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ABSTRACT

This thesis aims to contribute to the shift to cleaner energy sources to improve grid stability in a northern
network of Rwanda by exploring the design, modeling, and viability of integration of a 25MW Floating
Solar system with 5SMWh of Energy Storage System (ESS) that replaces the current 10MW fossil fuel-
based generation at Mukungwa Hydropower Plant operated by Independent Power Producer (IPP)
namely” SoEnergy Ltd” with a combination of renewable resources, ultimately fostering a more resilient
and sustainable energy infrastructure that will create an ecosystem-based adaptation (EbA) at Ruhondo
lake including URUGEZI Wetland. The floating solar PV system together with an existing 10.5MW
Ntaruka hydropower station is intended to improve grid stability and reduce CO2 emissions from fossil
fuel plants.

The thesis addresses grid instability by designing and simulating floating photovoltaic modules connected
to Energy Storage System (ESS), addressing voltage and frequency fluctuations caused by imbalanced
energy demand.

This study enhances grid network stabilization by designing and simulating floating solar PV modules
with ESS using advanced programs like Homer, MATLAB, PVsyst, and SolidWorks, focusing on design
aspects.

In conclusion, this study proposes a comprehensive approach to enhance grid stability in the era of
renewable energy, utilizing SolidWorks, Homer, MATLAB, and PVsyst to address design, energy storage,
dynamic system behavior, and real-world performance modeling.

Keywords:

Renewable energy integration (REI); National grid instability; Modelling of floating Solar PV with

ESS; Removing existing Fossil fuel gen sets.



UNIVERSITY of
RWANDA

ABBREVIATIONS & ACRONYMS

AC: Alternative Current

ACEESD: African Center of Excellence in Energy for Sustainable Development

BESS: Battery Energy Storage System
BMS: Battery Management System
CAD: Computer-Aided Design

CAE: Computer-Aided Engineering
CAPEX: Capital Expenditure

CST: College of Science and Technology
COz: Carbon Dioxide

DC: Direct Current

DoA: Days of Autonomy

DoD: Depth of Discharge

EbA: Ecosystem-based Adaptation

EDCL: Energy Development Corporation Limited

ESS: Energy Storage System

FEA: Finite Element Analysis

FRT: Fault-Ride-Through

GEF: Global Environment Facility
GHI: Global Horizontal Irradiance

Ha: Hectare

HPP: Hydro Power Plant

kW: kilo-Watt

kWh: kilo-Watt-Hour

LCOE: Levelized Cost of Energy
LDCF: Least Developed Countries Fund
LTRP: Long-Term Research Programme
IPP: Independent Power Producer
GMG: Green Mini-Grid

AFRICAN CENTIR Of
EXCELLEMCE = ENERGY FOR
J SUSTATHABLE DEVELOPMENT

COLLEGE OF SCIENCE AND TECHNOLOGY A€¥E%

Vi



UNIVERSITY of
RWANDA

GoR: Government of Rwanda
GW: Giga Watts

IEA: International Energy Agency
MININFRA: Ministry of Infrastructures
MW : Megawatt

MW)p : Megawatt peak

MWh : Megawatt-Hour

NAP: National Adaptation Program
NEP: National Electrification Plan
NPC: Net Present Value

OM: Operational and Maintenance
OPEX: Operational Expenditure

PID: Proportional Integral and Derivative Control
PLC: Programmable Logic Control
PSH: Peak Sun Hours

PCC: Point of Common Coupling
PV: Photo Voltaic

SPP: Solar Power Plant

SS: Substation

RE: Renewable Energy

RES: Rural Electrification Strategy
SPV: Solar Photo Voltaic

UR: University of Rwanda

UK: United Kingdom

AFRICAN CENTIR Of

COLLEGE OF SCIENCE AND TECHNOLOGY “S%5°7 ewceimce * eneray ron

J SUSTATRARLE DEVELDPMENT

vii



AFRICAN CENTIR Of

UNIVERSITY o/ co) | EGE OF SCIENCE AND TECHNOLOGY AFESD oxceiumnce  enency ron

RWAND A ey SUSTRDNABLEDEVELOPMET
TABLE OF CONTENTS

DO AN = 3 N I N OSSR I

APPROWVAL ..ottt ettt b et e st b e ARt e R e ARt R e R R e AR b et e Rt b et renEe e nenre s 1

