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Abstract

Grid-connected photovoltaic (PV) systems are being utilized at an increasing level
worldwide. Even though the increasing addition of intermittent PV power to the grid
systems may lead to grid instability, PV systems feeding power into the Namibian
electricity grid system are on the increase. The purpose of the study was to analyse
the ability of the Namibian electricity grid system to accommodate intermittent solar
PV power and to determine the capacity limit beyond which the Namibian electricity
grid system will become unstable due to an increase in intermittent solar PV systems
feeding power into the grid system. Data of interest was obtained from collected re-
ports, journal articles, and other documents. This data was analyzed using quantita-
tive methodological approaches and further classified, presented, and discussed. The
Namibian grid system is considered strong when certain busbars achieve the SCR of 10
and the majority of the Namibian grid busbars can only connect less than 10 MW of in-
termittent renewable electricity capacity without violating the short circuit ratio (SCR)
limit. The capacity limits of intermittent solar PV power for the Namibian national
grid system was calculated to be in the range of 38% to 53.4%. This study recom-
mends that more research work and investigation from the perspective of engineering
application and academic research are clearly required for more analysis regarding the

strength and capacity limits of intermittent PV power of the Namibian grid system.
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1 CHAPTER ONE: INTRODUCTION

This chapter provides an overview of the background of the research problem and out-
lines the objectives of the study, the significance of the study as well as the limitations
and delimitation of the study. Definitions and descriptions of key concepts in the study

are also provided herein.

1.1 BACKGROUND OF THE STUDY

Photovoltaic (PV) systems are classified based on their rating, into three distinct group:
small-scale systems rated at 10 kW or less, intermediate systems rated between 10 kW
and 500 kW, and large-scale systems rated above 500 kW [1]. These systems can be
constructed through two different ways: firstly, stand-alone PV systems which can be
installed as roof-mounted or ground-mounted, close to the loads, and separated from
the grid. Secondly, grid-connected PV systems which can be installed at remote loca-
tions with a wide land area and feed their energy production into the grid [2]. Grid-
connected PV systems are normally applied when large scale energy is being produced
by PV plants and usually installed at distribution, transmission, or sub-transmission
levels. A grid-connected PV system without storage typically consists of a PV array,
inverters, a transformer, a power grid, and loads. Figure 1 illustrates the schematic

diagram of a grid-connected PV system without storage.
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Figure 1: Schematic diagram of a grid-connected PV system without storage [3]

The Namibia government has taken steps to reduce its reliance on imported electricity
by improving local electricity generation through increasing generation from renew-
able energy sources, in particular, solar energy. The government initiated an Interim
Renewable Energy Feed-in Tariff (REFIT) scheme, which planned to develop 14 Inde-
pendent Power Producers (IPPs), each with a 5 MW capacity, predominantly allocated
to solar PV, with only a single wind project. IPPs contributed about 120 GWh to
Namibia generation in FY2018. In addition to IPPs added capacity, 57 MW of solar
PV capacity was added to the Namibian grid system by December 2018 [4]. Addition-
ally, under the net metering scheme, customers with small PV systems and micro-wind
generators of up to 500 kW are allowed to connect and feed the surplus power into the
local grid until 15 % of the maximum demand served by a specific group of customers

is reached.

In addition to the REFIT projects, and net metering, commitments have been made for
other projects expected to generate electricity within one or two years as from 2016,

such as Diaz 44 MW wind, NamPower 37 MW Hardap PV project, and GreeNam 20



MW solar PV [5]. In October 2018, the Minister of Mines and Energy announced new
renewable generation projects in Namibia for a combined generation capacity of 220
MW. NamPower was expected to build, own and operate assets with about 150 MW
capacity, and the remaining 70 MW was expected to be provided by IPPs. These ini-
tiatives could lead to a total generation of about 800 MW (including NamPower and

IPPs generation capacities) in six to eight years as from 2018.

The government was also committed to the Paris climate accord, to obtain 70% of its
electricity requirements from renewable sources by 2030 [4], whereby solar PV sys-
tems will be expected to dominate due to potential irradiance in Namibia. Namibia is
known to have one of the best sunlight energy (solar energy) regime in the world, with
average direct insolation of 2 000 kW/m? per year, while in certain areas it is about
3 000 kW/m? per year with minimal cloud cover, as well the potential of solar power
generation capacity for more than 250 000 MW (megawatts). Figure 2 shows the dis-
tribution of average daily incoming solar radiation intensity in Namibia. As shown,
large areas in the north, northeast, and central Namibia have the highest insolation in-
tensity. Areas around the western coast, and southeast have lower insolation due to

cloudiness [6]
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Figure 2: Insolation intensity in Namibia in kW h/m?/day [6]

With the goals set out to increase the share of renewable energy in the Namibian grid
energy mix, it is natural that intermittent power projects like PV plants will be inves-
tigated for supplying energy at competitive rates in Namibia. Solar energy is known
to be a clean and sustainable source of energy. However, when considering a high
penetration level of solar power into the grid system, many concerns arise, due to its
intermittent nature. Utilities worldwide are concerned about the safe, efficient, and
reliable operation of the power grid systems facing high shares of solar power. Even
though there are some high penetration level of PV installations that are operating
well, in some cases which illustrate the general concerns of high penetration level of
PV power into the grid network [7], there are many intermittency issues and chal-

lenges associated with solar PV integration, which tend to increase towards the end of



the outlook period (2030). High variable solar energy shares increase system require-
ments such as balancing supply and demand. It is also believed that the integration of
high penetration levels of PV power into the grid system significantly influences the

overall dynamics of the power system, and may lead to grid instability [8].

There are no major technical limitations on the amount of solar power that could be
connected to the grid. However, there are several challenges that need to be consid-
ered depending on the characteristics of intermittent solar energy source and the local
conditions of the site where PV systems are connected. At most sites, the integration
of small shares of solar power requires little adaptation of the electricity grid. As the
shares increase, the need for adaptation increases [9]. Solar energy is a variable en-
ergy source with fluctuating generation. Therefore, addressing resource variability is
crucial for grid-connected PV systems’ sustainable and cost-effective deployment, in
order for system innovations to achieve the necessary flexibility, and also to achieve

commercialization and widespread use.

It is believed that solar PV power could meet all the world’s energy needs today if
certain laws are to be passed. Apart from the difficulty of convincing the people’s
representatives to pass such laws, the major technical problem faced would be the in-
termittent nature of solar radiation, i.e., available only during the day and strongly
reduced in overcast skies. A common belief is that intermittency can be handled by
rather small changes, such as time-of-day, pricing, smart grids, and cutting off power
to a few selected industrial customers. This belief is more or less true if the system

is basically a fossil fuel and nuclear system with a small percentage of intermittent



renewable energy (RE) [10]. The situation changes as more intermittent Renewable
Energy is added to the grid system, as the grid system has to adjust to the fluctuating

generation.

There is an ongoing debate whether going 100 percent renewable is really an option.
The heart of the debate is a simple fact that the biggest source of renewable energy is
solar power, which is intermittent in nature. It depends on weather conditions, time,
geographic location, and is not dis-patchable (cannot be turned on and off, or ramped
up and down, according to the grid’s needs). Solar systems do not adjust to the grid,
but the grid adjusts to them. There are so many numerous questions regarding the

transition to renewable energy, which demand answers. For instance:

* Are there enough renewable energy sources to replace all non-renewable energy

sources?

* What are the environmental impacts that may be caused by the production and

use of these types of power plants?

* How is supply and demand for electricity balanced when large amounts of inter-

mittent power are connected to the grid?

» How is the political power of the incumbent industry balanced by other forces?

* What is required from policymakers for investors to build large new systems?

It is believed that there is no one final answer to such questions. However, studying
renewable power from different system perspectives may help killing myths, clarifying

controversies, deepening understanding, and formulating new and more precise ques-



tions [9].

The production of solar energy needs to contribute to the task of securing a balance be-
tween electricity production and consumer demands. The allowable capacity limits of
PV power in any power system depends on several factors; such as load type and pro-
file, solar irradiance level and cloud conditions, PV system concentration along with
the feeders, network parameters and topology, PV generator connection types (three
or single-phase) and reactive power control in the system [11]. It is important to de-
termine the limit of penetration level of PV power that can be fed into the power grid
network, without causing the problem to the grid system. It is also important to know
what sets these limits, and the possibilities of increasing these limits. Even though
currently there is no agreed maximum allowable PV power percentage into the grid
system [1, 10], studies need to be conducted in order to determine the maximum ca-

pacity limits of integrated PV power into any specific grid system.

