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Abstract

The study analysed different types of hybrid micro grids system configurations and found out
the following to be both technically and economically viable: (a) PV with Levelised Cost of
Electricity (LCOE) of R4.64/kWh, (b) PV/Wind of R5.03/kWh, (c) PV/Wind/Generator at
R5.16 /kWh and lastly (d) PV/Generator of R4.80/kWh. These viable system configurations
have more than 93.1 % renewables. All four technically and economically viable system
configurations were found to be more sensitive to either price of diesel or inflation rate. As
diesel price increased from R13.00/litre to R15.00/litre, LCOE increased from R5.15/kWh to
R5.24/kWh. As inflation rate changed from 5.00 % to 6.50%, LCOE decreased from
R4.64/kWh to R4.42/kWh. The most suitable system configuration has been found to both
technically and economically viable is solar/generator with LCOE of R4.80/kWh and lower
carbon emissions of 4843 kg/yr greenhouse gas emissions. For this solar/generator, NPV is
R940 994.00, IRR is 18%, while ROl is 15.5% and payback period is 5.81 years.

Any hybrid micro grid system that had hydro component in its system configuration was found
to be not viable due to the high capital cost which contributed to high LCOE. The high cost of
the system configuration that included the hydro component had been brought about by the

high cost of civil works for erecting diversion weir for the micro grid power station.

Vi



Chapter 1: Introduction

1.1 Background

Energy as a source of life on Earth is very important for both economic, social and environment
needs of daily lives and as means to poverty reduction and improvement of living standard for
households[1] [2]. According to World Bank study only 17.14% of the world’s population
(about 1.2 billion people) do not have access to electricity [3] and there are more than 600
million inhabitants in Africa without access to electricity [4]. The rural villages in Africa have
a very low electrification rate of 14% [4] which makes it very difficult for both economic
growth and human development. In 2014, 63% of Population in the Sub Saharan Africa (SSA)
did not have access to electricity [5]. The global demand for energy in 2017 was met by
electricity which was generated from fossil fuels such as coal, natural gas and oil and of this
energy demand, only 23% was from renewal resources [3]. Electricity generated from fossil
fuels has adverse environmental and health effects due to green gas emissions. Furthermore,
due to gradual depletion of fossil fuels and threat of climate change and hazardous impact to
ecosystem, there is urgent need to turn to renewable resources for energy generation [6] [7].

There are some renewable energy initiatives in Lesotho. Firstly, Lesotho as the SSA country
has some initiatives for energy generations in the rural areas between Public Private Partnership
and other international development partners. According to UNDP/GEF (2019), first initiative
is carried out by One Power Company as Independent Power Producers (IPP) for Solar power
Projects at Ha Ramarothole in Mafeteng district with projected Renewable Energy (RE)
capacity of 20 MW financed by Scatec Solar and Norfund and USD $600k (M8.6 million)
grant from United States of America (USA). The second component of this solar Project at Ha
Ramarothole is done by a Chinese company as IPP whose financier is Exim Bank of
Government of China. This Chinese company will construct solar farms of total projected RE
capacity of 70 MW in two phases. The first phase will be of a construction of 30 MW solar
farm which will be done in the first eighteen months and another 40 MW for the remaining
period. The other solar farm of capacity 70 MW will be constructed by One Power company
at Ha Makebe. This project is financed by Renewable Energy Performance Platform from
United States of America. Secondly, there are some proposals to be financed by UNDF GEF
for the construction of mini-grids in the following districts: Mohale’s Hoek, Mokhotlong,
Qacha’s nek, Quthing and Thaba-Tseka. For this UNDP GEF project, mini-grids and energy



centres in Mohale’s Hoek for the following villages: Ribaneng, Ketane, Phamong, Koebunyane
and Mpharane of total annual demand of 117 640 kWh would need an investment of M17
million for construction of these mini-grids and energy centres. However, the Project IRR
would be -15% to -11% while the required tariff would be between M6.90/kWh to M8.49/kWh.
This project is expected to start in 2020 as soon as the contracts with IPPs have been signed.
The utility tariff of M6.90/kWh or M8.90/kWh compared to the current Lesotho Electricity
Company tariff of M 1.4782/ kWh (LEWA, 2019) as at May 2019 is too high for households
in the rural areas. The IRR of -15% or -11% simply means this project is not viable for the IPP
who is interested to make profit. This project is expected to take off later in this year and
villages will benefit from these mini-grids and energy centres across these mentioned districts
upon completion. The contract between UNDP GEF and IPP is in such a way that IPP is
expected to raise funds for the project while UNDP GEF will finance the gap between the total
capital and what IPP has raised based on performance of IPP. This means an IPP is expected
to start the project using its own costs; funding by UNDP GEF will come at the later stage
based on performance of an IPP. This project was expected to take three years from 2018, but
is behind schedule due to delay in the awarding of contracts to IPPs who won tender bids for
development of these mini-grids and energy centres. Lastly, National University of Lesotho
(NUL) Energy Research Centre won M10.3 million to supply two rural villages in Lesotho

with Solar electricity (NUL Research and Innovations, 2020).

Against this background, this research project strives to model and optimise micro grids for
rural villages in Lesotho using renewable energy sources (RES) such as wind, solar radiation
and hydro. High capital costs of grid connectivity and high levels of unemployment in rural
villages in Lesotho [5] justifies that there is a need for construction of micro grids using
renewable energy sources such as wind, solar radiation and hydro. Due to their intermittency,
variability and availability in quantity, renewable energy resources are normally pooled with

other sources to generate a hybrid renewable energy grid [9].

The study area is Ha Lehloara village of one hundred (100) households in the district of Botha-
Bothe in Lesotho. Ha Lehloara Village lies within the following coordinates - 28° 56 S and
28° 33" E (-28.949041,28.556528) as shown in Fig. 1.1 [10],the village is along Malibamats$o
river. The purpose of the study is to model and optimise micro grid on renewal energy sources

such as wind, solar radiation and hydro for Ha Lehloara village.



Fig 1.1 Ha Lehloara village

Ha Lehloara , illustrated in Fig 1.2 [10] below is a village of one hundred households situated
in the district of Botha-Bothe. Malibamatso river is 0.12 kilometres from the village which
makes it suitable for hydro power plant as one of the components of hybrid micro grid.
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Fig 1.2 Malibamatso river at Ha Lehloara village
Water flow from MalibamatSo river is continuous throughout the year. The elevation of this
village which is in mountainous region of Botha-Bothe is around 2230 metres above sea level.
At Ha Lehloara, average wind speed is 5.12 m/s, average solar irradiance is 5.01 kWh/m?/day
with average clearness index of 0.485 while Malibamatso river flow is 14.34 m®/s. The average

monthly temperature is 9.87 °C with low temperatures dropping significantly from April and

beginning to rise from August.



1.2 Problem statement

Lesotho is facing a number of challenges when it comes to electricity access. Firstly, Lesotho
which is in Sub-Saharan Africa (SSA) had 30.2% households connected to electricity grid in
2013 and the electrification rate target of Lesotho government was 35% in 2015 [11]. This
means about 69.8% of households did not have access to electricity in 2013. Lesotho had 72%
of the urban households connected to the grid while only 5.5% of rural households were grid
connected in 2015 [5]. Secondly, Lesotho has a serious shortage of electricity generation as
shown by the following facts. Lesotho produced 72 MW capacity from Muela Hydro power
which was only able to meet 500 GWh of energy consumption in 2013 while the national
energy demands reached over 800 GWh in which 300 GWh was imported from South Africa
and Mozambique [12]. The situation improved slightly from 2013 as Lesotho had an installed
electricity of 74.7 MW while the electricity peak demand was 177.31 MW [13] in 2018. This
country’s short fall is met through electricity imports from ESKOM, which is national utility

in South Africa and EDM, which is a national utility in Mozambique.

Despite the attempts of Lesotho government to connect households especially in the rural areas
to the grid, there are still some impediments. Firstly, Lesotho Electricity Company and Water
Authority (LEWA) have Universal Access Fund (UFA) as means of subsiding capital costs at
10% for rural electrification through grid expansion which LEC as a utility company charges
this levy [14]. Since Lesotho relies on government subvention and Universal Access Fund
(UAF) which contributes barely 10% of the capital costs there is a high need for capital
investment in the generation of electricity in order to improve economic and social needs of

the country and its citizens especially in the rural regions of the country.

About 60% of population who live in rural areas in Lesotho do not have access to electricity
[5]. Despite initiatives by Government of Lesotho to address problems of energy for the rural
communities through initiatives for energy generations in the rural areas between Public
Private Partnership and other international development partners, there is still a problem of
establishing model which is economically and technically viable for these rural communities.
Hence there is a need to model and optimise micro grids for rural areas in Lesotho which will
be affordable in terms of cost of energy for the communities. Furthermore, due to its
mountainous and rigged hilly regions, scattered remote rural villages, construction of

generation energy stations, transmission and distribution of power is very costly [15].
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Households in Ha Lehloara do not have access to electricity. They use biomass such as shrubs,
wood, cow dung for cooking and heating, paraffin for lighting, candle lamp for lighting and
solar panels for charging cell phones. Burning of unclean biomass usually result in
environmental pollution which may cause respiratory diseases and emissions of greenhouse
gasses and carbon dioxide which are very hazardous to human health [16]. Women and girls
still travel about five kilometres to fetch wood for cooking and heating, and this retard human
development of girls in terms of their education studies and their safety against unplanned
marriages. The study will strive to find the best and least cost hybrid system for energy supply
for Ha Lehloara village given the intermittency and variability of the renewable energy
resources that will be used to model and optimise this system. The whole purpose of this study
IS to characterise the renewable energy resources such that an assessment of these energy
resources is done in order to find the least cost-effective hybrid combinations of these energy
resources in order to produce energy required for the village. Due to intermittency and
variability of these energy resources, sometimes one resource is more than others in the energy
generation process. Due to variability of these energy resources, sometimes there is more
resource than the other for energy generation. Therefore, hybrid system will compensate for
the short fall of energy supply because of other resources. The study strives to find the most

economic mix of these energy resources (wind, solar, hydro).

1.3 Justification of the study

Due to its terrain, most communities in the rural areas of Lesotho do not have access to
electricity. Despite efforts by government of Lesotho through electrification unit to connect
villages to the main grid, more than 80% of the villages in the rural areas are still not connected
to the grid. Hence there is need to supply energy to these rural areas through micro grids so
that they can access energy. The other challenge is that the high costs of electricity from the
grid acts as a barrier to most households to access this electricity. Therefore, it is important to
model and optimise a micro grid which will act as a basis for energy supply in the rural areas
of Lesotho. Lesotho has adequate natural locally available energy resources for energy
generation. For example Lesotho has daily solar radiation from 5 kWh/m? to 7 kWh/m? and
daily hours for sunshine range between 10.2 and 13.8 [17] and has reliable stream water flow
from rivers such as MalibamatS$o and these locally available resources [18] could be used to
develop the micro grid hybrid system. Abundance of local energy resources will enable model
and optimising of micro grid that consists of solar, wind , hydro and diesel generator as a
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backup [19]. Lastly very high annual costs of rural electrification through grid connection by
Lesotho government will not be incurred if micro grids are constricted for energy provision in
the rural villages rather capital cost sharing by government, investors and other interested
parties will be used to construct micro grids in the rural villages of Lesotho. Micro grids based
on renewable energy sources are a best option for rural villages in Lesotho because of the less
installation, maintenance and operation costs compared to electricity from the main grid

connection [15].

Due to intermittency and variability of renewable energy resources, it may not be wise to
depend on one energy resource to generate power in order to supply this rural village.
Sometimes producing energy from solar only might not produce energy power because of rainy
weather condition and the cost of storing power into battery bank may be too expensive.
Similarly producing energy from wind only also be too expensive because sometimes there is
no wind to generate power. Similarly, depending on water only may not be a best option
because sometimes there is not enough water to generate electricity because of dry seasons.
Therefore, in order to address this problem, resource assessment of these renewable energy
resources is very important in order to determine their potential for power generation in order
to reduce power generation costs and then identify the most economic hybrid system that can

be developed for this rural village.

1.4 Research objectives

The research aims to address the following objectives in the context of micro grids in rural

areas of Lesotho:

e To design solar, hydro, wind and hybrid micro grids with high renewable fraction and low
cost of energy for rural household in Lesotho

e To optimise solar, hydro, wind and hybrid micro grids for rural household in Lesotho
1.5 Research Questions

The research project aims to address the following research questions in the context of micro

grids in rural areas of Lesotho:

e What are the optimal costs of technical components of micro grids in the rural areas of
Lesotho?

e What is the extent of economic viability of micro grids in the rural areas of Lesotho?

e What is the Levelized Cost of Energy (LCOE) of electricity from micro grids in the rural

areas of Lesotho?
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1.6 Research scope

Research is on modelling and optimisation of hybrid micro grid using solar, wind and hydro as
renewable sources for Ha Lehloara which is a rural village in Botha-Bothe using Hybrid
Optimization Model for Electric Renewables (HOMER). Research is going to be based on
study area which is Ha Lehloara Village in the district of Botha-Bothe in Lesotho. Ha Lehloara
Village lies within the following coordinates are 28° 56° S and 28° 33" E. Ha Lehloara village
is along Malibamatso river. This research will further optimise the components by identifying
the most affordable components of this hybrid system and calculating the Lowest Cost of
Electricity (LCOE) and Net Present Value (NPC) of this system.

1.7 Dissertation outline

This dissertation is divided into five chapters. Chapter 1 is the introduction, which outlines the
problem statement and justification. This is followed by Literature Review in chapter 2, which
gives the background information. Chapter 3 is the Methodology whilst Chapter 4 focuses on
the Results and their interpretation / discussions. Conclusions and recommendations for further

work are detailed in Chapter 5.
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Chapter 2: Literature Review

Sub-Saharan Africa is one of the regions with the lowest access to electricity of 32% despite
its vast availability of natural resources such as wind, solar, waves and crops [20]. Many
communities in Southern Africa lack energy access due to the following factors: dispersed and
scattered communities, low usage of energy due to lack of income, very high costs for
distribution of power and lack of financial and human capital. Africa has 95% of the world’s
best winter sunshine area with reception of 6.5 kWh/m?. Africa has potential of utilising 95%
of Photovoltaic (PV) solar thermal and solar electrical power [21]. Lesotho has mean annual
daily solar radiation potential of 5.4 kWh/m? while wind potential varies from average wind
speed of 3.5m/s to 25m/s [22]. Sub Saharan Africa ‘s total primary energy, excluding South
Africa, is 82.1% of biomass which is made of biofuels and waste [23]. Due to low rural
electrification of 11% in Sub-Saharan Africa, biomass sources such as cow dung, charcoal,
fuelwood and crop residues are used for energy production [24]. There are currently no

bioenergy or biomass power generation initiatives in Lesotho [25].

Micro grid is a group of interconnected loads and distributed energy resources [26] such as
renewable energy resources [27], generators, storage systems and loads within defined
electrical boundaries which gives rise to a self-sufficient energy system [28] and it can either
be connected or disconnected from rid and as such can operate both as grid-connected or island
mode. Island or isolated micro grids may guarantee the reliability of energy supply in small
remote areas where expansion of grid may both be technically and economically not feasible
[28]. The following factors are normally considered in the designing of micro grids: critical
load, equipment ,storage capacity and energy supply availability [29]. Micro grids seem to be
a cost-effective solution to accelerate energy access for households that are found far away
from existing grid infrastructure [30]. The main advantage of constructing micro grids is their
reliability and security of energy supply for the communities [31]. Micro girds must have
enough energy capacity to supply load and excessive capacity must be reduced in order to avoid
high running costs [27]. An optimal design of micro gird must take into consideration energy
sufficiency and cost. There are various designs of micro grid modelling and optimisations
techniques. For example, optimal sizing may incorporate wind turbine, solar modules, hydro
battery and inverter [27]. The micro grid system is going to be based on hybrid system due to
intermittence of solar radiation and water variations of stream flow and variation of wind speed
[18].
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Micro grid viability lies in the hybridization of the renewable resources in order to address
issue on intermittency, reliability and security of supply. This project deals with micro grid in
island mode supplied by renewable energy resources namely: wind, solar radiation, hydro and
battery as backup power supply. There should be sufficient capacity taking into account
intermittency of some energy resources within a micro grid in order to safely supply loads,
while excessive capacity must be avoided in order to minimize overall cost of a station for both
technical and economic efficiency of the components of the system. Optimal design of the
capacity of DERs within islanded micro grid should consider trade-off between energy
sufficiency and cost of a station [27]. The goal is to strive to optimise islanded micro grid that
is supplied by hydro, wind, solar radiation and battery system by considering both its technical
and economic efficiency. The main objective is to reduce the plant cost by ensuring energy
efficiency, taking into account renewable generation and load [27]. Each of these renewable
energy sources used in micro grid are going to be examined below in order to study their
contribution and impact in a micro grid. Micro grids in the rural villages have been found to be
a better option than grid connection of its high cost. For example , rural electrification in the
rural villages of India cost US$8000US/km to US$10000/km due to rough terrain in these
rural villages and it was deduced that rural electrification by grid connection is not a viable

option [2].

Capital investment for micro grid is still high because of expensive components like
photovoltaic (PV) modules, battery storage, inverters [31]. This means some financial
assistance from third parties such as government or private investors is required to construct
micro grid plant such as the case with Ha Marothole mini-grid station. The most common micro
grid financing models in the United States of America (USA) are Power Purchase Agreement
and Energy Performance Contract [31]. Fig 2.1 [31] below shows a cost sharing model used
in the USA for the funding of micro grids.
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Fig 2.1 Micro grid development cost sharing in USA

Nevertheless, both global investment and cost trends for renewable energy resources projects
have been positive. There has been considerable growth and investment in renewable energy
sector globally as shown in Fig 2.2 [32] below, which gives an annual investment costs in
renewable energy resources for both developing and developed countries and indicate the
growth trends from 2005 to 2017.
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Fig 2.2 Global investment in renewable power from 2005 to 2017

Fig 2.3 [33] below also shows remarkable global investment on renewable energy for specific
renewable energy sources from 2004 to 2014 [33] as a way of addressing issues of global

warming by reducing carbon emissions from generation of energy from fossil fuels.
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The main race in terms of investment and installed capacity seems to be between wind and

solar and can be seen in Fig 2.4 [34] below.
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Fig 2.4 Wind and solar power: (a) global investment and (b) worldwide power generation

Fig 2.4 (a) shows that from the 2008 to 2009, more investment was directed towards wind
and it was only in 2010 when investment in solar started becoming greater than in wind. Fig
2.4 (b) shows that wind had greater power generation than solar from 1995 until 2017.

The renewable energy sources of the proposed hybrid micro grid system and their

characteristics are explained in the sub-sections below.

2.1 Water

Water is a renewable source of generating clean hydro power which is environmentally friendly
and contributes about 18.5% of the global electricity generation [35] and makes global capacity
of 100 GW which was 76% of all renewable sources in 2013[36] [37]. Hydro power stations
are classified according to the generation capacity as shown in Table 2.1 [37] [38] below and
water head.

Table 2.1 Classification of hydro power Stations
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Hydro Power Installed Capacity
Pico <5 kW

Micro 5 kW - 100 kW
Mini 100 kW -1 MW
Small 1 MW -25 MW
Medium 25 MW - 100 MW
Large >100 MW

Similarly, a hydro power is also classified according to water head. Hydro power station with
water head below 3 m is called ultra-low-head, with less than 40 m is called low head hydro
plant while above 40 m is medium or high head [38]. Since Lesotho has a lot of running water,
it has a great potential for both large and small hydro power stations for its domestic needs
[39]. Small hydro power station of less than 10 Mw can either be standalone of hybrid systems

with other sources or renewable energy [40] in rural areas.

2.1.1 Generation of hydro power

Large hydro power stations are generally classified as capital intensive investments because of
the high generation costs. On the other hand, small hydro power stations do not take advantage
of scale of economies because of lack of large dams or reservoirs [35]. Hydro power generation
depends on several components such as choice of turbine, water head, flow rate and efficiency
of the turbine [41]. Flow rate depends on amount and rate of rainfall and mostly importantly
climate change which will increase hydro power generation in some parts of the world and
decrease hydro power generation in others [42] [43]. As a way forward sustainable renewable
energy technologies for hydro power generation are the best way to mitigate climate change
[35]. The first step is to assess the water resource when designing a hydro power station. The
main parameters that are measured from the water resource are the water head and flow rate
which will determine the amount of power that can be obtained from such water resource.
Secondly, both efficiency of a turbine and generators play an important role in calculating the
amount of hydro power. The choice of a turbine depends on the net head and flow rate. The
following parameters are very important when choosing a turbine: type, size and efficiency in

order to produce required hydro power [44].
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Therefore, the formula [44] for calculating hydro power is:

P =n xp x g xQd x Hn (W) @
or
P =n xp x g xQg x Hy (KW) 2
where:

n- Efficiency of turbines and generators

p - density of water (1000 kg/m?)

g - acceleration due to gravity (9.81 m/s?)