] =9 ] [ O 1 1 T\ o USRS USRURPSPR i

ACKNOWLEDGMENTS ...ttt e e sae e e e nne e e e ne e e e neeeaneeeanes iv

ABSTRACT .ttt ettt b et b et R e et e e Rt Ee st e R R bRt Re bt ne bt ne et nr s v

ABBREVIATIONS & ACRONYMS ... ..ottt sttt e na s e VI

CHAPTER 1. INTRODUCTION ....oiiiiiiiie ettt ste ettt e e snte e snaa e snneeennneeens 5

1.0, BACKGIOUNG ...t bbbttt bbb 5

1.1, ProbIem STAIEMENT........c.oiiiiiiieieieiee bbb bbb 7

1.2, RESEAICN ODJECLIVES ......c.viiiieiiieie ettt e e te e rn e reesae e e sraens 7

1.2. 1. MAJOT ODJECTIVE ...ttt bbbttt bbb b e 7

1.2.2. The SPECITIC ODJECLIVES ......ccuiiiiiiiieieee e bbb 7

1.2.3.  RESEAICH QUESTIONS. ......veiiuiiiiieiie et ettt ettt e st e sbe e e be e sbe e s beesbeesnreesbeesnbeesbeeenbeeas 7

1.2.4. ReSearch JUSHITICALION ........ooiiieiiiiecie e et 8

1.3, SCOPE OF The STUAY ..o b et 8

1.4, ConCePtUal TrAMEBWOTK ........eiuiiiiiiieiieie ettt b e 8

T I Lo R0 (o F= T4 L[] OSSP 9

1.6. ‘Contribution and Significance of the Study ..........ccccovviiiiiiiiiii, 9

1.6.1. “Contribution OF the STUAY.........ccoiiiiiii s 10

1.6.2. ‘Significance of the StUAY .......ccoiiiiiiiii e 10

CHAPTER 2. ‘LITERATURE REVIEW.......c.coo ittt 11

2.0. “LITEIATUIE FBVIBW ...eeeiieieieieee ettt ettt ettt se et e b e e s sreenteenee e 11

2.1. System Energy Storage TeChNOIOGIES ......cccvveiieeiiieiiieiee e 16

2.1.1. System Storage Technologies General CoNSIderation ............ccocevvveeriereneiencse e 16

2.1.2. System Operating Time Frame, Power and Energy Rating ..........ccccoccvvvvevvcieviveseennnn, 17

2.1.3. Batteries and BESS TeChNOIOQY ......coivveiiiiiiiiiie et 19

2.1.4. BESS CONNECLION DIAGIAMS ....veiuviiiieiieiesiie ittt sttt ettt enee e 19

2.1.5. Peak Generation / Load SNAVING .........ccciviieiieieiieieeie et 21



AFRICAN CENTIR Of

UNIVERSITY o/ co) | EGE OF SCIENCE AND TECHNOLOGY AFESD oxceiumnce  enency ron

RWAND A ey SUSTRDNABLEDEVELOPMET
2.1.6. VOItage REQUIALION. ..ot 22
CHAPTER 3. RESEARCH METHODOLOGY AND MATERIALS........c.cccooviiiiiiieicienen, 24
3.0, INEFOTUCTION. ...ttt ettt bbbttt e st et e bbb nbenbeene s 24
3.1. Floating Solar PV 3D model with SOLIDWORKS .........ccccooiiiiiiiiiicieiee e 25
3.2.  Floating solar PV model by MATLAB ..ot 27
3.3. Site data collection, data analysis, assessment (General) ...........ccccovveveiieiiieiesieseennns 29

TR 00 1 | (=3 (=TT ] o] £ OSSPSR 29
3.3.2. Rugezi Wetland Degradation, Impacts on Ntaruka HPP, Ecosystem-Based Adaptation
(ebA) Approach in Restoration, with Integration of Floating Solar PV .........cccoccvviviiviininne. 31
3.4, COMPONENTE SIZING .eitviiviiiieeieiee sttt ste e st e e st e et e s e e s teeeesseesteebeaseesreesesseeareeneens 33
CHAPTER 4. *RESULTS AND DISCUSSION™........coeitiiiiiiiieieese e 35
4.1. PVSYST software design reSUITS™ ..o 35
4.2. HOMER SOFtWAIE FESUILS......c.eeiiieeiieiiesieee sttt ee e nre e 36
4.3.  Simulation Results and diSCUSSION. .........ciiieiiiiiieieieiene et 42
4.4, ECONOMIC ANGIYSIS ..ocviiiieieiie ettt ettt et e s e teenesneearae e 46
4.5. Operational Cost Comparison of 25 MWp Floating SPP with ESS and Existing
10XIMW Diesel POWET PIANT .......ccuiiiiiieiice ettt 47
CHAPTER 5. CONCLUSION AND RECOMMENDATIONS ........cccoiviiiiieeeseseeie e 49
REFERENCES ..ottt sttt et sttt n et e 50
APPENDICES ... .ottt e st e e st e e e e et e et e e e nnae e nee s 56
ANNEX 1. PV MODULE DATASHEET ......oi ot 56
ANEX 2. BATTERY DATASHEET ...ttt 58
ANNEX 3. INVERTER DATASHEET ..ottt 60
ANNEX 4: PROJECT RISK AND ENVIRONMENTAL IMPACT ASSESSMENTS.......... 61



