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Abstract The environmental benefits of photovoltaic (PV) panels have attracted
attention worldwide although they still lack the necessary levels of performance and
financial viability. To meet these standards, PV tracking technologies are utilized to
maximize the efficiency of PV systems. The principal goal of this research work is
to perform a techno-economic feasibility analysis and optimal sizing of renewable
energy systems integrated into solar tracking technologies for a rural residential
user in South Africa. The vertical axis (VC), dual-axis tracker (DA), horizontal
axis with monthly (HM), and continuous (HC) adjustments are the tracking options
implemented to determine a profitable energy system. The preferred optimal cases
based on these scenarios are introduced, and then sensitivity analysis is carried out to
estimate the effect of variation of technical, economic, and climatic parameters. The
VC-based system offers a financially desirable alternative having net present cost
(NPC), levelized energy cost (LCOE), and CO, emissions of $13.7k, $0.258/kWh,
and 2.81.1 kg/year, respectively. Sensitivity analysis indicates that an increase in
SOC i, would raise NPC and CO, emissions. The DA and VC trackers, respectively,
show the greatest and lowest increases in NPC due to diesel prices increase. In VC
and HM-based cases, PV generation and the renewable fraction are more sensitive
to albedo (ground reflectance) variation. Comparing the current optimal results with
the previous research in this location demonstrates that NPC and LCOE can be
reduced by implementing a proper controlling strategy by $58k and $0.005/kWh,
respectively, to meet the same electrical load.
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Nomenclature

DA Dual-axis tracker

DG Diesel generator

F, Fuel curve slope (L/h/ output kW or m*/h/output kW
F, Generator fuel curve intercept co-efficient (L/h/rated kW or m3/h/rated kW)
fov PV derating factor (%)

FT Fixed tilt

GS Incident radiation at standard test conditions (1 kW/m?)
GT Solar radiation incident in the current hour (kW/m?)
HKT  Hydrokinetic turbine

HM Horizontal axis

HV Vertical axis

LCOE Levelized cost of energy($/kWh)
Linax Absorption width in maximum power
NPC Net present cost

O&M  Operation and maintenance cost

Ppg Generator output power (kW)

Ppg Rated generator power (kW)

Prax Maximum available power

PV Solar photovoltaic

Q Energy available in the storage at the first timestep (kWh)
Q: Available energy remained at the first timestep (kWh)

Woy Peak power output of PV array (kW)
Yba Rated capacity of the generator (kW)
NDG Generator efficiency (%)

7.1 Introduction

Access to electricity is a critical indicator which impacts the social and financial
progress of regions [1]. In this regard, energy scarcity, power instability, and elec-
tricity outages have grown worldwide, notably in Africa, where high costs and
erratically insufficient electricity have severely affected people’s lives [2—4].

Among African countries, South Africa has a large number of rural and energy-
deprived populations in which electricity is unavailable to around 30% of rural
South Africans. To address this issue, renewable energy can be an environmentally
friendly and economical approach to deal with outages and shortages of electricity
[5]. Figure 7.1 demonstrates electricity access in rural areas in South Africa and (b)
South Africa’s electricity production by technology category. The electricity gener-
ated by coal as a crucial non-renewable source is predicted to decrease by 150 TWh
by 2040. Electricity access has been inconsistent during the past decade in Africa
although it started to gradually expand in 2016.
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Fig. 7.1 The presentation of a electricity access in rural localities and b electricity production by
technology in South Africa

Solar, wind, geothermal, biomass, and nuclear energy are deemed to be the ideal
renewable energy sources for electrification. Another preferable method to provide
electricity is to utilize the potential of rivers and oceans, which is known as hydroki-
netic (HKT) [6]. With hydrokinetic technology, energy can be converted in a way
that has minimal negative effects on the environment. Such as technology has the
potential to satisfy the electricity requirements of remote communities, particularly
energy-deprived regions in South Africa [7]. The configuration for installing these
types of turbines has been demonstrated to be safe and reliable, with minimal envi-
ronmental impact on the environment. Having mentioned the unique features, there
have been a few feasibility research articles on employing micro hydrokinetic power
plants to deliver electricity to rural areas.

Despite the described preferred properties of the renewable energy components,
the negative of this technology is that the power output varies from hour to hour,
resulting in unreliability to supply the load during a day with consistent intensity
[8]. Since renewable resources highly depend on meteorological data, and energy
storage configuration which makes it challenging to maintain the energy at a certain
level of intensity [9, 10].