Since the generation of electricity using renewable energy sources in particular solar
PVs is expected to continue increasing in Namibia, it will simultaneously make the
Namibian power grid system more complex. Power generation by PV technology is
intermittent in nature, i.e., it is highly fluctuating with the time of the day, time of
the year, geographical location, local atmospheric conditions, and therefore cannot be
predicted precisely. The matter of intermittent solar energy might be a critical issue
in the near future for the Namibian grid system. This creates a need to review and
analyze the integrated capacity of intermittent solar energy into the Namibian grid

system. Thus, this thesis aims to determine the tolerable capacity limits of intermittent



PV power into the Namibian National electricity grid system.

1.2 STATEMENT OF THE PROBLEM

Despite the fact that the addition of intermittent PV power to the electricity grids may
lead to grid instability [9], and that PV systems without storage feeding power into the
Namibian electricity grid are on the increase, the maximum tolerable capacity limit
of PV power into the Namibian National electricity grid has not yet been determined.
Hence, there is a need to analyse the ability of the Namibian electricity grid system to
accommodate intermittent solar PV power and to determine the capacity limit beyond
which the Namibian electricity grid system will become unstable due to an increase in

intermittent solar PV systems feeding power into the grid system.

1.3 OBJECTIVES OF THE STUDY

(a) To determine the Namibian electricity grid’s stable operating conditions.

(b) To investigate the strength of the Namibian electricity grid system and its ability

to tolerate intermittent solar PV power.

(¢) To determine the tolerable maximum limits of intermittent PV power into the

Namibian electricity grid.

1.4 SIGNIFICANCE OF THE STUDY

Determining the tolerable capacity limit on the Namibian grid system may enable the
implementation of appropriate mitigation measures and ensure smooth incorporation

of solar energy into the grid system, and may help the Namibian utility and electricity



distributor to maintain a delicate equilibrium between electricity demand and supply.
This could lead to safe and reliable operation of the Namibian grid system. This study
may also contribute to the enhancement of the security of supply, without interrup-
tion of customer service, given that 70% share of the Namibian electricity is being
imported from its neighbouring countries, and that the Namibian grid stability relies
on Namibia and Southern African Power Pool (SAPP) grid systems. This may add
value to the country’s social, economic and environmental well-being, and could lead
to an improvement in the quality of life for Namibians. The study may also contribute
to a clearer understanding of different types of instability such as voltage, frequency
and rotor angle instability, and how they are interrelated is essential for the satisfactory

operation of the Namibian power grid system.

1.5 LIMITATION OF THE STUDY

Ideally, the study should have determine the maximum limits of intermittent PV power
into the Namibian electricity grid by investigate power flow variations of the Namibian
grid system under stable operational conditions. However, due to limited time and
resources, the study was confined to the Secondary data. Which might have effect on

the results of the study.

1.6 DELIMITATION OF THE STUDY

There are many intermittent renewable energy sources feeding power into the Namib-
ian electricity grid system. However, grid connected PV systems are increasing rapidly
compare to other renewable energy sources in Namibia. Hence, this study only focuses
on studying the tolerable capacity limits of solar PV power into the Namibian national

grid system.



1.7 DEFINITION OF TERMS

Capacity refers to the maximum amount of power a grid system can accommodate.

Intermittent refers to something that happens occasionally, rather than regularly or

continuously

Photovoltaic technology refers to the technology that can utilize solar energy, and con-

vert it directly into electrical energy.

Strength of the grid system System strength is an intrinsic characteristic of any grid
system, i.e., it is a measure of the stability of a grid system under all reasonably possi-

ble operating conditions.

An electric grid system is an interconnected network for delivering electricity from
producers to consumers. It consists of generating stations that produce electrical power,
high-voltage transmission lines that carry power from distant sources to demand cen-

tres and distribution lines that connect individual customers [12].

Electric grid stability refers to the ability of an electric grid system to remain in a
steady-state, after being subjected to a physical disturbance, with most system vari-

ables, bounded so that practically the entire system remains intact [13].

Electrical system inertia refers to the property of the system which opposes changes

in current. Inertia is the kinetic energy in the electricity grid found in the rotating mass

10



of traditional turbines which turn in synchronization with each other and are coupled

to the power system, delivering a steady system frequency.

Electric system flexibility refers to the ability of a power system to cope with the
variability and uncertainty that variable renewable energy generation introduces into
the system in different time scales, and reliably supplying all the demanded energy to

customers [14].

1.8 STRUCTURE OF THE THESIS

This thesis is divided into five chapters. The first Chapter introduces the study, pro-
vides the general overview, background of the research problem, problem statement,
purpose of the study, objectives of the study, significance of the study and limitation
and delimitation of the study. Chapter two presents the literature review, and theoreti-
cal framework of the study. Chapter three indicates the method used in the study while
chapter four presents the results, and analysis of the findings, and further discussed the
findings. Finally, chapter five provides the conclusions drawn and recommendations

for further action.

11



2 CHAPTER TWO: LITERATURE REVIEW

This chapter provides a detailed review of the literature, which includes the summary
of existing knowledge and critical evaluation on this study. It highlights the empirical
and theoretical insights as well as the reviewed instruments such as challenges, issues
and possible solutions associated with high shares of intermittent PV power being fed

into grid systems, in particular Namibian grid system.

2.1 PHOTOVOLTAIC ELECTRICITY: WORKING PRINCIPLE,

STATUS AND DESCRIPTIONS

2.1.1 Working principle of PV technology

The fundamental operating system of solar PV technology differs from other electricity-
generating systems since it requires the conversion of light energy into electricity using
semi-conducting materials. The working principle of solar cells (PV electrical device
that converts light energy directly into electricity) is based on the photovoltaic effect.
The photovoltaic effect was first discovered in 1839 by the French physicist, Alexan-
dre Edmond Becquerel. He discovered that conductance increases with illumination,
while experimenting with metal electrodes and electrolyte [15]. In 1905, Albert Ein-
stein understood that this effect can be explained by assuming that light consists of
well-defined energy quanta, called photons [2], which led to the discovery of the quan-

tum revolution.

The photoelectric effect relies on the idea that the quantum of light (photons) can be

treated as particles that knock electrons off of an atom. When solar cells are exposed

12



to sunlight, incident photons with enough energy excite electrons in the valence band.
Excited electrons move from the valence band to the conduction band, hence gener-
ating electron-hole pairs. Because of the potential gradient between the valence and
conduction band, an electric field exists. This field causes negatively charged parti-
cles to move in one direction and positively charged particles in the other direction.
The flow of charges in a particular direction leads to the generation of current and the
separation of charges leads to the production of electric potential difference (voltage)
[2, 10]. Figure 3 illustrates the working principle of a solar cell. PV technology only
operates when there is enough energy from the sun during the day, and it must be
mixed with other types of power generation systems to guarantee a continuous supply

of electricity.

Free (mobile) High ifree) energy
: . electrons electrons
Conduction band (CB) . — —_—
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External load ”

felectric power )

Figure 3: Working principle of a solar cell [10]
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2.1.2 The status and future of solar PV systems

The share of solar energy is growing rapidly in the global power markets. It is es-
timated that by the end of 2020, the total globally installed capacity of PV power
generation will reach 303 GW [16]. This is due to an abundant amount of solar en-
ergy installations worldwide, which makes solar PV power to play a crucial role in the
world’s electricity supply, thus satisfying the growing electricity demand, and address-
ing fossil fuel and environmental concerns. Worldwide the PV market is experiencing
a large growth compared to other renewable energy sources[17], because of the prices
of PV panels and battery storage continue to drop while electricity tariffs increase.
Recognizing the advantages of a solar PV system, many countries including Namibia
have developed ambitious plans to increase their electricity production using PV arrays
[18]. Thus, many solar PV grid integration projects are being installed worldwide in
recent years and continue to be installed in years to come. As indicated in figure 4, the

total installed capacity of solar PV is increasing towards the year 2050.