. AFRICAN CENTIR Of

UNIVERSITY o/ co) | EGE OF SCIENCE AND TECHNOLOGY AFESD oxceiumnce  enency ron

RWANDA - SUSTATHABLE DEVELOPMENT

LIST OF FIGURES

Figure 1: Conceptual framework of the reSEArC ..........ccviveiieii e 9
Figure 2: MuKungwa 1 HPP POWET NOUSE..........ciiiiiiiieiecie sttt teeie st ste et e e sseeaesraesreenne s 13
Figure 3: 10 x 1MW oil-fired plant operated by IPP “So-Energy Ltd” at Mukungwa 1 HPP.................. 13
Figure 4: Performance of the distribution line in national grid network (RURA report, 2015-2020) ...... 13
Figure 5: Typical BESS applications in renewable energy integrated system [23-27]......c.cccccevvvvveveennne 16
Figure 6: Classification of Energy Storage TeChnology ..........coveiiiiiiiii e 17
Figure 7: Energy storage technologies capability- operating time frame [30]:.........ccooeiiiininiciininns 18
Figure 8: BESS in a PV-BESS energy system; (a) PV/BESS to single converter (b) BESS to common

DC side through DC/DC converter (c) Direct BESS connection to DC side[33], [34] ....cccvvvevvriieireennnns 20
Figure 9: PV peak generation shaving With BESS [40] .......cccoviiie i 21
Figure 10: Voltage control system in solar PV integrated with BESS [41] ........ccccoiiiiiiiiniiines 22
Figure 11: Angle between solar PV and Floating mounting StrUCTUIe ............ccccvviriniiieienene e 26
Figure 12: actual configuration of floating solar PV using SOLIDWORKS..........c.ccccoooviviiiicveiieieen, 27
Figure 13: BESS and SOIar PV STTUCLUIE .........c.voiuiiiiiiecie ettt ettt re e 28
Figure 14: Simple schematic design for floating Solar SYStem ... 28

Figure 15: A, B, and C Maps of Rwanda, Burera District, Ruhondo lake locating Floating solar out
stream of Ntaruka HPP [Burera, Rwanda Administration Maps, 2023, NISR] ........ccccccvvviviiieiicvecn, 29

Figure 16: Satellite view of the village showing site location with existing Ntaruka HPP, Ruhondo and

BUIEBIA TAKES ...ttt e s b e et e e s e s te e te e st e aReea Rt e neeeRe e Reenteeneenre e teereenreenteas 30
Figure 17: Ntaruka 1 HPP POWET NOUSE ..........ciiiiiiieiiiieiie ittt nneas 30
Figure 18: Ruhondo Lake where Solar PV Floating Plant will be located ...........c.cccoeivveiieiiicic e, 30
Figure 19: SLD for 25MWp with ESS integrated with existing 10.5MW Ntaruka HPP.................c........ 34
Figure 20: Shading ANalySiS DY PVSYSt.......eiiiioie it 36
Figure 21: Solar Resources in Ruhondo Lake on planned area of Solar PV Floating System ................. 37
Figure 22: Network stability the simulation result from MATLAB ... 43
Figure 23: simulation of available GHI (kw/m?) and its related PV Power output (KW) ..........cccoeuee.... 44
Figure 24: simulation of INV power OULPUL (KW) ....cc.ooiiiiiiieice e 44

Figure 25: simulation of Li-ion batteries input power (kW), and Li-ion batteries discharge power and its

Rt Lo £ o SR 45



AFRICAN CENTIR Of

UNIVERSITY o/ co) | EGE OF SCIENCE AND TECHNOLOGY AFESD oxceiumnce  enency ron

RWANDA J SUSTATHABLE DEVELOPMENT
LIST OF TABLES
Table 1: SAIDI and SAIFI in national grid network (RURA report, 2018-2022) ........ccccocevvevveiverirsnnnn. 13

