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Abstract

With an increase in both loadshedding and the price of electricity, homeowners are looking to
reduce their dependence on the national electricity grid, both for reliability and financial benefit.
While water heating with an electric resistance heater accounts for approximately 40% of the
total power consumption in a normal household, appliances like lightbulbs and a refrigerator
consume relatively little power. Therefore, a PV system that can save money with water
heating while providing reliable emergency power during grid loadshedding will benefit any
homeowner. In this study, a combined PV system which can provide simultaneous water

heating and emergency power is under techno-economic review.

A simulation model was developed to evaluate the proposed PV system. A single-diode model
(SDM), which uses five parameters from a solar PV cell circuit, was used to model the power
generation of a solar PV array. The model uses hourly solar radiation data from a climatic
design year as input. The generated PV power is then used as input for the water heating and
emergency power simulation. The water heating model uses thermodynamic conservation
laws to determine the change in temperature within the geyser, taking into account a standard
household water consumption profile, standing loss, and energy input from the PV system.
The national grid is only used as an auxiliary power source to heat the water, should the water
not be up to temperature after PV heating. Simultaneously, as the water is heated, the battery
is also charged to be used as emergency power during loadshedding. Again, the grid is only
used to charge the battery when the PV system is not sufficient. The model was verified with
external literature and validated through experimental testing and hand calculations. The study
focused on a side-by-side comparison of the different PV systems, defined in the study.
Therefore, the model was not the main focus of the study, but rather means to compare the

different systems.

Three different PV systems were simulated, each having the same water heating capacity and
PV array, but with different battery capacities. The smallest system included a 12V, 20Ah
battery, only used for lightbulbs and a Wi-Fi router during a 4-hour loadshedding period. The
second system used a 12V, 80Ah battery to also power a refrigerator. Lastly, the third system
used a 12V, 120Ah battery, which is capable of powering all the previously mentioned
appliances as well as a microwave and hairdryer, albeit not at the same time. The system
inverters were sized according to the load requirements of the systems. The simulation was
performed for all three systems in four different locations over South-Africa, including two

coastal cities and two in-land cities.

The study found that the PV systems generated around 2000 kWh for water heating in in-land

cities, while only producing 1400 kWh for water-heating power in coastal cities. The savings,
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with regard to emergency power, for each system increased as the system size increased.
The PV system saved, on average, 195 kWh/year for emergency power with system C (largest
system), while system A (smallest system) only saved 37 kWh/year. The cost savings for the
system were calculated by comparing the grid electricity bill without the PV system to the grid

electricity bill after the system was implemented.

The smallest system performed the best financially with a payback period of 6 years for in-
land cities and levelised cost of energy of 1.73 ZAR, while the largest system, with its large
battery capacity, saved the most kWh and provided more backup hours and capacity during
loadshedding. The study concluded that: Firstly, the proposed combined system worked,
providing reliable emergency power and financial benefit through savings in water heating.
Secondly, the factors which the homeowner values more, convenience through emergency
power or financial benefit through water heating, determine which system is better suited to
the household.

Keywords: domestic water heating; solar photovoltaic; emergency power; simulation;

modelling; performance; payback period; levelised cost of energy; combined PV system
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1 - Introduction

1.1 Background

South Africa experienced its first loadshedding between November 2007 and January 2008.
The power outages were a result of shortages in generating capacity at Eskom, South Africa’s
primary electricity supplier [2]. In 1998, an assumed demand growth of 4.2%, was predicted
to fully use Eskom’s generation capability by 2007 [3]. This prediction took into account a large
rise in demand due the household electrification programme launched by the Department of
Energy and Eskom. With the large increase in the population how using electricity, there was
a steep increase in demand, while electricity prices stayed mostly unchanged between 2001
and 2008 [2]. The impact of this increase in demand was exacerbated by the lack of
construction of new generating units, a negligence in maintenance activities on existing units,
and the political struggles within the government [4]. The supply crisis prompted the launch of
a hew expansion programme in 2008. However, due to the subsidised cost of electricity, which
neither reflected the marginal cost of supply nor included capital maintenance costs, there was
a substantial lack of funds to finance the new programme [2]. In an attempt to raise the funds,
the government increased the price of electricity by a cumulative 114% between 2008 and
2013. Eskom managed to avoid loadshedding in the following 6 years, but loadshedding was
again implemented in March 2014 due to a shortage in generation capacity caused by the
increased load and the summer maintenance programme [5]. Since 2019, Stage 4!
loadshedding has become more and more prevalent, and the total amount of energy
generated today (2023) is less than in 2010. The electricity is also produced at a much higher

cost now than it was in 2010 [6].

With an increase in both loadshedding and the price of electricity, more homeowners are
considering other, especially renewable, energy sources to heat water, save on electricity
costs and be less dependent on Eskom. From an electricity cost perspective, water heating is
the biggest single cost item, as water heating with an electric resistance heater, consumes
approximately 40% of the total power in a normal household [7]. An electric resistance water
heater is easily installed, with low capital investment, and is therefore the most common
means of water heating in South Africa [7]. Electric geysers connected to the grid are,
however, totally dependent on grid electricity and therefore vulnerable to loadshedding and

the increasing price of electricity. Solar thermal geysers, heat pumps and photovoltaic (PV)

1 Stage 4 loadshedding refers to the power being cut for four hours, twelve times over a period of eight
days or twelve times over a period of four days for two hours at a time, resulting in 4000MW being shed
from the grid.
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modules are all viable alternative solutions to electric resistance geysers. Solar thermal
geysers and heat pumps can only supply thermal energy for water heating. PV modules,

however, generate electricity that can also be used for water heating and emergency power.

Providing emergency power during loadshedding is an increasing priority for households in
South Africa. An easy solution to emergency power is the procurement of a generator to run
during loadshedding. A generator can have a relatively low capital investment, but the
operating costs are high. Batteries, charged from the grid, are another solution to emergency
power, and although battery technology has improved and prices decreased, it is still a high
capital investment. Both batteries charged from Eskom’s grid and generators use non-
renewable energy sources. Therefore, the energy generated by a generator or stored in
batteries need to be replaced. This is accomplished by buying fuel for the generator or buying
electricity from the grid, which increases the operating costs and therefore the lifetime cost of

the system.

PV modules can generate electricity from the sun’s irradiation, which is a renewable energy
source. Excluding maintenance, PV modules have no operating costs, making them an
attractive solution for emergency power. Smaller systems for emergency power are affordable
for most middle to high income households, but as loadshedding increases from Stage 4 to
Stage 62, appliances such as refrigerators also need to be powered, which increases the size

of the backup power system requirements and therefore its costs.

When people want to reduce their consumption of electricity and reliance on the grid by
installing alternative and renewable water heating technologies as well as emergency power
systems, the economic viability is an important factor. The price of PV modules has decreased
to such an extent that using them for water heating has become more economically viable. A
single combined solar system that integrates water heating as well as emergency power

generation from a single array of solar modules should therefore be more cost effective.

A typical PV system consists of four main components: the PV modules, an inverter, a charge
controller and a backup battery. A 5kW inverter typically costs between 20 000 ZAR and 40
0000 ZAR, while a 1kW inverter plus geyser controller costs approximately 11 000 ZAR. A
system that integrates the geyser, to be provided with DC power directly from the modules
and power appliances during the day while storing power in a small battery for the provision
of emergency power at night and during loadshedding, eliminates duplication and can
therefore result in significant cost benefits. The absolute and relative sizes of the components

mentioned above can be changed to form larger or smaller systems for different scenarios. As

2 Stage 6 loadshedding refers to the power being cut for a total of 6 hours over a 24-hour period,
resulting in 6000MW being shed from the grid.: and
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the systems increase in size they can be described as more of a backup power system than

an emergency power system.

To encourage the installation of solar systems, it is of great importance that homeowners have
realistic expectations about the economic feasibility of such a system. Long exposure to the
sun and other weather conditions such as humidity wears down components and therefore
makes occasional device substitution necessary. Lithium-ion batteries, maximum power point
tracking (MPPT) controllers and inverters typically have a 10 to 15-year life expectancy, while
geyser elements have a lifespan of 5 t010 years [8, 9]. Replacing these components affects

the economic feasibility of a solar system over its lifespan.

Although the prices of solar system components such as PV modules and batteries have
decreased, it is still a large capital investment. Therefore, accurately evaluating the power a
PV system can generate is very important, in order to correctly estimate the benefit of the
economic investment [10]. This study aims to help enable homeowners to make an informed
decision, depending on their budget and chosen comfort level, on the size of the system to

install.

1.2 Problem statement

The economic viability of a combined residential PV solar system, without an inverter, that
generates electricity for water heating and emergency power simultaneously, has not been

systematically investigated for South African conditions.

1.2 Purpose of the study

The purpose of the study is to investigate the economic viability and feasibility of a solar PV
system that combines water heating and emergency power generation with a single array of
solar modules. With the current state of technology, the feasibility of having a combined
system with two controllers, providing power from a single array to the battery and the electric

geyser is yet unknown and was investigated throughout the study.

1.4 Scope

For the purpose of this study three scenarios were investigated, where the emergency load
increased for each scenario. The most basic (smallest) system scenario is only able to provide
emergency power to lights and Wi-Fi. A slightly larger system will be able to also sustain a
refrigerator during loadshedding. Even larger systems are aimed towards more comfort as
they can provide backup power for other household appliances like hairdryers and
microwaves. System A had the smallest load capacity, and System C had the largest. The
loadshedding schedule used throughout study had two blocks of Stage 4 loadshedding from
6:00 to 10:00 in the morning and between 18:00 and 22:00 in the evening. This profile was

19



chosen as it is the time of day when the household used the most electric load. No other
loadshedding schedule was simulated in this study. The PV system for each scenario was
simulated to evaluate whether it could provide power and to a 200L electric resistance water
heater and household appliances from a single solar array. Each system consisted of a PV
array, geyser controller, an electric resistance geyser, charge controller, a battery and inverter,
as the main components. Throughout the study, the load capacity (humber of appliances) of
the systems could be altered to simulate how these changes affect the techno-economic
viability of each system. The PV array was not optimized for different load profiles. As the goal
of the study was to compare different scenarios where the backup capacity is changed, th
number of solar panels was not varied. The number of panels were sufficient to heat the 200L
water tank. High level modelling, which uses a simple model to analyse each component’s
input and output, was performed on the system, simulating the operations of the system. An
experiment was conducted to verify parts of the simulation model with experimental data. The
verified simulation model was then used to do a parametric techno-economic study of the
different systems as well as their ability to provide emergency power during power cuts.
Finally, the different systems were compared to assess each system’s economic viability as

well as its performance regarding water heating, power generating capacity and storage.

1.5 Methodology

As the technology used (PV modules, and batteries) is in a rapidly developing field, the study
only focused on current technology and the most relevant literature reflected in Chapter 2, the
literature study. The literature study gives a brief introduction to each technology used in the
system, to properly understand its function. It also looks at the current state of technology in
solar water heating and solar power generation. Different means of modelling, simulations and
program developing were studied. The trend in component costs as well as the environmental
factors that affect PV system operation and performance was investigated. The working
principles of a PV system used for water heating and emergency power are introduced in the

literature study.

The study focused on simulation for a household of four people (two adults and two children),
with a middle to high household income. The distinguishing factor between the different
scenarios and their systems was in the inverter providing AC power and the backup battery
capacity of the system. The load capacity was changed according to the needs of the
homeowner. The best-suited size, in terms of load capacity and backup battery capacity, for

each system was therefore determined.
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For the scope of this study, we assumed that the Balance-of-System components® stay
constant for each system. The AC appliances that were included in each system are detailed

in the table below. Note that water heating is included in each system.

Table 1: Appliances included in each scenario for emergency power

Provide power to: Scenario A Scenario B Scenario C
Lights and WIFI X X X
Refrigerator X X
Other appliances X

The battery capacity was scaled according to the AC loads that needed to be powered for
each system. The battery for System A had to be able to provide emergency power for up to
4 hours when used only for lights and Wi-Fi. The battery for System B had to be capable of
also powering a refrigerator, and the battery for System C extra household appliances. The
system had to be able to charge the battery and power the specified appliances during the
day, while also heating water. During loadshedding the lights, Wi-Fi, refrigerator and
household appliances were powered from the charged battery. Water heating was not

powered from the battery, only PV power was used for water heating.

A normalised hot water consumption profile and data from a typical climatic design year were
used as input data for the simulation model. System specifications, as well as capital and

installation costs, were obtained from reputable suppliers across South Africa.

The entire simulation model was developed in Excel. To verify parts of the simulation model,
the results of the model were compared to the data extracted from an experimental solar

system set up in Potchefstroom.

3 BOS or Balance-of-System components are the mechanical or electrical equipment and hardware
used to assemble and integrate major components as well as conduct, distribute and control the flow
of power in the system.
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2 Literature study

The chapter begins with an introduction to the working principles of residential PV systems.
The different technologies available and price of PV modules, controllers and batteries are
discussed in the following sections. This is followed by a review of the different environmental
and operating conditions, modelling techniques, and input parameters that influence the
simulation model developed in this study. Different economic indicators that can be used for
a techno-economic study of PV systems are also reviewed. The chapter is concluded with the

findings of the reviewed literature relevant to this study.

2.1 Residential PV systems

As mentioned in Chapter 1, the aim of this study is to combine two photovoltaic systems into
a single system. The combined system consists of a single PV array with a parallel connection
to two controllers, namely a MPPT controller that charges the battery and the geyser controller
that feeds the element with PV power. The parallel connection should allow the PV panels to
charge the battery and heat the water simultaneously. First, the two separate residential PV
systems are discussed to gain a better understanding of each system and how it functions.

2.1.1 PV system for power generation

Figure 1 illustrates the components found within a typical stand-alone solar PV system used
for power generation and supply to household loads. The PV array, which is made up of
multiple PV modules, generates direct current (DC) from solar irradiation [11]. The current
flows from the modules through the charge controller. A charge controller controls the flow of
current to the batteries, preventing the batteries from damage due to excessive overcharge
[11]. From the battery the direct current flows through the inverter connecting to alternating
current (AC) loads [11]. The system in Figure 1 is an off-grid system. Grid tied systems use
the grid as well as PV modules to charge the battery and provide power to household

appliances should the PV-generated power be insufficient.
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Figure 1: Convectional stand-alone PV system for power generation and storage

2.1.2 PV system for water heating

Figure 2 illustrates the main components of a PV water heating system. The PV array
generates direct current (DC), that flows to the controller which feeds the resistive heating
element of the geyser (storage tank) [12]. The system in Figure 2 is known as a grid-tied PV
system, which means the controller can use the grid to heat the water should the PV array be
insufficient. The system is not capable of feeding electricity back into the national grid and
therefore any electricity which is generated after the water is already heated to the setpoint

temperature is not used [12].

PV array Grid
o~
cl=
M~
Storage tank
[: Hot water
Cold water
_:::]_
DC AC
. Controller
L

Figure 2: Conventional solar PV water heating system [12]
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The success of a combined system depends on whether the different components within the
system can work together through the parallel connection. PV modules, controllers and
batteries are especially relevant to the success of the study and are discussed in the following
sections.

2.2 PV modules

2.2.1 Trend in price of solar photovoltaic modules

There has been a large decline [13] in solar PV module prices over the past few decades,
illustrated by Figure 3. The global solar PV market has developed rapidly and multiple factors
contribute to this reduction in price [13]. Along with the rapid technological development of PV
modules, the giant push for sustainable energy by leading countries has improved
international trade of PV modules and led governments to implement policies that benefit

commercial and residential users [14].
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Figure 3: Module costs and prices since 1975 [13]
2.2.2 State of technology
A PV module is a grouping of solar cells joined in series to increase the voltage to a useful
value compared to a single cell [15]. A solar cell is described as an electrical device, that uses
a chemical/physical phenomenon, known as the photovoltaic effect, to convert the energy of

photons into direct current. Three generations of solar cell technology exist today [15].