This rapid growth is underpinned by the view that the competitiveness of solar power
improves significantly over the outlook. The growth in solar energy is dominated by
the developed world, with China, India, and Germany accounting for almost half of
the growth in global power generation [19]. However, the addition of high amounts of
intermittent PV power into the electric grid system poses additional uncertainties and

challenges to the electric grid system operation [20].

14
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Figure 4: Energy growth in global power markets [21]

2.1.3 Description of intermittent nature of PV power

Solar PV systems use the sun as a source of energy, which is freely available, but the
amount of supplied energy (sun radiation) is unpredictable. Thus, the output power of
these systems is not constant and, in fact is directly proportional to the unpredictable
sun conditions. Solar PV technology is classified as intermittent renewable making it
different from conventional generation which at best they can only be controlled down-

ward and that can pose important implications on long term PV systems models.

Intermittent PVs face a variable electricity generation profile. They generate accord-

ing to meteorological conditions. The fact that the Sun rises and sets every day is a

certain event. Cloud crossing the Sun can potentially reduce solar energy within one

15



second and can result in very rapid changes in solar PV power output. Wind blow-
ing also contributes to the variability of solar radiation. Control of the output is not
possible in the upward direction (unless it is knowingly operated below its possible
output), and at best only downwards. This variability can be quite substantial, with
significant changes over relatively short periods. Relevant time scales to consider can
change from 15 minutes up to days or weeks. In addition to fast changes, consistent
periods of either high or low (zero) output have an important impact on power system
operation and planning [22]. An example of the variability of solar PV generation is
shown in figure 5 below. It indicates that one can predict the amount of solar radiation.

Solar radiation is available only during the day, and not during the night.
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Figure 5: Variation of irradiance over the course of the year

The solar radiation intensity falling on the earth’s surface is called irradiance or in-
coming solar radiation (insolation) and is measured in 7¥//m?. The solar constant, i.e.,
the average radiation intensity falling on an imaginary surface of 1 m?2, perpendicular
to the sun’s rays and at the edge of the Earth’s atmosphere can be used to calculate

the irradiance incident on the earth surface. Equation 1 was used to calculate solar

16



irradiance reaching the earth’s surface every day.

I, = Isc[1 + 0.034cos(2

n
65 o5 )122] (1)

Where I, = solar irradiance Isc = the solar constant (1367 W/m?) n = day of the year,

with n = 1 for January 1.

2.2 PV GRID INTEGRATION: CHALLENGES, ISSUES, AND POS-

SIBLE SOLUTIONS

2.2.1 Technical challenges and issues

From a technical perspective, implications regarding solar energy technologies can be
considered on the generation and the network side, i.e., both transmission and distri-
bution. On the generation side, a balance between instantaneous load and generation
needs to be ensured. The variability and unpredictability nature of solar energy poses
additional challenges to the grid system, especially if their penetration level is high.
Some of these challenges, which are dependent on the size as well as the location of

the solar PV system were described below.

Instability challenges - The main challenge in grid-connected PV system operation is
to keep the system in balance i.e., to make the system stay in steady state, by keep-
ing the energy supplied in balance with electricity demand [9]. A system is in steady
state if the variables which define its behaviour are unchanging in time, or changing
within their stable operating limits. Various balancing challenges appear on different

timescales. Ranging from short time scales (milliseconds to minutes), medium time

17



scales (minutes to hours) and then longer time scales (weeks to seasons). High PV
penetration sometimes may cause power production to exceed power consumption,
causing an imbalance in power, and can create a net power flow backward, meaning

that the electric power flows from the low voltage to the medium voltage network [23].

Flexibility - Higher penetrations of solar energy require increased flexibility from the

power system to manage the variability and uncertainty of the generation [24].

Reliability - Reliability is another challenge intermittent PV power could cause to the
grid system. Power system reliability refers to the probability of the system to operate
satisfactorily over the long run, i.e., the ability to supply adequate electric service on a
nearly continuous basis, with few interruptions over an extended time period [13]. Itis
important to ensure reliable system operation, balancing load, and supply, at all times.
This relates to dealing with potentially steeper ramps in the residual load profile, and

with the higher levels of uncertainty [22].

Security - Security of a power system refers to the degree of risk in its ability to sur-
vive imminent disturbances (contingencies) without interruption of customer service.
It relates to the robustness of the system to imminent disturbances and, hence, depends
on the system operating condition as well as the contingent probability of disturbances

[13].

Short term reserve capacity - Power systems are generally required to have enough

short term, or spinning, reserve for the loss of the largest generating unit which is usu-
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ally considered as an emergency situation. When intermittent PV power is added to the
generation fleet, natural variation in the solar irradiance causes their power output to
fluctuate. This intermittency needs to be replaced by another power source but that is
still considered normal operating conditions. The available spinning reserve, therefore,
will need to provide for both the loss of the largest unit and the possible intermittency
experienced by PV power plants. The overall impact of intermittency reduces due to

the geographical diversity of projects [25].

Reverse power flow - In a PV system, the power flow is usually unidirectional from
the Medium Voltage System to the Low Voltage System. However, at a high penetra-
tion level of PVs systems, there are moments when the net production is more than
the net demand, especially around noon. As a result, the direction of power flow is
reversed, and power flows from the low voltage side to the medium voltage side. This
reverse power flow results in overloading of the distribution feeders and in excessive
power losses. The reverse flow of power has also been reported to affect the operation
of automatic voltage regulators installed along with distribution feeders as the settings
of such devices need to be changed to accommodate the shift in load centers [26]. Re-
verse power flow may have adverse effects on tap changers in distribution transformers

especially if they are from the single bridging resistor type [2].

Inertia level of the grid - As more of the load is supplied by asynchronous renewable
power sources, conventional synchronous generation units are curtailed. This results
in a net reduction of the total inertia of the power system. The main concern about

the amount of inertia on the power system is that it regulates the rate of change of
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frequency after a change in generation or load [2]. With more and more penetration of
renewable energy sources such as PV plants, the available inertia level of the grid de-
creases significantly. The decrease in inertia level has become a critical challenge for
energizing modern power systems control. The development of virtual inertial control

strategies is a step towards overcoming the issues faced.

Voltage control difficulty - In a grid system with a fixed generation, of more than
one supply point, voltage control becomes a difficult task. All the voltage regulating
devices like capacitor banks and voltage regulators are designed to operate in a sys-
tem with one-way power flow [2]. When the electricity generated exceeds the local
demand, it causes the electricity to flow in the opposite direction compared to normal
operation. This reversed power flow may also affect the protection system and cause
overload in system components [9]. PV systems with high penetration of PV power
generation may adversely affect the voltage profile of the interconnected PV systems
feeder by raising the voltage beyond the standard limit at light load and high solar ir-

radiation conditions [27].

Power quality problems - One of the important technical issues, utilities are con-
cerned about with intermittent PV power is power quality. Power systems are designed
to operate at a sinusoidal voltage of a given voltage and frequency. The power quality
problem is considered as any change in the voltage magnitude, frequency, and purity of
the waveform. The effect of PV on power quality depends on its interface with the grid
system, the total capacity of the PV relative to the system, the size of generation rel-

ative to load at the interconnection point, and the feeder voltage regulation practice [2].
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Harmonics - Harmonics produced by PV systems is another issue of concern. Har-
monic distortion degrades the performance of a grid system. Solar PV systems gener-
ate DC, hence there is a need to use an inverter to match with the grid power system.
However, these inverters produce harmonic currents [23]. Power inverters used to
interface PV arrays to power grids are producing harmonic currents; thus, they may
increase the total harmonic distortion of both voltage and currents at the point of com-
mon coupling. However, voltage harmonics are usually within limits if the network is
stiff enough with low equivalent series impedance. Current harmonics, on the other
hand, are produced by high pulse power electronic inverters and usually appear at high

orders [2].

Power losses - PV systems, in general, reduce system losses as they bring generation
closer to the load. This assumption is true until reverse power flow starts to occur. PV
system losses reach a minimum value at a penetration level of approximately 5%, but

as the penetration level increases, the losses also increase [2].

Increased reactive power - The active power requirements of existing loads are par-
tially met by PV systems, reducing the active power supply from the utility. However,
reactive power requirements are still the same and have to be supplied completely by
the utility. A high rate of the reactive power supply is not preferred by the utilities
because in this case, distribution transformers will operate at a very low power factor.
The efficiency of transformers decreases as their operating power factor decreases, as a

result, the overall losses in distribution transformers will increase reducing the overall
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system efficiency [2].

