaoji Umuahia
PS 132kV

4 | 132kV 7SS Line 32 8.2 331 100 331 | 0.02 | 0.8
Alaoji Owerri
PS 132kV

4 | 132kv 8| SS Line 28.6 27.6 39.8 125 318 | 0.17 2.16
Alaoji Owerri
PS 132kV

4 | 132kv 8| SS Line 28.6 27.6 39.8 125 318 | 0.17 2.16
Owerri Ahaoda
132kV 132kV

8 | SS 9| SS Line 64.1 17 66.4 125 53.1 | 0.13 1.01
Owerri Ahaoda
132kV 132kV -

8 | SS 10 | SS Line 135.2 1.9 | 135.2 125 1086 | 056 | 4.19
Ahaoda Gbarain
132kV PS

10 | SS 11 | 132kv Line -67.9 -1.1 679 | 625 108.8 | 0.07 | 0.52
Ahaoda Gbarain
132kv PS

10 | SS 11 | 132kVv Line -67.9 -1.1 67.9 62.5 108.8 | 0.07 0.52
Gbarain Yenogoa
PS 132kV

11 | 132kv 12 | SS Line 52 13.3 53.7 62.5 86 | 0.04 0.33
Gbarain Yenogoa
PS 132kV

11 | 132kv 12 | SS Line 52 13.3 53.7 62.5 86 | 0.04 0.33
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PowerWorld Load Flow Simulation Results

[Powerworid
[BUS 1
GENERATOR
TO 2
TO 2
TO 3
TO 3
[BUS 2
TO 1
TO 1
TO 4
TO 4
[BUS 4
TO 2
TO 2
TO 3
TO 3
TO 3
TO 5
TO 5
TO 3]
TO 6
TO T
TO T
TO 8
TO 8
[BUS 8
LOAD
TO 4
TO 4
TO 9
TO 10
[BUS 10
TO 8
TO 11
TO 11
[BUS 11
GENERATOR
TO 10
TO 10
TO 12
TO 12
[BUsS 12
LOAD
TO 11
TO 11

Simulator Sun Jul 21, 201% §:47 AM Case: MySimul .PWB

Afam PS 330kVv 330.0 MW Mvar MVA % 1.0500 0.00 11

1 1396.00 349.00R 1439.0

Afam PS 132kV 1 75.19 30.60 81.2 50 1.0000TA 0.0

Afam PS 132kV 2 T0.23 28.59 75.8 51 1.0000TA 0.0

Alaoji PS 132kv 1 196.19 83.39 213.2 43

Alaoji PS 132kV 2 196.19 83.39 213.2 43

Afam PS 132kVv 132.0 MW Mvar MVA % 1.0306 -2.82 11

Afam PS 330kV 1 -75.1% -26.37 79.7 49 1.0000NT 0.0

Afam PS 330kV 2 -70.23 -24.64 74.4 50 1.0000NT 0.0

Alaoji PS 132kv 1 72.71 25.50 77.1 26

Alaoji PS 132kV 2 72.71 25.50 77.1 26

Alaoji PS 132kV 132.0 MW Mvar MVA % 1.0136 -5.10 11

Afam PS 132kV 1 -72.45 -22.22 75.8 25

Afam PS 132kV 2 -72.45 -22.22 75.8 25

Alaoji PS 132kv 1 -106.57 -34.48 112.0 75 1.0000NT 0.0

Alaoji PS 132kv 2 -106.57 -34.48 112.0 75 1.0000NT 0.0

Alaoji PS 132kv 3 -178.43 -57.74 187.5 63 1.0000NT 0.0

Aba 132kV SS 1 75.07 19.58 77.6 62

Aba 132kV SS 2 75.07 19.58 77.6 62

PH Main 132kV SS 1 72.01 22.26 75.4 42

PH Main 132kV SS 2 72.01 22.26 75.4 42

Umuahia 132kV S5 1 32.02 8.18 33.1 33

Umuahia 132kV S5 2 32.02 8.18 33.1 33

Owerri 132kv sSs 1 89.13 35.56 96.0 T7

Owerri 132kV S5 2 89.13 35.56 96.0 77

Owerri 132kV S8 132.0 MW Mvar MVA % 0.9616 -12.28 11
128.00 32.00 131.9 DistGen 0.00 0.00 0.

Alaoji PS 132kv 1 -88.12 -22.90 91.0 73

Alaoji PS 132kV 2 -88.12 -22.90 91.0 73

Ahaoda 132kv sSs 1 64.14 17.04 66.4 53

Ahaoda 132kv sSs 1 -15.90 -3.24 16.2 13

Ahaoda 132kV S8 132.0 MW Mvar MVA % 0.9629 -12.07 11

Owerri 132kv Ss 1 15.91 3.30 16.2 13

Gbarain PS 132kV 1 -7.95 -1.65 8.1 13

Gbarain PS 132kV 2 -7.95 -1.65 8.1 13

Gbharain PS 132kv 132.0 MW Mvar MVA ¥ 0.9632 -12.02 11

1 120.00 30.00H 123.7

Ahaoda 132kV 85 1 7.95 1.66 8.1 13

Ahaoda 132kV Ss 2 7.95 1.66 8.1 13

Yenogoa 132kV S5 1 52.05 13.34 53.7 B6

Yenogoa 132kV S5 2 52.05 13.34 53.7 B6

Yenogoa 132kV S5 132.0 MW Mvar MVA % 0.9%609 -12.36 11
104.00 26.00 107.2 DistGen 0.00 0.00 0.