The first generation (Gen |) consists of wafer-based cells, usually crystalline silicon [15]. The
second generation (Gen Il) refers to “conventional” thin film technologies such as cadmium
telluride (CdTe), copper-indium/gallium-diselenide/sulfide (CIGS), amorphous silicon (a-Si),

and single-junction gallium arsenide (GaAs) cells [15]. The first two generation cells cannot

24



exceed the Shockly-Queisser (SQ) limit for single bandgap devices [15]. Gen | usually has
higher efficiency but also higher cost per m? than Gen Il cells [16]. Advanced thin films, the
third generation (Gen lll), include emerging cell technologies that can exceed the SQ limit.
The Gen Il cells include cells of organic materials as well as stacked multi-junction cells [15,
16]. Thin-film and crystalline-silicon cells are the focus of companies that develop new solar
cell technology [15]. Once Gen Il technologies are more developed as a cell technology, PV

modules are expected to have higher efficiencies at a lower unit cost, as shown in Figure 4.

100

80

40 -

PV module efficiency (%)

PV module cost (per unit area)

Figure 4: PV generations technologies [16]

Although there is rapid development in new PV cell technologies, there are still a couple of
drawbacks that need to be overcome before large-scale production can commence [17]. As a
result, single junction c-Si cell (Gen |) is still the dominant technology with a market share of
90% in 2022 [17], slightly less than the market share of 95% in 2017 [16], showing the steady
growth of new technologies and their use in the market. Four main types of the traditional
wafer-based cells exist and are classified as: mono-crystalline, poly-crystalline, heterojunction
and microcrystalline [15]. Mohanty et al. [11] did a comprehensive review on the different
module technologies available today. The findings agree with other studies [18, 19] that Mono-

crystalline modules are currently the best for residential power generation.

2.2.3 Operational characteristics of PV modules

A PV module’s operational characteristics is illustrated by an I-V (current-voltage) curve, at
any given solar irradiance and operating temperature [20, 21]. When PV modules are
connected directly to the geyser element, the operating point is determined by the load

connected to the modules, i.e. the resistance of the element [21]. In Figure 5 the P-V (power-
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voltage) curve is represented by the orange line and the maximum power point by the yellow
dot. The blue line represents the |-V curve and the grey line the load curve. The point where

these two lines intersect is known as the operating point.
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Figure 5: Operational characteristics of a PV module

The maximum power point (MPP) is the point on the P-V curve where the module generates
the maximum possible power. The power is calculated as the voltage multiplied by the current
for every voltage increment from the short circuit to open circuit voltage of the module. The

MPP will always occur in area called the “knee” of the |-V curve [22-24] .

When the power that is generated by the modules is determined by the load curve, it is
important to optimise the system in such a way that the operating point is as close as possible
to the Iwp and Ve on the |-V curve. This is achieved by adjusting the configuration of the

modules, i.e. the number of modules in the system and how they are wired together.

2.2.4 Effect of module configurations for a resistive load

The number of modules in the PV configuration and the method of their wiring determines the
voltage and current output of the PV array. Within a PV array, modules can either be
connected in series or parallel. To increase the voltage of the array, modules are connected
in series [11]. To increase the generation current, the modules are connected in parallel [11].
In Figure 6, different array wiring combinations can be seen as well as the load curve of
different resistive loads (element sizes). Depending on the size of the resistive load used in
the system, the number and wiring of the PV modules in the array will change to get the

operating point and MPP to converge [21].
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Figure 6: Load curve of a geyser element

The main drawback to PV modules connected directly to the heating element is their efficiency
in less optimal weather conditions [25]. With low radiation, cloud cover or any disturbance in
solar radiation (shade or soiling on the modules) the current of the PV array drops. This also
causes the operating point to move away from the MPP. Charge controllers and geyser
controllers with MPPT capabilities can maximise the generation efficiency of PV modules

during non-optimal weather conditions.

2.3 Charge and geyser controllers

A charge controller regulates the current and voltage delivered to the loads. Various charge
controllers exist that operate with different mechanisms [26]. Shunt controllers disconnect the
battery once it is fully charged by converting the excess power to heat [26]. Series controllers
disconnects the batteries when they reach a predetermined charge termination set point [26].
When the battery reaches a predetermined minimum discharge set point, it reconnects the
power [26, 27].

PWM controllers are like series controllers, using transistors instead of a relay to regulate the
flow of power [11, 26]. MPPT controllers can control the array voltage of the modules through

maximum power point tracking [11, 26]. Maximum power point tracking is electronic tracking

27



that monitors the output of the PV modules and compares it to the required input voltage of
the load. It calculates the optimal power that the module can generate to power the load and
adjusts the voltage accordingly. Most MPPTs are 93-97% efficient in the conversion [11, 26].
Multiple sources [28-30], after review, state that Victron [9] produces the best MPPT charge
controllers on the market. They are easy to install, have Bluetooth connection with great
customisability and produce the highest load output at MPP compared to the other MPPT

controllers.

Three readily available geyser controllers in South Africa today are the ECO MPPT from
Geyserwise, the GEYSER ROBOT and the ELON 100 from Power Optimal. With the exception
of the Geyserwise solution, these controllers are able to feed the geyser electrical element

with DC power from PV modules as well as AC power from the grid [31-33].

The GEYSER ROBOT uses MPPT technology, while the ELON 100 does not. Both controllers
are capable of intelligent switching between DC and AC input and can switch according to
predetermined temperature settings. The ELON 100 controller has an input PV voltage of 20
- 250V DC and an input current of 20A DC, while the GEYSER ROBOT has an input of 90 —
240V DC and 16A. The MPPT controller from Geyserwise is also able to control the DC power
based on predetermined temperature set points. It cannot, however, feed the element with AC

power from the grid if the PV generated power is insufficient to heat the water [31-33].

In a PV array, the voltage of the array will often differ from the voltage at the optimal operating
point due to ever-changing weather conditions [25]. The element therefore only receives a
fraction of the power it received during Standard Test Conditions (STC). The use of a controller
with MPPT capabilities can minimise the loss experienced during less optimal weather
conditions by heating the water to the desired temperature earlier in the day. When the water
is up to temperature, the excess PV-generated electricity can then be stored in batteries to be

used as emergency power.

2.4 Batteries

2.4.1 State of technology

Battery technology has made rapid advances in the past century. Lead-acid batteries came
on the market in the 1800s [11, 34]. Due to their low manufacturing cost, good performance
and long life, they are still popular today [11, 34]. Nickel-cadmium batteries are a matured
technology and are being phased out in some countries due to their environmental impact [11,
34]. Lithium-ion batteries have steadily risen in market share since the start of the 21 century
[11, 34]. Their high energy density, relatively high voltages and low weight to volume ratio
make them very popular [11, 34]. Bandyopadhyay et al. [35] compared three different battery

technologies used in PV systems. Among the battery technologies considered in their study,
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lithium-ion battery-based PV household systems performed the best, followed closely by
vanadium redox flow batteries in all metrics. The study also found that, for a small lithium-ion
battery capacity (< 5kwh), the depth of discharge (DoD) should be 50% - 60%. For larger
battery capacity (>10 kWh), the optimal DoD is 65%-85% [35]. Batteries used in a PV system
have to be of the same type, same manufacture, same age, at equal temperature, and have
the same charge and discharge properties [11] while the size of the batteries used in the
system is dependent on the required emergency load to be powered from the batteries. It
should be noted that lithium batteries are able to discharge up to 2 C or more, which means
that a 100 ah battery can discharge 200 A while gel batteries cannot discharge more than 1
C.

2.4.2 Trend in price of batteries

Ziegler and Trancik [36] investigated the technology improvement and cost decline rates of
lithium-ion batteries. Their study found that lithium-ion cell prices have decreased, scaled by
their energy capacity, by 91% since 1991 [36]. Although battery prices have declined, batteries
still have high investment costs relative to the other components of a PV system. It is,
therefore, important to assess depth of discharge and the capacity of the battery to be used

in the PV system to ensure economic feasibility of the system [34].

2.5 Factors considered during model development

This section reviews the different environmental and operating conditions that affect
modelling. The use of weather data and water consumption profiles in the simulation model is
also studied. Lastly, the modelling techniques for PV modules and the different economic

indicators used for solar PV systems are investigated.

2.5.1 Environmental and operating conditions

Environmental and operating conditions such as air temperature, wind speeds, soiling, and
maintenance affect the system efficiency [37]. In this section the different factors that affect
modelling are investigated. The effect they have on the accuracy of the model will also be

evaluated.

Soiling can be a vital factor that influences a PV system’s performance. Dust on the module
can block the transmission of solar radiation through the module and cause hot spots, resulting
in permanent module damage [25]. Acid rain can also damage the model through corrosion
and decrease its efficiency and lifespan. The effect of soiling and acid rain can be prevented

with regular maintenance, and was therefore not included in the simulation model [38].

Wind helps the ventilation of a PV system and has a cooling effect. A study by Gékmen et al.

[39] showed that wind speed can affect the operating performance of a PV system. However,
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Gaglia et al. [40] claimed that wind has a relatively small effect on PV efficiency compared to
the effect of temperature and solar radiation. Due to the small effect of wind on the efficiency

of the system [40], the effect of wind was not simulated.

Apart from the solar irradiance and incidence angle, the operating temperature of a PV module
has the greatest effect on PV efficiency [40]. Module efficiency decreases when the module
temperature exceeds 25°C and there is a considerable loss in power at higher module
temperatures [25, 41]. Although the change in temperature was not simulated within this study,
the modules were modelled at an operating temperature of 55°C to accommodate for the
decreased performance [42], which was the typical operating temperature found during

experimentation.

From literature it is evident that solar irradiance and tilt angle are the most important factors
that influence accuracy when simulating PV power generation [11, 21, 22, 43]. While
temperature, wind speed, and soiling do affect the power generation of PV modules, a study
by Botes [12] provided very accurate results when simulating PV power generation with only
irradiance and tilt angle. The tilt angle of the PV modules and the solar irradiance will be

discussed in more detail in their own sections.

2.5.2 Degradation of PV modules

The PV modules and balance of system performance reduce year by year, but most module
manufacturers guarantee 80% performance after 25 years by assuming an efficiency loss of
0.5% per year [1]. This claim is supported by the National Renewable Energy Laboratory
(NREL) research that shows the mean degradation rate of modules to be 0.5% per year, but
claim that it could be higher in hotter climates and for rooftop systems [44]. Pan et al. [45] and
Ngure et al. [46] agree that the climate of different locations across the globe dramatically
affects the degradation of solar modules. Ngure et al. [46] investigated the degradation
mechanism and rates of solar PV modules in eastern Africa under two different climatic
conditions. The results indicated power degradation rates of 0.99% per year for
monocrystalline modules and 1.15% per year for polycrystalline modules over a period of 6
years under tropical savanna conditions. In semiarid conditions, the degradation for
monocrystalline and polycrystalline modules were 1.44% and 1.22% per year, respectively
[46]. For this study, degradation of the PV modules will be taken as 1% per year as most

applications are in cities.

2.5.3 Climatic design year

A climatic design year is the weather data recorded on every day of the year. Weather data is
critical for measuring the feasibility of a solar system and are usually depicted in an hourly

format [43]. Figure 7 shows the change in irradiation across South Africa depending on the
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area of residence. Areas with lower irradiance will require more PV modules compared to

higher irradiance areas to produce equal amounts of electricity.

Weather data sets usually include the wind temperature, air temperature and some form of
irradiation measurement [47, 48]. Most studies [11, 12, 21, 49] use the hourly variation of
temperature and irradiation to model the I-V curve of the PV module for that hour. This allows
the simulation of PV-generated power from the modelled I-V curve for every hourly variation

in weather conditions.

There are powerful weather data tools available today like PVGIS, PVWatts and RETScreen
that use multiple satellites to measure irradiance across the globe [48]. Out of the above
mentioned, PVGIS has the most accurate simulation results with an annual deviation of -2%
to real measured data, followed by PVWatts with -9.2% [50]. This is most likely due to the
weakness of the programs to forecast the actual climate conditions as they use historical data.
PVGIS can calculate the optimal tilt angle and azimuth angle, as well as the generated PV
power for any solar system across the globe. While the simulation program calculated the

annual PV generated power, PVGIS was used to verify the simulation program.

Weather conditions change over time, and it is therefore important to use the most recent data
available to ensure the most accurate simulation possible. The weather data collected in the
study by Van Deventer [47], used by Botes, is from 1971 and only provides data for the five
largest cities in South Africa at the time, of which Johannesburg is the closest geographical
location to Potchefstroom. PVGIS was therefore used to obtain the most recent available
weather data for Potchefstroom. The weather data from PVGIS is for 2020. This ensured that
the simulation used the most accurate weather data available and could be verified as

accurately as possible with experimental data from Potchefstroom.
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Figure 7: Direct normal irradiation across South Africa [51]

2.5.4 Water consumption profile

To accurately simulate the total PV power consumption of the entire residential system, the
electricity consumption of the resistive element needs to be calculated with an energy balance
over the geyser [12]. The energy balance uses a set of equations that calculates the energy
in and out of the geyser according to the amount of water that flows into and out of the geyser

at predetermined temperatures.

A normalised water consumption profile shows how much hot water is consumed by the
occupants of a residential household. Multiple studies agree that the profile of a residential
house in South Africa has twin peaks. These peaks occur at 9:00 in the morning and 21:00 in
the evening, as seen in Figure 8 below. While there is variation in the total consumption of hot
water per person per day, 50 litres pp/day in the summer and 70 litres pp/day in the winter is

generally accepted [43, 52-54].
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Figure 8: Water consumption profile matched with the hourly generated PV energy [55]

The water consumption profiles used in the reviewed literature matched the hourly water
consumption to the hourly PV-generated electricity [12, 55]. With some studies, water
stratification within the geyser was neglected [12] while others included the effect of
stratification [56]. All studies used the basic equation of g = mcAT, calculating the change in

energy of the water based on the outflow of hot water and the inflow of cold water [55-57].

A report by Lutz et al. [58] investigated different water profiles for elderly households and
households with washing appliances that run during the day. While water consumption profiles
differ from household to household, this study actively focuses on the average household in
South Africa for which a normalised consumption profile with twin peaks is a good

representation [52].

2.5.5 Photovoltaic models

Due to the high investment cost of PV systems, it is important to design a system that uses
the available solar energy optimally. This necessitates an accurate simulation of the designed
system prior to installation [23] to assess the performance of the solar PV system to be used
as a power source. A PV module is modelled to optimise the performance, efficiency and cost
effectiveness of the module [10]. Important parameters of the solar cell that affect the I-V

characteristics are determined during the modelling process [1].

There are many different models that have been proposed by researchers [1, 20, 21, 59]. To
model a PV cell, important parameters of the cell are estimated, which are in turn used to
model the P-V and |-V characteristic curves of the cell. This imitates the solar cell under
various environmental conditions that are changed during simulations. The use of the electrical
equivalent circuit, which is primary-based on a diode, is the most popular approach to

modelling. Two methods of modelling exist, numerical or analytical. Numerical methods use a
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set of equations which can be solved using numerical or iterative algorithms. Analytical
methods make use of fast parameter extraction procedures through approximations or

assumptions without sacrificing accuracy [59].

The starting point of most models uses the Shockley theory for a p-n junction which is exposed
to solar radiation [20]. The Shockley theorem allows for the equivalent circuit of the solar cell
to be described at different levels of approximations [12]. An ideal solar cell is modelled where
the current source is in parallel with the diode [1]. The current source or light-generated current
source is proportional to the solar radiation falling on the solar cell [1]. The PV cell can be
modelled as a one-, two- or three-diode model. The number of diodes present in the model
are linked to the number of characteristic parameters, the mathematical complexity and the

accuracy of the model [1, 12].