Some of the previous research articles have investigated the techno-economic
feasibility evaluation of these renewable hybrid energy systems (HES) in rural
or remote areas. The general category of these studies can be divided into three
main groups: optimization algorithm [11-13], design and planning [14—17], compar-
ison procedure [18-20], and energy management [21-23]. For instance, Ref. [24]
proposed PV/WT/HKT (Hydrokinetic turbine) system for grid-independent electri-
fication. The findings revealed that this energy solution might be cost-effective and
influential in remote regions where grid connectivity is either prohibitively costly or
impossible. In Saint Catherine, Egypt, Ref. [25] employed a PV/WT/FC/DG/Hybrid
natural gas turbine option to meet a household load of 80 kWh/d. The paper utilized
a bi-directional ant colony algorithm to develop a strategy for building optimum
systems while minimizing NPC and GHG emissions equally. Ref. [26] also provided
an ideal and cost-effective hybrid energy source for a farming community and a
suburban neighborhood in a small hamlet in Punjab, Pakistan, utilizing a PV/biomass
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configuration. The best solution demonstrated energy and net present cost that were
both techno-economically realistic, allowing them to be grid-independent. Reference
[27] conducted a techno-economic feasibility analysis through PV/DG system for
a small-scale load requirement. They stated that a $2,300 salvage cost would result
from initial costs of $26,150 being invested. Reference [28] analyzed off-grid PV/
WT/DG/biogas generator (BG), and grid-connected PV/WT designs are shown to
be the best options. The grid-connected PV/WT was discovered to have a NPC of
$6.63M and an energy cost of $0.0234/kWh. The NPC of the hybrid PV/WT/DG/
BG is accounted for at $18.1$ and $0.1251/kWh, respectively.

The PV system has shown significant improvement and stability in terms of energy
generation among the studied renewable energy devices [29-31]. PV systems are
becoming more popular owing to their low operating and maintenance costs (O&M)
and convenience of usage in addressing rising power demands [8]. PV systems
are extremely reliant on local irradiation variations; They are one of the fastest-
growing alternatives because they transform solar irradiation into electricity [29].
In this respect, PV tracker techniques can be applied to absorb higher solar energy.
Solar tracking system sets the PV collector in the ideal position for receiving the
maximum energy [32]. The tracking mechanism can be used as per a single axis
(single-axis tracker) or two axes (dual-axis tracker) with dual-axis tracking systems.
However, there is an increase in investment and complications in using the two-axis
tracking system [33]. In this respect, some previous articles have evaluated the tech-
nical, economic, and environmental aspects of tracking technologies integrated into
HES. Table 7.1 summarizes the studies that have investigated the optimal sizing and
feasibility analysis of PV tracking technology including vertical axis (VC), dual-axis
tracker (DA), horizontal axis with monthly (HM), and continuous (HC) adjustments.

When considering the allocation of funds for solar energy systems, the choice
between investing in a solar tracker or additional panels emerges as a critical decision
with profound implications for overall system performance and financial viability.
Several pivotal factors must be taken into account, including solar resource avail-
ability, electricity demand profile, and the prevailing costs of solar panels and
trackers. Extensive research and studies have substantiated that solar trackers can
significantly enhance energy generation, especially in regions with abundant solar
irradiance and high energy demand during peak sunlight hours. The dynamic tracking
ability of solar trackers optimizes energy capture, leading to a reduction in the number
of panels required to achieve the desired energy output, thus not only lowering
initial investment costs but also ensuring higher energy yields and better returns on
investment [40].

Furthermore, the cost-effectiveness of solar trackers is particularly pronounced
in off-grid and remote areas, where optimizing energy production and minimizing
expenses are paramount considerations. The continuous adjustment of solar trackers
to follow the sun’s path ensures increased energy output, even in locations with vari-
able weather conditions. Moreover, ongoing advancements in solar tracking tech-
nology and photovoltaic panel efficiencies bolster the case for the adoption of solar
trackers as a compelling option. A comprehensive techno-economic analysis, encom-
passing factors such as the levelized cost of energy (LCOE), government incentives,
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Table 7.1 Summary of the previous research papers analyzing impacts of PV tracker devices

Grid connectivity | References | Year | Area Energy system Analyzed PV
tracker
Off [34] 2016 | Hilly terrain, 1. Photovoltaic 1. HA

India 2. Wind turbine 2. Fixed tilt

3. Azimuth

tracking

4. DA

[35] 2017 | Eight areas in 1. Photovoltaic 1. Fixed tilt
India 2. DA

[36] 2016 | Urumgqi, China 1. Photovoltaic 1. Fixed tilt

2. Diesel 2. Single axis
generator 3. DA
[37] 2019 | Rural healthcare | 1. Photovoltaic 1. HA
building, India 2. VA
2. DA
On [38] 2017 | Makkah, Saudi 1. Photovoltaic 1. HA
Arabia 2. VA
3. DA
[39] 2020 | Alkharj City, 1. Photovoltaic 1. HA
Saudi Arabia 2. Fuel cell 2. VA
3. Electrolyzer 3. DA

and available rebates, empowers system designers to make well-informed decisions
aligning with budget constraints, energy objectives, and environmental sustainability
goals. By striking an optimal balance between upfront costs and long-term perfor-
mance, stakeholders can develop economically viable and sustainable solar energy
systems, fostering the widespread adoption of renewable energy solutions.