Qq - design discharge / flow rate (m3/s)

Hn - net head (m)

Hn is Gross Head less losses incurred when transferring water into and away from
turbine. Gross Head is maximum vertical fall of water from upstream level to

downstream level.

Selection of turbine depend on several parameters namely: power to be produced, net head and
flow rate of the stream. Fig 2.5 [45] below shows different turbine types and their output power.

A
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Propeller Turbine
or Kaplan

0.5 1 5 10 20
Discharge (Cubic meter/sec)

Fig 2.5 Turbine selection graph as a function of net head, discharge and power
Layout required for generation of hydro power depends on size of the hydro power station to
be built. Small hydro power projects (SHPP) are usually considered to more eco-friendly
compared to large hydro power projects because of less displacement of the population of the
area and minimum harmful effects on flora and fauna in SHPP [46] [47] Large hydro power
projects normally require high costs for construction of dams for the reservoir for creating head,
which is essential when the water is released from the reservoir through the penstock to the

generation station. On the other hand, in small hydro power projects, the hydropower system
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uses running water to produce mechanical energy, which is later converted to electrical energy
by using turbine and generators. SHP does not require the reservoir. In SHP, the plant is
established on a run-of-the river by just diverting water from river to create the head for water
that passes through penstock. Fig 2.6 [45] below shows the layout of SHPP.

Fig 2.6 Layout of SHHP

The weir may need to be constructed to divert water from the main river in order to construct
a micro hydro power station. A weir is a barrier across the river that is designed to change the
flow of the water. Weir is a little wall or a minor dam with a notch to channel the flow of water
to the power station for generation.[48]. In a weir, the water overflows the weir, but in a dam
the water overflows through a special place called a spillway [49] . Fig. 2.7 [44] below shows
a flow of water from weir along the penstock to the generating power house.

Open channel Power house
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Weir Trash rack
Y
|_ _load
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Fig 2.7 Micro hydro power station generating from weir
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Efficiency curves of different turbines based on discharge (Q) are shown in Fig 2.8 [50] below.
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Fig 2.8 Turbines Efficiency Curves

2.2 Solar radiation

2.2.1 Irradiance

The sun, as the primary source of energy on Earth, gives out solar energy which can be used to
generate electricity. The sun provides clean source of renewable energy which can be used both
for household and commercial purposes. The sun produces solar radiation spectrum which
consists of the following rays at given wavelengths: ultraviolet rays (0 - 0.38 um), visible light
(0.38 - 0.78 pm) and infrared rays (0.78 - o um). By the Stephan-Boltzmann law the Sun
emissive power density denoted by (Hsun) is given by Hsun= 6.3 x 107 W/m? and entire surface
of the sun, of diameter 1.39 x 10° m, has emissive power is @, = 4wR? = 3.83 x 102® Watts.
The Sun emits solar radiation in all directions, however only a small portion of solar energy is
intercepted by the Earth. Comparing with the world’s annual energy consumption of 1.66 x
1014 kWh in 2018 [51], the Earth’s energy consumption is 3.83 x 1023 kWh from the Sun in
just one hour than that required to sustain the world energy consumption for a whole year.

Solar radiation can reach the Earth as beam or direct radiation and diffuse radiation.
Beam/direct radiation is radiation that is received by the Earth without any scattering by the
atmosphere while diffuse radiation is solar radiation that is received by the sun after its
direction has been changed or scattered through the atmosphere. Fig 2.9 [52] below shows both

beam/direct radiation and diffuse radiation.
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Fig 2.9 Beam/direct and diffuse radiations

The amount of solar radiation either as beam/direct or diffuse that reaches the Earth’s surface
is dependent of the positon of the sun. The rate of solar radiation which is received by an object
on the earth per unit area is called solar irradiance measured in W/m2. Amount of solar radiation
that is received at a place in given time usually day or hour is called solar irradiance and is
measured kWh /mz2/day. Irradiance can be measured by instruments called pyranometers and
pyrheliometers. Position of the sun is very important for calculating an amount of radiation on
a tilted PV surface. The two angles that are used to determine the sun’s position are solar
altitude angle (ay) , the solar zenith angle (6,) and the solar azimuth angle (y,)shown in Fig
2.10 [53] below. Solar altitude angle, (a;), is the angle between solar beam and horizontal

plane. Solar azimuth angle (y;) is an angle that describes the compass direction of the sun.

Zenith

Reference
_)__Direction
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Fig 2.10 Angles for determining sun’s position

The relationship between angle on incidence on a surface, 0, and other angles are given by the
following equations [54]:
cosf = sindsingcosf + sindcospsinfcosy + cosécospcosfcosw —
cosdsingpsinfcosycosw + cosdsinfisinysinw 3)

cosO = cosO,cospf + sinf,sinfcos(ys —y) 4)
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where:

a,: solar altitude angle
0, :the solar zenith angle

¥s: solar azimuth angle

¢: Latitude, is the angular position north or south of the equator, north positive;
—90° < @ < 90°[54].

d: Declination, is the angular position of the sun at solar noon with respect to the
equatorial plane i.e. the angle between the line joining the centres of the earth and
sun to the equatorial plane; north positive; —23.45° < § < 23.45° [54]

B : Slope, is the angle between the plane of the surface in question and the
horizontal; 0 < f < 180°[54].

Y': Surface azimuth angle, is the deviation of the projection on a horizontal plane
of the normal to the surface from the local meridian, with zero due North, east
positive and west negative; —180° < y < 180°[54].

o: Hour angle, is the angular displacement of the sun east or west of the local
meridian due to rotation of the earth on its axis at 15° per hour. o is zero at solar
noon; when the sun is above the local meridian, w = 15(t — 12); morning is
negative, afternoon is positive [54].

0: Angle of incidence, is the angle between beam radiation on a surface and the
normal to the surface[54].

The formula [54] for calculating Number of day light hours(Ny) is given by:

Ng= 12—5(»5 = %cos‘l(—tantptan& (5)

Where:

wy: IS the sunset hour angle [54].

Solar irradiance received on the ground is influenced by clearness of the sky. The measure of
clearness of sky is called Clearness index (K) which is calculated from data from pyranometer
and data from clear sky. Clearness index varies from 0 and 1, where value 1 signifies the
maximum amount of solar irradiance that will be received on the ground and 0 means total
cloud cover and no irradiance to be received on the ground [55]. Clearness index is calculated
as ratio of daily global horizontal terrestrial radiation(G) to daily extra-terrestrial radiation (Gex)

reaching the Earth’s surface on a horizontal plane. Hence (kt = G/Gex) [54] [56]. Since clearness
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index is a ratio of daily global radiation (G) horizontal terrestrial radiation to extra-terrestrial
solar radiation reaching the earth’s surface, the higher the clearness index, the clearer the
atmosphere [57]. The higher the clearness index the higher the PV power that can be produced

from solar radiation.

2.2.2 Solar cell

Since solar energy from solar irradiance can be used for heating and lighting, it must be
captured/harnessed through special devices called solar cells. A solar cell also known as
photovoltaic (PV) cell is a special cell that converts light energy which is stream of photos into
electrical energy through a process called photovoltaic effect. During photovoltaic effect
process, voltage is generated across p-n junction of a semiconductor material such as silicon.
Solar cell (crystalline Silicon) is made up of n-type semiconductor (emitter) layer and p-type
semiconductor layer (base). The two layers are sandwiched and hence there is formation of p-
n junction. Upon receiving incident light energy (absorbed light), in p-type region, electrons
can gain energy and move into the n-type region. Thus, this flow of electrons resulting from p-
type region to n-type region results in the generation of electricity. In a photovoltaic device,
which is a device based on photovoltaic effect, due to doping, excited electrons are pulled away
before they can relax, and fed into an external circuit. The concept of photon plays an important
role in understanding how electricity is generated by solar cell. A photon is a particle that
represents a quantum of electromagnetic energy such as light or radio waves. Average Photon
energy influences PV performance [58]. The minimum photon energy required for creating an
electron-hole pair is the band gap energy of semiconductor material as shown in Fig. 2.11 [59]

below.
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Fig 2.11 Photo-generation of Charge Carriers during Photovoltaic effect

PV cell consists of semiconductor material such as silicon which is capable of converting
light into electricity. As light is absorbed by semiconductor material, photons of light
transfer their energy to electrons resulting in flow of such electrons and thus generate
electricity. The photovoltaic effect which is applied in PV cell for generating electricity,
depends on both irradiance and temperature. As irradiance increases, so do the current and
power produced by PV cell. Secondly as temperature of the PV cell increases, the output
voltage decreases significantly, the current increases only slightly, so overall the output
power decreases. PV solar cells can be classified as Monocrystalline silicon(mon-Si) cells
with highest efficiency of from 15% to 18%, or Polycrystalline/Multi-crystalline
silicon(Poly-si) cells with efficiency from 13% to 15% or Amorphous / Thin Film cells
with efficiency from 5% to 8%. A group of PV cells connected either in series or parallel
form a PV Module shown in Fig 2.12 [60] below. Lifespan of PV module on its annual
performance degradation. For example, annual performance degradation of
Monocrystalline silicon module is 0.8% while that of polycrystalline silicon module is 1%
[61].

Fig 2.12 PV Module

PV panels connected together either in series or parallel form a PV Array. Fig 2.13 [62] below
shows PV Array which consists of two strings of two solar panels each, where string means

that these panels are connected in series.
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Fig 2.13 PV Array

2.2.3 Solar cell (PV) electrical characteristics

The following parameters and curves are used to characterise behaviour of PV cell: Open
circuit voltage(Voc), Short circuit current(Isc), Maximum power operating current (Imp), Fill
factor (FF), Power conversion efficiency, I-V and P-V characteristics of a typical panel in
Fig 2.14 [63] [64] below. Short circuit current (Isc) of a PV cell is the maximum current that a
cell can give out without damaging its own limit while open circuit voltage (Voc), is the
maximum voltage that is produced by PV cell when there is a leak in the circuit. Maximum
power operating current (Imp) is the maximum current produced by PV cell. I-V curve is shown

in Fig 2.15 [65] below measured at certain irradiance and temperature.

Power |[W]

Current [A]

Valtage [V]

Fig 2.14 PV I-V and P-V characteristics of a typical panel
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Fig 2.15 The PV solar cell I-V characteristic curve

There was an increase in cumulative installed solar photovoltaics capacity (GWs)
from 2005 to 2017 as shown in Fig 2.16 [32] below.
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Fig 2.16 Global cumulative installed solar photovoltaics capacity

2.3 Wind

Wind is an intermittent renewable resource for producing electricity just like solar radiation.
Wind energy is the fastest growing green energy technology globally [66]. Research has found
out that battery energy storage systems (BESS) can mitigate intermittency of wind energy and
this technology was used in Japan and United Kingdom despite its effectiveness not yet clear
in the wind energy resource assessment [67]. Wind energy constitutes more than 20% of the

world’s renewable energy [68]. Fig 2.17 [68] below shows the global energy mix in 2018.

27



World Trends in Renewable Energy
GW
B W vorine
b M Geotermal

—
e
—
==
2010 2011 2012 2013 2014 2018 2016 2017 2018

Fig 2.17 Global energy mix in 2018

Liquid biofuels

B Biogas

- Renewable wastes

B solid biofuels
Solar thermal
Solar photovoltaic
Offshore wind

I Onshore wind

- HPP renewable

B PP Mixed

year

Every country experiences wind and wind turbine can be set up offshore (in the sea or ocean)
or onshore (on land). In 2017,wind energy consumption was 52% of global renewable energy
while solar energy was 21% [69] [70]. Between 2008 and 2018, global cumulative wind
capacity increased by fivefold as shown in Fig 2.18 [69] below. Wind reserves are estimated
to be above 400 million MW and the cumulative installed wind power capacity increased from
23 900 MW in 2001 to 651 000 MW in 2019 [67]. Wind farm of 50 kW installed capacity is

classified as a small-scale wind energy [71].
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Fig 2.18 Global wind energy generation capacity

Reasons for dominance of wind over other renewable sources are as follows: Firstly, wind has
an ability to generate large amounts of power at competitive costs [70] [69]. Secondly, wind
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energy has attracted a lot of interest because it is abundant, environmentally friendly due to
lack of carbon emissions [72] [73]. Thirdly, generation costs of wind power declined from 2008
to 2015 which was achieved as result of increasing capacity factor such as larger tower with
bigger blades for wind turbines rather than reducing the unit investment costs [74] [69]. Fig
2.19 [33] below shows global investment of wind energy from 2005 to 2015 with capacity in
GW.
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Fig 2.19 Global increment in wind energy
Despite these, there are a lot of challenges of wind energy such as increasing public opposition

against wind infrastructure.

2.3.1 Generation of wind power

There are certain steps that are required in order to generate wind power. Firstly, the wind
energy potential for the area or region is assessed. This is done by finding meteorological wind
energy potential quantifiers such as wind speed and wind direction. Wind resource assessment
to find out the potential of wind energy in a particular location is the first in building wind
farm. This is done in order to assess the profitability of wind energy production and reduce
investment costs [66]. Wind speed frequency distribution from wind speed meteorological
observation is crucial element that must be obtained for a particular area or region where the
wind farm is to be constructed. Wind speed frequency distribution in the form of histogram
which shown in Fig 2.20 [66] below affects the estimation of Annual Energy Production(AEP)

of a wind farm.
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Fig 2.20 Wind speed frequency distribution

Probability distribution function (PDF) is the commonly used method for wind speed data
assessment. The second method of wind resource assessment is Weibull distribution model
which is a probability distribution function used for wind speeds over time duration [75] .

The wind power density(WPD) is used to calculate abundance of wind resource and potential
of wind energy in (W/m?) is calculated by using the following parameters: wind speed at the
turbine hub, roughness of the surface and the formula is as follows:

WPD =—pV? (6)
where:

7 is wind speed at height,

p is air density

Model output datasets from meteorological station give out wind speed which is measured at
the wind turbine hub height of 10m. A wind turbine captures kinetic energy from the wind and
converts it into electrical energy [76]. Both wind turbine output torque and power are expressed
as follows:
P = 2 pCpoy AV W] (7)

where p is the air density (kg/m®)

R is the radius of the blade in metres;

1, is the wind speed (m/s);

A is the cross sectional area of the turbine;

Cp (A,B) is the power coefficient given by
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Co( B) = 1 (z — 0.02p — 5.6)e 47 (8)

where:
__ R(3600)
T A(1609) ©)
and
wmR
A= 10

I}, is the rotor mechanical speed;
B is the pitch of rotor blades;
Pitch control allows limiting of the generator power at wind speed higher than the rated

speed.

However, there could be some cases where wind speed is measured at another height different
from 10m, and this is done by extrapolating wind speed at certain hub height and speed at this
new height is calculated [77] as follows :

v(2).InZ = v(z,). In= (11)
Zo Zo

where:
z,- 1S the reference height (m); z the height where wind speed
is to be determined (m);
z, Is the measure of surface roughness (0.1-0.25 for crop land);
v(2) is the wind speed at height of Z m (m/s) and
v(z,) is the Wind speed at the reference height (m/s)
The value of z, is taken as 0.1,
Weibull parameters are estimated to be K =2 and ¢ = 3.9 m/s.
The wind power curve is shown in Fig 2.21 [67] below at Cut in speed = 3.5 m/s, rated

speed = 15 m/s, cut out speed = 25 m/s.
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Fig 2.21 Power curve of the hypothetical wind turbine model

2.4 Hybridization in a micro grid

Due to intermittency of renewable energy sources, hybrid system for production of energy
combines various renewable energy technologies for complementing each other for continuous
supply of power and improve power availability [78] in order to meet energy demand.
Hybridization in a micro grid can be a combination of any of the following two or more
technologies: Wind, hydro, PV modules, converter/inverter, controller and battery as a backup
depending on the investment capital cost, preferred configuration and viability of such a
solution at a particular area. Hybridization for micro grid systems may involve Photovoltaic
and wind generators using hybrid charge controller (HCC) and the power from this controller
is fed into battery bank to charge batteries as shown in Fig 2.22 [79] below.

patery k|~ Inverer |—

PV Generator I_‘
Battery
Char

Solar

L IWind
| — ]

Hybrid Charge Controller

Wind Generator |

R/
(Generator 3
@
Water Turbine

Fig 2.22 Hybridization of wind, PV and hydro

Load

There are different approaches of hybridization models such as optimization based on cost of
energy (COE) using HOMER [80], GAMS 23.6 software with CPIEX solver along with
HOMER, which is a useful software for programming of micro grids and applied for size

optimization [81]. The other hybrid model is to apply both Genetic Algorithm (GA) and
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HOMER Pro Software [9]. There are many research studies across the world that have been
done about micro hybrid systems which are off-grid using HOMER software. The following
are some of such research studies. Optimisation using HOMER was done on hybrid micro grid
system of PV, diesel generator and battery off-grid in rural Tambo village which is in Adamawa
state in North west Nigeria and was not connected to the grid, had load of 76 kWh/day, Peak
of 14 kW and had Levelized Cost of Energy (LCOE) of US $0.547 /kWh [82]. The other
optimisation of hybrid system of the following configuration : PV, wind ,diesel generator and
battery as backup system, using HOMER was for the remote village ,which was not connected
to the grid, called Dembile in Bonke Woreda which is in SNNPR region in Ethiopia, with
energy consumption of 279 kWh/day and peak of 64 kW, Levelized Cost of Energy was
US$0.538 /kWh [83]. The third hybrid of the following configuration : PV, diesel, inverter and
battery as backup was modelled and optimised with HOMER for a small rural village called
Makyiyay in Southern State in Myanmar, with energy consumption of 100 kWh/day, peak was
34 kW and Levelized Cost of Energy was US $0.429 /kWh [15]. In addition, the hybrid off
grid system modelled and optimised with HOMER for a rural village called Pissila in Burkina
Faso had the energy consumption of 711 kWh/day, peak of 81 kW had Levelized Cost of
Energy of US$ 0.5 /kWh [84]. Lastly a rural village in Siyambalanduwa District in Sri Lanka
which was off grid and had energy consumption of 270 kWh/day with peak 25 kW had
Levelized Cost of Energy of US $0.34 /kWh[85].
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Chapter 3: Methodology

3.1 Daily Energy Consumption (Load Profile) of Ha Lehloara village

The daily energy demand of Ha Lehloara village will be determined based on the number of
households, energy consumption (wattage) of home appliances such as fridge, lightbulb,
television and others, which are being used by each household. This will take into consideration
the households, presence of schools and business entities in this village. The following
assumptions will be taken into consideration in the evaluations: a certain number of households
possess certain number of appliances. Furthermore, certain appliances such as television (TV)
and radio are used for a certain number of the time. For instance, 1 means an appliance is used
100% of the time, 0.5 means an appliance is used 50% of the time while 0.1 means an appliance
is used 10% of the time based on the need of the household. 0 means there is no usage of an

appliance at the given time.

3.2 System Design to meet energy demand of Ha Lehloara village

The energy demand of Ha Lehloara village will be supplied by a design of micro grid as shown

in Fig. 3.1 below.

Energy Demand

Ha Lehloara -
Primary Load <

Micro grid

Energy Supply

Fig. 3.1 Micro grid supply to Ha Lehloara energy demand

Micro grid for energy supply will be designed using hydro power, wind, solar and hybrid

options.