2.5.5.1 Different diode models

As illustrated in Figure 9, the one-diode model has five unknown parameters, while the two-
diode model has seven and the three-diode model has nine, which all increase in complexity
as the number of unknown parameters increase [1]. The diffusion and recombination in the
guasi-neutral regions of the solar cell are responsible for the diode current (l4) in the one-diode
model [1]. The one-diode model assumes that there is no recombination loss in the depletion
region. The current in the second diode (l42) is due to the recombination loss that is modelled
in the depletion region [1, 12, 23]. Due to the implicit form and exponential terms of the current
source equation, it is difficult to determine the parameters in the two-diode model. The two-
diode model also requires specific parameters of the semiconductor, not commonly supplied
by commercial PV datasheets [10, 23]. The connection of the third diode is to represent the
diode current caused by recombination in the defect regions, grain sites etc. [1]. The three-
diode model has been proposed for larger crystalline solar cells and acts as a superior model
to characterise the large-size industrial solar cells. The mathematical equations applied in the

model determines the number of parameters that are extracted [12].
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Figure 9: Different diode models [1]

The single-diode model (SDM) is favoured due to its simplicity and the lower computational

effort required to extract the parameters [1]. Lo Brano et al. [10] stated that the one-diode

model is an adequate representation of the I-V characteristic curves at STC [12]. It is mostly

agreed upon that the one-diode model is, in practice, a good trade-off between accuracy and

simplicity [12]. Although the three- and two-diode models are superior in accuracy, the single-

diode method is by no means inaccurate [10]. The increased complexity of the two- and three-

diode models with diminishing returns in their accuracy compared to the one-diode model,

make them undesirable for this study.

2.5.5.2 Five parameter one-diode model

II-"I.Ir

Rs

Figure 10: Equivalent electrical circuit used in SDM (black) with an additional red diode [12]

As seen in Figure 10, a solar cell model typically depends on five parameters. These

parameters are not provided by manufacturers but can be determined by using the I-V

characteristics and analysing their equivalent electric circuit. These parameters are the

35



photogenerated current (Ipv), the reverse saturation current (lo), the shunt resistance (Rsh),
the series resistance (Rs) and the diode ideality factor (a) [60]. The values that are provided
by manufacturers are the nominal open-circuit voltage (Voc), the nominal short-circuit current
(Isc), the voltage and current at maximum power point (Vwve) and (Iwe), and the maximum power
(Pwm) [61].

Humada et al. [62] compared the effect of the five parameters and found that the diode ideality
factor, as well as the series-and shunt resistances, influences the |-V curve significantly.
Therefore, many of the models used today focus on solving these three parameters, but other

studies have concentrated on either four, three, two or even just one parameter [62].

There is much ambiguity in selecting the values of the ideality factor. According to Lo Brano
et al. [10], most inaccuracies in modelling occur due to the diode ideality factor being
interdependent. Multiple studies [20-22, 59] found the ideality factor to be between 1 and 1.5
in the one-diode model. The ideality factor can change depending on other cell parameters,
and can be changed throughout the modelling process to improve the accuracy of the model

and of the generated I-V curve [12].

Ibrahim and Anani [59] stated that the shunt and series resistances do not have a significant
effect on the |-V characteristic curve at STC, which is not the case under other operating
conditions. Lo Bran et al. [10] concluded that both resistances influence the slope of the I-V
characteristic curve, before and after the curve “knee”. The resistances Rs and Rsy do not
physically exist in the cell. They are electrical representations of the energy losses and voltage
drops found within the semiconductor in the presence of the photocurrent [10]. The values of
both resistances can be graphically determined from the I-V curves provided by the
manufacturers [12]. This method restricts the model to PV modules whose manufacturers
provide |-V graphs. The accuracy of the graphical approach relies heavily on choosing the

points to be evaluated on the I-V curve correctly [12, 20].

Lo Brano et al. [10] proposed a new five-parameter model capable of analytically describing
the |-V characteristics of a PV module for different environmental conditions. Data from
manufacturers and standard rating conditions are used to solve a system of equations that
extracts the parameters of the equivalent electrical circuit. Ayodele et al. [61] compared
different numeric algorithms used in solving the five-parameter model [12]. The results
indicated that no single algorithm performed increasingly better than the other. The focus area
of the user determines the success of the algorithm, as each algorithm is best suited for a
given metric [12]. Ibrahim and Anani [59] compared different analytical techniques used for

parameter extraction. Although analytical algorithms require some degree of approximation,
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they performed on par with popular numeric algorithms. Most studies make use of numerical

algorithms.

After a review of different means to model a solar cell and extract the parameters needed, the
one-diode model was chosen for this study. The simulation model made use of various five-

parameter model techniques.

2.5.6 Analysis of economic indicators used for PV systems

When conducting technical or performance studies, it is important to include financial impacts
for the benefit of the consumer. Although PV systems make use of a renewable energy source,
the upfront investment of harvesting this energy comes at a cost. There are still capital and
operational costs, and as with any project, financial indicators are used to gauge the success
of the project [63].

There are multiple studies that have investigated the economic feasibility of residential PV
systems [34, 64-69]. Many input parameters exist that can be used for economic analysis.
Some of the parameters used in these studies include cost of electricity, PV system costs,
government policies, operational and maintenance cost, replacement cost of components,
discount rates, inflation, feed-back tariffs and more. While some of these input parameters are
essential to the economic analysis, like PV system costs and electricity prices, others may not
be. Depending on the country or size of the installed system, feed-back tariffs, government
policies and maintenance cost may not exist or be negligible and will not affect the analysis.
Similarly, many output-economic indicators exist. Hoppmann et al. [64] used a ‘Self-
consumption module’, which was then used in the ‘Net present value module’. The ‘Storage
and PV system size optimisation module’ then drew on both the ‘Self-consumption calculation
module’ and the ‘Net present value calculation module’ to find the optimal PV system size for
the household [64]. Litjens et al. [65] made use of the Profitability Index and Payback Period
as economic indicators while Akter et al. [70] used Levelised Cost of Energy (LCOE), Net
Present Value (NPV), Internal Rate of Return (IRR), Discounted Payback Period (DPBP), and
Payback Period (PBP) in their study conducting economic analyses of residential households
with PV systems in Australia. A study by Han et al. [34] listed 26 different techno-economic
studies of PV systems with batteries. The most used economic indicators, for those studies
that focused on simulation, were NPV, LCOE and PBP.

This study therefore also made use of the NPV, LCOE and PBP as financial indicators to
evaluate the different systems in terms of their economic feasibility. The NPV of the system is
used to compare the system with other alternative power generation systems. The LCOE is
used to compare the cost of energy of the PV system with the cost of energy with the national

grid. Lastly, the payback period is used to determine when the system will start to be profitable.
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These three indicators cover the costs, value and profitability of a system during its lifetime.
Usually, a single indicator is sufficient to determine the economic viability of a system,
however, multiple indicators give a more in depth look at different aspects of economic
viability. Each of the financial indicators used are thoroughly explained in the modelling

section.

2.6 Conclusions

The working principles of a stand-alone PV system for power generation and a PV system for
water heating were introduced and discussed. This included the components of each system
and how they work together to form the system. With a clear understanding of both systems,

a combined system can be designed for simultaneous water heating and emergency power.

The study also investigated the current state of technology and the trend in price of PV
modules, charge controllers and batteries. From the literature, monocrystalline PV modules
were found to be the best for power generation. While the wiring of the modules is important
to find the optimal operating point, charge controllers with MPPT tracking maximise the
generation and use of the generated electricity from the modules. The ELON 100 controller
from PowerOptimal and the GEYSER ROBOT were both tested to determine if the MPPT
capabilities of the GEYSER ROBOT outperform the ELON 100 controller in power generation.
The SmartSolar MPPT from Victron was used in combination with lithium-ion batteries.

The weather data and water consumption profile was used in an hourly format as input for the
one-diode, five parameter PV model. Compared to the other modelling techniques, the one-
diode model was found to be the best compromise in both accuracy and simplicity. Lastly,
after a review of various different economic indicators used in previous techno-economic
studies of PV systems, the NPV, LCOE and PBP methods were used to analyse the economic

feasibility of the PV system.

3 Combined PV system experiment

The aim of this chapter is to discuss the experimental goal, setup, procedure and results used
to verify parts of the simulation model. Section 3.1 covers the experimental goal and Section
3.2 the setup with the equipment used during testing. Section 3.3 discusses the experimental
procedure of the experiment and how each controller was tested as well as the results
obtained for each controller and the observed charging behaviour of the MPPT charge

controller.
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3.1 Experimental goal

The goal of the experiment was to validate the assumptions made, and the modelling methods
used within the simulation program. Firstly, the SDM PV power generation model needed to
be validated with PV modules and captured irradiation data. Secondly, the efficiency or power
loss over the geyser controller needed to be tested and validated to ensure that it was within
the manufacturer specifications. The simulation program used the recorded experimental data
as a baseline to create the simulation. Thirdly, the MPPT function of the geyser controller
needed to be tested and compared to the normal operating condition of the controller. The
result of the experiment determined whether the controller would be simulated with the MPPT
setting turned on or whether it would only be used to operate on the load curve. Lastly, the
viability of using two controllers with a single PV array to charge a battery and heat water
simultaneously was tested. The efficiency of the MPPT charge controller was also tested in

this stage of the experiment.

3.2 Experimental setup

In Figure 11 below, a schematic of the experimental setup is shown. PV modules were
connected to a 13.7-ohm electric resistive element through a geyser controller. Two controllers
were tested. The GEYSER ROBOT has an input voltage range of 90-240 VDC while the ELON
100 has an input range of 20-250 VDC. Four PV modules were connected in series, resulting
in a maximum operating voltage of 150V at the MPP. The PV modules were mounted on a
movable frame at an angle of 30 degrees to the horizontal. A Pyranometer SP-215 was also
mounted on the frame, at the same angle as the PV modules, to measure the incoming
radiation. The PV modules were positioned at different angles relative to the sun, to emulate
different levels of irradiation, for which all the measurements were recorded. The PV modules
were then also connected to a 12V 100 Ah gel battery. Two controllers were set up, in a
parallel connection, to supply power to the resistive load of the element and the battery
simultaneously. The Victron SmartSolar MPPT 150/35 was used to charge the battery, while

the ELON 100 was used as the geyser controller.
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Figure 11: Combined PV system, with the various points for data recordings

3.3 Experimental procedure and results

3.3.1 PV generation

To validate the SDM model for the PV module generation, the output of the PV modules was
measured at short-circuit, open-circuit and various other operating points along the “knee” of
the |-V curve. The different operating points were created by connecting the PV modules to a
load bank, which can change its connected resistance and therefore the load on the PV
modules. Two multimeters were used to measure the current and voltage for the different
operating points at different levels of irradiation. In Figure 12, the results of the experiment
can be seen. The data captured during the experiment was taken with varying panel operating
temperatures between 50°C and 60°C, while the SDM model was modelled at a constant
55°C. From Figure 12, the difference between simulated temperature and actual operating
temperature is the reason for the slight difference in the operating voltage and current between
the SDM simulated I-V curves and the experimental data at open-circuit and short-circuit

conditions. Importantly, the shape of the I-V curve at the “knee” is similar for the SDM model
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and the experiment data. The SDM model is also verified with the manufacturer provided data,

which are discussed in Chapter 5.
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Figure 12: PV SDM validation results

3.3.2 Geyser controller losses

With the MPPT charger disconnected initially, the controller losses as well as the MPPT
function of the GEYSER ROBOT were tested. This was accomplished by only connecting the
geyser controller and geyser to the PV modules, ensuring that all generated energy was
delivered through the controller. The input and output current and voltage of the controller was
recorded and analysed to calculate the losses over the controller. The GEYSER ROBOT was
only tested with its MPPT function turned on. Botes [12] conducted a similar study with the
MPPT function switched off, resulting in the GEYSER ROBOT functioning as a normal
controller similar to the ELON 100. The input and output current and voltage of the GEYSER
ROBOT was recorded and compared for the MPPT setting and the normal operating setting.
The ELON 100 and GEYSER ROBOT were both tested under identical conditions and a final

selection was made on which geyser controller to use.

3.3.2.1 GEYSER ROBOT

Table 2 below shows an extract of the experimental results for the GEYSER ROBOT. Each
data set in the table represents a voltage and current measurement taken at different solar
radiation levels. The data sets recorded at Point 1 (Panels) were measured before the
controller and the data sets recorded at Point 2 (Geyser) after the controller. From the
recorded data, a clear pattern is evident with the voltage and current measurements over the

controller. There was a large voltage drop over the controller, with only a marginal increase in
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current. This resulted in an average power loss of 26% over the controller, with a maximum
power loss of up to 52%. The large voltage drop was the result of the MPPT function on the
GEYSER ROBOT.

Table 2: GEYSER ROBOT experimental results

Geyser
Irradiation V2 12 R2 | P2 | Voltage | Current | Power
(W/m?) (V) | (A) | (Q) | (W) | drop | increase | loss
946 | 148 | 7.52 | 19.7 | 1116 | 108 | 7.91 | 13.6 | 853 27% 5% 24%
926 | 146 | 7.45 | 19.6 | 1088 | 106 | 7.8 | 13.6 | 827 27% 4% 24%
926 | 146 | 7.45 | 19.6 | 1085 | 106 | 7.85 | 13.5 | 832 27% 5% 23%
926 | 146 | 7.44 | 19.7 | 1088 | 107 | 7.82 | 13.6 | 834 27% 5% 23%
785|145 | 594 | 24.4| 860 | 89.2 | 6.55 | 13.6 | 584 38% 9% 32%
684 | 141 | 493 | 28.6 | 695 | 73.8 | 5.37 | 13.7 | 396 48% 8% 43%
584 | 139 | 3.87 | 35.9 | 538 | 59.2 | 4.34 | 13.6 | 257 57% 11% 52%

Figure 13 visually represents the recorded data from the table above. The data for Points 1
and 2 at 946 W/m? irradiation were plotted as well as the simulated I-V, P-V and load curves
of the modules for the same level of irradiation. The voltage and current produced by the
panels at Point 1 fell on the |-V curve, but not on the intercept point of the load curve. The
voltage and current recorded at Point 2, after the controller, fell on the load curve, but slightly
below the expected intercept point on the I-V curve for 946 W/m2. The same was observed for

the power output recorded at Points 1 and 2.
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Figure 13: GEYSER ROBOT operating behaviour
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3.3.2.2 ELON 100

Unlike at the GEYSER ROBOT, there was a negligible voltage drop over the ELON 100
controller. Table 3 shows the results of the ELON 100. The current and voltage measurements
before and after the controller were within 1% of each other. This resulted in a power loss of

between 0% and 1%.

Table 3: ELON 100 experimental results

Geyser
Irradiation V2 | 12 | R2 | P2 | Voltage | Current | Power
(W/m?) (V) | (A) | (Q) | (W) drop | increase | loss
926 124 | 9 14 | 1109 | 123 | 9 14 | 1100 1% 0% 1%
946 121 | 9 | 14 | 1069 | 120 | 9 | 14 | 1060 1% 0% 1%
946 125 | 9 | 14 | 1128 | 123 | 9 | 14 | 1118 1% 0% 1%
946 119 | 9 | 14 | 1030|118 | 9 | 14 | 1023 1% 0% 1%
946 125 | 9 | 14 | 1132|124 | 9 | 14 | 1121 1% 0% 1%
926 124 | 9 | 14 | 1108 | 122 | 9 | 14 | 1099 1% 0% 1%
905 113 | 8 |14 | 931 (112 | 8 | 14 | 924 1% 0% 1%
825 100 7 |14 | 731 | 99 | 7 | 14 | 727 1% 0% 1%
744 81 6 14 | 476 | 80 6 14 | 472 1% 0% 1%
664 68 | 5 | 14| 331 | 67 | 5 | 14 | 328 1% 0% 1%
604 61 | 4 |14 | 270 | 61 | 4 | 14 | 269 1% 0% 0%
523 45 3 14 | 148 | 45 3 14 | 146 1% 0% 1%
463 37 | 3 |14 | 99 36 | 3 |14 | 98 1% 0% 1%

Figure 14 visually represents the recorded data from the table above. The data for Points 1
and 2 at 905 W/m? irradiation were plotted, as well as the simulated I-V, P-V and load curves
of the modules for the same level of irradiation. The voltage and current produced by the
panels at Point 1 fell on the I-V curve at the intercept point of the load curve. The voltage and
current recorded at Point 2 also fell on the I-V curve at the intercept point, unlike for the
GEYSER ROBOT. The same operating behaviour was observed for the power output

recorded at Points 1 and 2.
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Figure 14: ELON 100 operating behaviour

3.3.2.3 ELON vs GEYSER ROBOT

Figure 15 below compares the input (P1) and output (P2) power for the two geyser controllers.
The GEYSER ROBOT maximizes the power that is fed into the element, and for lower
irradiation levels, the geyser robot supplies more power to the element than the ELON 100
controller. Therefore, in coastal cities where irradiation is lower, it might be advantageous to
use a GEYSER ROBOT with MPPT functionality. The GEYSER ROBOT will also function
better with all element types.
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Figure 15: ELON 100 vs GEYSER ROBOT Power output
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The minimal power loss over the ELON 100 controller and the higher power output makes it a
superior controller to the GEYSER ROBOT in high irradiation areas. The consistent behaviour
of the ELON 100, where it operates on the intercept point between the I-V curve and the load
curve makes it easier to model accurately, whereas the unpredictable operating behaviour of
the GEYSER ROBOT due to its MPPT function makes it very difficult to model. Therefore, the
ELON 100 was used as the geyser controller in combination with the MPPT charger during

the next stage of the experimental testing.