7.1.1 Novelty and Contribution

Examining the previous feasibility assessments of the HESs integrated with PV
tracking technologies, the research gaps that this study works on are listed below:

1.

2.

There has been no investigation on the compatibility of the HKT-based HES
when it is connected to solar tracking systems.
The effects of albedo and SOC,,;, on operational performance, financial
parameters (NPC and LCOE), and emissions rates were not studied yet.
Limited consideration has been drawn into project lifetime effects and technology
expense of solar trackers on the cost-effectiveness of the renewable HESs.

Very few feasibility evaluations of renewables have taken into account the fluc-
tuation of diesel prices and inflation rates as key financial aspects of the system’s

energy costs.
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Hence, the primary objectives of this study encompass (i) the identification
of stable and cost-effective PV tracking technologies, considering meteorological,
economic, and renewable data; (ii) a comprehensive comparison of power production,
reliability, emissions rates, present and energy costs; (iii) conducting a sensitivity
analysis to assess the impact of fluctuating techno-economic inputs on present and
energy costs; and (iv) a comparative analysis with the findings of previous research
conducted in this area. Furthermore, this study contributes to the field by providing
valuable insights and contributions in the following aspects:

1. Introduction of the detailed framework and comprehensive decision-making
strategy for optimal sizing and feasibility analysis of HES.

2. Thisis the first study that investigates the feasibility of solar tracking technologies
connected to HKT-based HESs in South Africa.

3. The effects of technical parameters such as albedo (ground reflectance), SOCpip,
of battery, as well as economic parameters such as capital cost of solar trackers,
on the NPC, LCOE will be investigated.

7.2 Methods and Materials

The research adopts a decision-making approach, serving as a comprehensive and
extensive framework to guide system designers in achieving economically and tech-
nically suitable hybrid energy system (HES) designs and assessing system perfor-
mance. Specifically, the proposed HES configuration integrates photovoltaic (PV),
diesel generator (DG), and battery components to supply power to a rural building
in South Africa. The subsequent sections present detailed information pertaining to
the study’s geographical locations, local resources, employed methodology, and the
various energy components involved in the proposed HES.

7.2.1 Demonstration of the Framework Implemented
Jor the Optimal Design of This Study

A thorough review of prior analyses and literature on hybrid energy systems (HES)
conducted in diverse global locations has revealed a lack of a comprehensive strategic
framework for HES design and planning. Addressing this gap, the present research
endeavors to provide a comprehensive and systematic framework for HES design
and optimization. The proposed HES framework serves as a decision-making tool
to enhance the effective utilization and adaptation of HES solutions. Figure 7.2
illustrates the five key stages encompassing the paper’s HES framework. In the initial
stage, the primary objectives of HES investments are presented, encompassing the
justification for deploying HES in commercial, industrial, and residential sectors.
The framework succinctly outlines the main purposes for adopting HES, including:
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Fig. 7.2 The comprehensive procedure of optimal sizing for hybrid energy systems

1. Technical motivation: a suitable HES setup determines multiple technical advan-
tages for utilities and HES users which improve power reliability and provide
high-quality power.

2. Economic challenges: HES setup is normally installed to satisfy the required
load; therefore, it offers advantages to power industry owners by reducing the
costs of establishing typical centralized systems, transmission, and distribution
lines, and associated infrastructure.

3. Environmental roadmap: maximizing the foundation and infrastructure of HES
to address climate change and lowering the gas emissions toward reaching zero-
emission buildings and sustainable communities.

4. Technological advancements of components: HES is regarded as an econom-
ical option in the current energy industry, given recent advances and huge progress
in renewables and energy storage.

5. Regulatory plans: HES offers systems to improve the variety of power sources
and boost power security.

The second stage involves conducting a preliminary feasibility analysis, which serves
as a pivotal step in selecting appropriate HES technologies and determining an
optimal combination to meet the load profile requirements. This stage adopts a fore-
sight approach, necessitating a thorough evaluation of the key input parameters for
HES. The primary input parameters under consideration include:
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1. The activity of renewable energy resources and meteorological data.

2. Expected load profiles, main categories (residential, commercial, agricultural,

etc.), and appliance consumption primarily depend on the occupant type.

The present power production system meets load profiles.