3.2.1 Hydro power micro grid
The design of hydropower micro grid is illustrated using block Fig. 3.2 below.

Energy Demand

Ha Lehloara p{ Hydropower
Primary Load < Micro grid

Energy Supply

Fig. 3.2 Hydropower micro grid supply to Ha Lehloara energy demand
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The hydro power micro grid generates electricity from water flow. This hydro power micro
grid design will be based on the river flow data from MalibamatSo river. Meteorological data
of Malibamatso river flow obtained from Lesotho Highlands Development Authority (LHDA)
will be used. Hydro electrical power output will be calculated using the following equation
[86]:

NhydPhyd9hnetQturbine
Phyvg = 12
hyd 1000W /kW (12)

Where:
Pp,yq = power output of the hydro turbine [kW]
Nhya = hydro turbine efficiency [%]
phyd = density of water [1000 kg/m? ]
g = acceleration due to gravity [9.81 m/s? ]
h,..: = effective head [m]

Qturpine = hydro turbine flow rate [m%/s]

3.2.2 Solar micro grid
The design of solar micro grid is illustrated using Fig. 3.3 below.

Energy Demand

Ha Lehloara » Solar
Primary Load < Micro grid

Energy Supply

Fig. 3.3 Solar micro grid supply to Ha Lehloara energy demand

Solar energy will be generated from amount of solar irradiance collected from the Sun. The
amount of solar radiation for this project was obtained from NASA satellite using Ha Lehloara
coordinates -28° 56 S and 28° 33" E (-28.949041°,28.556528°). After Daily Solar radiation
and clearness index have been captured as input, the equation [86] below will be used to

calculate the intensity of solar radiation at the top of the Earth’s atmosphere.

Gon = Gse(1+0.033 cos 22 (13)

Where:
G, is solar constant [1.367 kW/m?]
n is the day of the year [1 — 365]
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Extra-terrestrial radiation on horizontal surface is calculated as follows:
G, = G,,cos0, (14)
where:

G, 1s intensity of solar radiation at the top of the Earth’s atmosphere.

Zenith angle will be calculated by using the following equation:
cosB, = cosPcosécosw + sin@sind (15)
where:
w is the hour angle[°]
§ is solar declination[°]

and solar declination is given by:

§ = 23.45°5in(360° =" (16)
where:

nis day of the year[1-365]
Daily radiation will be calculated by using the following equation:

H, = %Gon[coswcosdsina)s + %sin(bsin&] a7
where:

H, is average extra-terrestrial horizontal radiation and

w s sunset hour angle [°]
Sunset hour angle will be calculated as follows:

cosws; = —tan@Ptand (19)

Monthly average extra-terrestrial radiation [77] will be calculated as follows:

H, = m [1 + 0.033x cos (%)] x (cos@Pcosdsinwg + %sin@sim?) (20)

Since temperature is another parameter that determines the amount of solar energy generated
from the PV array, the temperature for this project will be obtained from NASA satellite using
Ha Lehloara coordinates mentioned above. The PV cell temperature [87] will be calculated

using the following equation:

G
T.=T, + (TC,NOCT - a,NOCT)( L

)(1 - (21)

Gr,NoCT

where:
T, is the PV cell temperature in °C
T, is the ambient temperature

Gr is the solar radiation incident on the PV array in KW/m?
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T IS the solar transmittance over the PV array in percentage

« is the solar absorptance of PV array in percentage

T, nocr 1S the nominal operating cell temperature in °C

Tq nocr 1S the ambient temperature at which NOCT is 20 °C

Grnocr T is the solar radiation at which NOCT is defined i.e. 0.8 kW/m?

nmy 1S the efficiency of the PV array at its maximum power point [%]

Solar irradiance is captured by PV module which in turn gives the PV power. The size of the
system will depend on the number of PV modules that will be used and number of modules
will depend on the daily energy consumption of this village. In addition, there is correlation
between PV cell temperature and the PV array power output. The power output of each PV

panel will be determined using the following formula [88] [86] :

Py (kKW) = Prgroq(KW) * Yy * (GL) #[1+ k(T = Tyep)] (22)

where:

P,, (kW) is the power output of PV array

Pratea (KW) is the rated power of PV array, meaning its power output under standard

test conditions [kW]

Y, is the PV derating factor [%]

G is the solar radiation incident on the PV array in the current time step [kKW/m?]

Gyrey Is solar irradiance at standard temperature test conditions [1 kW/m?]

T, is the PV cell temperature in the current time step [°C]

Tyer is the PV cell temperature under standard test conditions [25 °C]

ko is the temperature coefficient of power [%/°C]

The total number of PV modules will be determined by using the following equation [88]:
Npy = Npys + Npyp (23)
where:
Npy s represent number of PV modules in series

Npy,, represent number of PV modules in parallel

The annual total PV energy of solar panel will be calculated as [88]:
Epy = X828°[Pey (1)] (24)
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where:
Epy is the annual total PV energy

Ppy (t) is power output of PV cell

After having found the solar profile of Ha Lehloara village, the PV module as the component
for this solar profile will be chosen in order to address the load profile of this village. The PV
power output depends on the efficiency of the PV module, which is between 9% to 17%. This
(efficiency) is usually low and the current as well as the voltage for PV are affected by the
environmental variables such as temperature and irradiance. Low efficiency results in energy
loss especially during cloudy days [89]. Therefore, the PV panels need Maximum Power Point
Tracker (MPPT) in order to increase efficiency of the PV module and also take care of the
battery bank [90].

3.2.3 Wind micro grid
The design of wind micro grid is illustrated in Fig. 3.4 below.

Energy Demand

Ha Lehloara p{ Wind power
Primary Load < Micro grid

Energy Supply

Fig. 3.4 Wind micro grid supply to Ha Lehloara energy demand

The wind speed data will be obtained from NASA satellite for Ha Lehloara coordinates
-28°56" Sand 28° 33" E (-28.949041°, 28.556528°). The wind speeds for Ha Lehloara will be
extrapolated at hub height 40 m using formula [77]:

v(2). InZ = v(z,).In= (22)
Zy Zy

3.2.4 Hybrid Options
After modelling designs that depend only on one resource such as water, wind and solar, these
resources will be combined to form hybrid micro grid using different block diagrams for

addressing energy demands at Ha Lehloara village as shown below.

a) Hydro/diesel generator
The design of hybrid hydro and diesel generator micro grid is illustrated in Fig 3.5 below.
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Fig 3.5 Hydro/generator micro grid

This design will be based on hydro power in the hybrid micro grid for supplying energy to the

village with diesel generator as a backup power source.

b) Solar/generator hybrid micro grid
The design of hybrid solar and diesel generator micro grid is illustrated in Fig 3.6 below.

Solar
radiation Temperature

Solar Power
Generation

Ac/DC AC/DC D:SEI P‘:!Ner
Conversion Conversion eneration
Energy Storage AC/DC Controlling Unit
Bank Conversion

AC/DC
Load

Fig 3.6 Solar and generator hybrid micro grid

This design will be based on solar radiation as renewable energy resource for generation of
solar energy in the hybrid micro grid for supplying energy to the village with energy storage

for power in case of power failure and diesel generator serves as power backup source.

¢) Solar/wind hybrid micro grid
The design of the hybrid of solar and wind micro grid is illustrated Fig. 3.7 below.

39



Solar

radiation Temperature Wind Speed

Solar Power

" Wind power
Generation

generation

Ac/DC
Conversion
Energy Storage AC/DC
Bank Conversion

Controlling Unit

Ac/DC
Load

Fig 3.7 Solar/wind hybrid micro grid

This design will be based on solar and wind as renewable energy resources in the hybrid micro

grid for supplying energy to the village with energy storage for power in case of power failure.

d) Solar/wind/generator hybrid micro grid
The design of solar, wind and diesel generator hybrid micro grid is illustrated in Fig. 3.8

below.

Solar

radiation Temperature Wind Speed
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Generation
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AC/DC
Conversion
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Generation

Controlling Unit

AC/DC
Load

Fig 3.8 Solar/Wind/diesel generator hybrid micro grid

This design will be based on solar and wind as renewable energy resources in the hybrid micro
grid for supplying energy to the village with energy storage for power in case of power failure

and diesel generator as a backup power source.

e) Solar/hydro hybrid micro grid
The design of the hybrid of solar and hydro micro grid is illustrated in Fig 3.9 below.
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Fig 3.9 Solar/hydro hybrid micro grid

This design will be based on solar/hydro power in the hybrid micro grid for supplying energy to the

village with energy storage for power in case of power failure.

f) Solar/hydro/generator hybrid micro grid
The design of hybrid solar and hydro micro grid is illustrated in Fig. 3.10 below.

Solar

radiation Temperature Water flow
Solar Power Micro hydro
Generation power generation

AC/DC AC/DC Diesel Pufﬂer

Conversion Conversion Generation

Energy Storage AC/DC Controlling Unit
Bank Conversion

AC/DC
Load

Fig 3.10 Solar/hydro/energy storage/generator hybrid micro grid

This design will be based on solar and hydro power in the hybrid micro grid for supplying
energy to the village with energy storage for power in case of power failure and diesel generator

as a backup power source.
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g) Solar/hydro without energy storage hybrid micro grid
The design of hybrid solar and hydro without energy storage micro grid is illustrated
in Fig. 3.11 below.
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Fig 3.11 Solar/hydro/ hybrid micro grid
This design will be based on solar and hydro power in the hybrid micro grid for supplying
energy to the village without any energy.

h) Wind/generator hybrid micro grid
The design of hybrid wind and diesel generator hydro micro grid is illustrated in Fig 3.12
below.

Wind Speed

Wind power
generation
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Fig 3.12 Solar/Wind/diesel generator hybrid micro grid
This design will be based on wind renewable energy resource in the hybrid micro grid for
supplying energy to the village with diesel generator as a backup power source.
i) Hydro/wind hybrid micro grid
The design of hybrid hydro and wind micro grid is illustrated in Fig 3.13 below.
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Fig 3.13 Hydro/Wind micro grid

This design will be based on hydro and wind in the hybrid micro grid for supplying energy to

the village.

J) Hydro/wind/generator hybrid micro grid

The design of hybrid hydro, wind, battery storage and generator micro grid is illustrated in

Fig 3.14 below.
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Fig 3.14 Hydro/Wind/Generator micro grid

This design will be based on hydro and wind as renewable energy resources in the hybrid

micro grid for supplying energy to the village with energy storage for power and diesel
generator as backup in case of power failure.

k) Solar/hydro/wind hybrid micro grid

The design of hybrid solar, hydro and wind micro grid is illustrated Fig 3.15 below.
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Fig 3.15 Solar/hydro/wind/energy storage hybrid micro grid

This design will be based on solar radiation, wind, solar and hydro power in the hybrid micro

grid for supplying energy to the village with energy storage in case of power failure.

I) Solar/hydro/wind/ generator hybrid micro grid
The design of hybrid solar, hydro, wind and generator micro grid is illustrated in Fig. 3.16
below.
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Fig. 3.16 Solar/hydro/wind/generator hybrid micro grid

This design will be based on solar, hydro and wind as renewable energy resources for supplying
energy to the village with energy storage for power in case of power failure and diesel generator

as backup in case all the other sources fail as a result of their intermittency nature.

3.3 Economic model of the designed system
The economic design of the system design will include particular variables such as system
constrains, inflation, discount rate and other constraints so that the following functions can be

determined during modelling and optimizing of the hybrid micro grid system at Ha Lehloara:
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Net Present Value (NPV), Payback period, total capital costs, total replacements costs, total
O/M costs and most Levelized Cost of Energy (LCOE). Furthermore, sensitivity analysis will
be carried out for each specific option /system configuration in order to make informed
investment decisions in the project of building hybrid micro grids in the rural villages of

Lesotho with Ha Lehloara as a study case.

3.3.1  Costof Energy (LCOE)
Cost of Energy is used to measure the economic viability of the systems and which is expressed

in $/kWh is calculated using the following formula:

LCOE = =X x CRF (26)

8760
21 Pload

where:

NPC is Net Present Cost or is the total annualized cost of the system;

The net present cost of any component system is the present value of all the costs of installation,
operations and maintenance costs of a component over its life time minus the present value of

all the cash flows that it generates over the project lifetime.

Pyyqa 1S the hourly power

CRF is capital Recovery Factor [91] and is expressed as:
i(a+)m
(1+i)"n-1

CRF =

27)
where:

i is the annual interest;

n is the number of years;

The relationship between inflation rate, nominal interest and real interest rate is expressed as

follows:
r=L (28)
where:
r is real interest rate,

i is nominal interest rate,

f is inflation rate.

3.3.2  Net Present Value
The feasibility, viability and profitability of any project is measured by determining whether

NPV is negative or positive. Positive NPV means a project is viable and negative NPV means
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a project is not viable and therefore cannot be undertaken. Therefore, NPV in this study will
be used to determine whether this hybrid micro grid is feasible and profitable for investors.
NPV is the very good indicator that determines the value for money for an investor. On the
other hand, NPC is normally a good measure for micro grids project because it can be used
even if there is no revenue generated from such a project compared to NPV which is based on

cash flows as a revenue for the project and more importantly an investor.

The formula for NPV [92] s as follows:
NPV = ¥N_o—2

=0 (14+r)n

(29)

Where:
NPV is Net Present Value;
Fn is annual cash flow from the project
N is number of years of the project

r is annual discount rate

The relationship between discount rate and inflation rate is as follows:

r= %%f%" 1 (30)

where:
r is the discount rate
f is inflation rate

i is nominal discount rate

3.3.3 Net Present Cost

The net present cost (or life-cycle cost) of a system is the present value of all installation,
operation and maintenance costs of the system components lifetime of project, minus the
present value of all total revenue that accrues to the project over its lifetime. HOMER calculates

the net present cost as follows:

NPC _ Cannual,total (31)

N Ccrr(TRproject)
where:
Cannuai totar 1S the total annual cost
Rproject 1S the number of years of project/project life time
r is real interest rate,

Return of investment [16] from a project over its number of years is calculated as follows:

r(1+r)™
CRF(T',TL) = (1+,r.)n_1 (32)
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where:
r is real interest rate,

n is number of years of project,

For this Hybrid micro grid at Ha Lehloara, NPC [93] will also be expressed as follows:

NPC = (Npuctot + NwtCtot + NhtCtot+NbattCtot + Cgen + Cinv - Csalvage) (33)
Cior = Ccap + Cmnt+Crep (34)

where:
N,,, is number of PV modules
N,,; is number of wind turbines
Ny is number of hydro turbines
Npqte 1S number of batteries
Cgen is cost of generator
Ciny 1S cost Of inverter
Cror 1S total cost
Ceqp Ls capital cost
Crep s replacement cost

Csatwage ts salvage value at the end of project lifetime

Discount factor which is used to calculate the present value of the cash flow that occurs

annually for the life time of a project is calculated as follows:

1

fd = (1+)N (35)
faq is discount factor
i is real discount rate (%)

N is project life time

3.34  Salvage value
Salvage value which is sometimes called residual value is calculating deprecation value of

capital or replacement costs [93] of a component and the formula is as follows:

R
SV = Crpp.—= 36
rep Reomp ( )
where:
Rrem = Rcomp - (Rproj - Rrep) (37)

47



where:
R, is lifetime of a component
Ryyroj is lifetime of a project
Ry¢p Ls duration of replacement cost

Crep Ls replacement cost

3.3.5  Payback Period
Payback period determines the number of years it will take to repay loans granted for the

implementation of the project. The payback determines the length of period it will take to
recover investment costs of the project as measured against the base case system. The formula

for payback period [93] is as follows:

PB — IV+TCrep+TCom—SV

(38)

SGannual

where:
IV is initial investment (Capital costs plus installation costs)
TCrep is the total replacement costs
TCom total operation and maintenance costs
SV is salvage value. For any component that still has some lifetime remaining at the
end of the project lifetime, salvage value is positive.

SGannual IS annual savings

3.3.6  Internal rate of return
Internal rate of return (IRR) is the discount rate at which the value of the Net Present Cost of

the base case system and value of the Net Present Cost of the current system is the same. At
the point where the two values of the Net Present Cost are the same, the discount rate makes

the difference between the present value and the cash flows, to be equal to zero.

3.4 Implementation of system using HOMER

The first step in the implementation of this system design is to compute the load profile for
energy demand for Ha Lehloara village in HOMER PRO software based on the assumptions
made in section 3.1. Secondly, modelling of all of the various systems configurations will be
done using HOMER PRO. Lastly, optimisation of the results of various system design options
will be implement for each system configuration in order to determine the best system for

technical and economic viability.
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The implementation will assess both technical and economic model of each system

configuration in order to identify the best optimised system configuration.

3.4.1 Modelling of system configuration

The Hydro power micro grid will be modelled in HOMER PRO by determining, the lowest
annual flow rate of MalibamatSo river and net head. The capital, replacement, operating and
maintenance costs for this hydro turbine will be assessed. Furthermore, the civil costs for
constructing weir for hydro power generation will be evaluated. Secondly, solar micro grid for
Ha Lehloara will be modelled in HOMER PRO by evaluating the average solar radiation and
clearness index, average monthly temperature, average monthly temperature. The capital,
replacement, operating and maintenance of PV modules will be assessed, taking into
consideration the Parameters of the Datasheet. The required storage will be used to determine
the size of the battery bank required for this system. For example, if the load is Y kWh/day and
assuming that the battery bank will store energy for two days, the total energy that will be
stored will be Y x 2 kWh. Thirdly, wind micro grid for Ha Lehloara will also be modelled in
HOMER PRO by determining the average wind speed index after extrapolation at hub height
of 40 m and the wind profile curve will be drawn. Lastly, in the modelling of the various options
of the hybrid micro grid system configurations in HOMER PRO, the combination of
components already mentioned in hydro, solar and wind micro grids will be used, depending
on the renewable energy resources in each hybrid model and without any redundancy of
components. Any additional components per option, will be highlighted in the results section.

3.4.2 Optimisation of the results

The implementation will assess both technical and economic model of each system
configuration in order to identify the best optimised system configuration. Optimisation of the
results from modelling will be done by subjecting results to the following economic
parameters: Net Present Value(NPV), Net Present Cost(NPC), Internal Rate of Return(IRR),
Payback Period, Return on Investment (ROI). A system configuration will be said to be
optimised if it has Lowest Cost of Energy (LCOE), greatest NPV, highest IRR that is greater
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than interest rate, smallest Payback period, larger ROI, and smallest NPC when compared to
other system configurations. Lastly, results will also be technically optimised by assessing
energy renewable fraction, amount of carbon emissions, excess electricity, electricity capacity
shortage, unmet electric load percentage. A system configuration will be considered technically
optimised if the load has lowest electricity consumption, 0% unmet electric load and 0%
capacity shortage, highest energy renewable fraction. In summary, a preferred system

configuration must be the one that is both economically and technically optimised.
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Chapter 4: Results and Discussion

All cost calculations were based on the South African Africa Rand currency with the exchange
rate of one United States of America dollar being taken as equivalent to fifteen South African
Africa Rand (USD $ 1= R15.00). For this study, the default economic values for every system
configuration (implementation) in HOMER PRO has nominal discount rate of 8.20 %,
expected inflation rate of 5.00% which both yield the real discount rate of 3.05% for project
lifetime of 25 years. The inflation for Lesotho is around 5.0% while discount rate is 8.2 %
according to Central Bank of Lesotho report of 2019/2021 [94]. The results will be in the
following order: firstly, results of demand profile and renewable energy resources will be
shown. Secondly, results of various system hybrid configurations from implementation using
HOMER PRO software will be shown in this section. Lastly, discussion and analysis of these
results will follow in order to identify the best optimised system configuration for technical

and economic feasibility and viability.