3.3.3 Parallel connection with the ELON 100 and MPPT charge controller

To test the viability of two controllers working simultaneously, four multimeters were used to
measure the voltage and current before and after each controller in the parallel connection.
The voltage and current measurements of the two controllers were compared with each other
and the power loss over each controller was also calculated. Finally, the input power for the
geyser controller in the parallel connection was compared with the input power for the geyser

controller without the parallel connection to the MPPT charge controller and the battery.

3.3.3.1 ELON 100 and MPPT charger in parallel

Table 4 below shows the results of the parallel connection in the combined system. The
voltage, current and power recorded at each point (1-4) in the combined system is colour
coded in the table. With the parallel connection, there was a reduction in the current before
the ELON 100 controller. At higher irradiance levels, with a higher operating voltage, the
reduction in current was smaller compared with the reduction at lower voltages. Since the total
power was split between the MPPT charger and the ELON 100 controller, the initial total power
(P1) is the sum of the power to the ELON 100 (P2) and the power to the MPPT charger (P3).
The data recorded at Point 3 represents the power consumed by the MPPT controller (P3)

while the data recorded at Point 4 represents the power to the battery (P4).

Table 4: Results of the ELON 100 and MPPT controllers in the combined system

Geyser MPPT

Irradiation V2|12 | R2|[P2| V3| I3 |R3|P3

(W/m?) (V) | (A) [ (Q) [(W) [ (V)| (A)](Q)](W)
845 98 | 8.3|11.8(813| 98 [7.1]13.8/698| 95 | 1.2 (76.4| 118 (13.9] 8.0 2 | 111
825 95| 82(11.7|779| 95 |6.9]|13.7|659| 98 | 1.2 |181.7| 118|13.9| 8.0 | 2 |111
724 80 | 7.3 (11.0|/579| 79 |5.8|13.6(459| 79 | 1.5]54.21115]13.8/ 8.0| 2 |[110
624 60| 6.3]|19.5|377| 59 |4.3|13.6(256| 59 | 2.0(29.9(116(14.1( 8.0 2 (113
483 32 148|6.6(151| 32 (23]13.7| 72| 32 | 2.4|13.1| 76 [13.7| 53| 3 | 72

The first observation made was that the power produced by the PV modules at Point 1 was
higher than what the modules produced with only the ELON 100 connection for the same level

of radiation. With only the ELON 100 controller, the resistance of the system is higher and
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therefore the intercept power is lower. With the ELON 100 and MPPT the resistance in parallel
is lower and therefore the intercept power is higher. This indicates that the PV modules

delivered more power to the systems, than when only the ELON 100 controller is used.

The second observation was that the MPPT charger performed as expected, with an average
power loss of 7% over the controller. The MPPT charger has a multitude of charging settings.
For this experiment, the charger was set to charge the battery in bulk mode, ensuring the
fastest possible charge with the available generated power. Furthermore, the charge current
can be set to anything between 0 A and 35 A, which is the maximum rated current of the
charger. For this experiment, due to the maximum rated current of the multimeter (10 A), the
maximum charging current was set to 8 A. Note that the voltage and current measured at Point
4 (red) are a result of the charging setting chosen for the MPPT controller and not dependent

on the |-V curve of the PV modules.

3.3.3.2 MPPT charging behaviour

The MPPT regulated the charging voltage, which oscillated between 13 V and 14.1 V. The
power required by the MPPT charger depended on the charging setting. If the MPPT was set
to charge at 8 A, the MPPT required more power (8 Ax 14 V = 112 W) compared to a charge
setting of 4 A (4 Ax 14V =56 W). Figure 16 below describes the charging behaviour observed
during the experimental testing. When the total power required (P 3 = A3 x V3) by the MPPT
was less than 40% of the total power produced (P 1 = Al x V1) by the PV modules, the MPPT
charged the battery at the set output current and only consumed the required power (P3) to
charge the battery. The remaining power (P2 = A2 x V2) was then available to the ELON 100
controller to heat the water. When the required power by the MPPT exceeded 40% of the
available total power from the PV modules (P3 > 0.4P1), the power was split evenly between
the two controllers, 50% to the ELON 100 for water heating and 50% to the MPPT for charging.

The MPPT then charged the battery at the maximum possible current with the available power.
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P1 = Total PV power generated
P2 = Power available to Elon 100
P3required = Power required by MPPT

P3 = Power available to MPPT
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Figure 16: Charging behaviour of MPPT charge controller

Chapter 3 discussed the goal, setup, procedure, and results of the experiment conducted for
this study. The experiment served to verify the various assumptions made in the simulation
model, confirm the operational output of the PV modules and the geyser controller, and lastly,
obtain results from the MPPT charge controller to determine its charging behaviour. The
results and insights gained in Chapter 3 were used to develop the simulation model, as

described in Chapter 4.
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4 Model development

The aim of this chapter is to develop a simulation model in Microsoft Excel that can simulate
the parallel connection shown in Figure 11. Section 4.1 discusses the different scenarios which
were to be simulated. Section 4.2 discusses the inputs for the model and Section 4.3 the
modelling methodology of the simulation model. Sections 4.4 and 4.5 describe the equations
used for the PV power generation, water heating and provisioning of emergency power, with
the parallel connection of the two controllers. Lastly, Section 4.6 concludes with the economic

indicators used for the analysis of the PV system under simulation.

4.1 Scenarios for simulation

As the size of a PV system increases, the capital cost of the system increases, but so does
the level of comfort from not being affected by loadshedding. Three scenarios, each with a
different electric load to be powered during loadshedding, were investigated. The scenarios
ranged from a small load, to a large electrical load to be powered during loadshedding, with

water heating included for every scenario.

4.1.1 Appliance usage in an average South African household

4.1.1.1 Large appliance usage in a household

To accurately estimate the power demand for each scenario, the average electrical load of a
South African household was needed. A study completed by Hughes and Larmour [71]
investigated the appliance ownership, monthly income, and electricity spending of low, middle
and high-income households across South Africa. The ownership of different appliances can

be seen in Table 5:

Table 5: Selected large appliance ownership levels for different income categories [71]

. Fridge TV Washing | Geyser | Deep Tumble Dish- | Aircon | Pool
Appliance .
machine freeze dryer | washer pump
All 98% 92% 76% 66% 35% 19% 14% 14% 8%
Low 94% 84% 52% 33% 21% 11% 5% 6% 4%
Middle 99% 93% 76% 65% 35% 18% 10% 11% 5%
High 100% 95% 91% 87% 45% 27% 26% 23% 17%

Accordingly, the data could be used to simulate the power demand of the household. In high
income households, 100% have a fridge, Hughes and Lamour were not clear on whether it
was just a fridge or a double door fridge with a freezer, 95% have at least one TV, 91% have
a washing machine, and 87% have a geyser. Therefore, an assumption could be made that

the average high-income household has at least these four appliances. By adding the
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electrical load of all four appliances, the power demand of these appliances could be
calculated. The size of the inverter required to supply power to these appliances also changes

as the power demand increases and therefore affects the capital costs of the system.

4.1.1.2 Small appliance usage in a household

Smaller appliances commonly found in households include computers (laptop and desktop),
tablets, Wi-Fi routers, cell phones, gaming consoles, DSTV decoders (including PVR), DVD
players, home theatre systems, and audio systems [71]. As with the larger appliances, the
number of smaller appliances increase per household as the gross monthly income of the

household increases [71].

4.1.1.3 Lighting

An average household has around two lights per room. The number of lights used in a
household is dependent on the household’s income level. Although some people were not
able to tell the difference between a LED and CFL bulb, data collected by Hughes and Larmour
[71] indicated that more households use CFL bulbs, compared to LEDs [71]. Lastly, most

households indicated that they have between 1 and 3 lights on for more than four hours a day.

4.1.2 Power demand for each scenario

For each scenario, the appliances, that needed to be powered during loadshedding were

chosen as:
Table 6: Appliances ownership for each scenario
Scenario A Scenario B Scenario C
Wi-Fi 1 1 1
Lights 2 2 2
Fridge 0 1 1
Microwave 0 0 1

The rated wattage of each appliance is listed as: [72] [73]

Table 7: Rated wattage of different appliances

Appliance Rated (Running) Watts
Light Bulb (CFL) 20 W

Fridge 700 W

WIFI 5W

Microwave 1500 W

With the known list off appliances in each scenario and their rated wattage, the power demand

for each scenario could be calculated as:
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System A System B System C
Maximum Load 45 W 745 W 2245 W

4.2 Input for simulation model

4.2.1 Input for all scenarios

The input data for the simulation model are discussed in this section. To avoid repetition, the

input parameters for all modelling sections are also discussed and listed in this section.

4.2.1.1 Battery capacity per scenario

As mentioned in Chapter 1, the battery capacity for each system will scale according to the
load requirement of the scenario. The power demand increased from Scenario A to Scenario
C, and the number of appliances with low running wattages formed a decreasing percentage
of the total power demand. The main difference between the scenarios was whether there was
a fridge or microwave that needed to be powered during loadshedding. Appliances with high
loads are often used for short periods of time (less than an hour), while appliances with low
loads are used for extended periods of time. In Scenario A, the lights and Wi-Fi run constantly
for 4 hours during loadshedding, which results in the load of the appliance being equal to the
consumption of that appliance per hour. The battery in System A is only expected to power
the lights and the Wi-Fi for a period of up to 4 hours. Therefore, a 12V, 20Ah battery with a
capacity of 240 Wh should be sufficient. For Scenario B, although a fridge has a relatively
high load, the constant on and off cycling results in a lower consumption per hour than the
load requirement of the appliance. Therefore, a battery capacity of 1000 Wh should be
sufficient. The same concept applies for Scenario C. Although the load requirement for a
microwave is extremely high, the consumption of the appliance is relatively low. Therefore, a

battery capacity of 1500 Wh should be sufficient for System C.

Table 8: 12 V battery capacity for each scenario

Scenario A Scenario B Scenario C
Battery capacity 240 Wh 1000 Wh 1500 Wh

4.2.1.2 Load profile input

Figure 17 illustrates the load profile for Scenario C. While appliances like a microwave are
only used in the morning and evening for a few minutes, they have a high load, which is seen
in the spikes in the load profile. A fridge constantly cycles on and off during the day, but only
consumes a fraction of the load of a microwave. The lights are all used during the evening,
which adds to the total power demand in the evening. It is assumed that the majority of the

power demand takes place in the evening. This matches with the load profile used in another
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study by Toussaint and Moodley [74]. Similar load profiles were used for Scenario A and B

as input for the simulation model.
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Figure 17: Load profile for Scenario C appliances

4.2.1.3 Weather data

Table 9 below shows an extract of the weather data [48] used in the study; the table contains
the hourly irradiation measurements for Potchefstroom. Month 1 represents the first month of
the year, January. Similarly, Day 1 represents the first day of the corresponding month. The
global total radiation on a horizontal surface was used as the climatic input for the model. The
model then converts the horizontal radiation to tilted ration to predict the PV modules’ power

generation.

Table 9: Extract of climatic year data

Total horizontal

Month | Day Hour 1 2 diation (W/m?)
7 533
8 762
9 924

4.2.1.4 Water heating and consumption

Figure 18 shows the water consumption profile, obtained from literature [52], which was used
for the simulation. The profile is for a household of four people with each person consuming
45 and 65 L/day during the summer and winter months, respectively. The same profile will be

used for every day of the year to match the climatic design year.
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The geyser has both a higher electric load and total load consumption compared with the
household appliances. This is due to the 4 kW resistive element and the time it takes to heat
the constant inflow of cold water during the day. Figure 18 also shows the load requirement of
the geyser to heat the constant inflow of cold water. Note that the geyser has a timer which
switches the geyser on and uses grid electricity if the water temperature in the geyser is not
at the desired temperature. This timer was set to switch on between 4:00 and 6:00 in the
morning and between 18:00 and 20:00 in the evening, before heavy water consumption takes
place. The geyser was also set to heat the water to 65°C using PV power during the day, while
it was set to heat the water to 55°C with grid power. This is a conscious design choice to heat
the water as much as possible in the day to lower the need for grid power between 18:00 and

20:00 in the evening.
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Figure 18: Geyser load requirement with the water consumption profile
4.2.2 PV module simulation input
In Table 10 the parameters Voc_stc, Isc_ste, Vimp, Imp, Kv, Ki, Ns and P, are all obtained from the
manufacturer data sheet of the PV module [75]. Through experimental testing it was found
that the temperature of the solar cell rises significantly when exposed to direct sunlight. As the
change in operating temperature was neglected in this study to accommodate for the loss in
performance of the PV module, compared to STC conditions, the cell temperature at operating

conditions was chosen as a constant 328.15 K (55°C). Lastly, the slope of the I-V curve at
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open-circuit and short-circuit conditions was entered after obtaining them from

WebPlotDigitizer.