4. Energy system constraints related to the HES components can restrict or prohibit
the use of some energy options, such as geographic constraints (e.g., merely some
area is applicable for the installation of solar panels or challenges limiting the
durability of wind turbine foundations) [41]

»

Once the energy generation options have been identified, the next step involves
establishing the most effective controlling strategy. This decision is crucial in opti-
mizing the system and addressing existing challenges. Given the paramount impor-
tance of financial considerations in electrification plans, the optimization framework
incorporates various HES economic metrics to determine the most suitable solution.
Depending on the specific context, such as energy components, geographical data,
and financial and technical characteristics, cycle charging (CC) and load following
(LF) dispatch strategies emerge as promising methods to significantly reduce cost
indexes. Moving to the third step, a comprehensive techno-economic design and
optimization study (stage C) becomes essential. This involves accurately defining
the technical and economic parameters of the energy solutions to avoid incorrect
component sizing. To ensure reliability, an appropriate operational and optimization
plan must be maintained, supported by a reliable economic investigator. Conse-
quently, the proposed optimized HES is evaluated simultaneously for its operational,
economic, and environmental characteristics. Step D specifies which parameters
under technical, economic, and environmental viewpoints will be evaluated. Addi-
tionally, conducting sensitivity analysis is crucial to generalize results under varying
technological, economic, and climatic conditions. The following sections delve into
the implementation of techno-economic optimization and sensitivity evaluations.

7.3 The Intended Site Description

Figure 7.3 depicts a rural family in a distant region of Kwazulu Natal province, South
Africa. This place enjoys a humid environment with a geographical elevation of 1,169
m above sea level. The annual building load profile is depicted in Fig. 7.4, which was
acquired from Ref. [42], residential power tends to be procured for equipment such
as fridges, TV, lights, kettle, toaster, iron, cell phone chargers, etc., with an annual
load of 38 kWh/day.
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Fig. 7.4 The annual electrical load of the residential place

7.3.1 Renewable Resources

Figure 7.5 depicts the water velocity and solar irradiation from the sun at the intended
place. NASA [43] and an experimental investigation in this vicinity [44] provided
the monthly data. In comparison to most other places in the globe, irradiation from
the sun in the summer fluctuates between 3.5 to 5.5 kWh/m?/day. The highest and
lowest irradiation is observed in December and June, respectively. The decrease in
solar irradiance in the summer period can be attributed to factors such as seasonal
variation in sun angle, weather patterns and cloud cover, regional climate, and the
impact on solar energy systems in this area. The average monthly water velocity
profile confirms that the hydrokinetic turbine would produce the highest energy
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Fig. 7.5 Representation of monthly a water speed and b solar irradiation [51]

yield in the fall and winter since these are the months with the most accessible water
velocities.

7.4 Specification of the HES

In Fig. 7.6, the schematic layout of grid-independent energy systems is depicted,
consisting of a photovoltaic system and its converter, a diesel generator, and a
hydrokinetic turbine, all directly connected to the AC bus. Additionally, batteries
are integrated into the system, linked to the AC through an AC/DC bidirectional
converter to facilitate power-sharing. Table 7.2 presents the financial attributes and
expected lifetime of each energy production component.

7.4.1 Diesel Generator

Diesel generators in off-grid solutions satisfy the electrical load first, which reduces
the reliance on batteries, resulting in cost—savings. The generator efficiency is shown
in the formula below [50]:

3.6Ppg

_ _>Oc 7.1
PG = GHC LHVp .1y
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Fig. 7.6 The intended hybrid energy solution of the schematic configuration

Table 7.2 Financial description of the energy components

Cost type Energy component

PV system | Diesel generator | Hydrokinetic | Battery Converter

turbine

Capital expense | 550 350 1,300 200/kWh | 300
($/kW)
Replacement 550 325 870 180/kWh | 300
expense ($/kW)
Lifetime (yr) 25 20 15 15 15
Reference [45] [46] [47] [48] [49]

where npg, pr, and Ppg stands for the generator efficiency (%), the output power
(kW), the fuel density (kg/m?), and the rated generator power (kW), respectively.
The hourly generator’s fuel consumption (L/h) is shown in the following equation
[49]:

el = FoYps + FiPpg (7.2)
Ypg is the generator’s rated capacity in this equation (kW), F, is the intercept

co-efficient of the generator fuel curve (L/h/rated kW or m>/h/rated kW), and F; is
the fuel curve slope (L/h/output kW or m>/h/output kW.
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7.4.2 PV System

The effectiveness of solar panels varies depending on the surroundings (temperature
in the environment, moisture, and so on), solar irradiation (kWh/mZ/day), and tech-
nology for collectors. To compute the PV module’s output power, use the formula
given [51]

Where W, is the PV array’s peak power output (kW), f,, is the PV derating factor
(%), the current hour’s solar irradiance is denoted by Gt (kW/m?), The incident
radiation at standard test settings is denoted by Gg (1 kW/m?), « p 18 the temperature
coefficient (%/°C). T¢ stands for the PV module temperature in degrees Celsius (°C)
and Ts stands for the PV module temperature in the test condition in degrees Celsius
(°C).