Table 2: Electrical generation and Fuel consumption for Gen-Sets (LOMW) owned by So Energy Ltd at
Mukungwa HPP (RURA report, 2018-2022) / Cost of Fuel is USD$ 1.26/Liter (RURA, Tariff by 2023)

................................................................................................................................................................... 14
Table 3: Rugezi Degradation, Impacts on Ntaruka HPP, ebA) approach in its restoration by integrating

Floating Solar PV With @XIiStING HPP ......c.coiiiiie et ra e 32
Table 4: Project RESUITS SUMMAIY ..ottt bbbt 35
Table 5: Annual Average (KWh/m2/Day) fOr the SIt .........cccevevevecveirieieieeeie et 37
Table 6: Floating solar PV System ArChITECIUIE. .........couviieieie e 38
Table 7: Floating solar PV System Production SUMMAIY ...........ccccveviiiieiieie e 38
Table 8: Floating solar PV System consumption SUMMANY..........ccceieiiiireneninesieeeeeeese e 39
Table 9: Floating solar PV electrical SUMMAIY ..o 39
Table 10: Floating SOlar PV StatiSICS.........ccuciieiiiiicir et sraene e 39
Table 11: ESS, Storage: Generic IMWH Li-10N .......ccoooiiiiiiiii e 39
Table 12: ESS, StOrage rESUILS .......oiieiiee ettt nreeneeenee e 40
Table 13: ESS, StOrage STAtISTICS. .. ..ueiieieiieieeiesee e see e ee e e ste e sre e e s e steeneeeneenreeneeanee e 40
Table 14: Converter electriCal SUMMAIY ........ccccoviiiiiiiie et sre e 40
Table 15: CONVEIEE STAIISTICS .. ..uviuierieieie ittt sttt r et e bbb eebesreene e 41
Table 16: capital COSt OF PrOJECT......c.viiiieiiie bbb 46
Table 17: ANNUALIZEA COSES ....ooviiieiieiireie ettt et e s e saaeaeeneesteenteeneenreeneeenee e 46
Table 18: ECONOMIC @NalySIS SUMIMAIY .......cciuiiiiiiiee ittt ettt e be e srae e e nreeanne e 46

Table 19: Comparison of 25 MWp Floating SPP with ESS and Existing 10x1MW Diesel Power Plan .47



. AFRICAN CENTIR Of

UNIVERSITY o/ co) | EGE OF SCIENCE AND TECHNOLOGY AFESD oxceiumnce  enency ron

RWANDA - SUSTATHABLE DEVELOPMENT

CHAPTER 1. INTRODUCTION

1.0. Background

Rwanda’ s electricity supply comprises both domestic generation and imported power from neighboring
countries, in addition to contribute from regional shared power plants. The energy mix includes 48.9%
from hydropower plants, 27% from thermal power plants (utilizing diesel and heavy fuel generators), 14%
from methane gas, 7% from peat, and 5% from solar energy. The country’s on-grid installed solar energy
capacity stands at 12.08 MW. To enhance electricity access, households located beyond the planned
national grid coverage are encouraged to adopt standalone solar photovoltaics (PVs) as cost-effective
solution[1].

Currently, the total installed capacity in Rwanda augmented enormously from 76MW in 2010 to 238MW
in 2021according to REG report 2021 [1]. The percentage of households connected to the national grid
witnessed a significant rise, escalating from 6% in 2009 to 61.0% by August 2022. Out of this, 47.0% are
directly linked to the national grid, while 14.0% access electricity through off-grid systems as indicated
by 05" Population and Housing Census done in August 2022 [1]. The Goal is promoting rural industrial
development and productive use is expected to significantly increase the demand. REG needs to increase
the supply capacity to meet the expected increase in demand. Electricity demand growth is expected to be
8% per year. To maintain sufficient capacity for supplying electricity, The GoR has set out clear targets
for 556 MW of production where the share of Renewable energy (RE) will be 60% and universal access
by 2024. [1] Rwanda 's pursuit of clean and renewable energy sources has spawned creative solutions

meant to fully utilize solar power's enormous potential.

Floating solar power generation is one of these technologies that has shown potential. It makes use of
underutilized water bodies to support photovoltaic (PV) modules. Incorporating floating solar cells
optimizes land use while posing new opportunities, especially when it comes to grid stability. By studying
the design, simulation, and integration of floating solar PV modules with Energy Storage Systems (ESS)

to improve grid network stabilization, this thesis aims at investigating these issues.