Table 10: Input for PV module simulation

Parameter Name Symbol Value Unit
STC open circuit voltage Voc_stc 45.5 \Y
Short circuit current lsc_stc 9.34 A
Maximum power voltage Vimp 37.00 \Y
Maximum power current Imp 8.78 A
Thermal coefficient of Voc Kv -0.3% V/K
Thermal coefficient of Isc Ki 0.05% A/K
Number of cells connected in series Ns 72.00 -
Cell temperature T 328.15 K
Rated power Pm 335.00 W
Slope at short circuit di/dVe -0.003 -
Slope at open circuit di/dVc -2.50 -

4.2.3 Water heating simulation input

Table 11 above shows the morning and evening hours when the geyser uses grid electricity
to heat the water if it is not at the predetermined temperature. A normal household consumes
more hot water during the winter compared to the summer months. The hot water consumption
is therefore given as two separate values, MSyater, for the summer and mWyaeer, for the winter.
The inlet water temperature (Tiner) Of the geyser was chosen as 15°C and it was assumed that
the geyser (Tty) was already heated to 55°C. The temperature setpoint for PV-generated
energy was set as 65°C to maximise the use of solar energy and store as much energy in the
water tank as possible. The temperature setpoint for grid energy water heating was set at
55°C. The volume (Vt) of the geyser was 200 L and it was assumed that the temperature
distribution through the water in the geyser was uniform [12]. The geyser had a B-rated
efficiency, indicating a standing loss of 1.37 kWh/day. The element is also rated at 4 kW total
heating capacity with 13.7 Q resistance. Finally, the latitude of Potchefstroom is -26.2 degrees,

but a tilt angle of 30 degrees was used for simplicity.
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Table 11: Input for water heating model for a household of four people

Parameter Name Symbol Value Unit
Grid supply to geyser on Gridmorning1 4:00 time
Grid supply to geyser on Gridmorning2 5:00 time
Grid supply to geyser on Grideveningt | 18:00 time
Grid supply to geyser on Grideveningz | 19:00 time
Hot water consumption in the summer MSwater 180 L/day
Hot water consumption in the winter MWyater 260 L/day
Water temperature in Tinlet 15 °C
Initial geyser temperature Tto 55 °C
Temperature setpoint when using PV-generated energy Tmaxpy 65 °C
Temperature setpoint when using grid energy TmaXerip 55 °C
\Y Vt 200 L
Standing loss of water in the geyser Quoss 1.37 kWh/day
Heating capacity of the geyser Eaux 4 kw
Resistance of water heating element Rgeyser 13.7 Q
Latitude of Potchefstroom o) -26.7 °
Tilt angle B 30 °

4.3 Modelling methodology

Figure 19 gives an overview of the main modelling methodology, showing the order in which

the model was developed. The model was divided into three main sections. Section 1 revolved

around the modelling of the PV modules and their power generation. Section 2 used the results

of Section 1, i.e. the power generated by the modules, to model the water heating and

powering of household appliances. Section 3 used the results of Section 1 and 2 to perform

an economic analysis of the PV system.
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Figure 19: Model development process

4.4 Model section 1: PV power generation

This section explains the modelling methodology behind the PV power generation. This
includes the equivalent electrical circuit of the PV cell, which was used in the single diode
model (SDM) simulation. The extraction of the five parameters that were used to model the I-
V curve of the PV cell, is also discussed. Lastly, the operating point of the PV modules and
the power generation was calculated. Figure 20 shows the detailed modelling methodology

followed for Section 1 of the simulation model.
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Figure 20: Detailed methodology of Model Section 1

4.4.1 Analysis of the single-diode equivalent circuit

A lumped circuit parameter model of the PV generator was required for the simulation. A PV
generator delivers the rated power at the required voltage and current levels [76]. A PV cell,
module, or array of modules arranged in series or parallel are all seen as a PV generator.
Figure 21 shows the SDM used for the simulation of a typical PV generator [76]. With a
simulation program, it was possible to extract the five parameters required for this modelling
method. The parameters were then used to calculate the MPP and intercept point on the |-V

curve. This could be repeated for every possible change in temperature and irradiance.
AMA—- e
R, 1
sl
[ d Y 1 sh ;

ph

Rsh ] Vd 1

O— peoq

Figure 21: Single-diode equivalent circuit model of a PV cell [76]
The circuit in Figure 21 consists of a current source I,,, a diode with its diode current I, the

series resistance Ry, the shunt resistance Rg,; and the shunt resistance current Ig,. The

terminal current of a single diode PV cell is given by
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[ =1lpp— Ig— I (1)

The diode current is given as

V,
la = Iolexp (57 )~ 1) @

where [, is the reverse saturation current, V;; the diode voltage, a the ideality factor of the
diode and V, the thermal voltage. The thermal voltage is given by the operating temperature
of the cell T, the electronic charge g = 1.602 E — 19 (C) and the Boltzmann constant k =
1.38F — 23 (J.k?Y) as:

- kT 3)
g
The shunt resistance current is given as
Vai
I, = 4
sh Rshl ( )

Note that the Subscript 1 is an indication of a single cell. The diode voltage is expressed as
Var =V1 +1IRs (5)

After substitution, Equation 1 can be fully expressed as

Vi + IRsl) 3 1] B Vi + 1R ©

I =1L, — 1 [exp( av,

Rshl

The method of modelling allows the single-diode model to be easily adjusted according to the
number of identical cells connected in series within the PV module (Ng) [12]. The terminal
current, photocurrent and diode current do not change, regardless of a single cell or multiple
cells connected in series within the module. The diode voltage of the cell changes according

to the number of cells connected in series, and is given by

|4
Va1 = N, + IRs (7)
which simplifies to
V + INsRsq
= 551 8
“ = ®)

Accordingly, the module current, which is equal to the single-cell current, now becomes
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V + INyRg; V + INsRy,
=1 =1 [exp <T5Vt) - ] - W )]
The series resistance can be expressed as
Rs = NsRsq (10)
Similarly, the shunt resistance is
Rsn = NsRsp1 (11)
Therefore, Equation 1 can now be written as
I= L~ I [exp(V+IRS>—1]—V+IRS (12)
aNV, Rgn

4.4.2 Parameter extraction
Five parameters, R, Rg, a, Iy, and I,,, must be known to model a PV module. The simulation

model used the data provided by the manufacturer to extract these parameters with the single-
diode model method. Manufacturers typically provide datasheets with the |-V data at three key
points: the maximum power point, the open-circuit point, and the short-circuit point [76].
Usually, the temperature coefficients and module efficiency are also included within the data
sheets. When shorting the external terminal of the equivalent electrical circuit, maximum
current is reached, and this is the short-circuit current I;.. With the terminal fully opened, the
maximum voltage is delivered, resulting in the open-circuit voltage. As the open-circuit voltage
increases, the terminal current decreases [12]. The maximum power point is reached when

the product of the open-circuit voltage and the terminal current is at its highest point.

The data provided by manufacturers is recorded at STC. At STC, T =298.15K, G = 1000%

and Air Mass = 1.5. The data extracted at STC can only be used for STC conditions,

therefore, for any other operating conditions, the parameters need to be adjusted [76].
For any change in temperature, the voltage at open circuit can be calculated with
Voc = Vocste + (@ ste X Voeste X (T — Tsre) (13)

where V,.sr¢ and ay src , the temperature coefficient, are given by the manufacturer and

Terc = 298.15 K. T is the operating temperature of the cell where V,. is being calculated.

4.4.2.1 Photocurrent extraction:

During short-circuit conditions, V = 0 and I = I,. and Equation 12 becomes
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IscR ) . 1] _ IscRs (14)

Ise = pn~To [exr’ (aNSVt Rop

The diode and shunt resistance currents are very small compared to the short-circuit current,
and are therefore neglected [10, 76]. Equation 12 then reduces to I,,, = I;.. However, Iy is
dependent on the cell area, material, temperature and the irradiance level. According to
Humada et al. [62] I, is linearly proportional to irradiance and at any given irradiance the

photocurrent, I,,,, can be expressed as

G
Ipn = [sestc + arsre (T — Tsre)l Gore (15)

where I src is the short-circuit current at STC, a; sr¢ the temperature coefficient of the short-
circuit current at STC, T the cell operating temperature, Tgr = 298.15 K, G the measured

irradiance, and Ggrc = 1000 W /m?.

4.4.2.2 Shunt resistance extraction:
At short-circuit conditions, where the current is higher, the shunt resistance has the greatest
effect. The derivative of the |-V curve at the short-circuit point is therefore used to estimate the

shunt resistance. Since R < Ry, Equation 12 can be approximated as [76]

Rgp = il 16
sh — dI sc ( )

4.4.2.3 Series resistance extraction:

At open-circuit conditions, where the voltage is higher, the effect of the series resistance is
more dominant. The derivative of the I-V curve at the open-circuit point is therefore used to
estimate the series resistance [76]. The same derivation is used as with the shunt resistance
extraction- the open-circuit point is now substituted into the general expression of the
derivative and the equation becomes [76]

dvi  aNV,

Ry = ——
s dI oc ISC

(17)

The slope can be graphically estimated or calculated from the I-V curve.

4.4.2.4 Reverse saturation current extraction:
The reverse saturation current are determined at the open-circuit point, and easily obtained
by writing Equation 12 as an expression of I, [76]. At open-circuit conditions I =0, I, =

Iscand V. = V:
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fo = (1ee = 125) /oo (3e5) ~ (18)

The open-circuit voltage V. and N is available on the manufacturer’s data sheet. The ideality
factor a still needs to be determined.

4.4.2.5 Ildeality Factor Extraction:

The diode ideality factor can range from 1 to 2 [59], but it is generally accepted to be between
1 and 1.5[12, 77]. The effect of the diode ideality factor is the most dominant at the MPP [62].
Substituting the data of the MPP point into Equation 12 supplies a final equation to solve for
three unknowns (I, R, a) with three non-linear equations (Eq. 17,18,19):

Lnp = Isc — 1o [EXp(

Vinp + ImpRs> ~ 1] Vi + IRy 19)

aN;Vy Rgp,
with V., and I,,,,, being the voltage and current at MPP. The three equations above can be
solved simultaneously within MATLAB or Excel solver. However, this method is very sensitive
to the initial guess values and requires a lot of computing power. To simplify the modelling
process, a model that increments the voltage and ideality factor of the cell and calculates the

parameters for each increment can be developed.

4.4.3 Parameter extraction procedure

The ideality factor was swept from 1 to 2 with increments of 0.05 within Microsoft Excel [76].
For each increment the reverse saturation current (I,) and series resistance (R;) was
calculated using Equations 17 and 18. To find the I-V curve of the module, the diode voltage
was swept from 0 to 0.7 V with 0.01 V increments and for each increment, 14, I, I and V

were calculated with

aVa1
=t () 1)
and
Va1
Ish - h (21)
N

It follows then that, with I, provided by the manufacturer, the module current can be

calculated with
I = Isc - Id - Ish (22)

Finally, the module voltage is calculated with
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V =N, [le —1 (1%)] (23)

As a was adjusted, the calculations were performed iteratively to find the new values of Iy, R,
I, I, 1, and V . With the module current (I) and voltage (V) obtained, the |-V curve could be
plotted for every ideality factor between 1 and 2. The ideality factor has the greatest affect in
the “knee” of the |-V curve. This is the area where the MPP occurs. The ideality factor could
then be adjusted to visually match the I-V curve shape from the manufacturer data sheets.
Figure 22 shows the process of matching the I-V curves for different ideality factors to the I-V

curve from the manufacturer.
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Figure 22: Ideality factor validation with 1-V curves

4.4.4 Operating point on |-V curve

Without the use of an MPPT controller, the PV modules operate at the intersect point between

the load curve and the I-V curve (refer to Figure 5). A 13.7 Q resistive element was used in
the model. To plot the load curve, Ohm’s law (IR = g) was used to determine the load current

at every voltage increment. The intersect point closest to the load curve, with the available
voltage increments, was selected as the operating point. The absolute difference between the
module current (I) and the load current (I;) was determined, and the intersecting point closest
to zero is the operating point. To find the voltage and current at the smallest intersecting point,
the SMALL function was used. The MATCH function was then used to find the corresponding
voltage and current cells, and their values displayed with the INDEX function. Similarly, the

voltage and current at maximum power point were determined with the MAX function and the
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corresponding voltage and current displayed with the MATCH and INDEX functions. The
operating power was then calculated with P = V1.

To plot the |-V curve for the given irradiance, Equation 15 was used to recalculate the
photocurrent for the requested irradiance. The module current and voltage is then calculated
for the arbitrary irradiance. As the module current and voltage is updated, the maximum power
point and intersecting point is recalculated. The data table function within Excel’s What-If
Analysis was used to calculate the |-V curve, MPP and Intersecting point for every arbitrary
irradiance in the climatic design year [12]. Annexure A.2 gives a detailed explanation of the
What-If Analysis.

4.4.5 Panel tilt

Solar modules have a surface from which they collect solar radiation. To optimise the
orientation and tilt of the module, it is essential to estimate how differently orientated surfaces
collect solar energy. Due to various factors such as the movement of the sun, different
radiation components, and varying weather conditions, this is a complex calculation that aims
to convert hourly solar radiation data on a horizontal surface to radiation on a sloped surface

of the solar module [78].

The geometric relationship between the plane (solar module) and the incoming beam solar
radiation at any instant in time is used to convert the radiation on a horizontal plane to a tilted

plane. The constant angles that define the location and orientation of the tilted plane are:

e Slope: B, the tilt of the plane and the horizontal, 0° < 8 < 180°
e Surface azimuth angle: y, azimuth angle of the tilted plane, east negative, zero due
south, and west positive, -180° <y < 180°

e Latitude: ¢, angular location, north positive, —90° < ¢ < 90°

Next are the angles that vary according to the time of day. They define the position of the sun

relative to the celestial sphere and Earth:

e Declination: 8, the angular position of the sun when it is on the local meridian,
measured in degrees above or below the celestial equator, -23.45° < § < 23.45°
o Hour angle: w, the angular displacement of the sun relative to the local meridian due

to the rotation of the earth on its axis, —180° < w < 180°

The declination angle can be calculated as a function of the day of the year d:

8§ = 23.45sin (360284+d)

365 24
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The hour angle is calculated from the time of the day- the earth rotates 15° every hour around
its polar axis, displacing the sun westward 15° every hour. The hour angle is zero at solar
noon and can be calculated with
ts
w=15(=-12) (25)
where t, is the solar time of the day in minutes [43, 78]. The local solar time in Potchefstroom
differs by just a couple of minutes from the standard local time and therefore it is assumed as

equal to the standard local time [12].

It is generally accepted that modules are placed in the optimal position for winter conditions,
as to maximize the generating capabilities during the colder months when more electricity is
used [7]. In South Africa, the optimal tilt angle and orientation of the modules are due north at
the latitude plus 10 degrees [79].

Beam radiation is the radiation received from the sun without being scattered by the
atmosphere. To calculate the angle of incidence, 6, of beam radiation on the surface of the
tited plane, one can use location- and time-varying angles in an equation that shows the

relationship between the angle of incidences and these angles [43]

cosf = sind sind cosf — sind cosP sinfS cosy + cosd cosd cosf cosw (26)

+ cosd sind sinf cosy cosw + cosé sinf siny sinw

For horizontal planes, the tilt of the plane is = 0. The zenith angle is the result of the

simplification of the relationship above when 3 = 0:
cos8, = cosd cosd cosw + sind sind (27)

The angle of incidence may be greater than 90° when the sun is behind the surface, but
Equation 27 can only be used when the hour angle is between sunrise and sunset, so that the

earth is not blocking the sun, which can lead to incorrect radiation calculations [43].

For surfaces sloped due north or due south, useful relationships can be derived from the fact
that surfaces with slope (3 to the north or south, and horizontal surfaces with an artificial latitude
of ¢ - B, have the same angular relationship to beam radiation [43]. For the northern

hemisphere, Equation 27 can be modified to
cosO = cos(d — B) cosé cosw + sin(p — B) sind (28)
By replacing ¢ — S with ¢ + g for the southern hemisphere, the equation becomes

cos6 = cos(d + ) cosé cosw + sin(Pp + B) sind (29)
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The geometric factor R, describing the ratio of beam radiation on the tilted surface to that on
a horizontal surface is referenced from Duffie and Beckman [43]. The equation uses cosf and
cos@,, which are both derived from Equation 27. In the southern hemisphere, the optimum
azimuth angle for PV modules is usually y = 180°. In this case, the equations above can be
used to calculate cosf and cos8,, resulting in [43]

cos6

Ry, = 30
b cosf, G0

cos (d+B) cosé cosw+sin (+) sind
cosd cosd cosw+sind sind

Ry = (31)

To eliminate any unrealistic radiation peaks, the ratio can only be used when the sun is above

the horizon, i.e. the numerator and denominator of Equation 31 must be positive numbers [12].

4.5 Model section 2: Water heating and emergency power

This section explains the modelling methodology for Section 2 of the simulation model. Figure
23 gives a detailed overview of the modelling methodology followed for Section 2. Geyserwise
[33] recommends 1005 W (3 x 335 W) of PV modules for a 200 L water heating PV system in
high irradiation areas and 1340 W (4 x 335 W) of PV modules in low irradiation areas. The
relationship between the power generated by the recommended modules and what is
available for water heating and emergency power within each system was simulated. Modules
can be added to increase the power available for household application should the base

system fall short in generating capability.

Model Section 2: Is there PV |vac Is there Mo
Water heating and Input parameters power > IDﬁJShEddiﬂ Heat water
emergency power available g
v O Yes
¥
Yes I5 the PV power
) Is there
Discharge battery loadshedding sufficient o
power the Discharge battery
emergency | NoO
loads
feg

h 4

Fower loads/charge
hattery/neat water

Figure 23: Detailed modelling methodology of Model section 2
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4.5.1 Element losses and heating capacity of the geyser

The simulation was done in an hourly format. According to the manufacturer [80], the standing
loss of the geyser is 1.37 kWh/day which is equivalent to 205.5 kJ/hour. A 4 kW element will
heat the water at a rate of 14400 kJ/hour (4 x 3600).