Gbarain PS 132kV 1 -52.00 -13.00 53.6 86

Gbarain PS 132kv 2 -52.00 -13.00 53.6 B6

0

0
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Eowerﬂorld

us 1
GENERATOR
TO 2
TO 2
TO 3
TO 3
JEUS 2
GENERATOR
TO 1
TO 1
TO 4
TO 4
Mismatch
JEUS 4
TO 2
TO 2
TO 3
TO 3
TO 3
TO 5
TO 5
TO 6
TO [
TO 7
TO 7
TO 8
TO 8
JEUS 8
LOAD 1
TO 4
TO 4
TO 9
TO 10
Mismatch
JEUS 10
TO 8
TO 11
TO 11
JEUS 11
GENERATOR
GENERATOR.
TO 10
TO 10
TO 12
TO 12
Mismatch
JEUS 12
LOAD 1
TO 11
TO 11
Mismatch

Simulator Sun Jul 21, 201% 9:11 AM Case: MySimuZ2.PWB
Afam PS 330kV 330.0 MW Mvar MVA % 1.0500 0.00 1
1 1396.00 349%.00R 1439.0
Afam PS 132kv 1 -96.599 29.61 101.4 &3 1.0000TA 0.0
Afam PS 132kv 2 -90.60 27.66 94.7 63 1.0000TA 0.0
Alaoji PS 132kv 1 52.68 72 .65 8%.7 18
Alaoji PS 132kV 2 52.68 72 .65 89.7 18
Afam PS 132kV 132.0 MW Mvar MVA % 1.0321 3.63 1
1 500.00 0.00H 500.0
Afam PS 330kv 1 96.99 -23.01 99.7 62 1.0000NT 0.0
Afam PS 330kV 2 90.60 -21.49 93.1 62 1.0000NT 0.0
Alaoji PS 132kv 1 156.20 22.25 157.8 195
Alaoji PS 132kV 2 156.20 22.25 157.8 162

0.00 -0.00
Alaoji PS 132kV 132.0 MW Mvar MVA % 1.01e2 -1.34
Afam PS 132kv 1 -155.11 -8.51 155.3 192
Afam PS 132kv 2 -155.11 -8.51 155.3 159
Alaoji PS 132kv 1 -28.64 -37.61 47.3 32 1.0000NT 0.0
Alaoji PS 132kV 2 -28.64 -37.61 47.3 32 1.0000NT 0.0
Alaoji PS 132kV 3 -47.95 -62.97 7%.1 26 1.0000NT 0.0
Aba 132kV SS 1 75.06 19.57 77.6 62
Aba 132kV S8 2 75.06 19.57 77.6 62
PH Main 132kV SS 1 72.01 22.24 T5.4 42
PH Main 132kV S8 2 72.01 22.24 T5.4 42
Umuahia 132kV 85 1 32.02 g.18 33.1 33
Umuahia 132kV S8 2 32.02 8.18 33.1 33
Owerri 132kv Ss 1 28.62 27.62 3%.8 32
Owerri 132kv SS 2 28.62 27.62 3%.8 32
Owerri 132kV SS 132.0 MW Mvar MVA % 0.9753 -3.49

128.00 32.00 131.9 DistGen 0.00 0.00

Alaoji PS5 132kV 1 -28.45 -25.45 38.2 31
Alaoji PS 132kV 2 -28.45 -25.45 38.2 31
Ahaoda 132kV S5 1 64.12 17.01 66.3 53
Ahaoda 132kv S5 1 -135.19 1.91 135.2 108

-0.03 -0.01
Ahaoda 132kV SS 132.0 MW Mvar MVA % 0.9794 -1.72
Owerri 132kV SS 1 135.75 2.30 135.8 109
Gbarain PS 132kV 1 -67.88 -1.15 67.9 109
Gbarain PS 132kV 2 -67.88 -1.15 67.9 109
Gbharain PS 132kV 132.0 MW Mvar MVA % 0.9805 -1.27
1 120.00 30.00H 123.7
2 120.00 0.00H 120.0
Ahaoda 132kv Ss 1 67.95 1.67 68.0 109
Ahaoda 132kV SS 2 67.95 1.67 68.0 109
Yenogoa 132kV SS 1 52.02 13.33 53.7 86
Yenogoa 132kV SS 2 52.02 13.33 53.7 86

0.06 -0.00
Yenogoa 132kVv S5 132.0 MW Mvar MVA % 0.9783 -1.60

104.00 26.00 107.2 DistGen 0.00 0.00

Gbharain PS 132kv 1 -51.98 -13.00 53.6 86
Gbharain PS 132kV 2 -51.98 -13.00 53.6 86

-0.04 -0.00

1

1

1

1

1

1

1

1

1

1

1

0.
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