Phase unbalance - Inverters used in small residential photovoltaic system installations
are mostly single-phase inverters. If these inverters are not distributed evenly among
different phases, phase unbalance may take place shifting the neutral voltage to unsafe

values and increasing the voltage unbalance [2].

Frequency regulation - The imbalances between supply and demand will result in the
deviations from the system nominal frequency. The high penetration of intermittent
PV power affects system frequency and makes the process of control more compli-
cated [8]. Frequency must be preserved near its nominal value, which is either 50 Hz
or 60 Hz based on the grid. If the demand is more than the generation, then the fre-
quency decreases from the nominal value. In the case of surplus generation, the system
frequency increases. The frequency of the power system is maintained at the nominal

value only if the active power of generation and demand is balanced [9].

Reduction of the residual demand peak - This challenge concerns the level of re-
duction of the residual demand peak. Current systems typically still have an existing
conventional power plant fleet large enough to ensure generation can meet peak de-
mand. However, when in the future the electricity generation system can no longer
rely on such sufficiently high levels of depreciated capacity, new investments will be
required in power plants facing low load factors, necessary to cover net-demand peaks
when solar energy technologies are generating little or nothing. This relates to the so-

called back-up issue [9].
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The impact of large-scale PV base generation units is the focus of many strategic re-
searchers on the integration of renewable energy into the grid systems. Unlike conven-
tional generation units, high capacity PV units, e.g., in the range of multi MW, will
have a huge effect on the dynamic performance of the PV grid-connected power sys-
tem and also will have an important impact on the reliability and stable operation of PV
grid connected power system. Countries around the world are considering using solar
PV technology in their future energy planning, however the intermittency and unpre-
dictability nature of solar power generation, which can influence the power quality and
reliability of the power grid especially at large scale solar energy systems, constitute a

drawback for use of solar technology.

The impacts of new intermittent renewable energy generation in the Namibian power
system was evaluated by conducting different studies including; Load flow analysis,
contingency analysis, fault levels, grid strength assessment, power quality, reactive
power-based voltage control (QV) analysis and reliability assessment. The follow-
ing was concluded: The intermittent renewable energy penetration in Namibia will be
mostly limited by the load demand of the country, long transmission lines, and hence
high the impedance of the network. Due to long transmission lines, renewable energy
should be consumed by local distribution networks to avoid long distance transmission
that can significantly increase technical losses of the system [28]. Studies addressed
the negative impacts/challenges of intermittent solar energy into the grids; however,
few addressed the tolerable capacity limits of intermittent renewable energy, in partic-

ular, solar energy (the most abundant energy) into the grids.
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2.2.2 Control and suppression of intermittent PV power

An electrical grid acts as an energy buffer to compensate for any power fluctuations
and firm up the intermittent output power of PV sources. One of the most important
future challenges for the stability of the desired supply grid, based on intermittent solar
energy, will be the controlling and suppressing of PV power fluctuations [29]. There
are a number of flexibility mechanisms, which exist, to deal with solar energy inter-
mittency issues such as electronic devices, dispatchable generation, curtailment, grid

extensions, storage, and demand-side integration.

Electronics devices - To minimize the fluctuations and intermittency problems, power
electronics devices are seen as a viable option. Electronic devices such as Maximum
Power Point Trackers (MPPT) and dump load will reduce the power fluctuations in PV
systems and substantially reduce energy loss and better enhance voltage stability [30].
Also, Voltage regulators and capacitor banks can be used to boost voltage slightly and

push the voltage further above the acceptable limits.

Conventional dispatchable generation - is required to meet part of the electricity de-
mand not being covered by PV generation. When this generation is flexible in dynamic
terms, it is also well suited to deal with a potentially highly variable net load profile.
But even without large fluctuations, generation capacity is required for basic electricity

generation [31].

Curtailment - can be seen as a sort of a counterpart of flexible dispatchable gener-

ation. When instantaneous PV generation exceeds the original demand and no other
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flexibility are present or usable at the time, the curtailment of PVs is required to keep
the supply-demand balance. Also, in terms of balancing, curtailment might be needed

to mitigate high fluctuations in the net load profile [31].

Storage - Balancing of PV systems by incorporating storage elements could reduce
the problems associated with grid integration [30]. Storage has ratings comparable
to conventional power plants, and can typically store an amount of energy at a rated
capacity of an order of magnitude of several hours. Storage is also quite flexible in
terms of changing its output or moving from charging to discharging mode or vice
versa, it is also well suited to deal with steep variations, inertia, and unpredictability.
Future storage options might be provided by compressed air energy storage, batteries,
conversion to other energy carriers [31]. Large energy storage systems are deployed
as an energy buffer to compensate for the deficit or surplus of power supplied by solar
PV systems. In recent years the capital cost of battery energy storage has decreased
drastically, while their technology reliability and the life cycle have all increased sig-

nificantly.

Demand-side integration - Demand response management (DRM) has been seen as a
potential solution to deal with unexpected supply-limit events and to provide a balance
between electricity supply and demand. This will ensure that the power system is not
affected by the fluctuating solar PV output and thus reduce its impact on grid stability
and reliability [32]. At the demand side, demand can be influenced by real-time prices
or other incentives. Demand can be changed in absolute terms (increase or decrease,

given certain elasticity), or can be shifted in time. The latter option, demand shift, is to
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some extent similar to storage. The time span that can be bridged is, however, limited

[31].

In addition, the issues with PV power penetration can be limited to the low-voltage
networks as the voltage at the medium-voltage network is always very carefully con-
trolled [23]. Well-developed electric grids may accept large amounts of PV electricity
by turning off some conventional power plants when PV plants are delivering power
[10]. Also, the impacts on the electric grid can be minimized when PV systems are

spread out geographically [20].

Moreover, an anti-solar panel was newly suggested as an alternative that could be able
to bridge the gap left by solar energy [33]. The anti-solar panel is believed to be col-
lecting energy from the night sky, through a thermoelectric generator-based device.
This technology is believed to harnesses the variance in temperature between Earth
and outer space, by using a passive cooling mechanism known as radiative sky cooling
to maintain the cold side of a thermoelectric generator several degrees below ambient.
The technology is still under development, and the researchers have already planned
improvements including enhanced insulation around the top plate that could poten-
tially raise the devices energy production to 0.5 watts per square meter or more, but
the potential outcomes are boundless. If this technology could eventually be refined
to produce anywhere close to as much energy as a standard solar panel, it would com-

pletely transform the renewable energy sector.
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2.3 MAXIMUM ALLOWABLE POWER LIMITS FOR PV SYS-

TEMS INTO ELECTRICITY GRID SYSTEM

The growth of grid connected PV systems create a necessity for different researcher to
review and analyse the impacts and limits of intermittent solar energy into the electri-
cal grid system. PV penetration level (PV capacity limit) is an unclear term as there
is no single definition for this in the literature. One study defines PV penetration as
the ratio of the total PV nameplate to annual peak load [34], while another study [35],
defined it as the ratio of rated PV Generation to rated load. Others define it as a ratio

of Peak PV power to Peak load apparent power [36].

The limits of the amount of PV power that can be fed into a power system are least crit-
ical if the PV power penetrates from only a single LV line, however the limits ae more
severe if PV power penetrates from multiple LV lines connected to the same MV/LV
transformer or even multiple MV/LV transformers. The most severe limits occur in
minimum load situations, especially if the power system beforehand is operated to its
design limits. However, an amount of PV penetration equal to the minimum load only
causes slight excess voltages in the power network. Only a small increase in the load
from the minimum load opens up to a considerably larger amount of PV, especially if
the PV power only penetrates from a single LV line. At maximum load, an amount of
PV equal to 75% of the maximum load is possible. In reality that amount corresponds

to the minimum-load situation[37].