4.5.2 Energy balance for water heating

QLoss QWATER

(=
PV Hot water out
&

Cold water in

Controller

EPV EAuX

Figure 24: Water heating setup for simulation [12]

Figure 24 depicts the energy balance used to simulate the water heating within the geyser,

Ui_1 + Epy + Eqyx = U; + Qw + Qposs (32)

where U;_, is the initial internal energy, in kJ, of the geyser at the end of the previous hour i-1
[12]. Epy represents the electrical energy supplied by the PV modules. E,yx is the electrical
energy supplied by the grid when PV energy is insufficient to heat the water to the
predetermined temperature set point [12]. The internal energy at the current hour is
represented by U;. Qy is the change in thermal energy in the geyser due to the outflow of hot
water and the inflow of cold water. Finally, the standing energy loss of the geyser is

represented by Q;¢ss-
The internal energy of the geyser at the end of the previous hour is calculated with

Ui—l = Vt X Cp X Tti—l (33)
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where V't is the mass volume of the water. Water has a density of 1kg/L, and therefore a 200L

tank has a mass of 200kg. c¢, is the specific heat of water and Tt;_; the temperature of the

water at the end of the previous hour i-1.

Epy = P x 20 34
PV — 1000 ( )

Epy is calculated by converting the electrical power (P) calculated in Section 1 of the model
from (W) to (kJ). E,yx needs to be determined and is dependent on the energy needed (Qy)

to heat the water after the energy input of Ep, and energy loss due to the standing loss of the

geyser (Qross) [12].

The internal energy of the geyser at the current hour is calculated with
Ui =Vt Xc, XTt; (35)
while Qy, is calculated with
Qw =Vt X cp(Tout — Tiniet) (36)
Accordingly, Equation 32 can be re-written as
Vte,Ttioq + Epy + Equx = Ve, Tty + Ve, (Tour — Tinter) + Qross (37)

T,y is equal to the water inside the geyser at the current hour (Tt;). The equation can then be

written as

EPV EAUX QLOSS
Ttiy +—+ =Tt; + (Tt; — Tinter) +
i-1 Vth Vth i ( i Lnlet) Vth

(38)
This allows Epy, Exyx and Qoss to be expressed in terms of their temperature difference and
the substitution of (Tt; — Tinet) 10 AT,;, @s the change in temperature due to consumption [12]
Tti_q + ATpy + ATyyx = Tt; + ATy, + ATpss (39)
The above equation can then be re-written as
Tt; = Tti_y + ATpy + ATayx — ATy, — AT,0ss (40)
where the change in temperature due to PV energy can be calculated with

E
ATpy = —~ (41)

Cp

and the change in temperature due to auxiliary grid energy can be calculated with
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(42)

The change in temperature due to consumption is a result of the inflow of cold water to replace
the outflow of hot water. The term Tt;_, (Vt — V;) is the volume of water remaining in the geyser
at the temperature Tt;_, after consumption [12]. The volume of water that refills the geyser is
represented by Tj,..V; at the inlet temperature T;,;... The new geyser temperature is then
calculated by adding these two terms and dividing by the volume of the geyser Vt. The new
geyser temperature is then subtracted from the previous geyser temperature Tt;_, to find the
change in geyser temperature [12].

Tt (Vt = V) + Tinget Vi
Vt

ATm = Tti—l - (43)

4.5.3 Charge and discharge of the battery

The model developed for the charging of the battery incorporates the charging behaviour
observed during the experiment. The MPPT charger was connected in parallel with the ELON
100 and set to different charging currents to observe the change in charging behaviour
according to the generated power that is available from the PV modules. Battery charging is
always in bulk mode and not absorption, with a maximum charging voltage specific to the type
of battery set to 14.6 V and a maximum charging current set to 20 A in the simulation model.
The model was developed with a set of charging and discharging conditions which can be
seen in Figures 25 and 26. Note that the battery is always in a state of absorption charging
unless there is discharge required, after which it will be in bulk charging until it is recharged

and reverts back to absorption charging.

The discharge conditions state that if there is loadshedding and there is no PV energy
available to sustain the household emergency loads, the battery should discharge to power
the household emergency loads. Should there be PV energy available, and there is enough
PV energy to fully power the household emergency loads, the battery stays charged. However,
if the PV energy is insufficient to power all the loads, the battery discharges to supply the

shorfall in power required to power the household emergency loads.
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Figure 25: Discharge conditions for the battery

The charge conditions state that if there is PV energy available, the battery should charge with
the available energy. Should the generated PV energy be enough to charge the battery at the
maximum rate of charge (20A), it should. However, if the available energy is insufficient to
charge the battery at the maximum rate of charge, the maximum possible charging current
should be used that adheres to the 40% rule observed in the experiment. If there is no PV
energy available while the battery is discharged, the battery should charge to 100% with grid
power. The charging of the battery with grid power is only used should the battery be at less
than 100% charge between 0:00 and 6:00 and there is no loadshedding during that time. This
is an intentional design choice to ensure that there is battery backup power available if

loadshedding occurs during the morning when the family wakes up.
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Figure 26: Charge conditions for the battery

4.6 Model section 3: Economic analysis

This section covers the economic indicators used within the simulation model and the input

used for each indicator. As discussed in the literature study, three indicators are considered.

4.6.1 Levelised cost of energy

The LCOE of a system is defined as the annualised expenditures relative to the annual energy
production, i.e. [81]
Net Present Value of Lifetime Generation Costs

LCOE = 44
Net Present Value of Lifetime Energy Production (44)

_ [(CAPEX + BOS + OPEX)/(1 + d)"]
LCOE = NAEP/(1+ d)" (43)

where d is the discount rate of the system and n the lifetime of the system in years, with the

other elements of the expression as follows:

CAPEX Capital expenditure for the system

BOS Balance of system costs

OPEX Annual operating expenditure of the system
NAEP Net annual energy production of the system
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The Balance of System cost include the assembly, installation and the connection to electrical
infrastructure. The discount rate of the system is typically between 6% and 8% for a 20-year
lifetime [81, 82].

4.6.2 Net present value

The NPV of the system is calculated as

NPV = ;m (46)

where C; is the net cash flow of the system.

4.6.3 Payback period

Lastly, the PBP indicates the time in years for the system to recover the initial cash investment

and is calculated as

(Csystem + 2711 Cmaintenance)/(1 + d)n
Annual savings/(1 + d)"

PBP = (47)
where Csygtem IS the initial cost of the system, and Cpgintenance IS the yearly maintenance cost

[83].

Chapter 4 covered the input and modelling methodology used for the development of the
simulation program. The chapter started by listing the input parameters, data and profiles used
for the development of the model. The three main sections of the model were each discussed
in detail in the rest of the chapter. This included the equations used for each section, the
assumptions made as a result of the experimental testing and the operating behaviour of the
different components. The following chapter covers the verification and validation of the

simulation model developed in Chapter 4.
4.7 Power saving model
This section explains the calculations used to determine the power saved for each system.

The PV power used per year was calculated by adding the total power used for water heating,
with the PV power used to charge the battery. The total grid power used per year is calculated
by adding the grid power used to heat the water, charge the battery and power the appliances

in the system.

The amount of PV power that is available, to charge the battery, depends on the time of day
and whether there was any loadshedding that discharged the battery. As seen in Chapter
3.3.3.1, for any arbitrary time of day, the system will generate the maximum possible amount

of power with the PV panels. The model then calculates the intercept point, as shown in Figure
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16, and the power generated at the intercept point, which is solely available for water heating.
Should the water be below the set temperature and all the PV power, generated at the
intercept point, can be used to heat the water, all of the PV power will be used. As for the
battery charging, referring back to Figure 16, the maximum PV power minus the PV power at
the intercept point is available for battery charging. Should the battery be depleted when the
PV power is available, it will use the PV power to charge. However, if the battery is not fully

charged at the end of the day, grid power will be used to charge the battery.

An example of the calculations will be provided in the annexures.
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5. Validation and Verification

This chapter covers the verification and validation of the simulation program. The equations
used within the program were verified with hand calculation by means of a spot check on a
random date of the year. The simulation program, which simulates the PV module, and its
power generation were validated by comparing the program results with that of the
manufacturer data and recorded data from PVGIS.

5.1 Validation of simulation program

5.1.1 Simulated power of the PV system

In Figure 27, the generated power of the simulation program is compared with the generated
power from PVGIS for the same solar PV system. On days with high levels of generated
power, the error between the simulation program and PVGIS was very small. On days with
low levels of generated power, the error increased. The average error for this illustrated month

was 3% and for the entire year it was 2%, which is acceptable for this study.
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Figure 27: PVGIS vs Simulated power generated

5.1.2 PV module simulation with SDM

To validate the SDM model, the I-V curves of the PV module were simulated at the various
irradiance levels and compared to the I-V curves provided by the manufacturer, as shown in
Figure 28. The biggest differences between the curves occurred at the MPPT region and for
the higher irradiance levels. The accuracy of the data extracted from WebPIlotDigitizer may

seem questionable since it is only able to capture data per corresponding pixel. Excel, on the
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other hand, is a very powerful software tool that can plot data in very small increments. The

validation aligned with comments made by Mares et al. [20] with regard to graphical models.
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Figure 28: Validation of I-V curves of model

5.1.3 Experimental validation of the simulation program

Figure 29 shows the results of the simulation program compared to that of the experiment.
Two sets of data are represented in Figure 29. The first set of four operating points (green and
red) are for an irradiance level of 845 W/m? (blue |-V curve). The second set of four operating
points (blue and purple) are for an irradiance of 624 W/m? (green I-V curve). Note that for both
sets of data, Point 4 (battery) falls on the same point on the graph, since the output is pre-
determined by the MPPT controller. There is a slight difference in voltage and current, but this
can be attributed to the changing conditions of the weather during the experiment, which
change the panel operating temperature, whereas the simulation results are obtained at a

constant temperature of 55°C.

Unlike with the operating behaviour with just the ELON 100 and the geyser element, where
the output current and voltage were determined by just the geyser element, and therefore the
operating point fell on the intercept point, i.e. Point 1 and Point 2 lay on the same point. With
the addition of the battery and MPPT controller, the panels need to generate additional power.
Therefore, for the same voltage, the panels are producing more power, by increasing the

output current, to also provide power to the MPPT controller (P1 = P2+P3).
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Figure 29: Validation of the simulation program

Table 12 shows the simulated results for each component in the system compared to the
experimental results for different irradiation measurements. The average error is between
0,5% and 3,9%, any errors larger than the average error can be attributed to the difference in

panel temperature for the experiment and the simulation.

Table 12: Simulated vs experimental results

845 W/m? 724 W/m? 624 W/m?

exp sim error exp sim error exp sim error

V1 98 98 0.6% 83 80 4.0% 61 60 2.2%
Al 8 8 2.0% 8 7 3.6% 6 6 -2.6%
P1 826 813 1.6% 618 579 6.2% 367 377 -2.5%
V2 98 98 0.2% 83 79 5.0% 61 59 3.3%
A2 7 7 2.5% 6 6 5.1% 4 4 -2.4%
P2 717 698 2.7% 509 459 9.8% 259 256 1.0%
V3 98 95 3.4% 83 79 5.0% 61 59 3.3%
A3 1 1 -4.7% 1 1 -3.7% 2 2 -3.2%
P3 117 118 -1.1% 117 115 1.5% 117 116 0.3%
V4 15 14 4.8% 15 14 5.5% 15 14 3.4%
A4 8 8 0.0% 8 8 0.0% 8 8 0.0%
P4 117 111 4.8% 117 110 5.5% 117 113 3.4%
1.4% 3.9% 0.5%
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5.2 Verification of simulation program

5.2.1 Parameter extraction

For chosen values of a = 1.45, V; = 0.15 with the data provided by the manufacturer I, =
9.54, Vyestc = 45.8, Ny = 72, ay s7¢ = —0.031%, Tgr¢ = 298.15 and an operating temperature
of T = 323.15

Voc = Voeste + (ay stc X Voeste X (T — Tsre)
V,. = 45.8 + (—0.0031 x 45.8 x (323.15 — 298.15)
V,, = 42.2505 V

V; was calculated with Equation 2

_ 138E —23x323.15
t= 1.602E — 19

V, = 0.02785 V

with V,. and V; determined and where Ry, is the inverse of the slope at short circuit conditions,
(the slope is determined in WebPlotDigitizer and given as -0.003), the reverse saturation

current could be calculated as

7 v,
to = (1= 2c) Mo (G7) =
S S

1 _(9 » 42.2505) ( 42.2505 ) .
o=\ 7 33333 )/ *P\T45x 72 x 0.02785) ~ ©

Io = 4.59E — 06 A
The series resistance was then calculated with Equation 15

A
S dI ocC ISC

1.45 x 72 x 0.02785
9.54

Ry = —(—0.4) —

R; = 0.095226 Q
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Next, the diode current was calculated for every diode voltage (V;) increment- in this

example

%
= (e (2)

I, = 459E 06( ( 1.602E — 19 x 0.15 ) 1)
a="% ®XP\1.45 x 1.38E — 23 x 323.15

I; =0.0001841 A

The shunt resistance current was then

Iy, = 0.0324 A
It followed then that the module current was calculated with
=1 —1qg— I
I =9.54 —-0.0001841 — 0.0324

[ =9.507415 A

and the module voltage was
Rs
V =N, [Vd1 —1 (E)]

0.095226
V=72 [0.15 —9.507415 (T)]

V =9.89465 V

5.2.2 Power generation
For the 12" hour on the first day of the first month, the recorded horizontal radiation was 764

W/m?2. The hour angle was then calculated as

a)=15(%—12)
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The declination was calculated next with

284+d

8 = 23.45sin (360 )
365
8§ = 23.45sin (360 22221y
365
5§ =—23.0116

With the optimal tilt angle taken as g = 36.2 and the latitude of Johannesburg being ¢ =

—26.2, the geometric factor ratio could be calculated with Equation 31

cos (b+B) cosé cosw+sin (d+f) sind
cosd cosé cosw+sind sind

Rb:

cos(—26.2+36.2)cos—23.0116 cos0+sin(—26.2+36.2)sin—23.0116

R, =
b €05—26.2 c0s—23.0116 cos0+sin—26.2 sin—23.0116

R, = 0.8398603

The tilted radiation could then be calculated by multiplying the ratio with the horizontal
radiation, and the PV-generated power was then calculated with the data table as explained

in Chapter 3.

5.2.3 Water heating

For the 9" hour of the first day, with the previous hour geyser temperature Tt;_; = 53.67°C,
the energy from the PV modules Ep, = 121.230993 kJ, the volume of the geyser V't = 200 L,
the water consumption V; = 6.3 L, the standing loss of the geyser Q;oss = 205.5 kJ, the inlet
water temperature T;,;.; = 15°C and the specific heat of water ¢, = 4.184 kJ/kgK, the current

hour geyser temperature could be calculated with

Tt; =Tty + ATpy + ATyyx — ATy — AT 0ss

Epy  Eaux Tt (VE = Vi) + Tintet Vi, Qross
Ttl' - Tti—l + - (Tti—l - -
Vtcp Vtcp Vt Vtcp
re — 536744 4 12123099 0 c5. 674y _ 536744200 -63) +15x 63 205.5
L= 93 *200xa182 T 200x 4184 O 200 200 x 4.184
Tt; = 52.35°C

Note that E,;x = 0, since the time is during the day when the sun is shining, and the simulation

was set up so that during sunshine only the modules heat the geyser.

77



To calculate the auxiliary energy used during the timed grid hours, Equation 32 was used. For
the 4™ hour of the 1st day, the previous hour geyser temperature was Tt;_; = 53.01751°C, the
energy from the PV modules was Ep; = 0 kJ, the volume of the geyser was Vt = 200 L, the
water consumption was V; = 1.3875 L, the standing loss of the geyser was Q,oss = 205.5 kJ,
the inlet water temperature was T;;; = 15°C, the specific heat of water is ¢, = 4.184 kJ/kgK,

and the current hour geyser temperature was Tt; = 55°C

ATAUX = Ttl - Ttl'_]_ - ATPV + ATm + ATLOSS

53.0175(200 — 1.3875) + 15 x 1.3875 205.5
AT,yx = 55— 53.01751 — 0 + ( 53.0175 —

200 + 200 x 4.184
ATAUX = 24‘9220C
The energy used was then calculated with

Eaux
Vtc,

ATyyx =
Ejux = 2.4922 x 200 x 4.184
Ejyx = 2085.47296 kJ

This concludes the chapter on verification and validation. The next chapter discusses the

results obtained with the validated simulation program.
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6. Results and Discussion

This chapter discusses the results obtained from the simulation program. Section 1 gives an
overview of the techno-economic results from the study. Section 2 discusses the various
criteria used to evaluate and compare the different systems. Finally, a scoring table compares

the three systems.