7.4.2.1 Solar PV Tracking System Technologies

PV tracking mechanism is utilized to adjust PV modules toward the sun’s rays to
enhance the PV modules’ efficiency and productivity by maximum utilization of
solar irradiance. Fixed-tilt solar PV modules typically employ manually adjustable
panel slops for simplicity and cost-effectiveness. The PV system is situated at a fixed
slope, and azimuth suffers from a considerable deficiency in solar irradiation as a
result of the sun passing through the day and its orbit fluctuating annually [29]. Sun-
tracking PV systems typically can be constantly adaptable toward high-density rays
from the sun. The followings are the main PV tracking methods and corresponding
scenarios applied in this analysis:

1. Scenario I: Horizontal-axis monthly adjustment (HM). Each month, the tilt angle
is changed to ensure that the panels at noon are at almost a perpendicular angle
to the sun’s beams while the rotating axis circulates around the horizontal (east—
west) axis.

2. Scenario II: Horizontal-axis continuous adjustment (HC). The tilt angle is
unceasingly altered while the rotation is around the horizontal.

3. Scenario III: Vertical-Axis continuous adjustment (VC). The tilt is fixed, but the
PV panel rotates infinitely around the vertical (north—south) axis.

4. Scenario IV: Dual-axis-tracker (DT). To keep a perpendicular angle between
PV arrays and sun beams, the PV panels continuously spin in both directions
(horizontal and vertical).

These PV tracking technologies are classified based on how many rotational axes
they have, as shown in Fig. 7.7.
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Fig. 7.7 Illustration of investigated tracking systems

7.4.3 Hydrokinetic Turbines

The water’s velocity affects the features of hydrokinetic turbines. The longitudinal
system absorbs the energy from the waves to create energy (which is placed vertically
in the direction of the waves in the water). 3 Hydraulic systems positioned inside
the device’s joints turn the energy into electricity. Then, using proprietary units and
cables, the energy generated is converted to shore power. The largest amount of
energy available from sea waves can be seen in the equation below [52].

pg*TH?

Lo 74
6dn 7.4

max —

The maximum available power is P« in this case, p is the water density, g is
the gravitational acceleration, T is the wave period, The important wave height is
indicated by the symbol H, and L,,« is the maximum power absorption width.

7.4.4 Battery Storage

Li-ion batteries are regarded as a backup because of their dependability, affordable
efficiency, high depth of discharge (DOD), and adaptable technology. It aids HES in
distributing and preserving energy generated by components so that it can be used
in times of uncertainty. Equation (7.5) [53] can be used to estimate the amount of
stored energy.

min (PBan,Cmax,kbm PBatt,Cmax, mcr PBatt, Cmax,mcc
PBall,Cmax = (7.5)
NBatt,C
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In this case, ngay.c is the efficiency of charge storage,

leekat + QkC(l _ ekat)

PBatt,Cmax,kbm = | — e—KAL C(kAt 1+ ekal) (7.6)
(1 —e*2)(Qmax — Q)
PBalt,Cmax,mcr = At - 7.7
NBatt-Imax - Viom
PBatt.Cmax,mcc = DA max: Znom (7.8)

1000

The constant of storage rate, k(h™1),is used here, at the first timestep, Q) represents
the amount of energy that was still available. (kWh), At is time step duration (h), The
amount of energy stored in the batteries is denoted by Q at the initial stage (kWh), ¢
is the ratio of storage capacity, o, is the maximum charge of the battery (A/Ah), Qnax
is the total capacity of storage (kWh), Np, is the quantity of batteries, I« is the
battery’s maximum battery current (A), and Vo, is the battery’s nominal voltage.

7.4.5 Converter

To harmonize hybrid energy systems, the system converter is crucial. The main
function of a converter is to keep energy flowing between AC and DC. It acts as
a medium for converting DC to AC electric power and connects the two systems
converting DC to AC. The converters’ power rating is derived using Eq. (7.9) [51]:

Pi () = () P (6)/Miny (7.9)
Po

where P« 1 is the maximum load demand, and inverter efficiency is defined as 1jpy.

7.4.6 Financial Equations

The total cost, consisting of initial, replacement, operation, and maintenance (O&M),
and fuel costs, minus the project’s salvage cost at the end of its life, is expressed as
the net present cost (NPC). Equation (7.10) can be used to get the total NPC [14]

Cann,tot

st (7.10)
CRE (i, Ryro;)

Cnpc, tot =

where C,nq o Tepresents the total annual cost ($/year), the yearly real interest rate
is symbolized by the letter i (%), The TP signifies the project’s lifetime (year), and
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CREF stands for element of capital recovery, This is measured utilizing the equation
below [40]:
(14 i)m
CRF(, n) = # (7.11)
a+)" -1

The project’s lifetime (year) is represented by n, and i is the annual interest rate,
which is computed using the equation [19]:

i—f

7.12
141 (7.12)

i=

where the rate of yearly inflation is (%).