[38], studied the effects of PV generation on utility operations, using an automatic gen-

eration control computer simulation, the results indicated that PV penetration levels of
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up to 10% can be accommodated within the generation mix. Moreover, [10], indicated
that an adequate grid system would allow up to 20% to 30% of the generators pro-
duction to be intermittent. Elnozahy, cited as [1] summarize the literature’s findings
regarding the maximum allowable PV penetration that can be safely integrated into ex-
isting networks as indicated in table 1 below. The author further concluded that there
no agreed maximum allowable PV power limit into a grid system, as it depends on the
characteristics, type, and size of the grid network, also on the location, and geographic
distribution of PV arrays. Thus, suggested that a comprehensive techno economic as-

sessment serves as suggestion to be performed for each individual grid network.
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Penetration limit | Limiting factors

5% Ramping rates of generators during cloud transients (central
station PV)

15% Ramping rates of generators during cloud transients (dis-
tributed PV)

1.3% Power fluctuations due to clouds transients for central station
PV

6.3% Power fluctuations due to clouds transients if the PV system is
distributed in 10 km2 area

18.1% Power fluctuations due to clouds transients if the PV system is
located in 100 km?2 area

35.8% Power fluctuations due to clouds transients if the PV system is
distributed in 1000 km2 area

10% Frequency regulation expansions vs. break-even costs

Minimum feeder | Over voltages assuming no load tap changers (LTCs) exist in

loading the MV/LV transformer

40% Voltage regulation

5% Minimum distribution system losses

33% Over-voltages

Table 1: Summary of allowable PV penetration limits recommended from literature 1

Different studies have different views regarding the capacity limit of intermittent RE
on the Namibian grid system. According to NamPower annual report of 2017, the
Namibian grid system has reached a capacity where the role of its intermittent renew-
able sources could potentially disturb the national grid balance [39]. Also, the study
conducted by [25] regarding the intermittency of renewable energies into the Namibian
electricity grid system concluded that the Namibian grid system can operate reliably
after integrating large amounts of renewable energy. Furthermore the study conducted
on the grid integration of intermittent renewable energy in Namibia [40], recommended
that the renewable energy capacity added to the Namibian grid current configuration
should not exceed the minimum load demand during the day ranging from 300 MW to
350 MW. However, neither the report nor the studies indicate the tolerable capacity of

intermittent power in the Namibian electricity grid system.
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24 SUMMARY

This chapter provides a more detailed theoretical insights and literature review of pre-
vious studies. Several studies analyse the technical challenges and issues associated
with high share of renewable energy into an electricity grid system such as instability
issue, flexibility, reliability, power quality, power loss and many more. Moreover, stud-
ies indicated the capacity limits of high penetration share of intermittent power into an
electricity grid system, however, this depend on a specific grid system as generally
there no agreed limits of intermittent share in the grid system. The capacity limit of
intermittent PV power into the Namibian grid system is not yet determined, thus this
study aims to determine the tolerable capacity limits of solar power on the Namibian

National electricity grid system.
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3 CHAPTER THREE: METHODS

This chapter provides a framework for how the research process was carried out. It
highlights a detailed description of the research design, data collection, and data anal-
ysis methods used. It also indicates the research ethics, validity, and reliability of the

research.

3.1 RESEARCH DESIGN

In this study, a quantitative methodological approach was followed. The research par-
ticularly focused on the amount of power (capacity) of intermittent solar PV power

being fed into the Namibian National electricity grid system.

3.2 PROCEDURE

The researcher obtained secondary data/information based on the objectives of the
study from various published sources including; Annual reports and technical reports,

journals articles, conference proceedings, and books as follow:

* The stable operating conditions of the Namibian electricity grid system were

obtained from the Namibian transmission grid code document.

* Information regarding the strength of the Namibian grid were obtained from

Center for Renewable and Sustainable Energy Studies (CRSES) report.

* To determine the capacity limits of PV power into the Namibian grid system, sev-
eral data/information were obtained. (a)existing and planned capacity of power
generators on the Namibia grid system for the year 2018, obtained from Nam-

Power annual report; Trends of installed PV capacity on the Namibian National
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grid system, obtained from International Renewable Energy Agency (IRENA)
Report and Namibia’s electricity peak demand, obtained from National Inte-

grated Resource Plan (NIRP) report.

Secondary data are data that have already been collected by other reseachers for dif-
ferent purposes. Secondary data collection is considered as viable method and an
empirical exercise that applies the same basic research principles as studies that utilize
primary data [41]. This method is the same as other methods of collecting data, only
differs in its reliance on existing data, with the role of contributing to scientific knowl-

edge through offering an alternate perspective.

3.3 DATA ANALYSIS

Data were obtained and organized, according to the form they are in, and analyzed
using quantitative analysis approach. The amount of intermittent PV power into the
Namibian grid system was calculated by using the equation 2. Two scenarios were
considered in the analysis. The identified scenarios were based on the situations that
could cause instability on the Namibian grid system, if PV penetration shares exceeds
certain capacity. Furthermore, obtained data/information were interpreted and dis-
cussed based the on objective of the study. Secondary statistical analysis was used for

statistical significance using mathematical formula.

Total PV generation(MW)
Totalgeneration(MW)

%PV penetration = x 100[42] )
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3.4 RESEARCH ETHICS

This research topic is strictly technical; it does not involve any experiments on humans
or human materials, nor on animals or animal materials, and does not cause any harm
to the ecosystems. All data/information obtained from various sources were treated as
confidential and purely for academic purposes. Ethical clearance was sought from the
University of Namibia’s Research Ethics Committee. Research permission was sought

from the Center for Postgraduate Studies.

3.5 SUMMARY

This section delivered a detailed description of the research methodology used for
the study: selected data collection methods, the procedures followed, data collection

processes, analysis and interpretation of the collected data.
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4 CHAPTERFOUR: RESULTS AND DISCUS-
SION

In this chapter, data are presented, analyzed, interpreted and discussed according to the
objectives of the study. It also includes the discussion of the study findings in relation
to the theoretical body of knowledge for this topic and highlights practical implications

for this study.

4.1 DATA PRESENTATION AND ANALYSIS

4.1.1 Stable operating conditions of the Namibian electricity grid system

The stable normal state of the grid system means that the generation capacity is enough
to meet the load demand, with enough operating margin necessary to ensure the reli-
ability, power quality and security of the grid system. According to the Namibian
transmission grid code [43], the Namibian grid system is under stable normal condi-

tion, when it meets the following criteria:

e The immediate demand can be met with the available scheduled resources, in-

cluding any expensive contingency resources.
* The frequency is within the range 49,5 to 50,5 Hz.

* The voltage at all connection points is within the statutory limits stated in the

grid code.

* The Southern African Power Pool (SAPP) control performance criteria are not

consecutively violated.

* The interconnection is intact, and there are no security and safety issues.
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* The transmission lines and substation equipment are loaded within respective

thermal ratings.

* The grid is configured such that a faulted equipment can be isolated from the

grid.

4.1.2 Namibian electricity grid system strength and ability to tolerate intermit-

tent solar PV power

Grid strength can be quantified in diverse measures. One way to measure the strength
of the grid is to consider the variations of the short circuit ratio (SCR) of the grid sys-
tem. SCR is quantified at a particular bus on the grid and is calculated as the ratio of
short-circuit current AC power (MVA) from only the synchronous machines in the grid
to DC power (MW) injection at the specified bus [44]. If the SCR is greater than 10,
then the grid is considered to be Strong and if the SCR is less than 10, then the grid is

considered to be Weak [45].

The Namibian grid system consist of many generators and transmission lines. It is
considered strong when certain busbars achieve the SCR of 10. The renewable energy
capacities for each busbar for the Namibian grid system are shown in appendix D. Most
existing renewable energy systems, especially solar system in Namibia are connected
on 11kV, 22kV, 33kV, 66kV, and 132kV busbars and similarly, it is expected that most

future renewable energy systems will be connected on the same voltage levels [40].

Figure 6 indicates the generating stations, major transmission, and distribution lines of

the Namibian electricity grid system.
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Figure 6: Namibian Electricity Transmission Grid system
[5]
4.1.3 Tolerable maximum limits of intermittent PV power into the Namibian

electricity grid

Existing and planned capacity at the end of the year 2018

Figure 7, indicates the installed capacity in 2018 by NamPower (Namibian utility), and
Independent Power Producers (IPPs). It also indicates available capacity imported by
the Namibian grid system, and committed projects yet to be completed. In 2018 the
total installed capacity by NamPower was 489.3 MW, while for that of IPPs was 59.5
MW. Available capacity from imports was 630 MW and the capacity for committed
projects under IPPs construction was 116 MW. Assuming that all 116 MW of the
committed projects are commissioned, this will bring a total of 175.5 MW IPPs supply

on the Namibian grid system, which is from intermittent renewable energy, mainly
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dominated by solar energy. Based on the above assumption the total local installed

capacity could be 664.8 MW, with 26.4% of intermittent power.