6.1 Techno-economic results

In Table 13 below, an overview of the techno-economic results of the study are shown. The
baseline system, used for comparison, consisted of only a PV array with four modules and the
geyser controller used for water heating, with no battery for emergency power. System A
added a small battery with a MPPT charge controller to the baseline system through a parallel
connection to the PV array (refer to Figure 11). The battery capacity was then increased for
Systems B and C. The methodology behind the power saving calculations is explained in
Chapter 4.The savings for system A, B and C is the same percentage wise because, as the
battery size increases for each system, the load consumption of the system increases i.e, the
number of appliances powered by the battery. Therefore, as there is enough PV power to
charge the battery, when it is available during the day, the fraction of the power used to charge
the battery from PV and to charge it with grid power stays the same. The difference is that for
system C, the surplus power i.e., the power generated from the PV not used for charging or
water heating is less than for system A. Essentially meaning that system C utilized more of

the potential PV power than system A, as seen in the figure below.
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Table 13: Techno-economic results

PV potential PV power Grid power Total
Location System power used used power PBP
(kWh/year) (kWh/year) (kWh/year) saved
Baseline 2721 2159 1745 55% 4
. A 2721 2195 1846 54% 6
Upington

B 2721 2280 1931 54% 11

C 2721 2369 2025 54% 12

Baseline 1981 1574 2135 42% 5

A 1981 1610 2234 42% 8

Durban

B 1981 1687 2327 42% 15

C 1981 1760 2436 42% 18

Baseline 2506 1934 1916 50% 4

Pretoria A 2506 1971 2016 49% 6
B 2506 2052 2105 49% 12

C 2506 2133 2206 49% 14

Baseline 1789 1418 2253 39% 6

Cape Town A 1789 1455 2345 38% 12
B 1789 1533 2437 39% 17
C 1789 1605 2547 39% 20+

Table 13 shows the financial and technical results for each system in various high and low
irradiation cities across South Africa. From the left, the PV potential power is the total possible
annual power that the system could generate according to the solar radiation in the area. The
next two columns show the total PV power used as well as the total grid power used. The final
technical column shows the total power saved, which is the PV power used divided by the
sum of the grid and PV power used. The last column shows the payback period for each

system.

The results obtained from the baseline system were similar to the results obtained from
PowerOptimal’'s own case studies [84]. Comparing the baseline with System A, the main
difference lay with the financial benefit. Due to the absence of an MPPT and battery, the
payback period of the baseline system was only four years. This is due to the fact that 90% of
the power savings came from the water heating and not the emergency power. The small
batteries used in this study only provide emergency power to the household appliances during
loadshedding and were therefore included as a convenience factor and not as a way to save

money.

Ultimately all the system sizes and locations tested in this study would provide some level of
savings and added convenience during loadshedding. The rest of the chapter focuses on the

criteria used to evaluate and compare the technical and economic feasibility of the various
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systems as well as the level of convenience they provide to the homeowner during

loadshedding.

6.2 Criteria for utility and convenience evaluation

The technical, financial and convenience factor criteria used to evaluate the different systems
for each scenario are discussed in this section. Potchefstroom was used for this evaluation.
Each system was then compared with the other and given a score out of 3. Finally, the scores

were added for each criterion and the system with the highest overall score was determined.

6.2.1 Technical criteria for system evaluation

6.2.1.1 Water heating

Arguably the most important criterion for the system evaluation was the amount of electricity
saved due to PV water heating. As water heating is the single largest consumer of power
within most South African households, the amount of power saved with PV water heating is

an important indication of the success of the system.

6.2.1.2 Backup power

A prerequisite of the system was whether or not the battery capacity for the system would be
capable of powering the required backup loads of the system during 4 hours of loadshedding.
The level of discharge of the battery was then evaluated. A battery with a lower DoD will have
a shorter lifespan than a battery with a higher DoD. Lastly, the amount of power saved by

charging the battery with PV modules during the day was evaluated.

6.2.2 Financial criteria for system evaluation

The payback period of each system was used as the criterion to gauge the viability of the
system. A short payback period means that the system has a low LCOE and a high NPV.
Payback period also shows the homeowner exactly when the system will start to be profitable

and is also the easiest financial indicator to understand.

6.2.3 Convenience factor of backup power

This is the level of convenience that the system provides. A larger system with a bigger battery
is able to power more appliances during loadshedding compared to a system with a smaller
battery, and therefore provides a higher level of convenience to the homeowner during

loadshedding.

6.2.4 Systems comparison

Table 14 shows the final comparison between the three systems. Each system is scored out
of 3 for each criterion mentioned above. The system is awarded a 3 if it performs the best

compared to the other two systems and a 1 if it performs the worst. A 0 is awarded if all three
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systems perform equally for any of the criterion. Systems A and B scored the same number

of 13 points, while system C only score 10.

Table 14: Systems comparison for Potchefstroom

System

Criteria
Power saved: PV water heating
Battery Depth of Discharge
Power saved: PV battery charging
Financial benefit
Level of Convenience
Total

In the following chapter, the results are interpreted, and a conclusion is made about each of
the systems. The last chapter will conclude with a brief summary of the entire study and

provide recommendation for further research.
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7. Conclusion

In the final chapter, conclusions will be drawn based on the results observed in Chapter 6 and

recommendations will be given for future studies.

7.1 Conclusion

In this study, a PV system that generates electricity for water heating and emergency power
was investigated. The PV system consisted of a PV array with two controllers working in
parallel, supplying power to the geyser element and the battery. Three systems were
evaluated, each having a different battery and inverter capacity to power larger emergency
loads during loadshedding. A baseline system was also used for comparison with each
system. A system level simulation model, which used environmental and operating factors as
input, was developed for the PV system. Furthermore, the model used climatic design year
data with hourly horizontal radiation as input. The PV system was simulated as if retrofitted to

an already existing electric geyser. The model was experimentally verified.

The study found that the PV systems generated close to 60% of the power needed for water
heating in in-land cities, while only producing 44% of the water-heating power in coastal cities.
The savings, with regard to emergency power, for each system increased as the system size
increased. The PV system saved on average 40% of the power needed for emergency power,
with 26% of the power being saved in Cape Town with system A and 50% saved in Upington
with system C. The combined system saved on average, 52.5% of the total power required for
the connected appliances and electric resistive heater, for in-land cities. In coastal cities the

PV system saved 40.5% of the total power required.

The PV systems performed the best financially in the in-land cities with an average payback
period of 6 years for System A and 13 years for system C. In coastal cities the payback period
was significantly longer, with system A having a payback period of 10 years and system C

close to 20 years.

The three systems were then scored according to the criteria set out in Chapter 6. Although
System A and B both scored the same and System C slightly worse, the system which will
best suit the homeowner is determined by what the homeowner expects from the system.
Should the homeowner just want the best system to save money while still having warm water
and the bare minimum of emergency power, System A is clearly the best option. Should the
homeowner want the highest level of convenience, where they can continue with their daily
lives without feeling the impact of loadshedding, System C is the best. However, if the
homeowner wants to save as much money as possible while having a relatively useful amount

of emergency power available during loadshedding, System B is the best suited.
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Due to the various factors that determine the success of the system, it is difficult to determine
which system is the best overall. Every system tested in this study will heat water equally and
provide some level of emergency power. The study concluded that: Firstly, the proposed
combined system worked, providing reliable emergency power and financial benefit through
savings in water heating. Secondly, the factors which the homeowner values more,
convenience through emergency power or financial benefit through water heating, determine

which system is better suited to the household.

7.2 Recommendations

First and foremost, the recommendations for additional research involve refining the
assumptions that were established in this study. Stratification was ignored in favour of the
assumption that the temperature distribution inside the water storage tank was uniform. It is
possible to examine the impact of stratification in a subsequent study. Also, the water storage
tank's hourly standing loss was taken to be constant at its rated loss. More in-depth modelling
is possible to determine how the surrounding ambient temperature affects the standing losses
around the water storage tank. Solar time was assumed to be equal to local time, due to it

only being a couple minutes of difference.

Secondly, it is possible to use more accurate modelling techniques like the two- or three-diode
models. The modelling can also be in more detail. Future studies can make use of a
component level simulation model, whereas the PV system was only modelled on a system

level in this study.

It is recommended that various load, water consumption profiles and PV array sizes are
investigated in a future study. The model created in this study could simulate all of the
mentioned above, each would however necessitate a different sensitivity study, which fell
outside the main scope of this study. These profiles affect the results of the study greatly. The
effect of loadshedding during different times of the day and longer and shorter stages can also

be investigated.

Lastly, different weightings could be used for the criteria used to determine the success of the

systems for different income groups.
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Annexure A

A.1 Parameter extraction

Shunt resistance derivation and approximation

At higher currents the effect of the shunt resistance is the greatest, i.e. at short-circuit
conditions, which is why the derivative of the |-V curve at the short-circuit point is used to
estimate the resistance. The derivative of Eg. 12 along any point on the |-V curve is then
derived as [76]

al Iy [ (V+IRS> (1+R dl>] 1 Rg (dl) 48
v~ anyy, 1P Uan,y, sav)l "R, Ry, \av (48)
solving for the derivative
I V + IR 1
ar _ lan Vt exp (G A )+ (R_Sh)] 9
dv [1+ 4 IoRs ex (V+IRS)]
Ry, | aNgV; aN,V;

Finally, at short-circuit conditions, the derivative becomes

_ [al\IIOVt €xp (é?\C/RVt) + ( 1;1)] (50)

< 1+ 15 + (JLIRIRVt exp (é?\clfvt)]

dl
dv

The diode current is represented by Ioexp(

V) which is neglected due to its small size
compared to the short-circuit current [10]. Also, since Rgis smaller than Ry, :—S is also

sh
neglected. The derivation then becomes

dl
dv

- (51)
sc Rsh

which can be expressed in terms of the shunt resistance as the inverse of the slope at short

circuit

av
Rsh - E

(52)

sc

Series Resistance derivation

At open-circuit conditions, where the voltage is higher, the effect of the series resistance is
more dominant. The derivative of the I-V curve at the open-circuit point is therefore used to

estimate the series resistance [76]. The same derivation is used as with the shunt resistance
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extraction, substituting the open-circuit point (V,., 0) in the general expression for the derivative
in Eq. 49 [76]

dl

alr B [al\IIOVt €Xp (a]l\/;)CVt) B (R%,h)]
dv

* ) [1 + 15 + aII(iIRVt exp (a]l\/IDSCVt)]

(53)

The diode current, represented by Iyexp ( ) is the same as the photon current under open-

circuit conditions [76]. Also, since the photon current is equal to the short-circuit current:

Ve
I, exp( NV)ZISC (54)
t

The derivative becomes

(7 * =)

a| 55)
avlye 1+ R + IscRs
Rgp ' aNJV;
Furthermore, since —* »> R , the terms —== and — may be neglected in practice [76] and
aNSV Rsh aN V
the equation becomes
R = dv aN,V, o6
S dI oc ISC ( )

The slope can be graphically estimated or calculated from the |-V curve.

A.2 Simulation procedure in Excel

The power generation model makes use of the data table function within Excel. On the power
generation sheet, two cells are allocated to the input solar irradiance and the output
intercepted power. The input solar radiation is equated to the variating radiation Gvar and the
output intercepted power is calculated for every arbitrary irradiance [12]. The inclusion of these
two cells makes it easier when working with different sheets in Excel. Instead of selecting the
input and output variables directly from the simulation model in a different sheet, it can be

selected from within the same sheet as the data table. The data table works as follows:
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Day Total
. PV
Date of horizontal
Month | Day (Hour . generated
code the radiation i)
year (Wim?) power
Variables
Irradiance Intercept power | = 14420328
Imkercept power T44.20 111 1 1 1 1 1] 1]
Masimum Power TIEE. 21 112 1 1 2 1 1] 1]
Valtage intecept 125.3376803 113 1 1 3 1 1] 1]
Yoltage mas 134 E14027E 114 1 1 4 1 0 0
Currentintercept 3.0854 72033 115 1 1 5 1 B4 =
Current max 8.66 116 1 1 =] 1 238 B3
117 1 1 T 1 533 255
Data Table ? * 1 it 663
1 324 1007
i . r 1 =1 1035
Row input cell: + 1 o7 5
Column input cell: | $B52| + 1 764 71
1 333 104z
1 455 136
0K Cancel
Lok 1 24 =
1 44 90 1 4 1 5 1 A0 1 | e ] 457

Figure 30: Data table with What-if analysis in Excel

To initiate the what-if analysis, highlight the “Total horizontal radiation” and “PV generated
power” columns and select Data Table from the What-if analysis drop down in Excel. The initial
value in Row 1 of the intercepted power is Pt (1144.20 in this case). The data table
automatically knows that for every arbitrary irradiance in the “Total horizontal radiation”
column, the intercepted power needs to be calculated in the “PV generated power” column.
Within the data table function, a row input cell or a column input cell can be selected. The
variable irradiance data populates the radiation column; therefore, the column input values
are selected as Gvar. The model then starts at Row 3 in the Excel sheet and computes the

MPP for every irradiance input. As an example:

For a radiation of 924 W/m?, the input is 924, the variable Gvar is then equated to 924 W/m?2.
The program then generates the I-V curve shown in Figure 31. Then the intersect point is
calculated and the corresponding voltage and current values are given as 117.34 V and 8.585
A. The output power is then calculated by multiplying the voltage and current at the intersect
point, which results in 1007 W. This process is repeated for every arbitrary irradiance in the

“Total horizontal radiation” column.
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A.3 Water heating model (IF statements)

The geyser temperature is determined by Eq.43. The standard geyser temperature is,

however, calculated without the auxiliary grid input
Ttl' = Tti—l + ATPV - ATm - ATLOSS

The 1%t condition states: Should the geyser temperature be below the predetermined
temperature setpoint (Tmaxgrip) When it is 4:00 or 5:00 in the morning and when it is 18:00 or

19:00 at night the new temperature is calculated with auxiliary grid input [12]
Ttl = Tti—l + ATPV + ATAUX - ATm - ATLOSS

Note that, during grid input hours, there is no solar radiation as the sun is not fully above the
horizon and ATy is therefore equal to zero. The maximum temperature increase, with a
heating element capacity of 14400 kJ/h, is 17.2°C. Should the geyser temperature at the end
of the first grid input hour not have reached 55°C, it is calculated as such. A second grid hour

is allocated to heat the geyser to 55°C, should the first hour be insufficient.

The 2" condition states: If the geyser temperature is above or equal to the predetermined PV

temperature setpoint, the temperature is equal to the setpoint of 65°C [12].
Tt; = Tmaxpy
With these conditions, the thermal energy (Q4yx) used for water heating can be calculated:

The 1% condition states: If the geyser temperature after an hour of heating is below the

predetermined setpoint during the first timed grid input hour in the morning or evening [12]

Qaux = Eaux

Eq. 50 states that the maximum heating capacity is used for the whole hour if the difference

between Tt; and Tt;_, is greater than 17.2°C.

The 2" condition states: If the water reaches the temperature setpoint of 55°C when it is 4:00

or 5:00 in the morning and when it is 18:00 or 19:00 at night
QAUX =Vt X Cp X (Ttl - Tti—l + ATm + ATLOSS)

The 3" condition states: If the geyser temperature is above the predetermined set point

(Tmaxerip) during any grid input hours

Qavx =0

This means that the PV energy was enough to heat the water to the required temperature.
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A.4 WebPlotDigitizer procedure

The slopes of the |-V curve at short-circuit and open-circuit conditions are obtained using
WebPlotDigitizer, illustrated in Figure 32 and 33. The website allows a Joint Photographic
Experts Group (JPEG) of the I-V curve to be imported and analysed. When the |-V curve
graph, provided by the manufacturer, is imported as a 2-D graph, the coordinates of x; =
0,x, =50,y; = 0and y, = 10 are recorded using the computer mouse to click on these points
in the picture, after which various points on the two slopes can be made with the cursor of the
computer mouse. WebPlotDigitizer then extracts all the points (red dots) made on the graph

relative to x4, x,,y, and y, into a comma-separated values (csv) file.

