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ABSTRACT

Running a farm that solely depends on grid electricity, is not easy-going, considering
the current state of electrical energy in our country (South Africa). Therefore, onsite
electricity generation is achieved by using off-grid approaches, such as wind, diesel
generator, conventional small hydro system and solar. However, due to high cost of
diesel fuel, unavailability of continuous energy from the sun and wind, these energy
generation methods may require extra energy storage systems in order to be considered
as a reliable solution for onsite electricity generation for farming environment. Further
combination and incorporation with various affordable energy generating sources, is a
necessity in improving the grid’s economical management. This study used solar PV,
incorporated with an underground pumped hydro storage (UPHS) system, whilst a
borehole is used as a lower reservoir.

An off-grid UPHS is a promising technology that may be used in any farming
environment that has sufficient underground water. This technology is currently under
development and lacks implementation.

The purpose of this study was to investigate the possibilities of controlling and
optimising the daily operation of the proposed grid-connected renewable energy system,
by maximising the usage of the renewable resources, whilst minimising the use of grid
electricity to supply the load demand of a farm, without any load supply shortage. The
design and sizing of the proposed system was performed, using a Hybrid Optimization
Model for Electric Renewable (HOMER). The model formulation, effectiveness and
economic analysis was performed and simulated, using linear programming with
MATLAB software. Therefore, the simulation results reveal that using the developed
model to optimally manage power generated by PV and the PHS, the cost of the
electricity for farm operation may be reduced. Nonetheless, the study also raises
awareness to the use of renewable energy in conjunction with grid electricity under TOU
tariff rates. As well as water conservation and food production to boost our current

economic status.
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Apr Total area of a PV panel [m?]

o3 Annual increase of 10%
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CF, Net cash flow of the investment in year [ZAR]
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CHAPTER 1: INTRODUCTION

1.1. BACKGROUND

Electricity has an immense contribution in promoting the economic and social
development of remote located societies. South Africa’s human population growth is
directly proportional to its electricity demand. Hence, the electricity demand is increasing
with a decrease in South Africa’s most dependant energy production resources (fossil
tuels) [1]. South Africa’s economy is highly reliant on the agricultural sector, which
currently consumes more than 62% of the country’s runoff rain water [2]. Supplying
water through municipal water piping to this sector mainly constituted of remote farms,
is a reliable option, however; it comes with several techno-economic challenges, due to
factors such as distance and the nature of the terrain [3]. Therefore, pumping
groundwater has been the preferred option for farmers compared to surface water, since
it can be pumped near the point of use and it is available when needed [4].

As for electricity supply, adequate and reliable electricity supply is an absolute
necessity in the farming sector. According to Storm, M E; Gouws, R; Grobler, L. | [5], the
agricultural sector contributed 6.5% to annual South African electricity sales, with
pumping irrigation water being the largest electricity demand allocation. Electrical power
is required in controlling the environment and sustaining the life of livestock, poultry and
plants and to, allow appropriate harvesting, storing and food conservation and
maximizing financial gain and security of the farm capital investments. Therefore, the
proximity of electrical network, as well as the farm of electricity source used to supply a
given farm is further considered as the main component of the financial returns of the
farming activities.

To decrease the operation cost linked to electrical equipment, Demand Side
Management (DSM), such as load shifting on pumping and irrigation activities to avoid
operating during the utility peak pricing periods [6]. However, this may disrupt the
appropriate scheduling of the different activities which may require to be performed at
specific times.

Diesel generator (DG) is one of the most popular power generators. It is known as an
affordable option as compared to grid extension for remote electrification [7]. It comes

with advantages, such as considerably low initial capital costs and to be constantly

© Central University of Technology, Free State
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available on site, at any time of the day as required. However, DG is becoming an
unsustainable option to remote areas, due to long distances travelled in terms of fuel
transportation, greenhouse gases and rapid diesel price increase. As a result, this
promotes the use in renewable energy (RE) sources as being economical.

Renewable technologies, such as wind, solar, biomass, geothermal and hydro may
offer clean sources of energy. They may provide an economic means of electricity to
small isolated farming areas, situated a long distance from utility grid lines. From various
renewable energy technologies, hydropower generation appears to be holding prime
position, in terms of its contribution to the world’s electricity generation [8-11].
Hydropower comes in different scales i.e. large and small scales. A large scale comes with
drawbacks, such as costly construction of dams and disturbance of aquatic ecosystem.
Hence, small-scale hydropower generation is much preferred for electricity supply to
isolated/remote areas, near adequate water resources [8]. Therefore, renewable energy
resources used in conjunction with groundwater storage and pumping infrastructures,
may be redesigned to generate onsite electricity that may be used to minimize the total
amount and cost of electricity drawn from the grid. Nevertheless, this research will be
focusing on pumping water from underground, using solar power to regenerate electricity
through a hydro turbine and using the depth of the open well as the working head of the
hydro power.