4.1 Results for Energy Consumption (Load Profile) of Ha Lehloara village

Ha Lehloara village has hundred (100) households. The results for its energy consumption
(load profile), obtained from the Department of Rural Water Supply (DRWS) web portal [95],
are shown in Table 4.1 and Table 4.2 below. Since Ha Lehloara is a rural village, its daily
energy demand profile will conform to ‘double-hump’ variation [96], which has the shape of a
graph of daily energy consumption for rural village. The total energy consumption, was
subjected to HOMER load profile for Residential in Table 4.3. The Random variability of Day-
to-day of 5% for the load profile results in Peak of 67.30 kW. With this 5% variability, the

average energy is 15.24 kW, which results in load factor of 0.23, obtained by dividing average

15.24 kW

energy by peak load, that is, e 0.23. The load profile graphs for different periods are

respectively illustrated in Fig. 4.1, for daily profile, Fig. 4.2, for seasonal profile and Fig. 4.3,
for yearly profile:
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Table 4.1 Appliances and power units

Appliance type

Number in Use Number of houses Total

Power (Watts)

Total Power (Watts)

Domestic(House) appliances load
Energy saver
Al lights 4 100 400 7 2800
A2 Refrigerators 1 30 30 240 7200
A3 iron 1 40 40 1200 48000
Ad Radio/Speakers 1 100 100 100 10000
A5 TV 1 30 30 60 1800
A6 Computer 1 20 20 100 2000
A7 stove plates 1 30 30 1000 30000
A8 cell phone 5 100 500 6 3000
AO Electric Kettle 1 100 100 1200 120000
Shop appliances
Energy saver
A9 lights 4 1 4 10 40
A10 Refrigerators 3 1 3 240 720
All Radio/Speakers 1 1 1 100 100
Al12 TV 1 1 1 60 60
A13 Computer 1 1 1 100 100
Al4 cell phone 5 4 20 6 120
School appliances
A15 Energy saver lights| 4 100 400 10 4000
Al6 Refrigerators 2 2 240 480
Al7 iron 1 0 0 1200 0
Al18 Radio/Speakers 1 0 0 100 0
Al9 Computer 1 200 200 100 20000
A20 Till Machine 1 0 0 100 0
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Table 4.2 Daily load Profile of Ha Lehloara

HR A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 Al1 A12 A13 A14 Al15 Al16 A17 A18 A19 A20
0| 0.1 0.1 0 0 0 0 0 0 1 01 0| 0| 0| 0| 02| 01 0 0 0| 0|
1 0.1 0.1 0 0 0 0 0 0 01/ 01 0| 0| 0| 0o 01 01 0 0 0| 0|
2 0.1 0.1 0 0 0 0 0 0 01 01 0| 0| 0| 0 01 01 0 0 0| 0|
3 0.1 0.1 0 0 0 0 0 0 01 01 0| 0| 0| 0 01 01 0 0 0| 0|
4 0.7 0.1 0 0 0 0 0 0] 09| 02 0| 0| 0| 0| 09 05 0 0 0| 0|
5 0.5 0.1 0 0.1 0 0 0 0] 05 1] 0.6 0| 0| 0| 0.5/ 0.8 0| 01 0| 0|
6 0| 0.2 0 0.1 0 0 0.1 0 0| 0] 0.2 0| 0| 0 0 0 0| 01 0| 0|
7 0| 0.1 0 01 0 0 0.1 0 0| 02| 04 0| 0| 0 0| 05 0 01 0| 1
8 0| 0.1 0.1 0 0 0 0 0 0] 03 0| 0| 0| 0 0 1 0 0 0| 1
9 0| 0.6 0 0 0 0 0 0 0 01 0| 1 1 1 0 0 1 0 0.1 1
10 0| 0.1 0 0 0.1 0 0 0 0 01 0 01 01 01 0| 01 1 0 0.7 1
11 0| 0.1 0 0.1 0.5 0 0 0 0 01 01 1 1 1 0| 03 1 01 0.3 1
12 0| 0.1 0 0.1 0.1 0 0 0 0 01 01 1 0.8 1 0| 01 1 01 0.6 1
13 0| 0.1 0 0.1 0 0 0 1 0| 0| 0| 0| 04 0 0 0 1 01 0.2 1
14| 0| 0.1 0 0.1 0 0 0] 05 0 01 01 1 03 0 0| 01 1 01 0.1 1
15 0| 0.1 0 0.1 1 0 0 03 0 01 01 0| 1 0 0| 01 0| 01 0| 1
16 0| 0.1 0 0.1 1 0 0] 05 0 01 01 0 03 0 0| 01 0| 01 0| 1
17 0.5 0.1 0 0.1 0.1 0 01 04/ 01/ 01 01 0| 0| 0| 01 05 0| 01 0| 1
18 0.4 0.3 0 0.3 0.1 0.1 0.1 0 02/ 01 01 0| 0| 0 02 01 0| 03 0| 1
19 1 0.3 0 0.1 0.4 0.1 0.1 0 1 06| 01 0| 0| 0 1] 0.6 0| 01 0| 1
20 1 0.1 0 0.1 03 0.1 0 0 1 01] 01 0| 0| 0 1 01 0| 01 0| 0|
21 0.2 0.6 0 0 1 0 0 0] 02| 02 0| 0| 0| 0| 02| 03 0 0 0| 0|
22 0.3 0.3 0 0 0 0 0 0] 03] 08 0| 0| 0| 0 03] 0.8 0 0 0| 0|
23 0.1 0.3 0 0 0 0 0 0] 01} 0.1 0| 0| 0| 0| 0.1 0.1 0 0 0| 0|
total Total
Energy(w) Energy (kw)
0| 700 1920 0 0 0 0 0 0 60 72 0| 0| 0| 0| 800 24 0 0 0| 0| 3576 3.58
1 700 1920 0 0 0 0 0 0 6 72 0| 0| 0| 0| 400 24 0 0 0| 0| 3122 3.12
2 700 1920 0 0 0 0 0 0 6 72 0| 0| 0| 0| 400 24 0 0 0| 0| 3122 3.12
3 700 1920 0 0 0 0 0 0 6 72 0| 0| 0| 0| 400 24, 0 0 0| 0| 3122 3.12
4 4900 1920 0 0 0 0 0 0 54| 144 0| 0| 0| 0] 3600] 120 0 0 0| 0| 10738 10.74
5 3500 1920 0| 8000 0 0 0 0 30| 720 60 0| 0| 0| 2000 192 0 0 0| 0| 16422 16.42
6 0| 3840 0| 8000 0 0 6200 0 0| 0| 20 0| 0| 0 0 0 0 0 0| 0| 18060 18.06
7 0| 1920 0| 8000 0 0 6200 0 0| 144 40| 0| 0| 0 0| 120 0 0 0| 0| 16424 16.42
8 0| 1920 11400 0 0 0 0 0 0| 216 0| 0| 0| 0 0| 240 0 0 0| 0| 13776 13.78
9 0| 11520 0 0 0 0 0 0 0| 72 0| 120[ 300] 120 0 0 0 0| 2000 0| 14132 14.13
10 0| 1920 0 0 180 0 0 0 0| 72 0| 12 30 12 0 24 0 0] 14000 0| 16250 16.25
11 0| 1920 0| 8000 900 0 0 0 0| 72 10, 120{ 300| 120 0 72 0 0| 6000 0| 17514 17.51
12 0| 1920 0| 8000 180 0 0 0 o 72 10{ 120 240| 120 0| 24 0 0[12000 0| 22686 22.69
13 0| 1920 0| 8000 0 0 0| 3000 0| 0| 0| 0| 120 0 0 0 0 0| 4000 0| 17040 17.04]
14| 0| 1920 0] 8000 0 0 0] 1500 0| 72 10| 120 90| 0 0 24 0 0] 2000 0| 13736 13.74]
15 0| 1920 0] 8000 1800 0 0] 900 0| 72 10, 0] 300 0 0 24 0 0 0| 0| 13026 13.03
16 0| 1920 0] 8000 1800 0 0] 1500 0| 72 10, 0| 90 0 0 24 0 0 0| 0| 13416 13.42
17 3500 1920 0] 8000 180 0 6200| 1200 6 72 10, 0| 0| 0| 400] 120 0 0 0| 0| 21608 21.61
18 2800 5760 0] 24000 180 600 6200 0 12 72 10 0| 0| 0| 800 24 0 0 0| 0| 40458 40.46|
19 7000 5760 0| 8000 720 600 6200 0 60| 432 10 0| 0| 0| 4000| 144 0 0 0| 0| 32926 32.93
20 7000 1920 0| 8000 540 600 0 0 60 72 10 0| 0| 0| 4000 24 0 0 0| 0| 22226 22.23
21 1400 11520 0 0 1800 0 0 0 12| 144 0| 0| 0| 0| 800 72 0 0 0| 0| 15748 15.75
22 2100 5760 0 0 0 0 0 0 18| 576 0| 0| 0| 0| 1200 192 0 0 0| 0| 9846 9.85
23 700 5760 0 0 0 0 0 0 6 72 0| 0| 0| 0| 138 24, 0 0 0| 0| 6700 6.70]
365.67
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Table 4.3 Hourly Profile of Ha Lehloara

Hour Load
(kw)
0 3.576
1 3.122
2 3.122
3 3.122
4 10.738
5 16.422
6 18.06
7 16.424
8 13.776
9 14.132
10 16.25
11 17.514
12 22.686
13 17.04
14 13.736
15 13.026
16 13.416
17 21.608
18 40.458
19 32.926
20 22.226
21 15.748
22 9.846
23 6.70

Average = 15.24 kW

Daily Profile

50
40 |
30
20 -
10

kW

Fig 4.1 ‘Double-hump’ daily energy demand profile
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Seasonal Profile
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Fig 4.2 Seasonal Profile

Yearly Profile
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Fig 4.3 Yearly Profile

The total daily energy consumption or daily primary load of Ha Lehloara village is 365.67
kWh/day and average energy consumption per household is 3.66 kWh/day while the peak load
per day is 67.3 KW.

4.2 Hydro power micro grid

4.2.1  Water resource for hydropower micro grid

The results of Malibamatso river flow are shown in Fig. 4.4 below. The river flow is higher

from October to March and lower from April to September.

MalibamatsSo River flow
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Fig 4.4 Malibamatso river flow
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The lowest annual flow rate is 0.82 m%/s and will be used for hydropower generation for
supplying load at Ha Lehloara. Near this village MalibamatSo lies between the contours of
2175 m and 2150 m. Therefore, the gross head of this hydro plant will be 2175 - 2150 = 25

metres.

Fig 4.5 shows the system configuration for hydro micro grid for the supply of energy to Ha
Lehloara. The Francis micro hydro turbine (HL 220-WJ-30) with 100 kW is chosen for this
study) because of its lower purchase cost compared to other models.

AC
Hyd100 |Electric Load #1
FARE
) =

365.67 KWh/d
67.30 kW peak

Fig 4.5 Micro hydropower system configuration

The purchase price of this hydro turbine that will be used for this study is USD $35,000 to
$66,000 [97]. Since there will be civil works, the total capital cost will be around $1 000 000
which is equivalent to R 15 300 000. Table 4.4 below shows the datasheet of the 100 KW hydro

Francis turbine [97].

Table 4.4 Datasheet of 100 kw hydro Francis turbine

Turbine Parameters General Parameters

Design Flow rate | Output | Design | Power (kW) | Rated

Head (kw) speed speed
(r/min)

11 0.33 32 774 25 750

12 0.34 36 808 30

13 0.36 41 841 35

20 0.44 78 1043 60 100

0.48 103 1143 100 1000

0.5 116 1190 100 1000
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Fig 4.6 below shows the optimisation results from HOMER software. These results show that
only hydro micro grid is used to supply 100% of energy at cost of R12.15/kWh.

Optimization Results

port.. Left Double Click on a particular system to see its detailed Simulation Results.
Architecture Cost System

& | Hyd100 T . . (OE NPC Operating cost Initial capital < Ren Frac Total Fuel

s Efficiency! V| Dispatch Y Y Y Y Y ¥ Y

il 7 ’ R0V 0 Ry O R o O 1y

% 98.1 0 LF R12.15 R28.1M R755,000 R15.0M 100 0

* 98.1 1.00 LF R12.15 R28.1M R755,000 R15.0M 100 0

% 98.1 1.00 CC R12.15 R28.1M R755,000 R15.0M 100 0

* 98.1 0 CC R12.15 R28.1M R755,000 R15.0M 100 0

Fig 4.6 Micro hydropower output from HOMER

Fig 4.7 below shows uniform monthly average electricity production from hydro micro grid.
The village load demand of 365.67 kwh/day is fully met by hydro power and there is an annual
excess of electricity of 88% as shown in Table 4.5.

Monthly Average Flectric Production

BHdI00 140+
1201

1001

80

: 601

40

20

0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig 4.7 Micro hydropower Monthly electricity production

Table 4.5 below shows the average monthly electricity consumption and Fig 4.8 displays the
same data pictorially, confirming that 100% of the load demand is met by hydro power.

Table 4.5 Hydropower micro monthly electricity Consumption

kWh/yr %
Hydropower 1,095,679 100
Excess electricity 962,206 88
Unmet electric load - -
Capacity Shortage - -
Load 133,470 100
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Hydropower micro grid monthly electricity Consumption

1,200,000

1,000,000

800,000

kWh/yr

600,000

400,000

200,000

Table 4.6 and Fig 4.9 below show the cost of the hydropower micro grid system, of which the

Hydropower

electricity

Excess

Unmet electric
load

Capacity
Shortage

100

80

60

40

20

Load

Fig 4.8 Micro hydropower Monthly electricity consumption

total cost is R28 077 440.99 and the LCOE is R12.15/kWh.

Table 4.6 Hydropower micro grid total cost

(%

System . : LCOE
Configuration Capital (R) Operating (R) (Salvage (R) NPC(R) RIKWH)
fgg:\;'vc 00 e 00000000 [ReGE0SST  RI290083542  |ROT008354 [1215
Otfer RO.0 RE660557  |RO0 R6,605.57

System RI500000000 |RO.0 RIZOTIA099  |R28,077440.99
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Economic cost of Hydro micro grid

R60,000,000.00
R50,000,000.00
R40,000,000.00
R30,000,000.00

R20,000,000.00

. . -
R0.00

Generic Hydro 100kW Other System

H Capital (R) m Operating (R) Salvage (R) NPC(R)

Fig 4.9 Total cost of hydropower micro grid system configuration

4.3 Hydro/diesel generator system configuration

Fig 4.10 shows the system configuration for Hydro/diesel generator for the supply of energy to

Ha Lehloara.

SCHEMATIC

AC
Kohlas Electric Load #1

B

365.67 kWh/d
67.30 kW peak

Hyd100

Fig 4.10 System configuration for hydro/diesel generator

43.1  Diesel generator

The Kohler 48RCLB - 48 kW Emergency Standby Power Diesel Generator (120/240V Single-Phase)
is chosen for this study because of its low cost compared to other models. The purchase cost is
USD $8,789.00 [98], which is equivalent to R131,835 in South African currency. Both
shipments and installation costs from abroad could add an extra cost of 30% of initial cost.
Therefore, the total capital cost will be R131,835 x 1.30 = R171 385.50. Replacement cost will
be R160 000.00. Since the diesel generator requires more maintenance and assuming the
generator will be used 60% of the total hours in a year, (8760 x 0.6 = 5256 hours), the O/M
cost will be (R171 385.50/5256 x 11.38% = R3.799) about R3.80 per hour.

The datasheet that shows parameters of Kohler 48RCLB - 48 kW Generator [98] is shown in
Table 4.7 below.
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Table 4.7 Datasheet of Kohler 48RCLB - 48 kW

Voltage 120/240 single phase
Frequency 60 Hertz

Power 48 000 W

Fuel Diesel

Rated amps 200 A

Fuel @ 50% consumption 4.9 gallons/hr

Fuel @ 100% consumption 9.3 gallons/hr

Decibel rating 57 test (61 run) dbA

Cooling Liquid cooled

Fig 4.11 below shows the optimisation results from HOMER software for the given system

configuration whose cost of energy whose cost is R12.19 / kwWh.

Architecture Cost Syster
C% Kg(l:,\\;l]B v H{:Vll;}(] V| Eficencyt ¥ Dispatch ¥ C(%E 0V I\(I:)C 0V Oper(:i’;g cost 0V Initia\(;}apital v Rer(l%F)rac 0V
& 5% 480 98.1 0 LF R1219  R282M  R750748 R15.2M 100
ih % 480 98.1 1.00 LF R12.19 R28.2M  R750748 R15.2M 100
B 5 80 9.1 1.00 C R1219  R282M  R750748 R15.2M 100
B ¥ 80 98.1 0 C R1219  R282M  R750748 R15.2M 100

Fig 4.11 Micro Hydro/diesel generator simulations

Fig 4.12 below shows the monthly average electricity production in which the Hydro

component of the hybrid, is the only one supplying energy while the generator is not used.

Monthly Averaga Electric Production

[ Kohl48 140 -

WHyd1oo 1207
100

80 1
% 60 1
40 1
201
0-

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dac

Fig 4.12 Hydropower/Generator micro monthly electricity Production
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Table 4.8 and Fig 4.13 below show Hydropower/generator micro grid average monthly
electricity Consumption in which only hydro component supplies energy to the load. Although
standby generator (Kohler 48 kW) is part of hybrid micro grid, it is not being used because the
village’s peak load is 67.30 kW and Hybrid power of 98.1 kW meets this demand. That is 100%
of the load is supplied by hydro component only.

Table 4.8 Hydropower/generator micro grid monthly electricity Consumption

kWh/yr %

Hydropower 1,095,679 100
Kohler 48 kw

standby ) )
Excess electricity 962,206 88
Unmet electric load - -
Capacity Shortage - -
Load 133,470 100

Hydropower/generator micro grid monthly electricity Production
and load Consumption

1,200,000 100
1,000,000 30
800,000
-.;.., 60
§ 600,000 X
] 40
400,000
200,000 20
Hydropower Kohler 48 kW Excess Unmet electric  Capacity Load

standby electricity load Shortage
Fig 4.13 Hydropower/generator micro grid monthly electricity consumption

Table 4.9 and Fig 4.14 below show the cost for hydropower/generator micro grid system, of
which the total cost is R28 175 176.02 and LCOE of R12.19/kWh. Since hydro is able to supply

all the demand, the fuel cost of the generator is zero (R0.00).
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Table 4.9 Micro hydropower and generator total cost

System

Configuration Capital (R) Operating (R) |Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)

fggﬁw MO0l 15, 000,00000  |R12.990835.42 R0.00 R0.00 R27.990835.42 |12.19

Kofler —— 48W)c 7 38550 [Rooo R0.00 R73,650.48 RY7.735.02

Standby

Other R000 RE6,60557  |RO.00 R000 R86,605.57

System RI5A7L38550 |R13077,440.99 |R0.00 R73,650.48 R28,175.176.02
Economic cost of Hydro/generator micro grid

R60,000,000.00

R50,000,000.00
R40,000,000.00
R30,000,000.00
R20,000,000.00
R10,000,000.00

RO.00

Generic Hydro 100kW Kohler 48kW Standby Other System
-R10,000,000.00

H Capital (R) ™ Operating(R) ™ Fuel (R) Salvage (R) NPC(R) LCOE (R/kWh)

Fig 4.14 Micro Hydro/diesel generator total cost

4.4 Solar micro grid

Fig 4.15 below shows the system configuration for Solar for the supply of energy to Ha

SCHEMATIC

AC DC
Electric Load #1| Jinko60/300

Lehloara.

365.67 kWh/d
67.30 kW peak

Fron20

Fig 4.15 Solar system configuration
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The results from the technical model of this system, for each technical component are

considered below.

4.4.1 Solar irradiance
Solar radiation and its clearness index for Ha Lehloara has been shown in Table 4.10 and Fig

4.16 below.

Table 4.10 Daily Solar radiation and clearness index

Month Clearness Index Daily radiation (KWh/m?/day)

January 0.579 6.9

February 0.572 6.32

March 0.584 5.57

April 0.626 4.81

May 0.69 4.21

June 0.709 3.8

July 0.717 4.07

August 0.692 4.83

September 0.653 5.73

October 0.571 5.99

November 0.576 6.71

December 0.577 7
5 &
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Fig 4.16 Solar radiation and its clearness index

An average solar radiation of 5.50 kWh/m? /day and a clearness index of 0.629 were

identified for this village.

4.4.2 Temperature
Fig 4.17 below shows average monthly temperature of Ha Lehloara, which begins to drop

significantly from April and get to the lowest point around June and July.
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Fig 4.17 Average monthly temperature of Ha Lehloara

4.4.3  Results of Solar micro grid
(@ PV module

The solar panel that is chosen for this load profile is Jinko Eagle PERC60 300W which has the
sale price of $0.20/ W or $200/kW [99] (R3000/kW in South African). The shipment costs
from abroad could add an extra cost of 30% of initial cost and installation could be an additional
cost, which will be 20% of initial cost. Therefore, the total capital cost will be (R3000 x 1.30
x 1.20) = R4680. The replacement cost will be R3000, taking into consideration that costs of
PV module reduced as low as USD $0.21/W in December 2019 and in South Africa PV costs
reduced by 29% between 2013 and 2019 [100]. The operating cost is calculated as 5% of the
capital cost, and will be 5% x R4680 = R234. After capturing costs for this PV module, it is
important to enter the values for search space in HOMER Pro in order to come up with energy
for the PV array size that will be needed to supply the 365.77 kWh daily load. Fig 4.18 shows
the search space of Jinko Eagle PERC60 300W PV array, which shows control parameters of
the following values: rated power of 130 kW, efficiency of 18.33% and life time of 25 years.