File Help + - 100% At G v U' dg'l
Image
| Axes
o 10+
Datasets
W Default Dataset 2
Measurements 1000W/m
e - ALk L. .
oataser
aves: [& 1 8 .
[ Display o] . LY 23605841, -1.84136+0]
800W/m , e
Delete Dataset h Ky BadeintE) | scjust point (5|
Edit Point Groups —_ Delete Point (0}
Wiew Data S— 6 T 2
Clear ata £ B00W/m
Data Points: 51 @
=
=
3
o r .
400W/m atgoriche [ Avaraging Wingsw
10 Jex
w0 ex
Run
24 200W/m
0 T T 1
0 10 20 50

Voltage(V)

Figure 32: Data points made on the |-V curve using WebPlotDigitizer

The csv file consists of each data point’s x and y coordinates, which can be used in a simple
calculation to determine the slope at I, and V..

N
800W/m® N
< o
€ 600W/m*
o
S
O 44 Z
400W/m°
24 200W/m°
o T o L] 1
0 10 20 50

Voltage(V)

Figure 33: Slopes at open-circuit and short-circuit conditions
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A.5 Procedure for water heating

Table 15: Table used in water heating model

Day of Total tilted PV PV Normalise:d Water Tank
Day Hour the year radiation (W/m?) generated generated consumptio consump temp Qeksom
power (W) energy (kJ) n tion (L)
Maximum Power 577.16057 55
1 1 1 0 0 0 0.016  2.8275 54.18892 0
1 2 1 0 0 0 0.012 2.1075 53.53039 0
1 3 1 0 0 0 0.008 1.3875 53.01751 0
1 4 1 0 0 0 0.008 1.3875 55 2085.1532
1 5 1 0 0 0 0.017  3.0075 55 708.8352
1 6 1 0 0 0 0.030 5.4 53.67442 0
1 7 1 77.677564 31.149398 112.137831 0.035 6.3 52.34461 0
1 8 1 263.2445114 130.68257 470.457268 0.036 6.48 51.45127 0
1 9 1 454.4780861 241.48118 869.332235 0.035 6.3 51.09636 0
1 10 1 573.4968132 312.72988 1125.82759 0.036 6.48 51.02665 0
1 11 1 632.6132617 348.52601 1254.69365 0.043 7.6875 50.89569 0
1 12 1 747.4753735 419.13318 1508.87943 0.060 10.8 50.5149 0
1 13 1 715.8518488 399.56451 1438.43224 0.060 10.8 50.07049 0
1 14 1 743.1226311  416.4397 1499.1829 0.055 9.9 49.88049 0
1 15 1 636.2693205 350.73983 1262.66337 0.032 5.7075 50.14843 0
1 16 1 427.772331 225.66614 812.398088 0.033 5.8875  49.839 0
1 17 1 129.4626067 57.596805 207.348499 0.046  8.2275 48.40802 0
1 18 1 0 0 0 0.060 10.8 55 7231.281
1 19 1 0 0 0 0.090 16.2 55 2916.732
1 20 1 0 0 0 0.100 18 51.15442 0
1 21 1 0 0 0 0.090 16.2 47.98034 0
1 22 1 0 0 0 0.056 10.0275 46.08121 0
1 23 1 0 0 0 0.027  4.8075 45.08851 0
1 24 1 0 0 0 0.018  3.1875 44.3634 0

The Excel model makes use of various if statements which can be referred to in the Annexure
A.3. Firstly, the initial geyser temperature is set to 55°C. Every hour onwards, the new geyser
temperature is calculated with Equation 39. At 4:00 and 5:00, as well as at 18:00 and 19:00,
the auxiliary grid input is switched on to heat the water to the predetermined set point of 55°C
(Tmaxerip). During the day, the maximum temperature setpoint is 65°C (Tmaxpy). There is no
minimum temperature setpoint to ensure that only the PV modules are used during the day to
heat the water. During the day, the water temperature is affected by the consumption, PV
energy and the standing loss of the geyser. When there is less than adequate generated PV
energy and the loss of energy due to consumption and standing loss is higher than what the
PV modules can replace, there will be a continuous decline in geyser temperature. In the
evening at 18:00 and 19:00, if the water is not up to temperature, the auxiliary energy will be

used to heat the water up to Tmaxgrip.

To determine the amount of auxiliary energy required, Equation 38 can be rearranged, making

AT,y x the subject of the equation which can then be used to calculate E,;x
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A.6 PV system saving calculations

Energy
PV generated Houeshold Available PV Available | PV energy PVpotential | difference
Household load Total load Batter Battery PV used for | Eskom used Total . Water Tank | Energy energy notused | (kJ) (if this
power . emergency load Load N N Battery SoC power for N N power for | available for . Water Temperature ) Total Energyused
Hour |, . consumption . . consumed discharge capacity . charging forcharging | Generated consumption N temp used _— for water sumis
intercept point consumption shedding (Wh) charging water water . consumption (L) with just panels N . to heat water kJ
(wh) (wh) (wh) (wh) (wh) (Wh) Power (Wh) . N profile (°C) |eksom (kJ) heating (Water >[ negative, the
(Wh) (Wh) (Wh) heating (Wh)| heating (kJ)
65°C) (kJ) [panels are not
enough to
1144.20328 500 64% 55 55
1 0 63 5 N 63 0 500 100% 0 0 0 0 0 0 2% 2.8 54.2 0 54.2 0.0 0 0
2 0 63 5 N 63 0 500 100% 0 0 0 0 0 0 1% 21 5315 0 53.5 0.0 0 0
3 0 63 5 N 63 0 500 100% 0 0 0 0 0 0 1% 14 53.0 0 53.0 0.0 0 0
4 0 63 5 N 63 0 500 100% 0 0 0 0 0 0 1% 14 55.0 2085 52.5 0.0 -2085 2085
5 0 63 5 N 63 0 500 100% 0 0 0 0 0 0 2% 3.0 55.0 709 517 0.0 709 709
6 0 103 45 Y 45 45 455 91% 0 0 0 0 0 0 3% 6.1 53.5 0 50.3 0.0 0 0
7 104 353 45 Y 45 45 424 85% 14 14 o 117 104 373 6% 11.6 51.5 0 48.5 0.0 o 373
8 308 63 5 Y 5 5 500 100% 81 81 0 390 308 1111 8% 14.5 49.9 0 47.1 0.0 0 1111
9 672 63 5 Y 5 5 500 100% 190 S 0 863 672 2421 7% 118 50.5 0 47.9 0.0 0 2421
10 857 63 5 N 63 0 500 100% 258 0 0 1115 857 3086 6% 10.0 52.2 0 49.7 0.0 0 3086
11 964 63 5 N 63 0 500 100% 272 0 0 1236 964 3471 4% 7.7 54.6 0 52.2 0.0 0 3471
12 410 63 5] N 63 0 500 100% 81 0 0 492 410 1477 3% 6.2 54.9 0 52.6 0.0 0 1477
13 832 63 5 N 63 0 500 100% 258 0 0 1090 832 2995 3% 5.7 Sl 0 54.9 0.0 0 2995
14 168 313 5] N 313 0 500 100% 27 0 0 19 168 606 3% 57 56.4 0 54.2 0.0 o 606
15 278 63 5 N 63 0 500 100% 81 o 0 359 278 999 3% 57 56.2 0 54.0 0.0 o 999
16 75 63 5 N 63 0 500 100% 14 0 0 89 75 271 3% 5.9 55.0 0 53.0 0.0 0 271
17 3 63 5 N 63 0 500 100% 14 0 0 17 3 12 4% 6.4 585 0 515 0.0 0 12
18 0 103 45 Y 45 45 455 91% 0 0 0 0 0 0 7% 11.8 55.0 3355 49.1 0.0 -3355 3355
19 0 103 45 Y 45 45 410 82% 0 0 0 0 0 0 8% 13.8 55.0 2516 46.5 0.0 -2516 2516
20 0 353 45 Y 45 45 365 73% 0 0 0 0 0 0 8% 14.5 51.8 0 44.0 0.0 o 0
21 0 103 45 Y 45 45 320 64% 0 0 0 0 0 0 8% 13.6 49.1 0 418 0.0 0 0
22 0 103 45 N 103 0 320 64% 0 o 0 0 0 o 6% 10.0 47.1 0 40.2 0.0 o 0
23] 0 103 45 N 103 0 320 64% 0 0 0 0 0 0 3% 4.8 46.1 0 39.3 0.0 0 0
24 0 63 5 N 63 0 320 64% 0 0 0 0 0 0 2% 3.2 45.4 0 38.7 0.0 0 0
1 0 63 5 N 63 0 500 100% 0 0 180 0 0 0 2% 2.8 44.7 0 38.1 0.0 0 0
2 0 63 5] N 63 0 500 100% 0 0 0 0 0 0 1% 251} 44.1 0 37.6 0.0 0 0
3 0 63 5 N 63 0 500 100% 0 0 0o 0 0 o 1% 14 43.7 0o 37.2 0.0 0 0

Figure 34: Extract of model calculations for 1 day

The PV generation starts at 7:00 in the morning. For this specific day loadshedding is active from 6:00 to 10:00 and 18:00 to 22:00. Accordingly
the battery is not at 100% state of charge when the PV starts generating. Therefore at 7:00, the PV generates 117 Wh at the maximum and 104
Wh at the intercept point, therefore, 14 Wh is available for charging and since the battery is at 85%, all 14 Wh is used to charge the battery. When
there is more power available to charge the battery than needed, the surplus power is wasted.
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Annexure B

Scenario A: Component Pricing

Component Specifics Amount | Total Price
PV modules Enersol 335W Mono 4 ZAR 8000
Inverter Not needed - ZAR 0O
Battery BlueNova BN13V-22-286Wh MPS 1 ZAR 2 750
BOS Wiring, support structure etc. - ZAR 3 000
Geyser controller ELON 100 1 ZAR 6 510
MPPT Victron 150/35 1 ZAR 5 500
Labour Installation ZAR 2 000

The capital cost of this system adds to ZAR 27 760 VAT incl.

Scenario B: Component Pricing
Component Specifics Amount | Total Price
PV modules Enersol 335W Mono 4 ZAR 8 000
Inverter RCT Axpert VM 1K12 1kVA 1kW 12V 1 ZAR 4 650
Battery BlueNova BN13V-22-286Wh MPS 4 ZAR 9100
BOS Wiring, support structure etc. - ZAR 3 000
Geyser controller ELON 100 1 ZAR 6 510
MPPT Victron 150/35 1 ZAR 5 500
Labour Installation ZAR 2 000

The capital cost of this system adds to ZAR 38 760. VAT incl.

Scenario C: Component Pricing
Component Specifics Amount | Total Price
PV modules Enersol 335W Mono 4 ZAR 8 000
Inverter RCT Axpert VM3 3K24 3kVA 3kW 12V 1 ZAR 10 200
Battery BlueNova BN13V-22-286Wh MPS 6 ZAR 11 601
BOS Wiring, support structure etc. - ZAR 3 000
Geyser controller ELON 100 1 ZAR 6 510
MPPT Victron 150/35 1 ZAR 5 500
Labour Installation ZAR 2 000

The capital cost of this system adds to ZAR 46 811 VAT incl.

Component pricing sources

PV modules: 330W-340W

https://solarpanelsonline.co.za

ZAR1759

https://www.sustainable.co.za

ZAR2367
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https://solarpanelsonline.co.za/
https://www.sustainable.co.za/

https://solarwc.co.za

https://pvstore.co.za

Average price for a 330W panels is:
Inverter: 1kW

https://sinetechstore.co.za

https://www.sustainable.co.za

https://solarwarehousesa.com

Average price for a 1kW inverter is:
Battery:
240Wh

https://www.sustainable.co.za

https://www.sustainable.co.za

Average price for 500Wh battery is:
ELON 100:

https://www.takeless.co.za

https://www.unlimitedsolar.co.za

https://diyshop.co.za

Average price for ELON 100 is:
Victron MPPT 150/35

https://www.solarsmarttechnology.co.za

https://sunstore.co.za

https://www.communica.co.za

https://www.sustainable.co.za

The average price for the MPPT is:
Inverter: 3kW

https://www.sustainable.co.za

ZAR1899

ZAR1990

ZAR2000

ZAR6250

ZAR5122

ZAR2580

ZAR4650

ZAR2500

ZAR3000

ZAR2750

ZAR6500

ZAR6234

ZARG795

ZAR6510

ZAR5296

ZAR5511

ZAR5318

ZAR5698

ZARS5500

ZAR13200
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https://solarwc.co.za/
https://pvstore.co.za/
https://sinetechstore.co.za/
https://www.sustainable.co.za/
https://solarwarehousesa.com/
https://www.sustainable.co.za/
https://www.sustainable.co.za/
https://www.takeless.co.za/
https://www.unlimitedsolar.co.za/
https://diyshop.co.za/
https://www.solarsmarttechnology.co.za/
https://sunstore.co.za/
https://www.communica.co.za/
https://www.sustainable.co.za/
https://www.sustainable.co.za/

https://www.sustainable.co.za

https://sinetechstore.co.za

https://www.solar-shop.co.za

Average price for a 3kW inverter is:
Battery: 1000Wh

https://sunstore.co.za

https://www.sustainable.co.za

https://www.sustainable.co.za

Average price for a 1000Wh battery is:

Battery: 1500Wh

https://www.sustainable.co.za

https://lifetide.co.za

https://www.sustainable.co.za

Average price for a 1500Wh battery is:

ZAR9176

ZAR8995

ZAR9400

ZAR10200

ZAR9325

ZAR8534

ZAR9375

ZAR9100

ZAR10386

ZAR11999

ZAR12420

ZAR11601
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https://www.sustainable.co.za/
https://sinetechstore.co.za/
https://www.solar-shop.co.za/
https://sunstore.co.za/
https://www.sustainable.co.za/
https://www.sustainable.co.za/
https://www.sustainable.co.za/
https://lifetide.co.za/
https://www.sustainable.co.za/

Annexure C: Techno-economic results

Table 16: Complete table of results

PV used | Grid used Power i Power .
PV power | _ . Total Total . PV used | Gridused ... | Maximum
X Grid power for for saved with saved with
Loacation System | generated Power Power LCOE PBP NPV for water | for water Battery
used emergency [emergency |emergency . X water
(kw) used saved heating heating i DoD
power power power heating
Potchefstroom|Baseline 2502 1920 3878 50% R 1.21 R 49231 0 0 0 1958 1430 58% 0
A 2502 1987 3981 50% R 1.87 R 39995 37 66 36% 1958 1430 58% 37%
Potchefstroom B 2502 2075 4152 50% R 2.51 12 R 25356 118 154 43% 1958 1430 58% 39%
C 2502 2173 4334 50% R 2.87 14 R 18610 202 253 44% 1958 1430 58% 26%
A 1981 2234 3843 42% R 2.23 8 R 22384 37 66 36% 1417 1790 44% 37%
Durban B 1981 2327 4013 42% R 2.96 15 R 10368 113 159 42% 1417 1790 44% 39%
C 1981 2436 4195 42% R 3.37 18 R 2858 186 268 41% 1417 1790 44% 26%
A 2506 2016 3985 49% R 1.89 6 R 36049 37 66 36% 1933 1460 57% 37%
Pretoria B 2506 2105 4156 49% R 2.53 12 R 24329 117 155 43% 1933 1460 57% 39%
C 2506 2206 4338 49% R 2.90 14 R 17426 198 256 44% 1933 1460 57% 26%
A 1789 2345 3799 38% R 2.41 12 R 16508 36 102 26% 1417 1790 44% 37%
Cape Town B 1789 2437 3969 39% R 3.18 17 R 4591 115 158 42% 1417 1790 44% 38%
C 1789 2547 4152 39% R 3.61 20+ -R 3008 187 268 41% 1417 1790 44% 25%