1.2. PROBLEM STATEMENT

e Many farms in South Africa have both challenges of electricity and water supply,
which makes the operation cost significantly high, which in turn reduces the
return on investment of the overall farming activities. Frequent electricity
blackouts and load shifting has been a common problem, to both farmers and
wholesalers, who are benefiting from the farms.

e Available software packages/tools for modelling renewable energy systems
(HOMER), do not accommodate storage tank or reservoir components. Hence, it
is a hustle to study/analyse the performance of the proposed PV-UPHS system

L.e. redesigning of a few parts of the proposed system to match the software.

© Central University of Technology, Free State
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1.3. AIM AND OBJECTIVES OF THE STUDY

The main aim of this research is to develop a model that will allow the optimal
utilisation of solar photovoltaic with pumped hydro storage through open wells
(borehole), for minimization of electricity cost for farming activities in a dynamic
electricity pricing environment.

The objectives of this research are:

e To review literature based on the South African case, context or opportunity,
different methods of ground water pumping, electricity generation using ground
water and renewable energy, types of storages used to store water from
underground, types of generators used for conversation of energy stored in water
reservoirs, as well as relevant works on solar and its tracking device.

e To collect data related to Bloemfontein’s sun radiation, TOU tariff, the local farm

load, as well as the PV’s output power for all seasons.
e Size the proposed PV-UPHS system.
e Model and simulate the proposed system in MATLAB.

e Do economic analysis of the proposed system, to reveal its economic viability.
1.4. RESEARCH METHODOLOGY

To achieve the above-mentioned objectives, the following scope of work is carried

out for this research:

1.4.1. Literature study

The study was conducted in Bloemfontein, to investigate application of power
generation from renewable energy, combined with groundwater storage in the
smallholder farming systems. Literature related to the topics bellow was reviewed:

e Description of different methods for ground water pumping

e Review of electricity generation using ground water and renewable energy

resources.

e South African case, context or opportunity.

e ‘Type of storage used to store water pumped from boreholes

© Central University of Technology, Free State
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Type of generators used for conversation of energy stored in water reservoir into

electricity.
Site ground water assessment.

Relevant works on solar and its tracking device

Data collection

A small farm was identified, where the following data was collected and drawn from

the measurement and monitoring.

1.4.3.

Two types of electrical loads are generally found on farms; these are the primary
(critical) and secondary (non-critical) loads. The primary loads are those of high
priority that should constantly be supplied, shifted or reduced, while the
secondary loads can be managed without causing substantial discomfort to the
farm. The primary load on the considered farm consists of the bulk milk cooler,
milking machine, fan, water pump, freezer, electric fence and light, while the
secondary load consists of equipment, such as a stove and electric water heater.
The total corresponding load profile was therefore computed.

The electricity cost of supplying the load demand exclusively from the grid was

further simulated for the same study period.
The solar resource on site was assessed and analysed.

PV’s energy production based on Bloemfontein’s sun radiation

System optimal sizing

The optimal sizing of the corresponding solar, upper storage and hydro turbine that

was used to supply the load was conducted, using specialised software HOMER (Hybrid

Optimization Model for Electric Renewables). This software was developed by the

National Renewable Energy Laboratory (NREL) of the United State of America (USA)

[26]. It has been used to determine the optimal cost-effective grid connected option

(among pumped hydro, DG and wind), fulfilling the basic electrical load requirement at

the study site.

© Central University of Technology, Free State
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1.4.4. System Modelling and Simulation

The simulation and modelling have been conducted using MATLAB. This section
includes the development of a mathematical model of a PV-UPHS system model, with
photovoltaic and pumped hydro storage. The model will comprise of the following:

e The objective function
The control objective to be minimized is the net electricity cost (taken from the grid), for
a given period.

e System Constraints

- Power balance
At any given time, the farm load demand should be met, however, the combination of
the power from the grid, the renewable source and the storage system.

- Dynamics of the PHS water level.

During charging and discharging, the state of water level in the upper storage tank should
be maintained between its minimum and maximum values. Further, the tank cannot be
filled up and discharged simultaneously.