Levelized cost of energy (LCOE): among the most significant measures for evalu-
ating HES’s cost-effectiveness. The LCOE is calculated by dividing the average HES
cost by the total electrical energy served (kWh), which is measured by Eq. (7.13)
[54]:

Cann,tol

LCOE = (7.13)

ann,load

Here, L,y 10ad 18 the overall yearly electrical consumption (kWh/year), and Cynp, ot
is the total annual expense ($/year).

7.5 Results and Discussion

The technical, environmental, and financial results of the winning energy systems are
explained in this part and then will be complemented with the sensitivity assessment
and a more detailed examination of each target area.

7.5.1 The Outcomes of the System Optimization

HOMER simulates hybrid energy alternatives, and solutions that are not practical
(those that fail to meet the user-specified restrictions) will be excluded from the final
optimization outcomes and not exhibited. The NPC and LCOE determine how the
feasible options are ordered. Table 7.3 presents the technical and financial results of
HESs and the considered tracking technologies. The results show that using a VC
tracker integrated into DG/PV/HKT results in the least NPC of $13.70 k. LCOE of
this solution also is $0.058/kWh less than PV/HKT hybrid system. Implementing a
PV/HKT system with a VC tracker reveals the most appropriate option in electricity
production. The average of surplus electricity and the capacity shortage is observed
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to be higher amongst PV/HKT options. The breakdown of the associated expenses
in tracker-based optimal scenarios is shown in Fig. 7.8. The majority of the total
expenses are dedicated to the initial cost of the components. Moreover, the optimal
HV-based HES achieves a $1.52k, $0.55k, and $0.4 1k higher capital cost than optimal
HESs under VC, HM, and DA, respectively. Under the DA tracker, fuel usage and
replacement costs are found to be higher than in other cases.

Using DG to produce electricity is damaging to the environment since the burning
of diesel produces gaseous pollutants. Gas emissions, including CO,, NOy, PM,
UHC, SO,, and CO, are among the pollutants released from diesel generator [55].
Table 7.4 compares the total GHG emissions emitted by the winning energy source
using different solar tracking systems from an environmental standpoint. The VC-
based option is the most environmentally friendly alternative as compared with other
options, emitting the lowest CO, level (282 kg/year). Emissions rates from HESs
connected to HM and HC trackers are roughly similar.

7.5.2 Techno-Economic Analysis of the Energy Solutions

It is crucial to examine the major financial metrics and power production profiles
for optimal HES under each PV tracker. Table 7.5 illustrates the electrical outputs of
each component under the integration of intended PV trackers. As per the table, the
energy costs of the DG in all tracker options are measured at $0.273/kWh, which is
comparable to HKT (0.0213 $/kWh). The greatest energy cost from the PV is seen
under the HM tracker system at $0.075/kWh. The least energy costs of PV generation
compared with HKT and DG indicate the desirably economical implementation of
PV systems in South Africa.

The term “unmet electric load” refers to the portion of the load that remains unsat-
isfied due to insufficient energy output. Depending on the magnitude of the unmet
electric load and renewable fraction, adjustments can be made to the PV size, either
increasing or reducing it accordingly. Moreover, the concept of storage throughput
(kWh/year) is introduced, representing the total energy flow passing through the
battery units annually. The average energy between the incoming and outgoing
energy is utilized to calculate the battery throughput, which provides insights into the
battery’s operational lifespan. Notably, there exists an indirect relationship between
the annual throughput and the battery’s lifetime. As depicted in Fig. 7.9, all the consid-
ered options exhibit unmet loads, implying varying levels of reliability in meeting
the required load. Among these options, the VC-based DG/PV/HKT configuration
and the HC-based hybrid PV/HKT option demonstrate higher reliability due to their
lowest unmet loads. Conversely, configurations involving DA trackers exhibit lower
reliability in fulfilling the load for both scenarios.

Figures 7.10 and 7.11 illustrate the annual profile of the battery state of charge
(SOC) and its relative frequency for the selected winning tracking technology (VC).
Throughout the year, with the exception of December, the lowest SOC values are
predominantly observed from the beginning of fall to the end of April. This decline
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Fig. 7.8 Cost breakdown of each tracker technology connected to the HES
Table 7.4 Breakdown of the emission rates from the tacker-based scenarios
Gas type Tracking configuration
FC HM HC DA
CO; (carbon dioxide) 277 369 375 404
CO (carbon monoxide) 1.7 2.3 2.3 2.5
UHC (unburned hydrocarbon) 0.076 0.10 0.10 0.11
PM (particulate matter) 0.010 0.013 0.014 0.015
SO, (sulphur dioxide) 0.6 0.9 0.9 0.9
NOx (nitrogen oxide) 1.6 2.1 2.2 2.3
Total yearly emissions (kg/year) 282 374.4 380.5 410

in SOC can be attributed to the limited and unstable solar irradiation during this
period. On the other hand, the SOC levels tend to fluctuate around 58.4% and 100%
for approximately 68% of the time each year, indicating that the batteries are mostly
operating in a “shallow” discharge state during the majority of the year. This finding
suggests that the batteries are adequately charged and capable of meeting the energy

demands effectively for a significant portion of the year.