The use of floating solar cells for power generation is a paradigm change in the use of renewable energy.
Scalability is limited by the fact that traditional solar arrays sometimes compete with urban or agricultural
land use. On the other hand, innovative solutions such as floating solar arrays on lakes, reservoirs, and
other water bodies offer a large resource without endangering terrestrial ecosystems. There are more and

more pilot programs and large-scale implementations of this strategy taking place throughout the world.
5
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There are additional factors to consider while designing floating solar PV modules than when designing
terrestrial ones. It becomes crucial to consider elements like resilience, stability, and resistance to external
stresses. Three-dimensional modeling software (SolidWorks) is used to generate strong designs that
guarantee the longevity and dependability of the floating structures in addition to the best possible solar
energy capture. This thesis examines the complexities of floating solar cell design as a fundamental

component of the research since the efficiency of the modules directly affects total power generation.

The success of renewable energy, particularly solar systems, is widely credited to the strategic
implementation of Energy Storage Systems (ESS). This approach has been instrumental in mitigating grid
instability issues associated with the intermittent nature of solar energy production. Through optimized
integration of ESS, the efficient storage and controlled release of surplus energy have been ensured,
enhancing the overall resilience of the grid. Simulation tools like Homer pro have played a crucial role in
facilitating this process.

Utilizing MATLAB facilitates the dynamic simulation of the entire system, encompassing tasks such as
identifying optimal operating configurations and conducting in-depth analyses of power flow dynamics
and system behavior across different scenarios. To ensure that floating solar cell electricity is seamlessly
integrated into current grids, power distribution strategies are studied. This emphasizes the necessity for
intelligent and adaptable systems that can accommodate the special qualities of solar energy.

Presently, Rwanda’s electricity generation capacity stands at 332.6 MW across various power plants. In
terms of generation technology distribution, thermal sources account for 51%. Hydro sources contribute
43.9%, and solar sources make 4.2%[2].
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1.1. Problem Statement

Rwanda prioritizes sustainable energy mix development to address carbon emissions and electrical supply
unpredictability. Currently, thermal and hydroelectric power plants dominate, causing shaky grid
networks and carbon emissions. Improving energy infrastructure is crucial.

Rwanda's current energy paradigm requires a comprehensive strategy to address both carbon emissions
and grid network reliability. Earlier, the government has taken action to install 10 x 1 MW oil-fired
generator sets at Mukungwa Hydropower Plant to augment the national grid stability, especially in the
northern ring network that starts from the existing Ntaruka HPP in Burera district to Rwinkwavu
substation in Kayonza district of Eastern province. The project aims to enhance grid network stability and
reduce electricity supply issues by integrating diverse energy sources, including oil-fired generator sets,

for a sustainable future.

1.2. Research Objectives

1.2.1. Major Objective

The major objective of this research is to model and simulate a floating solar PV with ESS on Ruhondo
Lake integrated with existing Ntaruka HPP as an alternative RE generation for an energy optimum solution
to replace installed oil-fired gen sets at Mukungwa | HPP with aims to augment grid network stability and

reduction of CO2 emission.

1.2.2. The Specific Objectives
This study aims at achieving the below specific objectives:

= To obtain solar radiation information for Rwanda, especially in Burera District, and Ruhondo Lake

= To design a model for technical feasibility analysis

= To show information related to the cost-overview of the operation of the diesel plant including the
impact on the environment as well as CO2

= To compare operation cost for floating PV plant with the existing grid diesel generator sets

1.2.3. Research Questions
= How feasible is the technical integration of a floating solar plant with Energy Storage Systems on

Ruhondo Lake?
= What are the economic implications of implementing this floating solar solution to replace diesel

for grid stabilization at Ntaruka and Mukungwa I hydropower plants?



. AFRICAN CENTIR Of

UNIVERSITY o/ co) | EGE OF SCIENCE AND TECHNOLOGY AFESD oxceiumnce  enency ron

RWANDA - SUSTATHABLE DEVELOPMENT

= How can ecosystem-based adaptation strategies be effectively employed to sustain the floating

solar project and minimize environmental impact?