- Variable limits
For equipment safety purposes, all power flows (from PV, battery, inverters) should be
kept within minimum and maximum limits, according to the design specifications
provided by the manufacturer.

- Fixed final state condition
The final state of the water level in the reservoir, should be equal to the water level at the

start of generation.

1.5. HYPOTHESIS

e In areas without flowing water, but with an adequate solar resource within South
Africa, a non-grid interactive UPHES system generates electricity more efficiently
and affordable than using the grid alone for the same load demand.

e The system will minimize the cost of electricity from the grid.

e The system will maximise the use of renewable energy, while minimising the

number of people connecting to the grid.

© Central University of Technology, Free State
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DELIMITATION OF THE STUDY

The study has been conducted with the following limitations:

1.7.

This study focuses solely on turbines related to micro and pico-scale pumped
hydro systems (5kW-100kW), since it is suitable for electrification at a domestic,
small commercial loads, Small community or remote industrial area level. Large-
scale pumped hydro systems such as the ocean, large dams, civil reservoirs etc.,

are not considered in the study.

Mathematical modelling of batteries, power electronic and mechanical control

circuits, will not be part of this study.

No new turbine design was considered in this study, since hydro turbines are

presently available in venomous forms and sizes.

CONTRIBUTION TO KNOWLEDGE

Relevant literature on PV-UPHS system, related to recent technologies and
developments, status as well as the application into a farming environment is
presented by the author on a South African context. This has filled the open gaps
and provided more opportunities to researchers to identify further missing parts

of the research in the future.

The development of a model that optimally controls the operation of the PV-
UPHS based system, to minimize the costs of the grid electricity to operate the
farm and to maximize the use of renewable energy, satisfying the load. The model
considers various electricity pricing plans for different weekdays, as well as the
variability of the load demand, to satisfy different daily farm operations. The
objective is to meet the daily farm load demand, while limiting the use of the grid

when the energy cost is higher and maximizing the use at its lowest price.

For awareness to the community and local famers, based on the potential benefits
of using underground pumped hydro storage system for maximising the use of
renewable energy, to reduce the amount of monthly electricity bill. This will bring
a huge social impact, due to reduction in the number of people relying on grid

electricity. Therefore, less chances of load shedding will be expected.
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1.8. RESEARCH OUTPUT

Conference papers:
e Shirinda Khanyisa, Kanzumba Kusakana and Sandile Philip Koko. "A Survey of
Groundwater Pumping Technologies for Electricity Generation Through

Hydropowet." In 2018 Open Innovations Conference (OI), pp. 96-101. IEEE, 2018.

e Shirinda, K., K. Kusakana and S. P. Koko. "Techno-economic analysis of a
standalone solar PV with groundwater pumped-hydro-storage system." In 2079

International Conference on the Domestic Use of Energy (DUE), pp. 90-95. IEEE, 2019.

Journal paper:
e Shirinda, K., K. Kusakana and S. P. Koko."Optimal energy management and
economic life cycle analysis of a small grid-connected PV with groundwater-

pumped-hydro energy storage system" submitted.
1.9. OUTLINE OF THE DISSERTATION

Chapter 1 introduces the dissertation, which outlines the background, problem
statement, objectives, methodology, hypothesis, delimitation of the study, as well as the
research outputs.

Chapter 2 provides an overview of how hydropower is being used and the potential
of it in South Africa. The focus of the chapter is based on the application of the
proposed system in our local farms, as well as the review of the system technologies and
the type of generators and storage, used for hydro electricity generation. Site solar and
ground water assessment further forms part of this Chapter.

Chapter 3 reveals the design and optimal sizing of the proposed system, its techno
analysis, as well as revealing the economic benefits that come with the chosen renewable
resource. The techno-analysis was performed using HOMER software.

Chapter 4 covers the formation of the mathematical model of the proposed system,
as well as the discussion of the simulation results. The performance of the proposed
system is compared to the base system (sole grid supply) revealing its benefit. MATLAB

has been used to develop this model.
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Chapter 5 presents the economic analysis of the proposed system. The financial
implications of the system are analysed, based on its life expectancy. The process of
analysis is carried out using MATLAB.