The occurrence of excess electricity results from a discrepancy between energy
production and the duration of consumption. As depicted in Figs. 7.12 and 7.13, the
surplus energy is mainly generated between 10:00 a.m. and 5:00 p.m., with the peak
of extra power observed around noon due to the higher PV output during that period.
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Fig. 7.9 Comparison of unmet load and annual throughput
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Fig. 7.10 Yearly profile of the battery state of charge (SOC) under the winning system
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Fig. 7.13 Hourly profile of excess power in the winning case

While the selected HES with VC tracker effectively meets the energy requirements
of the site, it is worth noting that during the months of February to May and August
to November, it is not the most opportune time to fully charge the batteries. This is
likely due to the relatively lower availability of excess electricity during these time
periods, which affects the ability to maximize battery charging.

7.5.3 Sensitivity Evaluation

The sensitivity assessment of the winning case is shown in this part. This analysis
allows predicting how the energy option would change under various technical and
economic circumstances. SOC, is the lowest magnitude of battery charging status
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Fig. 7.14 Impacts of SOCyi, on NPC and CO; in various scenarios

below which the battery is never discharged. To prevent the battery bank from being
damaged by excessive discharge, the SOC,;, has not been tuned to a very low amount
[56]. Figure 7.14 shows the impacts of the SOC,,;, fluctuation on NPC and CO,
production. An increase in SOCyy;, leads to growth in NPC and CO, production of
all tracking technologies. The most significant impact is seen under the VC tracker;
a20% increase in SOCy;, value will increase NPC and CO; by $0.17k and 1.1 t/yr,
respectively. As the VC tracker is not able to receive intense irradiation compared to
other tracking devices, it will be more reliant on the diesel generator. An increment
in SOCpi, would increase the DG’s reliance on it to meet the required load, and then
higher O&M expenses, which leads to increasing NPC and CO; levels.

Albedo refers to the capacity of an object or surface to reflect light from the sun.
As per the meteorological conditions in the case area, the ground cover is potentially
snow or rain as well as grass in winter and summer, respectively. As a consequence,
the impacts of albedo fluctuation on PV performance and its corresponding expenses
are explored in this study. The capacity of an object to reflect light from the sun is
known as “albedo.” The change of ground reflectance against PV generation and the
renewable fraction is depicted in Fig. 7.15. Increased albedo enhances solar irradia-
tion on PV arrays, which results in PV output and renewable fraction. The VC-based
and HM-based energy systems show the greatest increase in PV production and RF
values. Figure 7.16 represents the variation of albedo on the NPC and LCOE for each
hybrid solution. The albedo increase would decrease the required PV size leading to
lower NPC and LCOE. The highest reduction in NPC and LCOE is observed under
DA-based cases, Fig. 7.17 illustrates how the energy cost of the unit varies when the
capital cost of tracking equipment changes. The expense of the DA tracker should
decrease by a minimum of 35% in order for the resultant to be comparable to that of
HV with the initial value.
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Fig. 7.16 The impact of albedo on NPC and LCOE of the considered tracking technologies

Derating factor of PV panels is another studied sensitivity variable in this section.
It accounts for a decrease in PV output due to actual conditions such as shading,
aging, dust cover, wire losses, and snow. Derating factor in this research study was
set at 80%. Figure 7.18a and b demonstrate how the derating factor and capital cost
of PV panels affect the profitability of the selected energy solutions. The lowest
NPC and LCOE are found when the PV initial cost is lower and the derating factor
is higher, respectively. An increase in the capital cost of PV system by 2.5 times
in the constant derating factor would increase NPC and LCOE by $4.8k and 0.1/
kWh, respectively. Project lifetime also is observed as an important indicator in
the economic analysis of renewable HES. Figure 7.19a and b show how LCOE is
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Fig. 7.17 Fluctuation of initial costs of PV trackers against the COE

sensitive to solar irradiation fluctuation in short-term (10 years) and long-term (20
years) project lifetimes. The higher the solar irradiation, the greater PV output can
be obtained, resulting in lowering overall energy costs and NPC. The conclusion can
be that renewable HES can have more resource values and lower energy costs as the
project lifetime increases.
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Fig. 7.18 Eftect of PV capital cost multiplier and derating factor on a NPC and b LCOE
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7.5.4 Comparison & Validation