Remaove
PV H Name: | Jinko Fagle PERC60 300W | Abbreviation: | linkoB0
= Copy To Library

Properties PV Capacity Optimiza.xtion
Name: Jinko Eagle PERC60 300W Capacity Capital Replacemeant O HOMER Optimizer™
Abbreviation: Jinko60/300 flatr) (R (] (Riyear) & Search Space
\bbreviation:
Panel T Flat plat 1 4,680.00 3,000.00 234.00 kW
anzl Type: Flat plate
i 40
Rated Capacity (KW): 130 Lifetime More.. =
Temperature Coelliciant: -0.390 time (years): 2500 @ 50
Cperating Temperature (*C): 43.00 70
Efficiency (%): 18.33 20
Manufacturer: linko Solar %
Data Sheet for Fagle PERC60 100
N 110
otes: o
120
60 PFRC Monocrystalline cells. 1; -
Jinko Solar's Cagle 60 PLRC cell line can range in
nominal maximum power from 280 to 300W. This Site Specific Input Electrical Bus
companent models the 300W variation. AC 1® DC
Derating Factor (%); 8800 @

Fig 4.18 Jinko Eagle PERC60 300W PV search space
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The datasheet that shows parameters of Jinko Eagle PERC60 300W is shown in Table 4.11
[101] below. The parameters are at Standard Test Conditions (STC): air mass AM 1.5,
irradiance of 1000 W/m?, cell temperature of 25°C and Nominal Operating Cell Temperature
(NOCT): 800 W/m?, AM 1.5, wind speed of 1 m/s, ambient temperature of 20°C.

Table 4.11 Datasheet of Jinko Eagle PERC60 300W

Model No. JKM300M-60

Parameter Electrical Data at STC | Electrical Data at NOCT
Maximum Power (Pmax) 300 Wp 224 Wp

Voltage at Maximum Power (Vmpp) | 32.6 V 30.6 V

Current at Maximum Power (Impp) 9.21 A 732 A

Open Circuit Voltage (Voc) 40.1V 37V

Short Circuit Current (Isc) 9.72 A 8.01 A

Panel Efficiency 18.33 %

Power Tolerance (Positive) +3%

Temperature 45+2 °C

Thermal Ratings

Operating Temperature Range -40~85 °C
Temperature Coefficient of Pmax -0.39 %/°C
Temperature Coefficient of Voc -0.29 %/°C
Temperature Coefficient of Isc 0.05 %/°C
Maximum System Voltage 1000 V
Series Fuse Rating 15A

(b) Charge Controller

High Quality MPPT Charge [102] controller for off grid for this study is shown in Table 4.12 below.
Maximum Power Point Tracker (MPPT) Charge Controller Hybrid Solar Inverter Off Grid at
a sale price of USD $175 per unit is chosen. The system capture cost/ kW = USD $175/3 =
58.33/kW. Therefore, assuming shipments costs for 30% and installation costs of 20%, the
capital cost of charge controller of per kW will be 58.33 x 1.30 x1.20= USD $90.99. Converting
into South African rand (USD $1 = R 15), the capital cost becomes = 90.99 x 15 = R 1364.92.
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The replacement cost will be R1364.92, while maintenance and operation cost will be 5% of
capital cost and will result in 5% x 1364.92 = R68.25. After capturing costs of Charge
controller, it is important to enter the values for search space in HOMER Pro in order to come
up with energy for the MMPT size that will be needed to control battery charge of 365.77 kWh
daily load. Fig 4.19 shows the search space of Charge Controller.

| Explicitly model Maximum Power Point Tracker Search Space
Size (kW)
Lifetime (years): 15.00 @ 0
Costs 5
. Capital Replacement o&aM 10
{ \
| Sie (kW) (R) (R) (R/year) 15
1 R1,364.92 R136492  R68.25 b4 20
25
Click here to add new item 20

35
40
45
50
5B
60
65
70

Fig 4.19 Charge Controller search space

Table 4.12 Datasheet of High Quality MPPT Charge [102] controller for off grid

Model No. WRM20+ Charge Controller
Parameter 12 v Nominal Battery Voltage
Battery voltage 170V

Maximum PV open circuit voltage 100 V

Maximum PV Current 19A
Maximum PV Power 310 W
Battery charge current 20A
Load output current 20A

Operating temperature (Positive) 50°C

(c) Converter

The chosen inverter is Fronius Symo 20.0-3-M is of rating 20 kW. The chosen inverter is of
rating 20 kW and the system will need at least four of these inverters. The Fronius Symo 20.0-
3-M with some input parameters shown in Fig 4.20 below is chosen for this study and its sale
price is of USD $118.62/ kW [103] (or R2372.73/kW in South African currency). The shipment

costs from abroad and installation costs could be an additional cost of 20% of initial cost.
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Therefore, the total capital cost will be R2372.73 x 1.20 = R2847.28. Replacement cost will be
R2000 taking into consideration that costs of PV module reduced by (as low as) USD $0.21/W
in December 2019 and in South Africa PV costs reduced by 29% between 2013 and 2019 [100].
The Operating cost is calculated as 5% of the Capital cost, which is 5% x R 2847.28 = R142.36.

Fronius Symo 20.0-3-M ¥ Name:
CONVERTER g

Abbreviation:

Properties

Name: Fronius Symo 20.0-3-M

Complete Catalog

Costs

Abbreviation: Fron20 1

Technical Data for Symo 20.0-3-M

Notes:

Grid-following

PV-dedicated inverter: Three-phase inverter for any sized

system.
RO

Fronius

Multiplier:

o VAN ARE o Falom

Inverter Input

Lifetime (years):

Efficiency (%):

Capacity (kW)

R2,372.25

Fronius Symo 20.0-3-M

Fron20

Capital

Click here to add new item

@
10.00 @
97.90 @

¥ Parallel with AC generator?

Replacement
(R) (R)
R2,000.00

(R/year)

Relative Capacity (%): | 0.00

Remove

Copy To Library

Capacity Optimization
HOMER Optimizer™
®) Search Space
X Size (kW)
20
40
60
80
100

)

0.00

©®

Fig 4.20 Fronius Symo 20.0-3-M search space

Datasheet that shows parameters of Fronius Symo 20.0-3-M [104] is shown in Table 4.13

below. The Datasheet shows the parameters for both DC and AC data values.

Table 4.13 Datasheet of Fronius Symo 20.0-3-M

Parameter DC data values AC data values
Max. input current (1 g max 1/l dc max 2) 33.0 A/27.0 A

AC nominal output (P 4) 20 000 W
Max-array short circuit current (MPP1/MPP2) 49.5 A/40.5 A

Max. output power 20000 VA
Min. input voltage (U gcmin) 200V

AC output current (I 4 nom) 289 A
Feed-in start voltage (U g start) 200V

Nominal input voltage (U ¢ r) 600 V

Max. input voltage (U gc max) 1,000 V

MPP voltage range (U mpp min — U mmp max) 420 -800V

DC start voltage feed-in (V) 30.0 KWoeax

Max. Efficiency 98.1%
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(d) Battery

The suitable battery for this system is Hoppecke 24 OPzS 3000 which has nominal capacity of
7.15 kWh and nominal voltage of 2V. The Power from this battery will be 7.25/2 = 3.575 kAh
or 3575 Ah. The total batteries for this battery bank will be 731.54/7.15 = 103 Batteries. Since
each string size capacity is 48 V, the number of batteries in each string will be 48V/2Vv=24
batteries. Since the total batteries needed for this system is 103, there will be 103/24=5 strings
of 48 V each. The purchase cost is US $ Hoppecke 24 OPzS 3000 [105]. Therefore, assuming
shipments costs and installation costs of 30%, the capital cost of charge controller of per kW
will be 2171 x 1.30 x 1.30 = USD $2 822.30 or R 42 334.50. The replacement cost will be R
30 000.00, while maintenance and Operation cost will be 5% of capital cost and will result in

8% x 42 334.50 = R 3 386.76. Fig 4.21 shows the search space of Battery bank.

Remove

STORAGE @ll v Name: | Hoppecke 24 OPzS 3000 | Abbreviation: | H3000
Copy To Library
Properties Batteries Quantity Optimization
Kinetic Battery Model Quantity Capital Replacement o&M HOMER Optimizer™
Nominal Voltage (V): 2 (R) (R) (R/year) ®) Search Space
Nominal Capacity (KWh): 7.15 1 51,000.00 30,000.00 2,116.73 #
Maximum Capacity (Ah): 3.57E+03 et 0
Capacity Ratio: 0.315 Lifetime More... 1
Rate Constant (1/hr): 1.24 time (years): 6.00 @ >
Roundtrip efficiency (%): 86 ) @ 5
Maximum Charge Current (A): 610 throughput (kWh): 10.118:30
Maximum Discharge Current (A): 610 4
Maximum Charge Rate (A/Ah): 1 5
Site Specific Input
String Size: 24 Voltage: 48.00000000000000000 V
Data Sheet for OPZS Line Initial State of Charge (%): 100.00 @
Vented lead-acid, tubular-plate, deep-cycle battery. ‘ Minimum State of Charge (%): 30.00 @

Fig 4.21 Search space of Hoppecke 24 OPzS 3000

The Datasheet that shows the values of the parameters of the battery, Hoppecke 24 OPzS 3000
[106], is shown in Table 4.14 below.
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Table 4.14 Datasheet of Hoppecke 24 OPzS 3000

Parameter Value
Nominal voltage 2V
Rated capacity 3000 Ah
Nominal Capacity(kwh) 7.15
Efficiency(%) 86
Maximum charge current 610

Maximum discharge current (A) 610

Maximum charge rate (A/ah) 1

Charge Initial charging 750 A and Voltage 2.33 - 2.38 V

(e) Overall System

Fig 4.22 below shows the optimisation results from HOMER software. The solar micro grid
produces over 145 kW of energy whose lowest cost is R4.64/kWh.

Architecture Cost Systel
I z Jink&%%m ¢ JinkoGO(/kBV(j;)—MPPT T o ¥ FEE\r;éD Y idencyt Y Dispetch T C‘(F';‘E 0v NI;]C 0v Oper(a;/;rg) msto ¢ \nitial(é]apital ¢ Rer(w%F}rac 0V
LAl z 145 60.0 4 400 0 LF Ra.64 RI0AM  R410341 R3.30M 100
Ll Z 145 60.0 4 400 1.00 « Ra.64 RI0AM  R410341 R3.30M 100
L L] z 145 60.0 48 40.0 1.00 LF R4.64 R104M  R410341 R330M 100
L L] Z 145 600 48 400 0 C R464 R104M  R410341 R330M 100
L L] z 150 9.0 4 400 1.00 LF Ra.6d R10AM  R409.793 R3.32M 100

Fig 4.22 Solar microgrid simulations

Fig 4.23 below shows the uniform monthly average electricity production from solar in order
to supply the village load of 365.67 kW/day. This shows that the daily production is able to
meet 100% of the daily demand of the village.

Monthly Average Electric Production

Jinko60/300 25+
204

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig 4.23 Solar micro monthly electricity Production
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Table 4.15 and Fig 4.24 below show Solar micro grid’s average monthly electricity
Consumption which produces excess electricity of 49 734 kwh/yr. The annual capacity
shortage of 6732 kwh is realised because the micro grid’s actual operating capacity is below
the required operating capacity in some days. Hence there is annual unmet electricity load of
4071 kwh.

Table 4.15 Solar micro monthly electricity Consumption

kWh/yr %
Jinko Eagle
PERCE0 192,659 100
Excess electricity 49,734 26
Unmet electric load 4,071 3
Capacity Shortage 6,732 5
Load 129,399 100
Solar micro grid monthly electricity Consumption
250,000 100
200,000 80
; 150,000 60
= ®
< £
=£ 100,000 40
50,000 20

Unmet electric Load

load

Jinko Eagle PERC60 Excess electricity Capacity Shortage

Fig 4.24 Solar electricity monthly Consumption

Table 4.16 and Fig 4.25 below shows the cost of the Solar micro grid system. The total cost of
this systems is R10 405 557.55, with the LCOE of R4.64/kWh.

Table 4.16 Solar total cost

System Configuration |Capital (R) Operating (R) [Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)
Fronius Symo 20.0-3-M |R94,890.00 R103,139.48 |R81,755.66  |-R18,884.74 R260,000.40  |4.64

Hoppecke 24 OPzS 3000 |R2,448,000.00  |R3,746,447.91 |R3,392,166.95 |-R566,542.12 R9,020,072.74

Jg'gg\c/’v Bagle  PERCS0| 2674 600.00 R0.00 R113,648.16  |R0.00 R792,248.16

Jinko60/300  Dedicated| o2 o 5 R48,763.18 R132,506.52  |-R12,039.02 R245,730.68

Converter

Other R0.00 R0.00 R86,60557  |R0.00 R86,605.57

System R3,207,090.00  |R3,898,350.58 |R3,806,682.85 |-R597,46588 R10,405,557.55
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Economic cost of solar micro grid

R20,000,000.00 - 5.00
- 4.50
R15,000,000.00 - 4.00
- 350
R10,000,000.00 - 3.00
- 2.50
R5,000,000.00 - 2.00
- 150
R0.00 ! o - 1.00
Fronius Symo 20.0-3- Hoppecke 24 OPzS  Jinko Eagle PERC60 Jinko60/300

M 3000 300W Dedicated Converter L 050
-R5,000,000.00 - 0.00

= Capital (R) Operating (R) Fuel (R) = Salvage (R) NPC (R) LCOE (R/kWh) LCOE (R/kwWh)

Fig 4.25 Cost of Solar configuration

Fig 4.26 below shows the sensitivity analysis of Solar micro grid system.

1 120 l Cost of Energy (R)

l Total Net Present Gt
- LI5E07

.
o

- LIE07

- 105E-07

Cost of Energy (R}
.
&
Total Met Present Cost (R)

.
-

- 1E07

43 4500000
500 550 6.0

ExpectedinflationRate (%)

Fig 4.26 Sensitivity analysis results

From Fig 4.26 above, as inflation rate increases from 5.00 % to 6.50 %, NPC increases from
R10.4 million to R11.7 million as a result the COE decreases from R4.64/kWh to R4.42/kWh.
This is because, as inflation increases at the same nominal discount rate, the real discount rate
decreases. A decrease of the COE from a higher value of R4.64/kWh (USD $0.309/kWh) to a
lower value of R4.42/kWh (USD $0.295/kWh), means the cost of energy is becoming cheaper
for the consumer. This means this option of Solar configuration is economically viable
compared to the LCOE of R5.00/kWh (USD $0.344/kWh) by One Power, which runs the Solar
PV/generator hybrid mini-grid for the rural village of Ha Makebe [107]. In summary, although

71



the Solar bank system configuration is economically viable, it is not technically viable.

Therefore, it cannot be chosen for implementation.

4.5 Solar/Generator system configuration
Fig 4.27 shows the system configuration for Solar/Generator for the supply of energy to Ha

Lehloara.

SCHEMATIC

AC DC
Kohl4s Electric Load #1 | Jinko60/300

ambiNeGd

365.67 kWh/d
67.30 kW peak

Fron20 H3000

Fig 4.27 Solar/Generator system configuration

Fig 4.28 below shows the optimisation results from HOMER software. The solar micro grid

gives out 160 KW power while generator gives out 48 kW.

Optimization Results

i Left Double Click on a particular system to see its detailed Simulation Results.
Architecture Cost Syste
LIS Z] Jink&(;v)o/SOO Y Jinkoé()@(\)’;]—MPPT 7 K&%S T H2000 ¥ FEE;JZ)O Y Eficiency! ¥ Dispatch ¥ C((R))E o v l\:;)C o Y Oper(aRt/i;?) cost o Y Initial(':;pital Y ReEv%F)rac o Y
L ; iz m 160 60.0 480 48 450 0 LF R4.80 R11.1M R436,039 R3.55M 963
L 4] Z] 160 60.0 480 48 450 1.00 LF R4.80 R11.1M R436,039 R3.55M 96.3
L ] E 165 60.0 480 48 450 1.00 LF R4.80 R11.1M R434,747 R3.57TM 96.5
m : iz ] g 165 60.0 480 48 450 0 LF R4.80 R11.1M R434,747 R3.57TM 96.5
m ; EB 8 170 60.0 480 48 450 1.00 LF R4.80 R11.1M R433,549 R3.60M 96.6

Fig 4.28 Solar/Generator system simulations

Fig 4.29 below shows the monthly average electricity production which shows over 98% of

power comes from solar while about 2% comes from generator.

Monthly Average Electric Production

1" Kohld8 30

[ Jinko60/300 25
204
2 15-

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig 4.29 Solar/Generator micro monthly electricity Production
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Table 4.17 and Fig 4.30 below shows Solar/Generator micro average monthly electricity
Consumption in which annual power produced is able to address the daily load demand of
365.67 kWh/day.

Table 4.17 Solar/Generator micro monthly electricity Consumption

kWh/yr %
Jinko Eagle
PERCE0 198,473 97.50
Kohhler 48 kW 4,996 2 46
standby
Excess electricity 56,508 27.80
Unmet electric load - -
Capacity Shortage - -
Load 133,470 100

Solar/generator micro grid monthly electricity Consumption

250,000 100
200,000 80
+ 150,000 60
Z
= R
=
* 100,000 40
50,000 20
Jinko Eagle  Kohhler48 kw Excess Unmet electric Capacity Load
PERC60 standby electricity load Shortage

Fig 4.30 Solar/Generator monthly production and consumption

The renewable energy fraction is 97.5% while non-renewable energy from diesel generator is
2.46% which give out carbon emissions as a result of burning 1851 Litres of diesel as shown

in Fig 4.31 below per year.
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Quantity Value | Units
Total fuel consumed 1,851 L

Avg fuel per day 507  L/day
Avg fuel per hour 0.211  L/hour

Diesel ©

16 Fuel Consumption

L/hr
@
!

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 1 90 180 270 365

L/hr
@
1

2] ‘ 1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig 4.31 Diesel Generator Emissions

Table 4.18 and Fig 4.32 below show the cost of the Solar/Generator micro grid system. The
total cost of this systems is R11 104 119.37 with the LCOE of R4.80/kwWh.

Table 4.18 Solar/Generator total cost

Payback

System Configuration |Capital (R) Repalcement (R) |Operating (R) |Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh) |Period |IRR (%) |[ROI (%) [NPV (R)
(yrs)

Fronius Symo 20.0-3-M_|R106,751.25 R116,031.92 R91,975.11 R0.00 -R21,24533  |R293,512.95  [4.80 5.81 18.0 155 940,994.00

Hoppecke 24 OPzS 3000 |R2,448,000.00 _ |R3,746,447.91 _ |R3,392,166.95 |R0.00 -R566,542.12__|R9,020,072.74

i'(;‘g\‘,’v Bagle  PERCO02748,800.00 R0.00 R125,40486  |R0.00 R0.00 R874,204.86

inko60/300 - Dedicated) 76 500,00 R48,763.18 R13250652  |R0.00 -R12039.02  |R245,730.68

Converter

Kohler 48kW Standby _ |R171,385.50 R0.00 R24,676.35 R415,124.73 -R27,194.02 __|R583,992.56

Other R0.00 R0.00 R86,605.57 R0.00 R0.00 R86,605.57

System R3,551,436.75 _ |R3,911,24301 _ |R3,853,335.37 |R415,124.73 -R627,020.49 _ |R11,104,119.37

Economic cost of Solar/Generator Hybrid micro grid
R14,000,000.00 6.00

R12,000,000.00

5.00
R10,000,000.00
4.00
R8,000,000.00
3.00
R6,000,000.00
2.00
R4,000,000.00
o . l -
R0.00 | || 0.00
Fronius Symo 20.0- Hoppecke 24 OPzS Jinko Eagle PERC60 Jinko60/300 Kohler 48kwW Other System
3-M 3000 300W Dedicated Standby
Converter
mm Capital (R) Repalcement (R) Operating (R) Fuel (R) === COE (R/kWh)

Fig 4.32 Solar/Generator system Cost

45.1 NPV, IRR and Payback Period

Net Present Value (NPV) of this system is R940 994.00 which shows that this project is viable
to the investor because NPV is greater than zero (NPV > 0). The internal rate of return is 18.0%,
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which is greater than the discount rate of 8.02 %, shows the loss from this project. The Return
on Investment is 15.5%, which means this project is profitable. The internal rate of return is
18.0%, which will be good depending on the interest rate from the project. The payback period
of the loan is 5.81 years if this project is financed by debt from borrowers.