Chapter 6 presents the conclusions and suggestions for future areas of research, to be

carried out to better the application of the proposed technology.
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CHAPTER 2: LITERATURE REVIEW

2.1. INTRODUCTION

Water is a universal requirement of every living organism. It is one of the leading
elements of economic development through the agricultural sector (farming). However,
many South African farms have both challenges of water and electricity supply. Africa
runs its energy harness on both renewable and non-renewable energy sources. This
Chapter presents a brief review of the status and potential of hydropower generation in
South Africa. It reviews the status of pumped hydro energy systems, as applied in semi-
arid and arid areas, globally. It further focuses on the alternative methods for pumping
ground water, relevant works on solar water pumping and recent development studies

focusing on hydro energy storage.
2.2. Description of different methods of ground water pumping

There are various options available for water pumping purposes. This may include PV
pumps, mechanical wind driven and electrical pumps, a solar-wind hybrid pumping
system and dual-fuel engine pumps, using producer gas or biogas [12]. These options
minimize dependence of fossil fuel-based electricity. The following alternative sources of
energy to the utility grid are commonly used, to extract groundwater through a borehole

for irrigation purposes and other farming activities.

2.2.1. Diesel pumps

These pumps are significantly effective and operate to extract water on demand.
However, they display all the disadvantages of systems powered with diesel generators,
such as noise pollution, environment pollution and high operation and maintenance
costs, associated with the ever-increasing price of fuel. Furthermore, the transport action

and storage of fuel are major challenges [13].
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2.2.2. Solar pumps

Photovoltaic (PV) are a product of series connected solar cells. The commonly used
cells for commercial use are made from purified silicon (Si). The Silicon cell is essentially
a p-n junction that utilizes the energy from the sunlight to generate electron flow from
the p-type Si (via an external resistance) to the n-type Si. A typical solar module is
comprised of 36 cells connected in series, to produce an operating voltage of 12V. The
PV may then be used to supply the specific pumping machine, i.e. solar pump.

When choosing a site for the PV panels, it important to confirm that the area has a
high level of sunshine and no prolonged process of clouds or mist [14]. The main benefit
is access to inexpensive electric power in remote areas that are not connected to the
national electricity supply network. The advantage of using solar energy is that solar
power is renewable, clean and has no direct emissions. Solar panels may be used almost
anywhere in South Africa and are suitable for low energy use, such as lights and
television. The disadvantage is, without energy storage, there won’t be power supply to
the load at night or when conditions are not favorable, i.e. the sun is not constantly
available and the equipment for storage is costly.

Solar pumping system consists of a solar photovoltaic array and a controller, to
provide energy to an electric pump that lifts the water from the water source to the
surface. However, this system requires energy storage, as water is constantly required,
even without sunshine [15]. Water plays a significant role in the development of any
specific country. The quality of life in any country greatly depends upon the quantity and
quality of available water resources in that country. It is estimated that an average of five
litres of fresh water is required per person per day for daily survival [16] and although a
large amount of high-quality water is present in the world, it is often not available at
locations where it may be readily used. This raises the requirement to pump high-quality
water from its source, to the locations where it is in demand. For this purpose, water
pumps have been in use for decades.

Recently, environmental and sustainable development has shifted the focus to the use
of renewable energy driven water pumping. Today, the use of PV conversion of solar
energy to power the water pumps is an emerging technology and yet, comes with great
challenges. This technology may be used for large scales and it is found to be a great

alternative to diesel and electricity powered conventional water pumps. Moreover, the
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importance of solar PV energy to power the pumps increases, due to non-availability and
high distribution cost of grid power. Besides this, operation and maintenance costs of
diesel pumps are generally 2-4 times more than PV pumps. Solar water pumps (SWP)
have a greater advantage during summer seasons, as the availability of solar radiation and
water requirements are altogether too high. SWP are available in the range of 1.5-7.5 KW
or higher. They are suitable for pumping water from 5m (shallow), to higher water table

(100 m or more).
2.2.3. Wind pumps

The principle involved in electricity generation is significantly the same as what has
been used throughout the centuries. The sole difference is the introduction of an
electricity generator. The movement of air is used to propel blades. Thereafter, these
blades turn with the wind direction and along with it, an axle attached at the center of the
blades. The axle carries the energy to a gearbox. From there it travels to the generator,
where the electricity is generated. The advantage of Wind energy is its availability. It is
renewable, clean and does not produce harmful gases. The coastal regions of South
Africa are ideal for the use of this technology. The disadvantage being that the wind is
not constantly available for driving the windmill blades, wind generators create noise and
are costly to build.