A comparative analysis between the findings of this present study and previously
conducted research in the same domain reveals insights into the promising or unprof-
itable future of the selected hybrid energy options. However, conducting a direct
comparison between the current study and prior works presents challenges due to
variations in the hybrid energy system (HES) configuration, technology choices,
component sizes, and financial parameters. Nonetheless, the results of the optimal
solutions in this study, as depicted in Fig. 7.20, demonstrate a more favorable outcome
with a lower net present cost (NPC) and levelized cost of energy (LCOE) by $58Kk,
and $0.005/kWh, respectively, compared to the previous research. The earlier study
exhibited higher excess electricity, which could potentially be utilized to charge the
battery and enhance the reliability of the current optimal solution. Moreover, the anal-
ysis in the current study reveals that battery autonomy, defined as the ratio of battery
size to electric load, is approximately five times greater than that observed in the
previous research. Furthermore, the comparison between the optimal tracking tech-
nology employed in the current study and that of the earlier research holds significant
importance in validating the practicality and profitability of the chosen technology.
While the net present cost (NPC) can vary considerably based on factors such as
local tracker prices, energy component costs, required load, and renewable resource
availability, it may not serve as a precise indicator for direct comparison. Instead,
presenting the optimal trackers and comparing the NPC growth rates of various
tracking systems can offer a suitable method to guide consumers toward selecting the
most financially and performance-appropriate tracker. Table 7.6 presents the break-
down of the optimal solution and economic parameters of the previous findings which
were assessed on different solar tracker technologies. Consistent with other studies
akin to the current research, vertical-axis PV trackers (VC) have been identified as
favorable solutions due to their cost-effectiveness and reliability. Additionally, the
DA tracking technology exhibited higher NPC growth rates across various scenarios.
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Table 7.6 Comparison of the present results with the literature findings
Ref., location | HES! Winning | NPC growth rate (%)>
. 2
tracker” | pv HC | ve DT
Grid-connected | [29], PV DA 20.63 |20.00 | 1.00 19.95
Makkah,
Saudi Arabia
[57], Eight PV VvC 2.06 | 3.40 |Optimal |0.70
cities in Iran
[39], Alkharj | PV/ELC/FC | VC - 78.00 | Optimal | 84.00
City, Saudi
Arabia
Off-grid [34], Hilly PV/WT VC 2.00 | 3.86 |Optimal |9.77
terrain, India
[58], South | PV/Pump DA - 129 |- Optimal
of Iran storage
hydroelectric
[37], PV VvC 7.60 | 16.40 | Optimal | 13.90
Healthcare
facility, India
Kwazulu PV/DG/HKT | VC 9.80 | 13.80 | Optimal | 18.30
Natal
Province,
South Africa
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7.6 Conclusion

This study aimed to determine the most stable and profitable hybrid renewable energy
alternative using four PV tracking technologies for aresidential place in South Africa.
The optimal sizing of the hybrid energy solutions consisting of DG, PV system, HKT,
battery, and converter was conducted to ascertain the reliable and cost-effective solu-
tion. The winning or optimal energy system was selected as per its lowest NPC and
LCOE. A combination of DG, PV, and HKT under the VC tracker achieved the most
desirable hybrid energy system in terms of cost-effectiveness. The NPC and LCOE
for this option, which included 2 kW DG, 3.02 kW PV, 1 HKT, 6 battery units,
and 2.12 kW converter, were $13.7k, $0.258/kWh, and 281.11 kg/year, respectively.
The use of PV/HKT system with VC tracker showed the most appropriate option
for electricity production. The highest and lowest CO, emissions were observed in
HES connected to the FT and DA tracking technologies, respectively. The VC-based
DG/PV/HKT option and the HC-based hybrid PV/HKT option are regarded as the
most dependable due to their lowest unmet loads. Conversely, DA tackers with both
configurations achieve lower reliability to meet the required load. A sensitivity eval-
uation was performed in the next section to predict how the renewable energy options
and PV trackers would change under various technical and economic circumstances.
As per the sensitivity analysis on tracking configurations, the VC strategy is more
sensitive to the fluctuation of SOCy; rising SOCyi, Will increase NPC and CO, by
$0.16k and 1.08 tonnes/year, respectively. Furthermore, VC-based and HM-based
hybrid systems show the greatest increase in PV production and RF due to increasing
albedo.

7.7 Future Studies

In the future research attempt, a comprehensive life cycle analysis (LCA) can be
conducted to assess the environmental impact of solar tracking technologies and the
overall renewable energy system over their entire lifecycle. This potential analysis
can consider various stages, including manufacturing, installation, operation, and
end-of-life. The combination of techno-economic analysis and life cycle cost analysis
(LCA) provides a comprehensive assessment of both the financial and environmental
aspects of a project. The techno-economic analysis evaluates the financial viability
and feasibility by considering capital costs, revenue streams, and payback periods.
On the other hand, LCA assesses the total cost of the project over its entire lifecycle,
including environmental impacts and energy consumption. Integrating these anal-
yses allows decision-makers to make more informed and balanced choices, consid-
ering both economic benefits and environmental implications. This approach leads to
the development of sustainable and financially viable solutions that align with both
economic and environmental goals, enabling better decision-making and resource
allocation.
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