4.5.2 Sensitivity Analysis Results of Solar/Generator micro grid system
The Solar/Generator micro grid system is sensitive to changes in the price of diesel for the

generator. Sensitivity analysis results are shown in Fig 4.33 below.

437000 484
3700 . Total Operating Cos

436800 . Cost of Energy (R)
483

482

st (R)

Y 436400
£ 481

of Energy (R)

2 436200

Cost

3 48
436000 -

479

435600 T 478
1295 1395 14.95

Diesel: Fuel Price (R/L)

Fig 4.33 Sensitivity analysis results graph

As diesel price increases from R13.00/litre to R14.00/litre and R15.00/litre, Operating Cost/yr
increases from R436 039 to R436 498 and R436 864 respectively. As a result, the COE increase
from R4.80/kWh to R4.82/kWh and to R 4.83/kWh respectively. An increase of the COE from
a higher value of R4.80/kWh (USD $0.32/kWh) to R4.83/kWh (USD $0.32/kWh) means the

cost of energy is becoming expensive for the consumer.

4.6 Wind micro grid
4.6.1 Wind speed

The wind speed results after extrapolation at Ha Lehloara have been shown below, in Table

4.19 and Fig 4.34 respectively.
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Table 4.19 Extrapolated wind speeds of Ha Lehloara village

Wind Speed Wind

@ speed

anenometer Hub Anenometer | Roughness @hub

Month height height height height Numerator Denominator LN -F LN-G height
January 4.13 40 10 0.01 4000 1000 8.29405 | 6.907755 4.96
February 3.84 40 10 0.01 4000 1000 8.29405 | 6.907755 4.61
March 3.9 40 10 0.01 4000 1000 8.29405 | 6.907755 4.68
April 3.96 40 10 0.01 4000 1000 8.29405 | 6.907755 4.75
May 4.17 40 10 0.01 4000 1000 8.29405 | 6.907755 5.01
June 4.61 40 10 0.01 4000 1000 8.29405 | 6.907755 5.54
July 4.71 40 10 0.01 4000 1000 8.29405 | 6.907755 5.66
August 5.11 40 10 0.01 4000 1000 8.29405 | 6.907755 6.14
September 5.33 40 10 0.01 4000 1000 8.29405 | 6.907755 6.40
October 4.98 40 10 0.01 4000 1000 8.29405 | 6.907755 5.98
November 4.47 40 10 0.01 4000 1000 8.29405 | 6.907755 5.37
December 4.21 40 10 0.01 4000 1000 8.29405 | 6.907755 5.05
Average 5.35

The average wind speed is 5.35 m/s. Since Ha Lehloara village is in the mountains of Lesotho,

the roughness will be taken as 0.01.
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Fig 4.34 Wind speed at Ha Lehloara

Fig 4.35 below shows the wind profile curve from HOMER for the above extrapolated wind

speeds at an average wind speed of 5.35 m/s.

Height (m)

Wind Speed Profile

Wind Speed (m/s)

3

Fig 4.35 Wind profile at Ha Lehloara
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46.2 Wind turbine

The AWS HC 3.3kW wind turbine is chosen for this system. The purchase cost is USD $25,000
[108], (or R375000). The shipment and installation costs could amount to 15% of the initial
cost. Therefore, the total capital cost will be 375000 x 1.20 = R450000. Maintenance and
Operation cost is calculated at 5% of the capital cost. Thus, Maintenance cost will be 5% x
R450000 = R22500. Fig 4.36 below shows some input values and wind power generation curve

of wind turbine. Table 4.20 gives an overview of Datasheet of wind turbine [108] used in this

Remaove
WIND TURBINE A Name: | AWS HC 3.3kW Wind Turb | Abbreviation: | AWS3.3
l Copy To Library
Properties Costs Quantity Optimization
§ ; — Capital Replacement 0&M HOMER Optimizer™
MName: AWS HC 3.3kW Wind Turbine Quantity ®) ®) Riyear) ®) Search Space
Abbreviation: AWS3.3kW 1 R450,000.00 R300,000.00 R22,500.00 X Quantity
Rated Capacity (kW): 3.3 Click here to add new item ;
Manufacturer: AWS Multiplier @ @ @ 3
4
Site Specific Input 5
Lifetime (years) 20.00 @ Hub Height (m) 12.00 @ # Consider ambient temperature effects? f
Electrical Bus
) AC DC
Power Curve | Turbine Losses | Maintenance
Wind Turbine Power Curve
Wind Speed (m/s) Power Output (kW. ==
= 5
==
22 0.04 = 4
5
£ 34
ey 009 8 2
3.1 0.15 A4
Lo T T
36 023 0 2 4 6 8 10 12
4 033 7 Wind Speed (m/s)

Fig 4.36 Search space of wind turbine
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Table 4.20 Datasheet of wind turbine

Rated Output 3300W

Rated Wind Speed 10.5m/s, 24mph

Peak Output 3650W

CutlIn 2.7m/s, 6mph

Generator PM 3 phase alternator (variable speed)
RPM—50Hz/60Hz 375 /450

Over Speed Limit 525RPM / 70Hz

Rotor Diameter 4.65m / 15f

Number of Blades 3 standard (6 for extra charge)
Swept Area 6.4 sg.m/ 175 sq.feet

Min Tip Clearance 36¢cm / 14in

Operating Life 20 years

Survival Wind Speed 55 m/s

Unit Weight (Tower Top) T7kg

Gov. Shut down speed/opt stop Electro-dynamic Switch
Govern Speed 27mph

Governor-Over Speed Limit Uptilt tilt (Hydraulic assisted)
Lateral Thrust (max) 3200nts

Suggested Routine Maintenance Annual Inspection

4.7 Wind/Generator system configuration

The wind turbine 3.3 kW and Kohler generator used for hydro micro gird, were both used for
wind/generator micro grid system. Fig 4.37 shows the system configuration for wind/generator

for the supply of energy to Ha Lehloara.
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Fig 4.37 Wind/Generator system configuration

Fig 4.38 shows Wind/Generator system simulations results from HOMER. The wind/generator
produces 30 kW from wind and 48 kW from generator.

Optimization Results

el Left Double Click on a particular system 1o see its detailed Simulation Results.

Architecture Cost System Kohl48
+ ; AWS33kw ¥ K&me V| Efficiencyt | Dispatch (ECR))E 0 v I\(I;)C 0 Y Oper(aRt/i;rg) cost 0 Y Initial(Pc\)apital ' Re?g{l;rac 0 e Tozf/l;\;el Y Hours ¥ P"Ef\:f;;on Y F(USI ¥
+ ; 30 48.0 1.00 cC R14.49 R33.5M R1.14M R13.7M 504 23,600 4416 66,145 23,600
+ : 30 48.0 0 LF R14.49 R33.5M R1.14M R13.7M 504 23,600 4416 66,145 23,600
A E 30 48.0 1.00 LF R14.49 R335M  R1.14M R13.7M 504 23,600 4416 66,145 23,600
+ : 30 48.0 0 cc R14.49 R33.5M R1.14M R13.7M 504 23,600 4,416 66,145 23,600
+ ; 35 48.0 0 cc R16.19 R37.4M R1.24M R15.9M 54.8 21,525 4,027 60,331 21,525
+ : 35 48.0 1.00 LF R16.19 R37.4M R1.24M R15.9M 54.8 21,525 4,027 60,331 21,525
+ ; 35 48.0 0 LF R16.19 R37.4M R1.24M R15.9M 54.8 21,525 4,027 60,331 21,525
+ : 35 48.0 1.00 cC R16.19 R37.4M R1.24M R15.9M 54.8 21,525 4,027 60,331 21,525
+ ; 40 48.0 1.00 LF R17.95 R41.5M R135M R18.2M 58.1 19,947 3,731 55,914 19,947

Fig 4.38 Wind/Generator system simulations

Fig 4.39 below shows the electricity production from this system which shows energy supply

mix from both wind and generator.

Monthly Average Flectric Production
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Fig 4.39 Wind/Generator electricity production
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Table 4.21 and Fig 4.40 below show Wind/Generator micro grid system’s average monthly

electricity Consumption of 71.3% from wind and 28.7 % from generator.

Table 4.21 Wind/generator micro grid monthly electricity Consumption

kWh/yr %

AWS HC.: 33 kW 164,323 71.3
wind turbine

Kohhler 48 kW 66,145 98.7
standby

Excess electricity 97,057 42.1
Unmet 58.5 0.0428
Capacity Shortage 58.5 0.0428
Load 133,411 100

Wind/generator micro grid monthly consumption

180,000

100.0
160,000 90.0
140,000 80.0
70.0
120,000
- 60.0
< 100,000
= 500 X
= 80,000 m kWh/yr
™ 40.0
%
60,000
=1 0.0
40,000 20.0
20,000 10.0
AWSHC3,3 Kohhleras Excess Unmet Capacity Load
kW wind kW standby electricity Shortage
turbine

Fig 4.40 Wind/Generator electricity consumption

Fig 4.41 below shows that a generator operates 4 416 hours annually and burn 23600 litres of
diesel as carbon emissions.

Quantity Value | Units Quantity Value | Units

Quantity Value Units
Hours of Operation 4,416  hrs/yr Electrical Production 66,145 kWh/yr Fuel Consumption 23,600 L
Number of Starts 939 starts/yr Mean Electrical Output 15.0 kW Specific Fuel Consumption  0.357 L/kWh
Operational Life 3.40 yr Minimum Electrical Output  12.0 kw Fuel Energy Input 232,227 kWh/yr
Capacity Factor 157 % Maximum Electrical Output  48.0 kw Mean Electrical Efficiency 28.5 %
Fixed Generation Cost 319 R/hr

Marginal Generation Cost  3.45 R/kWh

Generator Power Output

180
Day of Year

Fig 4.41 Diesel Generator fuel consumption
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Table 4.22 below shows the amount of carbon emissions which is 61,762 kg per annum, that
get into the atmosphere as a result of burning 23 600 litre of diesel which causes a lot of
pollution into the atmosphere.

Table 4.22 Carbon emission

Quantity Value | Units
Carbon Dioxide 61,762  kg/yr
Carbon Monoxide 399 ka/yr
Unburned Hydrocarbons 17.0 kg/yr
Particulate Matter 2.36 kag/yr
Sulfur Dioxide 151 ka/yr
Nitrogen Oxides 370 kg/yr

Table 4.23 and Fig 4.42 below shows Wind/Generator system of which the total cost is
R33 489 793.97, with the LCOE of R14.49/kWh.

Table 4.23 Wind/Generator system cost

System Configuration |Capital (R) Replacement (R ) |Operating (R) [Fuel (R) Salvage (R) NPC(R) LCOE (R/kwh)
?ﬁbsinglc 3:3KW Wind R13,500,000.00  |R4,937,229.05  |R11,691,751.88 |R0.00 -R3,186,799.43 |R26,942,181.50 [14.49
Kohler 48kW Standby  |R171,385.50 R760,440.26 R283,778.04  |R5,293,748.02 -R48,344.93 R6,461,006.89
Other R0.00 R0.00 R86,605.57 R0.00 R0.00 R86,605.57
System R13,671,38550 |R5,697,669.30  |R12,062,135.50 |R5,293,748.02 -R3,235,144.35 |R33,489,793.97
Economic cost of Wind/generator micro grid

R80,000,000.00 r 16.00
R70,000,000.00 L 14.00
R60,000,000.00

- 12.00
R50,000,000.00

- 10.00
R40,000,000.00

- 8.00
R30,000,000.00

- 6.00
R20,000,000.00

- 4.00
R10,000,000.00

R0.00 —— r 2.00
AWS MUrhine Kohler 48kw Standby Other m
-R10,000,000.00 - 0.00
N Capital (R) I Replacement (R) Operating (R) N Salvage (R) NPC (R) LCOE (R/kWh)

Fig 4.42 Wind/Generator system cost
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4.8 Solar/wind system configuration

All the components that were used in solar micro grid and wind micro grid will also be used
for this system configuration. Fig 4.43 below shows the system configuration for solar PV/wind

for the supply of energy to Ha Lehloara.

AC DC
AWS3.3kW | Electric Load #1| Jinko60/300

A )

365.67 kWh/d
67.30 kW peak

-

Fig 4.43 Solar/Wind system configuration

Fig 4.44 below shows the optimisation results from HOMER software. Majority of power of
about 135 KW supply comes from solar while wind only provides about 1 kW of energy.

[ + 8 @ Jnk?ki}%a@(]? Jmko(iUBOO-MPPT? MW T 0 Y FEE\;SOY i1 ¥ Digch ¥ C(E)E 07 I\[IE]C 07 Oper{aRt/;?) ost 0v

[«
FABE 550 1 BB 0 F BB RN R
mABE 50 w B R0 0 BB RUM RS
PN L AR 50 1 B R0 W0 Rl RUM RS
FABE® 50 1 BB 0 C BB RIM MBS

Fig 4.44 Solar/Wind system output
Fig 4.45 below shows the monthly average electricity production in which over 94% of

electricity consumption of load is provided by solar while rest is from wind.

Monthly Average Electric Production

Jinko300 25 ¢
A3

134
3
)

104

5_

0
Jan Feb Mo A Mgy i Ju hig  Sep Ot Nov Dec

Fig 4.45 Solar/Wind micro grid monthly electricity Production
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Table 4.24 and Fig 4.46 below show Solar/Wind micro average monthly electricity
Consumption. This micro grid is not able to supply the village all with all energy demands.

There is capacity shortage of 4.96%.

Table 4.24 Solar/Wind micro grid monthly electricity consumption

kWh/yr %

Hydro 30 kW 328,704 94.00
Jinko Eagle

PERCEO 19,254 5.53
Kohler 48 kW 132 0.0379
Excess electricity 214,248 61.50
Unmet electric load - -
Capacity Shortage - -
Load 133,470 100.00

Solar/wind micro grid monthly electricity consumption

200,000 100.00
180,000
160,000 80.00
140,000
.. 120,000 60.00
Z
_é 100,000 X
= 80,000 40.00
60,000
40,000 20.00
20,000
Jinko Eagle AWS HC 3.3 kW Excess electricity Unmet electric Capacity Load
PERC60 wind turbine load Shortage

Fig 4.46 Solar/Wind electricity consumption

Table 4.25 and Fig 4.47 below show the total cost of the Solar/Wind micro grid system of
which the total cost is R11 195 902.36 and LCOE of R5.03/kWh.
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Table 4.25 Solar/Wind total cost

System Configuration |Capital (R) Replacement (R ) |Operating (R) [Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)
?l:’:lbsine"'c 33kW Wind| 2 166,000.00 R164,574.30 R389,725.06  |R0.00 R106226.65 |R898,072.72  |5.03

Fronius Symo 20.0-3-M _|R83,028.75 R90,247.05 R7153620  |R0.00 R1652415  |R228,287.85

Hoppecke 24 OPZS 3000 |R2,448,000.00 _ |R3,746,447.91  |R3,392,166.95 |R0.00 _R566,542.12  |R9,020,072.74

;g‘g\c/’v Bagle  PERC60| 2621 800.00 R0.00 R10581035  |R0.00 R0.00 R737,610.35

Jinko60/300  Dedicated 4 156 59 R44,699.58 R121,46431  |R0.00 R11,035.77  |R225.253.12

Converter

Other R0.00 R0.00 R86,60557 _ |R0.00 R0.00 R86,605.57

System R3,682,953.75  |R4,045968.84  |R4,167,30844 |R0.00 “R700,328.68 _ |R11,195,902.36

Economic cost of solar/wind micro grid

R25,000,000.00
- 4.90

R20,000,000.00

R15,000,000.00

- 2.90

R10,000,000.00

- 1.90

R5,000,000.00
RO.00 — I 090
- I I
AWS HC 3.3kW Wind Fronius Symo 20.0-3- Hoppecke 24 OPzS Jinko Eagle PERC60 Jinko60,/300 Dedicated Other System
Turbine M 3000 300w Converter
-R5,000,000.00 - -0.10
B Capital (R) = Replacement (R) Operating (R) = Salvage (R) NPC (R) LCOE (R/kWh)

Fig 4.47 Solar/Wind system Cost

4.9 Solar/Wind/Generator system configuration

All components used in solar micro grid and wind/generator micro grid will also be used for
this system configuration. Fig 4.48 below shows the system configuration for Solar PV/ wind/

generator microgrid system for the supply of energy to Ha Lehloara.

AC DC
Kohl48 Electric Load #1| Jinko60/300

reae el
F = Q
365.67 kWh/d
67.30 kKW peak
AWS3.3kw Fron20 H3000

Fig 4.48 Solar/Wind/Generator microgrid system configuration
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Fig 4.49 below shows Solar/Wind/Generator system simulations from HOMER. The solar
micro grid produces 150 kw Power, while generator produces 48 kW and 1 kW of power

comes from wind.

Optimization Results

xport... Left Double Click on a particular system to see its detailed Simulation Results.

Architecture

P + =@ Z] Jinko60/300 T Jinko60/300-MPPT T AWs23kwW T Kohl48 T H3000 ¥ Fron20 ¥ Efficiency! ¥ Dispatch ¥ C‘(;‘E oV NPC 0V

(kW) (kw) (kw) (kw) (R)
m | P w0 550 1 480 a3 450 1.00 LF R5.16 R11.9M
L 0 Sl - 4L 55.0 1 480 13 450 0 LF R5.16 R11.9M
m | P s 60.0 1 480 a3 450 0 LF R5.16 R11.9M
oL e EE s 60.0 1 480 13 450 1.00 Lr R5.16 R11.9M
B B s 55.0 1 480 13 450 0 LF R5.16 R11.9M

Fig 4.49 Solar/Wind/Generator simulations

Fig 4.50 below shows the electricity production in which over 90% of the power is from solar

while the rest is shared evenly by wind and generator.

Monthly Average Electric Production

WKohig 25+
Jinko60300 59 -
ANSIIW g5

2
N

104
54

0 T T T I I 1
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Fig 4.50 Solar/Wind/Generator micro monthly electricity Production

Table 4.26 and Fig 4.51 below show Solar/Wind/Generator micro average monthly electricity
Consumption. All annual power produced is able to meet the load demands with an excess of

over 24.30% which is stored in batteries.
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Table 4.26 Solar/Wind/Generator hybrid micro grid monthly electricity Consumption
kWh/yr %

Jinko Eagle
PERC60

AWS HC 3.3 kW
wind turbine
Kohler 48 kw
standby

Excess electricity 47,026 24.30
Unmet electric load - -
Capacity Shortage - -
Load 133,470 100.00

183,108 94.60

5,477 2.83

4,995 2.58

Solar/wind/generator micro grid monthly electricity consumption

200,000

100.00
180,000
160,000 80.00
140,000
120,000 60.00
L
<
é 100,000 X
x
80,000 40.00
60,000
40,000 20.00
20,000

JinkoEagle AWSHC3.3 Kohhler48 kw Excess Unmet electric  Capacity Load
PERC60 kW wind standby electricity load Shortage
turbine

Fig 4.51 Solar/Wind/Generator electricity consumption

Fig 4.52 shows that a generator operates 388 hours annually and burn 1856 litres of diesel as
carbon emissions.

Quantity Value | Units Quantity Value  Units

Quantity Value | Units
Hours of Operation 388 hrs/yr Electrical Production 4,995  kWh/yr Fuel Consumption 1,856 L
Number of Starts 208  starts/yr Mean Electrical Output 12.9 kw Specific Fuel Consumption  0.372 L/kWh
Operational Life 387 yr 1 Minimum Electrical Output  12.0 kW Fuel Energy Input 18,260  kWh/yr
Capacity Factor 119 % Maximum Electrical Output  44.8 kw Mean Electrical Efficiency 27.4 %
Fixed Generation Cost 31.9  R/hr

Marginal Generation Cost  3.45 R/kWh h

Generator Power Output

90 180 270
Day of Year

Fig 4.52 Diesel Generator Emissions
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Table 4.27 and Fig 4.53 below shows Solar/Wind/generator hybrid micro grid of which the
total cost is R11 928 955.71 and LCOE of R5.16/kWh.