INSTALLED AND IMPORTED CAPACITY

Current and committed Power station  Installed capacity (MW)

Ruacana 347

CURRENT AND COMMITTED INSTALLED AND ":‘:“:': B
IMPORTED CAPACITY (MW) Total 489.3

=

8 IPPs Installed Capacity (MW)

Omburu Solar PV 4.5

; - g:g:::t;nSta”ecj HopSol Solar PV 5

= = B Osona Solar PV 5
% = NamPower (MW) Eiuva 1 Solar PV 5
= Current Installed Biuva 2 Solar PV 5
g Capacity - IPPs Alcon Solar PV 5
% (MW) Aoe Solar PV 5
L8] Metdecci Solar PV 5
E ® imports (MW) Camelthorn PV 0
E Sertum Solar PV 5
& © OmbeDO Wind 5
- L Vi B Committed IPP Momentous Energy PV 5
a Projects (MW) Total 50.5

Source Available capacity (MW)

Energy Source ZESCO 50

ZPC B8O

ESKOM 200

ESKOM 300

Note: : TOTAL 630
oot areeid i v
IPPs under Construction MW

Unisun Solar PV (Mov 2018) 5

Tandii PV (Mov 2018) 5

Hardap PV (SeD 2018) 37

Diaz Wind (Jul 2020) 44

Green Mam PV (Jul 2019) 20

NCF PV (Dec 2019) 5

Total 11é6

Figure 7: Installed capacity: - current, committed and imported [46]
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Trends of installed PV capacity on the Namibian National grid system

The graph in figure 8 reflects the increasing trend in the amount of PV capacity in-
stalled and connected to the Namibian National electricity grid system from 2009 to
2018. Data were obtained from International Renewable Energy Agency (IRENA)

Report [47].
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Figure 8: Maximum net generating capacity of solar power plants in Namibia
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Namibia’s electricity peak demand

Figure 9 shows low, high and reference peak load demand levels for Namibia, which
were used to prepare various expansion scenarios for the long-term energy strategy.
These peaks demand trends were predicted by the National Integrated Resource Plan

(NIRP) [5].
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Figure 9: Summary of Namibia’s projected peak demand [5]

In this study, the tolerable capacity limits of PV power into the Namibian grid system
was calculated using equation 2 stated in chapter three. Two scenarios were considered
when determining the capacity limits of PV power into the Namibian grid system.
Scenario one: Solar PV power installed capacity equal to minimum load demand
per day

According to the study conducted by ECB, it was recommended that the renewable en-
ergy capacity added to the Namibian grid current configuration should not exceed the
minimum load demand during the day, currently ranging from 300 MW to 350 MW
[40]. This is when PV systems power production is on their peak and could reverse the

power flow. This may cause a violation of the maximum voltage level, and deviation of
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frequency from its prescribed level, eventually leading to voltage and frequency insta-
bility. In 2018 the total installed capacity was 489.3 MW excluding IPPs installation
capacity of intermittent power and the installed capacity of intermittent PV power in
2018 was 54.5 MW, i.e., 9.9% of intermittent PV power was added to the Namibian
grid system. By using equation 2 and the assumption that the penetration level of PV
power on the Namibian grid is equal to the minimum load demand of 300 MW during
the day, the following calculation was done: 2018 total installed capacity was used as

baseline to determine the total generation.

Total PV generation(MW) 300MW
100 = —————— x 100 = 38
Totalgeneration(MW) x 789.3MW %

%PV penetration =

Putting into consideration that the PV penetration level on the Namibian grid is equal
to the minimum load demand 350 MW during the day the following calculation was

done as follows:

4 Total PV generation(MW) 350MW
PV tration = = 100 = 44.3
/PVpenetration Totalgeneration(MW) 789.3MW %

Putting consideration that the minimum load demand during the day is in the range of
300 MW to 350 MW, the capacity limits of PV power into the Namibian grid system

is expected to in the range of 38% to 44.3%.

Scenario two: Solar PV power installed capacity is equal to imported power
According to the European PV connection guidelines, the installed PV capacity should

not exceed the contracted power, i.e., imported power [48]. The guideline protects the
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security of the grid system, in a sense, if the contracted power also experiences some
challenges regarding the grid stability. This is very important, for those grids which
are not stable on their own or their stability rely on import grids. The Namibian grid
system have inadequate inertia for stable operation thus relies on South Africa grid
network Eskom for stable operation[40]. By considering the imported power into the
Namibia national grid in 2018, which was 630 MW, the following calculation was

done:

, Total PV generation(MW') 630 MW
PV trat — = 100 = 53.4
/PVpenetration Totalgeneration(MW) 1178 8MW %

By considering that the installed PVs power capacity is equal to the imported power,

intermittent PV power limits was calculated as 53.4%.

4.2 DISCUSSION

Frequency regulation service plays an important role in determining the maximum
allowable penetration level of PV electricity in the power system[1]. The stable fre-
quency operating condition of the Namibian grid system is within the range 49,5 to
50,5 Hz. System frequency reflects the balance between demand and supply. A de-
creasing frequency indicates demand has increased above supply. A stable power sys-
tem should not allow frequency to deviate more than a small fraction ( 0.03 Hz) from
the target frequency. System inertia, helps maintain system stability against sudden
changes in frequency due to imbalances between system load and generation. Higher

penetrations shares of solar power increase the likelihood of sudden changes in the
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frequency and could be of particular concern if new generating technologies cannot

contribute to system inertia.

Most 11kV busbars of the Namibian grid system can only accommodate less than 5
MW of renewable energy capacity, to at least achieve the SCR of 10. While most
22kV and 33kV busbars can only accommodate less than 10 MW of renewable energy
capacity, to at least achieve the SCR of 10. Also most 66kV and 132kV busbars can
only accommodate less than 20 MW of renewable energy capacity, to at least achieve
the SCR of 10. It is clear that the short circuit power of most busbars is low and thus re-
stricting the amount of renewable capacity that can be connected on the busbar without
violating the SCR limit of 10. The maximum capacity of the PV system at each busbar
provides rational decision-making for the planning of integrating intermittent solar PV
power into a small-scale power grid. Thus, most of the solar systems connected to the

Namibian grid system have the capacity of 5 MW or 10 MW.

The Namibian grid system has few synchronous machines, mainly from Ruacana, Van
Eck, and Anixas, generation stations, where low values of SCR and all its variants
would be found. Synchronous generators help maintain system inertia and therefore
system frequency. A low SCR means that the grid cannot absorb more harmonic distor-
tion without exceeding a certain voltage distortion level. As power solar systems pen-
etration share increases on the Namibian grid system and the number of synchronous
machines remains constant or decreases due to displacement by power sources, then
grid strength decreases. The reduction of grid strength impacts the stability of the grid

system. If the grid system becomes too weak, then a disturbance like a fault may cause
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the grid to collapse, resulting in a blackout for part or potentially all of the systems [44].

It very clear that Namibia has interests in incorporating large amounts of renewable
energy in particular solar energy into the grid system. This statement is backed by the
renewable energy IPPs systems that are currently committed and yet to be commis-
sioned. When solar PV systems increase on a grid system, the amount of generation
from conventional synchronous generators such as gas turbines, and steam turbines is
reduced. The real power produced by solar PV system may be the same as that pro-
duced by conventional synchronous generators, however, there are inherent character-
istics of synchronous generators that contribute to the stability of the grid system that is
not inherently shared by solar power, which is commonly referred to as the “strength”
of a grid system [44]. The strength measures the stability of a grid system under all
reasonably possible operating conditions. Strong grids can accommodate high share of
intermittent solar PV power, without violating the grid code requirements while Weak
grids may experience power quality problems such as equipment failure, circuit Board
failure, overheating of electrical distribution systems etc., even at low share penetra-

tion levels.

A power network without inertia is the one that is unstable, suffers from issues of power
quality and is susceptible to blackouts. If demand for power spikes, the frequency of
the grid tends to decrease. Having a lot of rotating mass on the grid acts like a shock
absorber and slows the rate of change. Solar, on the other hand, is connected to the grid
without rotating mass. “When inertia decreases, sudden changes in frequency caused

by a change in electricity consumption or production are faster and larger. This means
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that it is more difficult to keep the frequency within its normal range of variation.”