Wind pumps may be Mechanical Wind Pumping Systems (MWPS), where the blade
turning kinetic energy of the windmill is used directly to pump water and Wind Energy
Converting Systems (WECS), where the wind turbine is used to generate electricity and
then further used to power an electric water pump [17]. Several authors have previously
discussed the use of alternative water pumping energy sources in sparsely distributed,
rural environments, with significantly unreliable or lack of access to the grid. However,
the writer on Reference [18] has concluded that, in certain cases, when connection to the
grid is easily implementable, the use of wind and solar pumps are viable and cost-effective

options, compared to diesel pumping [19].
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2.2.4. Solar-wind water pumping system

Renewable energy integrated into electric power systems, such as hydropower, solar
and wind power, has been the primary choice for many countries [20]. However, both
wind and PV are random when it comes to power generation. Therefore, they are
preferred to be generating electricity in one system for reliability [21]. Hybrid water
pumping systems may consist of several combinations, including wind with PV, wind, PV
and another renewable energy source, wind with diesel, or PV with diesel. Each
combination may have battery storage and/or inverters, with or without a backup
generator or utility powerline. Hybrids offer greater reliability than either wind or PV
technology alone, as each power source (wind or solar) is independent of the other. For
example, in winter, when solar energy is low, significant wind energy is usually available to
compensate for the loss from a PV power source. Another advantage of a hybrid system
over an individual wind or PV system, is the use of the technology's reliability for
integrated applications.

In most cases, wind comes as a supplement to the stand-alone solar system. However,
this may be decided based on the availability of the solar and wind resources. As wind
and PV technologies advance, the use of hybrid systems, as stand-alone systems, is
growing as a preferable and less expensive, than individual wind or PV systems. Hybrid
systems do not require to be designed for worst-case scenarios, as the power does not
come from a single source. Hybrid systems permit the use of smaller component sizes
and this lowers the cost of the system. Although hybrid systems are improving in
reliability and are reducing the overall size of the power system, their initial costs are still
high. Maintenance of hybrid systems further requires a highly skilled professional.
Therefore, hybrid systems are particularly suitable for economically strong communities,

with well-equipped, skilled manpower for maintaining the systems.

2.3. Review of electricity generation using ground water and renewable

energy resources.

The attainable assets of a sustainable power source in South Africa are: sun based,
wind, biomass, geothermal, hydropower, waste to energy and the tidal (wave) energy.
Their potential varies from province to province. Apart from KwaZulu-Natal and the
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Mpumalanga provinces, which have the most outstanding potential for biomass, the
other seven regions have the most elevated potential for sun-oriented energy. Wind has
the second most elevated potential in the three Cape Provinces. Biomass has the second
most elevated potential in the Limpopo region and hydro has the second most elevated
potential in the Free State [22].

South Africa’s greenhouse emission is the highest in Africa. Central generated power
cannot reach remote areas, due to lack of distribution infrastructure. SA may have been
tound with more of various sustainable power sources, but it has significant potential in
both solar and wind power generation [23]. Renewable energy power plants utilize either
the thermal energy originating from renewable sources, i.e. geothermal, solar-thermal, and
biomass-power plants, or directly generate electricity from renewable sources, i.e.
hydroelectric, photovoltaic and wind-power plants. As the former pathways involve a
steam turbine or boiler, water use is in a similar range as steam-based fossil-fuel plants.
On the other hand, at hydroelectric power plants, a large volume of water is evaporated
from the surface of artificial reservoirs, although wind and photovoltaic-power plants
hardly require water during their operation [24].

Water for power is of specific significance, as thermoelectric control plants are among
the highest consumers of water. In the United States, the topographical review evaluated
that in 2005, the thermoelectric power plants oversaw approximately 52% of surface
freshwater withdrawals and 43% of aggregate water withdrawals [25]. Dry cooling power
plants consume 7% of water for cooling while 70% of water is expended in closed loop
(wet) cooling and restoring the rest to nature. 43% of the producing limit is related with
open loop cooling while 42% is used for (wet) closed loop cooling [20]. To place it into
the point of view of thermoelectric withdrawals, where 200 billion gallons a day or 670
gallons for each U.S. habitant. The Author in Reference [27] defined withdrawal as water
that is derived from a source and may be returned to the source and water that is derived
from the source and may never be returned to the source, is categorized as consumption.
Different sectors have dissimilar water withdrawal and consumption rates. The
technologies used in the various sectors further affect the withdrawal and consumption
rates.

In various events, licenses for proposed plants have been denied, as a result of
securing water accessibility concerns and possible antagonistic impacts on aquatic life in

different areas internationally. Likewise, during dry seasons events have taken place where
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