Table 4.27 Solar/Wind/Generator total cost

Payback
System Configuration [Capital (R) Replacement (R ) [Operating (R) |Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh) |Period  [IRR (%) |ROI (%) NPV (R)
(yrs)
?lﬁsmeHc S3WWindlo 1e6,000.00 R16457430  |R389,725.06  |R0.00 -R106,226.65 |R898072.72  |5.16 1364 |61 4.7 39,868.00
Fronius Symo 20.0-3-M |R106,751.25 R116031.92  [R9197511  |R0.00 ‘R2124533  |R293512.95
Hoppecke 24 OPz5 3000 [R2,448,000.00  [R3,746447.91  [R3,392,166.95 |R0.00 -R566,542.12  |R9,020072.74
“;'(;'g\‘;/ Bagle PERCEDlcr0000000  |R00 RU7S6706  |RO.00 R0.00 R819,567.06
Vinko60/300 - Dedicated o7, 155 g RA469958  |R12146431  |RO.00 R103577  |R225.253.12
Converter
Kohler 48kW Standby  |R171,385.50 R0.00 R24,93340  |R416,243.07 ‘R26690.43  |R58587154
Other R0.00 R0.00 R86,60557  |R0.00 R0.00 R86,605.57
System R3,948,261.75  |R4071,753.72  [R4,224437.46 |R416,243.07 -R731,74029  [R11,928,955.71
Economic cost of solar/wind/generator micro grid
R30,000,000.00 | 585
R25,000,000.00 L 5.00
R20,000,000.00 L 315
R15,000,000.00 | 330
R10,000,000.00 L 245
RS5,000,000.00 - 1.60
R0.00 f— ! — ! F 075
AWS HC 3.3kW  Fronius Symo 20.0- Hoppecke 24 OPzS Jinko Eagle PERC60 Jinko60/300 Kohler 48kw Other System
Wind Turbine 3-M 3000 300W Dedicated Standby
Converter
-R5,000,000.00 0.10
W Capital (R) Replacement (R) Operating (R) mmm Salvage (R) NPC (R) LCOE (R/kWh)
Fig 4.53 Solar/Wind/generator system Cost
4.9.1 NPV, IRR and Payback Period

Net Present Value of this system is R39 868, which shows that this project is viable to the

investor because NPV is greater than O (NPV > 0). The internal rate of return is 6.1 % which

might yield some profit depending on the rate of interest that accrues to the borrower of funds

for the project. Return on investment is 4.7% which shows that the project is profitable. The

payback period of the loan is 13.64 years if this project is financed by debt from borrowers.

87




4.9.2 Sensitivity Analysis Results

Fig 4.54 below shows the graph for sensitivity results of Solar/wind/Generator hybrid micro
grid system. Solar/wind/Generator hybrid micro grid system is sensitive to changes in the price
of diesel for the generator.

465000+ T30 B ot Opertng Cos

464000 - l Cost of Energy (R)

463000

4620004

c

ating Cost (R}
U

g
& 451000 -
0 -5l
F
s

Cost of Energy (R}

460000

4390001

458000 54
1295 1395 1495

Diesel: Fuel Price (R/L)

Fig 4.54 Sensitivity analysis results

As the diesel price increases from R13.00/litre to R14.00/litre and to R15.00/litre, the COE
increases from R5.16/kWh to R5.17/kWh and to R5.19/kWh respectively, which shows that
the cost of energy is becoming expensive for the consumer. This means that this option of
Solar/Wind/Generator hybrid micro grid configuration is economically viable compared to
LCOE of R5.00/kWh (USD $0.344/kwWh) from One Power’s PV/battery hybrid at Ha Makeme
[107].

4.10 Solar/hydro hybrid micro grid system configuration

All the components that were used for Solar system configuration will be used for this system
configuration. In addition, 20 kW Radial Pipe for Hydro Turbine for Mountain Area was
chosen for this study. Fig 4.55 below shows the system configuration for Solar/hydro hybrid
micro grid for the supply of energy to Ha Lehloara.
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SCHEMATIC

AC DC
30kw Electric Load #1| Jinko60/300

365.67 kWh/d
67.30 kW peak

Fron20 H3000

Fig 4.55 Solar/hydro hybrid micro grid system configuration

Fig 4.56 below shows Solar/hydro hybrid micro grid system simulations. Power from solar is 30 kW,
while from hydro is 29.4 kW.

Architecture

m % E Jinko60/300 v Jinko60/300-MPPT Y| H3000 ¥ 30kw v Fron20 Y Ffficiency? Y| Dispatch ¥ COE o 7

(kW) (kW) (kw) (lkw) (R)
a3 P 300 5.00 294 200 1.00 LF R7.95
& 5 P 300 5.00 294 20.0 0 cc R7.95
a3 P 300 5.00 294 200 0 LF R7.95
& 5 P 300 5.00 294 20.0 1.00 cc R7.95
o

#% B 300 0 294 250 1.00 LF R7.96

Fig 4.56 Solar/hydro hybrid micro grid system simulations

Fig 4.57 shows the Solar/hydro hybrid micro grid uniform electricity production, in which over
94% comes from hydro and the rest comes from generator.

Montily Average FecricProducon

ko030 -
30k 0.

R M A My b W Ay S 0 N Du

Fig 4.57 Solar/hydro hybrid micro grid electricity consumption

Table 4.28 and Fig 4.58 below show the Solar/hydro’s monthly average electricity
consumption. Despite over 90% annual power production, there is still an annual shortage of

about 1.6 %, which is not able to meet annual load.
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Table 4.28 Solar/hydro electricity consumption

KWh/yr %
Jinko Eagle
PERCEO 19,254 5.53
hydropower 328,704 94.50
Excess electricity 216,620 62.30
Unmet electric load 2,133 1.60
Capacity Shortage 2,176 1.63
Load 131,336 100.00
Solar/hydro micro grid monthly electricity consumption
350,000 100.00
300,000
80.00
250,000
E. 200,000 s
E 150,000 06
100,000
20.00
50,000
Jinko Eagle hydropower Excess Unmet electric Capacity Load
PERC60 electricity load Shortage

Fig 4.58 Solar/Hydro electricity consumption

(%

Table 4.29 and Fig 4.59 below show the cost of Solar/hydro microgrid, of which the total cost
is R22 577 163.47 and LCOE is R9.92/kWh.

Table 4.29 Solar/Hydro total cost

System Configuration |Capital (R) Replacement (R ) |Operating (R) [Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)
SOkw Water Pipe in Pipe| o1 o 176 00000 |R0.00 R2,611,157.92 |R0.00 R0.00 R17,686,157.92 |9.92

out Hydro Turbine

Fronius Symo 20.0-3-M _|R47,445.00 R51,560.74 R40,877.83 _ |R0.00 _R9,442.37 R130,450.20

Hoppecke 24 OPzS 3000 |R1,224,000.00 _ |R1,873,223.96 _ |R1,696,083.47 |R0.00 R283271.06  |R4,510,036.37

Jslgg\(/)v Eagle  PERC60\2140,400.00 R0.00 R2351341  |R0.00 R0.00 R163,913.41

Other R0.00 R0.00 R86,60557  |R0.00 R0.00 R86,605.57

System R16,486,84500 |R1,924,79370 |R4,458,238.20 |R0.00 R292,71343  |R22,577,163.47
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Economic cost of solar/hydro micro grid

R50,000,000.00
R40,000,000.00
R30,000,000.00
R20,000,000.00

4.15
R10,000,000.00 330
245

RO.00
30kw Water Pipe in Pipe  Fronius Symo 20.0-3-M  Hoppecke 24 OPz5.3000 Jinko Eagle PERC60 300W Other System
out Hydro Turbine 0.75

-R10,000,000.00 -0.10

Fig 4.59 Solar/Hydro system cost
4.11 Solar/hydro/diesel generator system configuration

All the components that were used for Solar/Hydro system configuration will be used for this
system configuration. In addition, the generator that was used in the previous system
configurations will also be used for this system. Fig 4.60 shows the system configuration for

Solar/hydro/diesel generator for the supply of energy to Ha Lehloara.

SCHEMATIC

AC DC
Kohl48 Electric Load #1| Jinko60/300

365.67 kWh/d
67.30 kW peak

30kw Fron20 H3000

Fig 4.60 Solar/Hydro/Generator system configuration

Fig 4.61 below shows Solar/hydro/generator system simulations. The power from solar is 30 kW,
from hydro is 29.4 kW while from the generator is 48 kW.

LA :}% @ Jinko60/300 v JinkoG0/300-MPPT 7 Kohl48 T o ¥ 30kw v Fron20 Y ticengt ¥ Disetch ¥ C[%E o 7 N(:)C o v

(kw) (kw) (k) ()
g (P 500 440 BN 1M IF RAOL RIBEM
FE $Pw 500 440 BW 0 ( RSO RIB6M
g %P 50 40 WoW 0 IF RA4 RIBEM
g %P0 50 440 BN 1N e R4 RIB6M
i %P 0 40 VDT IR IF RS RIBEM
i %P0 0 ) B4 B0 ( RS05  RIBGM

Fig 4.61 Solar/Hydro/generator system simulations
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Fig 4.62 shows the Solar/Hydro/Generator electricity production, in which over 94 % of power
comes from hydro, over 5% comes from solar while the rest comes from generator. All annual
power produced is able to meet the load demands with an excess of over 61.50 which is stored
on batteries.

Monthly Average Electric Production

B Kohl48 504

1 inkob0/300 40 -

30k 30
2

X

20+
104
0_

Jan Feb Mar Apr May Jun Jul Aug Sep Qct Nov Dec

Fig 4.62 Solar/hydro/generator electricity consumption
Table 4.30 and Fig 4.63 below shows Solar/hydro/generator electricity consumption.

Table 4.30 Solar/hydro/generator electricity consumption

kWh/yr %
Jinko Eagle
PERC60 300W 19.254 553
Kohhler 48 kW 132 0.0379
standby
hydro 30 kW 328,704 94.40
Excess electricity 214,248 61.50
Unmet electric load - -
Capacity Shortage - -
Load 133,470 100
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Solar/hydro/generator micro grid monthly electricity consumption
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Fig 4.63 Solar/Hydro/Generator electricity consumption
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Fig 4.64 below shows that a generator operates 388 hours annually and burn 1856 litres of

diesel as carbon emissions.

Hours of Operation
Mumber of Starts
Cperational Life
Capacity Factor

Fixed Generation Cost

Marginal Generation Cost  3.45

Quantity Value

Units

hrs/yr
startsfyr

yr -
5 %

R/hr

Rikwh =

Quantity
Electrical Production

Mean Electrical Output

Minimum Electrical Qutput

Maximum Electrical Output  29.7

Units
KWhyyr
KW

Value
4102
128
120

Generator Power Output

Quantity

Fuel Consumption

Specific Fuel Consumption 0,372

Fuel Energy Input
Mean Electrical Efficiency

Fig 4.64 Diesel Generator fuel consumption

Value | Units
1526 L
LAkWh
15014 kWhiyr
73 %

Table 4.31 and Fig 4.65 below show the cost of the Solar/hydro/generator system, of which the
total cost is R22 706 805.97 and LCOE is R9.82/kWh.

Table 4.31 Solar/Hydro/Generator total cost

System Configuration |Capital (R) Replacement (R ) |Operating (R) [Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)
SOkw Water Pipe in Pipe| o1 o 176 00509 |R0.00 R2,611,157.92 |R0.00 R0.00 R17,686,157.92 |9.82
out Hydro Turbine

Fronius Symo 20.0-3-M _|R47,445.00 R51,569.74 R40,877.83 _ |R0.00 _R9,442.37 R130,450.20
Hoppecke 24 OPZS 3000 |R1,224,000.00 _ |R1,873,223.96  |RL,696,083.47 |R0.00 "R283,271.06  |R4,510,036.37

JBI(?(l)(\c/)V Bagle  PERC60\2140,400.00 R0.00 R2351341  |R0.00 R0.00 R163,913.41
Jinko60/300  Dedicated| o 175 o R4,063.60 R11,04221  |R0.00 -R1,003.25 R20,477.56

Converter

Kohler 48kW Standby _ |R171,385.50 R0.00 R706.87 R11,226.64 R74154.07 _ |R109,164.94

Other R0.00 R0.00 R86,60557 _ |R0.00 R0.00 R86,605.57

System R16,664,60550 |R1,928.857.30  |R4,469,987.29 |R11,226.64 R367,870.75  |R22,706,805.97
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Economic cost of solar/hydro/generator micro grid

R50,000,000.00
- 10.10

r 9.25

R40,000,000.00
- 8.40

- 7.55
R30,000,000.00
- 6.70

- 585

R20,000,000.00 | 5.00
- 415
R10,000,000.00 L 3.30
- 245
R0.00 ! - 1.60
30kw Water Pipe in Fronius Symo 20.0- Hoppecke 24 OPzS linko Eagle PERC60 Jinko60/300 Kohler 48kw Other System
Pipe out Hydro 3-M 3000 Dedicated Standby L 075
Turbine Converter
-R10,000,000.00 - -0.10
mmmm Capital (R) = Replacement (R) Operating (R) = Salvage (R) NPC (R) LCOE (R/kWh)

Fig 4.65 Solar/Hydro/Generator system cost

4.12 Solar without storage/hydro system configuration

All the components except battery that were used for Solar system configuration will be used
for this system configuration. In addition, 20 kW Radial Pipe for Hydro Turbine for Mountain
Area was chosen for this study. Fig 4.66 below shows the system configuration for Solar

without battery/hydro hybrid micro grid for the supply of energy to Ha Lehloara.

SCHEMATIC

AC DC
30kw Electric Load #1 Jinko60/300

365.67 kWh/d
67.30 kW peak

Fron20

Fig 4.66 Solar without battery/hydro hybrid micro grid system configuration

Fig 4.67 below shows Solar without battery/hydro hybrid micro grid system simulations. Power from
solar is 30 kW, while from hydro is 29.4 kW.
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% P Jirwk?ki%BOO T Jinkoeo(ﬁﬁ?-mpm T 3&% T Frg&zo | Efficiency? | Dispatch ¥ C(%E oV
m S B 300 5.00 29.4 20.0 1.00 cc R7.95
w3 B7) 300 5.00 294 20.0 0 cc R7.95
w3 B2 300 5.00 294 20.0 1.00 LF R7.95

Fig 4.67 Solar without battery/hydro hybrid micro grid system simulations

Fig 4.68 shows the Solar/hydro hybrid micro grid uniform electricity production, in which over
94% comes from hydro and the rest comes from generator.
Montily Average BscricPoduction
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Fig 4.68 Solar/hydro hybrid micro grid electricity consumption

Table 4.32 and Fig 4.69 below show the Solar/hydro’s monthly average electricity
consumption. Despite over 90% annual power production, there is still an annual shortage of

about 1.6 %, which is not able to meet annual load.

Table 4.32 Solar without battery/hydro electricity consumption

kWh/yr %

Jinko Eagle

PERCE0 19,254 5.53
hydropower 328,704 94.50
Excess electricity 216,620 62.30
Unmet electric load 2,133 1.60
Capacity Shortage 2,176 1.63
Load 131,336 100.00
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Solar without battery/hydro micro grid monthly electricity
consumption
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Fig 4.69 Solar without battery/Hydro electricity consumption
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Table 4.33 and Fig 4.70 below show the cost of Solar/hydro micro grid, of which the total cost
is R18 087 604.66 and LCOE is R7.95/kWh.

Table 4.33 Solar without battery/Hydro total cost

System Configuration |Capital (R) Replacement (R ) |Operating (R) [Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)
SOkw Water Pipe in Pipe| o1 o 176 00000 [R0.00 R2,611,157.92 |R0.00 R0.00 R17,686,157.92 |7.95
out Hydro Turbine
Fronius Symo 20.0-3-M _|R47,445.00 R51,569.74 R40877.83  |RO.00 _R9,442.37 R130,450.20
;g]g\?v Bagle  PERC60I2140,400.00 R0.00 R2351341  |R0.00 R0.00 R163,913.41
Jinko60/300  Dedicated) o 275 o R4,063.60 R11,04221  |R0.00 -R1,003.25 R20,477.56
Converter
Other R0.00 R0.00 RE6,60557  |R0.00 R0.00 RE6,605.57
System R15,269,220.00  |R55,633.34 R2,773,196.94 |R0.00 R10,44562 _ |R18,087,604.66
Economic cost of Solar without battery/hydro micro grid
R40,000,000.00 8.90
R35,000,000.00 790
R30,000,000,00 6.90
R25,000,000.00 5.90
R20,000,000.00 4.90
R15,000,000.00 390
R10,000,000.00 290
RS,000,000.00 1.90
RO.00 0.90

30kw Water Pipe in Pipe  Fronius Symo 20.0-3-M  Jinko Eagle PERC60 300W  JinkoB0/300 Dedicated

out Hydro Turbine

-R5,000,000.00

—Capital (R}

m— Replacement (R )

Operati

Converter

ng(R)  wemm Salvage (R)

NPC [R)

Other

LCOE (R/kWh)

System

Fig 4.70 Solar without battery/hydro micro grid system cost

96




4.13 Solar/hydro/wind system configuration

All the components that were used in solar micro grid and wind micro grid will also be used
for this system configuration. In addition, the 20 kW Radial Pipe used for the Hydro Turbine
for Mountain Area was chosen for this system. Table 4.34 below shows the datasheet of 20
kW Radial in Pipe Hydro Turbine [109].

Table 4.34 Datasheet of 20 kW Radial in Pipe Hydro Turbine

Full flow
\évi%t:r Power output per Water head(m)
diameter

3m 5m 10m  20m 30m 40m
65mm 1.5kw 2kw 3kw
80mm 1.5kw  2kw 3kw 5kw
100mm 2kw 3kw  5kw/6.5kw  8kw/10kw  12kw/15kw
150mm 3kw 5kw | 10kw 15kw 20kw
200mm 3kw  5kw 10kw  20kw 30kw 40kw
250mm 3kw  5kw/8kw ' 15kw | 30kw 40kw/45kw

Fig 4.71 shows the system configuration for Solar/hydro/wind micro grid for the supply of

energy to Ha Lehloara.

AC DC
30kw Electric Load #1| Jinko60/300

r— —

K- @]

365.67 KWh/d
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AWS3.3kW Fron20 H3000

A

Fig 4.71 Solar/hydro/Wind configuration

Fig 4.72 below shows optimisation results. The power from solar is 30 kW, from hydro is 29.4
kW while from wind is 1 kW.
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Optimization Results
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Fig 4.72 Solar/hydro/Wind configuration

Fig 4.73 below shows the electricity production from this system. Over 90 % of electricity
produced, comes from hydro and over 5% comes from solar, while over 1% comes from the

generator.

Monthly Average Electric Production
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Fig 4.73 Solar/Hydro/Wind electricity production

Table 4.35 and Fig 4.74 below show the Solar/Hydro/Wind micro grid average monthly
electricity Consumption. Despite over 90% annual power production, there is an annual
shortage of about 1.47 %, which implies that the system is not able to meet annual load.

Table 4.35 Solar/Hydro/Wind micro grid monthly electricity Consumption

kWh/yr %

Jinko Eagle

PERCE0 19,254 5.45
AWS HC.: 33 kw 5,260 1.49
wind turbine

hydropower 328,704 93.10
Excess electricity 221,667 62.80
Unmet electric load 1,920 1.44
Capacity Shortage 1,963 1.47
Load 131,549 100.00
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Solar/hydro/wind micro grid monthly electricity load Consumption

350,000

300,000

250,000

kWh/yr

200,000

150,000

100,000

5

0,000

Jinko Eagle
PERC60

AWSHC3.3
kW wind
turbine

hydropower

Excess
electricity

Unmet electric
load

Capacity
Shortage

Load

Fig 4.74 Solar/Hydro/Wind Consumption

100.0

80.00

60.00

40.00

0

(%

Table 4.36 and Fig 4.75 below show the cost of the Solar/Hydro/Wind micro grid system, of
which the total cost is R23 475 236.19 and LCOE is R10.30/kWh.