As shown in figure 4.1.3, the Namibian grid system is highly reliant on import electric-
ity generation more than its own electricity generation and also expected to continue
reliant on import electricity for the next few years to come due to insufficient capacity
to meet the increasing Namibian electricity demand. Putting into consideration that

the Namibian grid system’s stability relies on imports from other grids.

The limit beyond which the Namibian electricity grid will become unstable due to an
increase in intermittent solar PV systems feeding power into the grid system was deter-
mined by considering two different scenarios. Scenario one is based on the minimum
load demand during the day considered to be in the range of 300 MW to 350 MW. The
capacity limits of PV power into the Namibian grid system determined under scenario
one is in the range of 38% to 44.3%. While Scenario two, result show that the capacity
limits of PV power into the Namibian grid system is 53.4%, Provided that the installed
capacity is equal to the imported power. Therefore, the tolerable capacity limits for the
Namibian grid system was assumed to be in the range of 38% to 53.4%, by considering

all the scenarios in this study.

The current share and committed share of solar PV power on the Namibian grid system
can still be handled by the grid system, since it did not exceed the tolerable capacity
limits calculated to be in the range of 38% to 53.4%. Additionally, the Namibian grid
system is connected to a very strong Eskom grid through very long transmission lines

and other import grids that can balance the intermittency of PV power and hence ensure
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the stability of the Namibian grid system. Thus the inertia of the system is practically
high, but so is the impedance due to long transmission lines. As a result, the short
circuit capacity of the grid is also low and this reduces even further during contingency
conditions [40]. However this may pose a significant risk to the Namibian grid system
in terms of stability, as the level of intermittent power shares continues to increase on
the Namibian grid system. South Africa’s utility, Eskom, which supplies most of the
electricity imported in Namibia, also experiences its own challenges with respect to
the supply of electricity to the South African population and industries. This may cre-
ate concerns over the future security of the supply of electricity to the Namibian grid

system.

Generally, very high shares of variable solar PV power into a grid system is technically
possible, even to the Namibian grid system. International experience clearly demon-
strates that there is no hard technical limit to the uptake of solar energy in grid systems.
In countries where such limits were announced, further investigation showed that lim-
its could be overcome. Technical solutions exist to deal with all issues that may arise
from the increased variability and uncertainty inherent in solar PV generation, or from
the specific technical design that makes them behave differently on the grid system

compared to conventional power plants.

Moreover, electricity generated from solar PV technology is unpredictable, it corre-
lates with the daily demand and seasonal. On a local level, the correlation depends
on the characteristics of the area. For commercial areas with peak demand during the

daytime, the correlation is high while for residential areas the correlation is reduced
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since the demand is highest during morning and evening hours while the peak pro-
duction occurs around noon. Thus, due to the increase of intermittent PV power on
the Namibian electric grid, the power system has to deal with not only uncontrollable

demand but also an uncontrollable generation.

Using energy storage devices in connection with PV systems for the Namibian grid
system can help to reduce or eliminate power variations. Storage is not only a tech-
nical solution for network management, but it is also a means of better utilization of
solar energy by avoiding the load to fall in times of overproduction. This may allow the
Namibian grid system to perform much better and to minimize the negative impacts
on the grid’s power quality as well as the maximization of the PV power share level.
It might also be another promising solution in addressing the issue of synthetic inertia

control and several more traced issues, concerning grid stability.

4.3 SUMMARY

In summary, the Namibian grid system is considered strong when certain busbars
achieve the SCR of 10, provided that the intermittent Power system connected at bus-
bar does not exceed 5 MW for a 11 kV line, 10 MW for a 22 kV and 33 kV line, 20
MW for a 66 kV and 132 kV line without violating the grid code requirements. The
tolerable capacity limit of intermittent PV power into the Namibian grid system was
calculated to be the range of 38% to 53.4% based on the limiting factors discussed in

the considered scenarios.
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5 CHAPTERFIVE: CONCLUSIONS AND REC-
OMMENDATIONS

5.1 CONCLUSIONS

As intermittent PV power systems feeding into an electrical grid systems are on an
increase, grid stability become a major concern worldwide. The purpose of this study
was to analyse the ability of the Namibian electricity grid system to accommodate
intermittent solar PV power and to determine the capacity limit beyond which the
Namibian electricity grid system will become unstable due to an increase in intermit-
tent solar PV systems feeding power into the Namibian grid system. The study found
that the majority of the Namibian grid busbars can connect less than 10 MW to ensure
the SCR remains at least 10. Furthermore, the capacity limit of intermittent PV power
into the Namibian grid system was calculated to be in the range of 38% to 53.4%.
Moreover the growth of grid-connected PV systems into the Namibian National grid
system would mean that the Namibian grid system has to deal with not only uncon-
trollable demand but also with uncontrollable generators, hence significant upgrading
of the grid system is required in terms of interconnections capacity to connect and

transfer the solar power.
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5.2 RECOMMENDATIONS

It is not exaggeratory to say that the Namibian electrical grid system under the current
circumstances is not yet ready to accommodate the anticipated increase in PV pene-
tration. Therefore, this study recommends that more research work and investigation
from the perspective of engineering application and academic research are clearly re-
quired to determine the strength of the entire Namibian grid system to accommodate
intermittent PV power and further analyse the limits of intermittent PV power onto
the Namibian grid system. A comprehensive techno-economic assessment should be
performed on the Namibian grid system. The renewable energy grid codes forming
part of the Transmission Grid Code should also be reviewed/updated continuously,
considering the specific characteristics of the Namibian grid system. Moreover, there
is a need for the Namibian National grid system to provide an increase in supportive
services and potentially enforce storage facilities as a backup for all future solar en-
ergy sources. This will constitute a well-balanced generation mix and a more flexible

demand side.

48



References

[1]

Elnozahy MS, Salama MMA. Technical impacts of grid-connected photovoltaic
systems on electrical networks—A review. Renewable and Sustainable Energy.

2013;5:032702.

Tobnaghi DM, Vafaei R. The Impacts of Grid-Connected Photovoltaic System
on Distribution Networks-A Review. ARPN Journal of Engineering and Applied

Sciences. 2016;11(5):3564-3570.

Mojumdar MRR, Bhuiyan AMW, Kadir H, Shakil M, Ahmed-Ur-Rahman.
Design and Analysis of an Optimized Grid-tied PV System: Perspective
Bangladesh. International Journal of Engineering and Technology (IJET). 2011

01;3:435-439.

Fitch Ratings Corporates. Namibia Power Corporation (Proprietary) Limited;
2019.  Available from: https://www.nampower.com.na/public/
docs/investor-relations/Fitch%20NamPower%202019%

20Report .pdf.

Hatch. National Integrated Resource Plan Review and Update-Final Report;

2016.

United Nations Development Programme (UNDP). Concentrating Solar Power
Technology Transfer for Electricity Generation in Namibia (CSP TT) NAM.

Project Report (2011); 2011.

Hudson R, Heilscher G. PV grid integration—system management issues and

utility concerns. Energy Procedia. 2012;25:82-92.

49



[8] Kadir AFA, Khatib T, Elmenreich W. Integrating Photovoltaic Systems in Power
System: Power Quality Impacts and Optimal Planning Challenges. Hindawi Pub-
lishing Corporation International Journal of Photoenergy. 2014;5:7. Available

from: http://dx.doi.org/10.1155/2014/321826.

[9] Sandén BA. Systems Perspectives on Renewable Power 2014. Chalmers Univer-

sity of Technology; 2014.

[10] Luque A, Hegedus S. Handbook of photovoltaic science and engineering. John

Wiley & Sons; 2011.

[11] Aziz T, Nipon K. PV Penetration Limits in Low Voltage Networks and Voltage

Variations. IEEE Access. 2017;5:16784 — 16792.

[12] Joy J, Jasmin E, John VR. Challenges of smart grid. International Journal of
Advanced Research in Electrical, Electronics and Instrumentation Engineering.

2013;2(3):976-981.

[13] Kundur P, Paserba J, Ajjarapu V, Andersson G, Bose A, Canizares C, et al. Defi-
nition and Classification of Power System Stability. IEEE Transactions on Power

Systems. 2004;19:1387 — 1401.