Table 4.36 Solar/Hydro/Wind total cost

System Configuration |Capital (R) Replacement (R ) |Operating (R) |Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)
SOkw Water Pipe in Pipe| o, o 176 00000 |R0.00 R2,611,157.92 |R0.00 R0.00 R17,686,157.92 |10.30
out Hydro Turbine
¢Lmsin:0 3.3kW Wind R450,000.00 R164,574.30 R389,725.06 R0.00 -R106,226.65 R898,072.72
Fronius Symo 20.0-3-M |R47,445.00 R51,569.74 R40,877.83 R0.00 -R9,442.37 R130,450.20
Hoppecke 24 OPzS 3000 [R1,224,000.00 R1,873,223.96  |R1,696,083.47 |R0.00 -R283,271.06  |R4,510,036.37
i'gg\cl’v Eagle  PERCE0|2140,400.00 R0.00 R2351341  |R0.00 R0.00 R163,913.41
Other R0.00 R0.00 R86,605.57 R0.00 R0.00 R86,605.57
System R16,936,845.00 R2,089,368.00 R4,847,963.27 |R0.00 -R398,940.08 R23,475,236.19
Economic cost of solar/hydro/wind micro grid
R50,000,000.00
10.00

R40,000,000.00

R30,000,000.00

R20,000,000.00

R10,000,000.00
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Fig 4.75 Solar/hydro/wind cost
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4.14 Solar/ Hydro/Wind/Generator system configuration

All the components that were used for the Solar/Wind system configuration will be used for
this system configuration, with an addition of a generator. Fig 4.76 shows the system
configuration for Solar/Hydro/Wind/Generator micro grid for the supply of energy to Ha

Lehloara.

AC DC
Kohla8 Electric Load #1| Jinko60/300

FambiNetd

365.67 kWh/d

$H-E e

AWS3.3kW

Fig 4.76 Solar/Hydro/Wind/Generator configuration

Fig 4.77 below shows Solar/Hydro/Wind/Generator system simulations. The power from solar
is 30 kW, from hydro is 29.4 kw while from wind is 1 kW and 48 kW comes from generator.

L J '{* "; B ‘5},% E Jinko60/300 ¥ linkoGL/300-MPPT Y Aws33kw Y fonl4s Y H3000 Y ?EE\?@W Y fron2d Y Efficiencyt ¥ Dispatch ¥ C(%Eo ¥
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mAE %P0 500 1 480 24 00 0 I; RBA1
mAE kP00 500 1 480 294 200 1.00 cc RE.41
| AR %P0 0 1 40 84 50 1.00 LF RB42

Fig 4.77 Solar/Hydro/Wind/Generator optimisation results

Fig 4.78 shows the solar/hydro/wind/generator microgrid system’s electricity production. Over
90 % of electricity produced comes from hydro, over 5% comes from solar while over 1%

comes from generator.

Monthly Average Electric Production
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Fig 4.78 Solar/Hydro/Wind/ /generator micro grid system electricity production
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Table 4.37 and Fig 4.79 below show the Solar/Hydro/Wind/Generator microgrid system
electricity consumption. The electricity consumption from this system configuration shows that
all the village load will be met and there will be no shortage of electricity. An excess electricity
of 62.20% will be stored on the battery bank.

Table 4.37 Solar/ Hydro/Wind/Generator electricity consumption

kWh/yr %

Hydro 328,704 93.00
Jinko Eagle

PERCE0 19,254 5.45
AWS H(.: 33 kw 5,477 1.55
wind turbine

Kohler 48 kW

standby 96 0.03
Excess electricity 219,724 62.20
Unmet electric load - -
Capacity Shortage - -
Load 133,470 100.00

Solar/hydro/wind micro grid monthly electricity consumption
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Fig 4.79 Solar/Hydro/Wind/generator electricity consumption

Table 4.38 and Fig 4.80 below show the cost of Hydro/Wind/Solar/generator system, of
which total cost is R23 601 246.40 and LCOE is R10.21/kWh.
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Table 4.38 Solar/Hydro/Wind/generator system cost

System Configuration |Capital (R) Replacement (R ) |Operating (R) |Fuel (R) Salvage (R) NPC (R) LCOE (R/kWh)
SOkw Water Pipe in PIpe| oo 176 000,00 [R0.00 R2,611,157.92 [R0.00 R0.00 R17,686,157.92 |10.21
out Hydro Turbine
?L\J’:'bsi‘n:C 3:3kW Wind| 2 156 000.00 R164,574.30 R389,725.06  |R0.00 R106,226.65 |R898,072.72
Fronius Symo 20.0-3-M_|R47,445.00 R51,569.74 R40,877.83 _ |R0.00 _R9,442.37 R130,450.20
Hoppecke 24 OPZS 3000 |R1,224,000.00 _ |RL,873,223.96  |R1,696,08347 |R0.00 "R283,271.06  |R4,510,036.37
;'(;'g\j’v Eagle  PERC60|2140,400.00 R0.00 R2351341  |R0.00 R0.00 R163,913.41
Jinko60/300  Dedicated| o 175 o R4,063.60 R11,04221  |R0.00 -R1,003.25 R20,477.56
Converter
Kohler 48KW Standby _|R171,385.50 R0.00 R514.09 R8,164.83 R74531.76 _ |R105532.65
Other R0.00 R0.00 RE6,60557  |R0.00 R0.00 R86,605.57
System R17,114,60550  |R2,093,431.60  |R4,859,510.57 |R8,164.83 RA74,475.09 _ |R23,601,246.40
Economic cost of solar/hydro/wind/generator micro grid
R60,000,000.00
10.00
R50,000,000.00
R40,000,000.00 8.00
R30,000,000.00
6.00
R20,000,000.00
4.00
R10,000,000.00 I
2.00
RO.00 =
30kw Water Pipe AWSHC3.3kW  FroniusSymo  Hoppecke 24 Jinko Eagle Jinko60/300 Kohler 48kW Other System
in Pipe out Hydro Wind Turbine 20.0-3-M OPzS 3000 PERCB0 300W Dedicated Standby
R10,000,000.00 Turbine Converter 0.00

m— Capital (R ) Replacement (R ) Operating (R)  mmmm Salvage (R) NPC (R} LCOE (R/kWh)

Fig 4.80 Solar/Hydro/Wind/Generator system cost

4.15 DISCUSSIONS

4.15.1 Analysis of different system configurations

All system configurations that included a component of hydro, were found to be not
economically viable mainly because of the high civil works involved in the construction of
diversion weir and power house. Civil works involve construction of diversion weir, power
channel, forebay, penstock, building of powerhouse, tail race channel and desilting tank [110].
The cost/kWh of building the hydropower micro grid system will be R15 000 000/365.67 kWh
= R41020.59/kWh (USD $2734/kwh), which is too high, while the installed cost of
hydropower station between 2010 and 2019 was in the range USD $600/kWh to USD
$4500/kWh [111]. Small hydropower projects normally have very high investments costs per
kWh because of small capacities installed [111]. There will be a need for civil works in order

to construct weir to channel water to micro grid station. The hydro power scheme will be costly
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for micro grid for the Malibamatso river, with an average discharge of about 14.34 m%/s. The
huge capital cost for hydro will be the deterrent that will prevent hydro from coming into the
energy mix. Hydro will be suitable for a small stream whose discharge is below 14.34 m/s.
Residual flow means the flow that will still pass through in order to support both human and
aquatic live beyond the stream. Batteries are not needed for hydro power because there will be
very huge batteries needed to store that hydro power, and the batteries are very expensive. Also,
except for dry seasons, water flows during the day and at night. Since, the load is small which

is 365.67 kWh/day, the cost of hydro power is very expensive for this size of project.

The clearness index is highest in winter (in June and July) because during winter season there
are no clouds in the sky. It starts increasing from April and drops in August. The Clearness
index is lowest in December and January because these are summer months and there are a lot
of clouds which normally result in more rainfall. Therefore, during winter, the sky is usually
clear which result in higher clearness index than in summer when the sky is usually covered
with clouds. Table 4.39 and Fig 4.81 below show the differences in terms of capital, operating,
fuel costs and LCOE for four economically viable system configurations namely: Solar micro
grid, Solar /Generator hybrid micro grid, Solar/Wind hybrid micro grid and

Solar/wind/Generator hybrid micro grid.

Table 4.39 Comparison of economically viable different systems configuration

Configuration Capital cost |O&M Fuel LCOE
Solar micro grid 3,297,990.00 | 3,806,682.85 - 4.64
Solar/Generator hybrid micro grid 3,194,950.00 | 3,852,576.18 | 415,124.73 | 4.80
Solar/wind hybrid micro grid 3,682,953.75 | 4,045,968.84 - 5.03
Solar/wind/Generator hybrid micro grid | 3,948,261.75 | 4,224,437.46 | 416,243.07 | 5.16
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Comparison of economically viable different configuration systems
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Fig 4.81 Comparison of Capital, Operating, Fuel costs and LCOE

The most economically viable is Solar micro grid system configuration with the LCOE of
R4.64/kWh (USD $0.309/kWh) and both Capital and O/M cost close to R7 000 000. This is
followed by Solar/Generator hybrid micro grid, and the third economically viable system
configuration is Solar/Wind hybrid micro grid, while the Solar/wind/Generator hybrid micro
grid system configuration is last. In terms of reliability Solar/wind/Generator hybrid micro
grid system configuration is more reliable because it uses different sources of energy mainly
solar, wind and generator. This means Solar/wind/Generator hybrid micro grid with LCOE of
R5.16/kWh (US $0.43/kWh) system configuration addresses intermittency and availability of
power at all times. Reliability and cost-effectiveness are the main drivers of constructing hybrid
micro grids systems [112]. It must also be emphasised that compared to current electricity tariff
of R1.34 /kWh from Lesotho Electricity Company, R4.64/ kWh or R5.16/kWh is still
expensive if there are no private investors to construct these micro grids. Lastly, Table 4.40
and Fig. 4.82 below, show comparison of viable systems, in terms of battery cost to Capital

cost.
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Table 4.40 Cost of battery to Capital cost

Configuration Battery cost |Capital cost |%(Battery/Capital)

Solar 2,448,000.00 | 3,297,990.00 74%
Solar/Generator 2,448,000.00 | 3,194,950.00 77%
Solar/wind 2,448,000.00 | 3,682,953.75 66%
Solar/wind/Generator 2,448,000.00 | 3,948,261.75 62%

Fig 4.82 below shows that cost of batteries contributes to high capital cost of hybrid micro grid
systems.

Comparison of Battery Cost to Capital Cost
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1,000,000.00

500,000.00

Solar Solar/Generator Solar/wind Solar/wind/Generator

Battery cost Capital cost

Fig 4.82 Battery cost comparison

The cost of battery determines the capital cost in each of the above four viable system
configurations. The higher the battery cost, the higher the capital cost. The cost of battery bank
is above 60% of the capital cost in all of these four system configurations. This high cost of
battery bank makes the hybrid micro grid both technically and economically not viable to most

communities unless they secure external funding.

4.15.2 Analysis of two best optimal system configurations

The two systems configurations that will be analysed further for technical and economic
viability are: Solar/Wind/Generator hybrid micro grid and Solar/Generator hybrid micro grid

from optimisation results.
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a) Technical viability and feasibility

Table 4.39 below shows the technical values that have been compared and Fig 4.83 below
displays the same data pictorially. From Table 4.41 below, the Solar/Generator hybrid micro
grid system configuration shows that the PV output power consumption of 198473 kWh/yr is
slightly higher than the PV output power consumption of the Solar/Wind/Generator hybrid
micro grid of 183108 kWh/yr by 15065 kWh/yr, which is 8.23%. Similarly, power
consumption from the generator is almost the same for both system configurations. Both
system configurations have renewable fraction of 96.3 %, which is higher than the renewable
fraction of 95% that was set in the system constraints. 96.3 % renewable fraction is a good
percentage from environmental perceptive since emissions of around 4843 kg per year cause
less pollution to the atmosphere. These two system configurations have been technically

optimised because all daily load is met and there is no capacity shortage.

Table 4.41 Technical values of two system configurations

System PV Power|Battery Energy InjWind  Power|Generator ET;;S:M Unmet  |Capacity ~ [Renewable  [GHG
Configuration | (kWhiyr) (kWhiyr) (kWhiyr) Power (KWhiyr) ) yLoad(%) shoratge(%)|Fraction(%) |Emissions(kglyr)
Solar/Generator 108,473 7162 - 49%61218 |0 0 975 4843
Solar/Wind/Genertor 183,108 15526 5411 4995143 |0 0 9.3 4856

Similarly, from Fig 4.83 below the values are more or the less the same from these two system
configurations except that for Solar/Wind/Generator hybrid micro grid energy consumption

from wind is around 5477 kWh annually.

Technical viability
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Fig 4.83 Technical values
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Therefore, in terms of less emissions of 4843 kg/yr that are being released to the atmosphere
by Solar/Generator hybrid micro grid system configuration compared to 4856 kg/yr emissions
from Solar/Wind/Generator hybrid micro grid, it is concluded that Solar/Generator hybrid

micro grid is the best technically optimised system configuration.

b) Economic viability and feasibility

Table 4.42 below shows economical values from the two system configurations:

Solar/Wind/Generator hybrid micro grid and Solar/Generator hybrid micro grid.

Table 4.42 Economical values of two system configurations

) . Lcop [avback
System Configuration |Capital (R) [Operating (R) |Fuel (R) NPC (R) (RIkWh) (Perl)od IRR (%) |ROI (%) |NPV (R)
yrs
Solar/Generator 355143675 | 3,853335.37| 41512473 | 11,104119.37 [480  |581 180  |155 940,994.00
Solar/Wind/Generator | 3,948,261.75 | 422443746 | 41624346 | 11,928955.71 [5.16 1364 |61 47 39,868.00
Difference 396,825.00 371,102.09]  1118.73 824836.34 | 036] 783 11901080  901126.00
%Change 11.17% 9.63% 0.27% 743% 750%  [134.77% [66.11% [69.68% |95.76%

The graph in Fig 4.84 below shows the pictorial depiction of the same data for these two system

configurations.
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Fig 4.84 Economical values

All costs such as Capital, operating and fuel costs are less by 11.17%, 9.63%, 0.27%
respectively for Solar/Generator hybrid micro grid as compared to the same costs for
Solar/Wind/Generator hybrid micro grid. Similarly, Solar/Generator hybrid micro grid has
LCOE of R4.84/ kWh (USD $0.32 /kWh) which is less than LCOE of R5.16 /kWh (USD $0.34
/kWh) from the Solar/Wind/Generator hybrid micro grid. This means electricity is 7.50%
cheaper for Solar/Generator micro grid as compared to Solar/Wind/Generator hybrid micro
grid system configuration. Furthermore, the LCOE of R4.84/ kwh (USD $0.32 /kwh) of Solar
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micro grid configuration is economically viable compared to LCOE of R5.00/kwh (USD
$0.344/kWh) by One Power’s solar PV/generator hybrid system at the rural village of Ha
Makebe [107]. In addition, the findings from Literature show that LCOE of R4.84/ kwh (USD
$0.32 /kWh) of Solar micro grid configuration is reasonable. The following are some of such
research studies. Optimisation using HOMER was done on hybrid micro grid system of PV,
diesel generator and battery off-grid in rural Tambo village which is in Adamawa state in North
west Nigeria and was not connected to the grid, had load of 76 kWh/day, Peak of 14 kW and
had Levelized Cost of Energy (LCOE) of USD $0.547 /kWh [77]. The other optimisation of
hybrid system of the following configuration: PV, wind, diesel generator and battery as backup
system, using HOMER was for the remote village, which was not connected to the grid, called
Dembile in Bonke Woreda, which is in SNNPR region in Ethiopia, with energy consumption
of 279 kWh/day, peak of 64 kW and Levelized Cost of Energy of US$0.538 /kWh [78]. The
third hybrid is the PV, diesel, and battery as backup system, modelled and optimised with
HOMER for a small rural village called Makyiyay in Southern State in Myanmar, with energy
consumption of 100 kWh/day, peak of 34 kW and Levelized Cost of Energy of USD $0.429
/KWHh [15]. In addition, the hybrid off grid system modelled and optimised with HOMER for a
rural village called Pissila in Burkina Faso had the energy consumption of 711 kWh/day, peak
of 81 kW had Levelized Cost of Energy of USD $ 0.5 /kWh [79]. Lastly, an off grid system in
the rural village in Siyambalanduwa District in Sri Lanka, had energy consumption of 270
kWh/day with peak of 25 kW and Levelized Cost of Energy of USD $0.34 /kWh [80].

Similarly, Solar/Generator hybrid micro grid has Return on Investment (ROI) of 15.5% as
compared to 4.7% from Solar/Wind/Generator hybrid micro grid. This shows that, in terms of
ROI, Solar/Generator hybrid micro grid provides 69.68% more return to investors than
Solar/Wind/Generator hybrid micro grid. The Solar/Generator hybrid micro grid yields an NPV
of R940 994.00 compared to NPV of R39 868.00 from Solar/Wind/Generator hybrid micro
grid. This means that Solar/Generator hybrid micro grid is 95.76% more viable and profitable
than Solar/Wind/Generator hybrid micro grid. Furthermore, payback period of Solar/Generator
hybrid micro grid is 5.81 years while that of Solar/Wind/Generator hybrid micro grid is 13.64
years. Hence, the shorter payback of 5.8 years will be more attractive to an investor than a
longer payback period of 13.64 years. This shorter payback period of 5.81 years means that an
investor will be able to recoup the investment costs from the project within a reasonable time
as compared to payback of 13.64 years. Lastly Solar/Generator hybrid micro grid has IRR of
18% which is higher than the 6.1% of Solar/Wind/Generator hybrid micro grid. The higher

108



IRR of 18% means that the project may have a higher rate of return from the project provided
NPV and discount rate are considered. Therefore, Solar/Generator hybrid micro grid is more
economically viable compared to Solar/Wind/Generator hybrid micro grid system

configuration.

c) Sensitivity Analysis Results of Solar/Generator hybrid micro grid

Solar/Generator hybrid micro grid system is sensitive to changes in the price of diesel for the

generator. Sensitivity analysis results are shown in Fig 4.85 below.
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Fig 4.85 Sensitivity analysis results graph

As diesel price increases from R13.00/litre to R14.00/litre and to R15.00/litre, the Operating
Cost increases from R436 039 to R436 498 and to R436 864 million respectively. As a result,
the COE increases from R4.80 /kWh to R4.82 /kWh and to R 4.83 /kWh respectively. An
increase of the COE from a higher value of R4.80 /kwWh (USD $0.32 /kWh) to R4.83 /kWh

(USD $0.32 /kWh) means the cost of energy is becoming more expensive for the consumer.

The Graph of best Optimised Solar/Generator hybrid micro grid system configuration is

shown in Fig. 4.86 below.
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Solar/Generator system Configuration
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Fig 4.86 Hourly system performance

Fig 4.86 above shows that the renewable fraction, which serves the total load, is very high. The
battery bank charges more during daylight hours and discharges mostly at night when the load
depends on battery because of absence of sunlight. The Generator is just on standby mode just

in case all power supply fails from solar energy.
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Chapter 5: Conclusions and Recommendations

The following conclusions have been drawn from this project. The most technically and
economically viable system configuration is Solar/generator micro grid with LCOE of R4.80
/KWh (US $0.32/kWh). This system configuration is highly preferred because of its lower
carbon emissions of 4843 kg/yr greenhouse gas emissions. The most reliable system
configuration is the Solar/generator hybrid micro grid. It has only 388 hours per year operation
hours of diesel generator, burns 1856 litres of diesel. All four viable hybrid micro grid
configurations are more than 90 % renewable and this is a good initiative to curb carbon
emissions that pollute the environment and are harmful to life on Earth. The cost of battery
backup system, which is R2 448 000.00, contributes over 60% of the entire capital cost of the
system and is the most expensive. Economically viable micro grid configuration systems are
sensitive to either price of diesel for generator or inflation rates as applicable to the system
configuration. The higher diesel price contributed to an increase in Operation and Maintenance
cost and ultimately an increase in cost of energy (COE) and contributed to high cost of buying
electricity. Hybridisation in the design of micro grid contributes to the reduction of LCOE and
therefore it is the best option for micro grid systems in rural villages in Lesotho. The economic
viability of these system configurations was compared against LCOE of R5.00/kWh of solar
micro grid at Ha Makebe in Lesotho. Government of Lesotho should promote involvement of
Independent Power producers in the construction of micro grids. Furthermore, external funding
from investors is needed to construct these micro grids because of the high capital cost that is

required.

The following recommendations will greatly promote the use of hybrid micro grids in rural
villages in Lesotho. Since, willingness and ability to pay from consumers are key, engagement
of these communities is very important and must be done before constructing any micro grid
in these rural villages. Furthermore, local communities must be trained so that they can be
involved in the operation and maintenance of these hybrid micro grids in the rural villages of
Lesotho in order to ensure sustainability and continuity of such projects. Secondly, since
currently, there is little data for some rivers in the country, Government of Lesotho should
invest in suitable equipment and professionals for collecting flow rates of all rivers and
perennial streams for construction of hydro micro grids in the rural areas. Lastly, biomass is

recommended to be included in the energy mix for further area of study.
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