[14] Hillberg E, Zegers A, Herndler B, Wong S, Pompee J, Bourmaud JY, et al.. Flex-

ibility needsin the future power system; 2019.

[15] Zaidi B. In: Introductory Chapter: Introduction to Photovoltaic Effect; 2018. p.

1-8.

[16] Jinfeng W, Chunxiu Y, Fang L, Xufei M, Jiangbo W, Junhui L. The development

50



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

and utilization of new clean energy. In: 2016 IEEE International Conference on

Power and Renewable Energy (ICPRE). IEEE; 2016. p. 639-643.

Schmela M, Rossi R, Beauvais A, Chevillard N, Paredes M, Heisz M. Global
market outlook for solar power 2019-2023. SolarPower Europe, Brussels, Bel-

gium. 2019.

Passey R, Spooner T, MacGill I, Watt M, Syngellakis K. The potential impacts
of grid-connected distributed generation and how to address them: A review of

technical and non-technical factors. Energy Policy. 2011;39(10):6280-6290.

Outlook BP Energy. Outlook 2019 edition. London , United Kingdom. 2019.

Bird L, Milligan M, Lew D. Integrating variable renewable energy: Challenges
and solutions. National Renewable Energy Lab. (NREL), Golden, CO (United

States); 2013.

International Renewable Energy Agency (IRENA). Future of Solar Photovoltaic:
Deployment, investment, technology, grid integration and socio-economic as-

pects (A Global Energy Transformation: paper); 2019.

Igbal M. An introduction to solar radiation. Elsevier; 2012.

Zahedi A. Maximizing solar PV energy penetration using energy storage tech-

nology. Renewable and sustainable energy reviews. 2011;15(1):866-870.

Cochran J, Bird L, Heeter J, Arent DJ. Integrating variable renewable energy
in electric power markets. best practices from international experience. National

Renewable Energy Lab.(NREL), Golden, CO (United States); 2012.

MacDonald M. Intermittent Renewable Penetration Study; 2017.

51



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Papathanassiou S, Hatziargyriou N, Anagnostopoulos P, Aleixo L, Buchholz B,
Carter-Brown C, et al. Capacity of distribution feeders for hosting DER. CIGRE

Working Group C. 2014;6.

Verhoeven S. Impacts of PV penetration in distribution networks. In: Proc. IEA

Task V Workshop; 2002. p. 24-25.

Electricity Control Board. 2017 Annual Report; 2017. Available from: https:

//www.ecb.org.na/images/docs/Annual.

Anvari M, Lohmann G, Wachter M, Milan P, Lorenz E, Heinemann D, et al.
Short Term Fluctuations of Wind and Solar Power Systems. Sustainabil-
ity. 2016;10:124.  Available from: http://www.mdpi.com/journal/

sustainability.

Anees AS. Grid integration of renewable energy sources: Challenges, issues and
possible solutions. In: 2012 IEEE 5th India International Conference on Power

Electronics (IICPE);.

Katiraei F, Mauch K, Dignard-Bailey L. Integration of photovoltaic power sys-
tems in high-penetration clusters for distribution networks and mini-grids. Inter-

national Journal of Distributed Energy Resources. 2007;3(3):207-223.

Sivaneasan B, Lim M, Goh K. Overcoming solar pv intermittency using demand

response management in buildings. Energy Procedia. 2017;143:210-215.

Deppe T, Munday JN. Nighttime photovoltaic cells: electrical power generation

by optically coupling with deep space. ACS Photonics. 2019.

52



[34]

[35]

[36]

[38]

[39]

[40]

[41]

Cheng D, Mather BA, Seguin R, Hambrick J, Broadwater RP. Photovoltaic (PV)
impact assessment for very high penetration levels. IEEE Journal of photo-

voltaics. 2015;6(1):295-300.

Wajahat M, Khalid HA, Bhutto GM, Leth Bak C. A Comparative Study into
Enhancing the PV Penetration Limit of a LV CIGRE Residential Network with

Distributed Grid-Tied Single-Phase PV Systems. Energies. 2019;12(15):2964.

Hoke A, Butler R, Hambrick J, Kroposki B. Steady-state analysis of maximum
photovoltaic penetration levels on typical distribution feeders. IEEE Transactions

on Sustainable Energy. 2012;4(2):350-357.

Povlsen AF, et al. Impacts of power penetration from photovoltaic power systems

in distribution networks. Report IEA PVPS T5-10. 2002;2002.

Chalmers S, Hitt M, Underhill J, Anderson P, Vogt P, Ingersoll R. The effect of
photovoltaic power generation on utility operation. IEEE transactions on power

apparatus and systems. 1985;(3):524-530.

NamPower. Annual Report 2017; 2017. Available from: https:
//www.nampower .com.na/public/docs/annual-reports/

Nampower$20Annual%20Report%202017%20FA%20LR. pdf.

Mararakanye N, Terblanche U, Fairhurst J. Study on grid integration of intermit-

tent renewable energy in Namibia FINAL; 2018.

Johnston MP. Secondary data analysis: A method of which the time has come.

Qualitative and quantitative methods in libraries. 2017;3(3):619-626.

53



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Eftekharnejad S, Vittal V, Heydt GT, Keel B, Loehr J. Impact of increased pene-

tration of photovoltaic generation on power systems. IEEE transactions on power

systems. 2012;28(2):893-901.

Electricity Control Board (ECB). Transmission Grid Code: Electricity Act, 2007;
2018. Available from: http://www.lac.org.na/laws/2018/6731.

pdf.

Consulting GE. Oahu Distributed PV~ Grid  Stability  Study
Part 3: Grid Strength;  2016. Available from: https:
//www.hnei.hawaii.edu/wp—content/uploads/

Oahu-DPV-Grid-Stability-Grid-Strength.pdf.

Grunau S, Fuchs FW, Kiel Cau, Kiel D. Effect of wind-energy power injection

into weak grids. In: Proc. EWEA; 2012. p. 1-7.

NamPower. Corporate Strategy and Business Plan; 2019. Available from:

https://www.nampower.com.na/public/docs/NamPower.

International Renewable Energy Agency (IRENA). Renewable capacity statis-
tics; 2019. Available from: https://www.irena.org/publications/

2019/Jul/Renewable-energy—-statistics—-20109.

Lucas A. Single-phase PV power injection limit due to voltage unbalances ap-
plied to an urban reference network using real-time simulation. Applied Sciences.

2018;8(8):1333.

Kamaruzzaman ZA, Mohamed A, Shareef H. Effect of grid-connected photo-

voltaic systems on static and dynamic voltage stability with analysis techniques

54



— A review. Przeglad Elektrotechniczny. 2015;91:134-138. Available from:

https://doi.org/10.15199/48.2015.06.27.

55



Appendices

Appendix A

Classification of power stability

Stability issue is categorized into rotor angle stability, frequency stability, and voltage
stability. Rotor angle stability refers to the ability of synchronous machines of an
interconnected power system to remain thus after being subjected to a disturbance.
Rotor angle stability can be divided into small signal rotor angle stability and transient
stability. Frequency stability refers to the ability y of a power system to maintain
steady frequency following a disturbance that results in imbalance between generation
and load. Voltage stability is defined as the ability of a power system to maintain steady

voltages at all buses in the system after being subjected to some form of disturbances

[49].

| Power system stability |
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Figure 10: Classification of Power Stability [13]
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Appendix B

PV projects commissioned in Namibia by the end of 2018

Project Name Location Resource Type | Installed Ca- | Date ~ Commis-
pacity sioned

Ombepo Wind | Liideritz REFIT/Wind | 5 MW 09/09/2017

Ejuva PV1 Gobabis REFIT/PV 5SMW 27/09/2017

Ejuva PV2 Gobabis REFIT/PV 5SMW 27/09/2017

Momentous PV | Keetmanshoop | REFIT/PV 5 MW 27/11/2017

Alcon PV Aussenkehr REFIT/PV S MW 19/11/2017

Camelthorn PV | Outapi REFIT/PV SMW 03/06/2018

Innosun  solar 4.5 MW -

PV

HopSol  solar SMW -

PV

Omburu  solar | Erongo 4.5 MW -

PV Park

Table 2: PV grid-connected projects completed in Namibia by the end of 2018
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Figure 11: capacity of renewable energy that can be accommodated at each busbar
without violating the SCR lower limit of 10 [40]
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