1.2.4. Research Justification
The urgent need to switch to robust and sustainable energy sources. Evaluating the technological viability

of an Energy Storage Systems-equipped floating solar plant on Ruhondo Lake responds to the demand for
novel renewable energy sources. Examining the financial ramifications of this approach satisfies the
pressing need for reasonably priced substitutes for traditional grid stabilization techniques. Furthermore,
looking into ecosystem-based adaption techniques guarantees the enduring sustainability of the proposed
floating solar project aligns with global initiatives aimed at minimizing environmental impact. With the
potential to greatly contribute to a more sustainable and resilient energy future, this research is essential

for educating decision-makers about practical, environmentally friendly energy alternatives.

1.3. Scope of the study
The scope of this research is on modeling and simulating a floating solar photovoltaic system with an

integrated ESS. The purpose of this system is to replace the currently employed diesel generators at the
Ntaruka and Mukungwa 1 Hydropower Plants (HPP) to maintain stability in the northern ring grid. The
scope includes a detailed analysis of the proposed transition's technological features, financial
implications, and environmental implications. The purpose of the study is to give a thorough grasp of the
viability and possible difficulties of applying this renewable energy solution to improve grid stability in
the designated area.

1.4. Conceptual framework
Going through different and similar research, several approaches have been applied to deal with the target

objective. This work has been conducted firstly through the identification of site for the project development,
clearly defining the problems among the community living within the village, collecting relevant data for
analysis, consulting related literature and identifying the gaps, using software to simulate the collected data and
come up with findings that might be applicable to satisfy the population’s needs in terms of electricity access

facing out the issues encountered among the community.
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Below is the summary of the research theoretical context:

DATA ASSESSMENT

e By reviewing related literature
e by determining appropriate modeling and simulation tools

SYSTEM SIZING AND FINANCIAL MODELING 2

e By using PVsyst Software for PV array sizing
e By using HOMER pro Software for system & financial modeling

FLOATING PV CONFIGURATION, VISUALIZATION IN THREE DIMENSIONS (3D) 3

e By using SOLIDWORKS software for PV array in 3D

PV-SYSTEM & ENERGY STORAGE OPTIMIZATION FOR GRIG STABILITY 4

e By using MATLAB Software
Figure 1: Conceptual framework of the research

1.5. Thesis organization
As per the title of the work “Design and simulation of Floating Solar PV Modules with ESS for grid
network stabilization” highlights, this work was carried out systematically focusing on the designing and
simulation of floating solar PV with Ess for grid network stability at the northern ring in north province
and east of Rwanda. To develop the work, about five main chapters were covered as follow:
Chapter 1 covers the general introduction of the research work, clearly defining the contextual of the
research, highlighting the existing problem, and identifying gaps, then comes up with the research
objectives and their relevancy, and finally the expected outcomes of the work and methodology approach.
Chapter 2 summarizes the contents that were consulted from numerous literatures and some key terms
that were used in the project development about designing solar mini-grid PV systems.
Chapter 3 defines the materials and approaches that were mainly utilized conduct research work, such as
simulation tools that might be potential in developing this work, resources assessment, and approaches
that might be useful to reach the set objectives. The assessment was based on both primary and secondary
data. Estimation of AC primary daily load and energy forecasting requirement in four (4) years were
presented in this thesis. Chapter 4 discusses the system design analysis of the different mini-grid solar PV
components such as PV modules, battery banks, inverters, and accessories.
Chapter 5 consists of a general conclusion and recommendations about the thesis work.

1.6. Contribution and Significance of the Study
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1.6.1. Contribution of the Study
The following are contributions of this research:

i.  Reliable electricity through grid stability,

ii.  Floating PV plant designed based on accurate data collected and precision tools utilized, thus the
plant will operate more efficiently than ever,

iii.  Good design leads to a sustainable floating solar PV plant and requires little OM costs.

iv.  Proven feasibility of solar floating PV plants at Ntaruka HPP, which will replace the usage of gen
set to stabilize the national grid in northern ring starting from Ntaruka HPP in Burera district to
Rwinkwavu SS in Kayonza District

v. Increased number of renewable energy usage hence Carbon emission reduction

1.6.2. Significance of the Study
The study’ s relevance stems from its potential to transform Ntaruka’ s energy landscape by tackling

critical elements that impact grid stability. The attainment of dependable electricity via improved grid
stability is an essential result, guaranteeing a continuous power supply to the area.

Additionally, the design of the floating PV plant assures optimal efficiency through the use of precise
instruments and reliable data, which contributes to enhanced energy output.

The focus on Homer & PVsyst design promotes long-term economic viability by resulting in a floating
PV plant that is sustainable and may have low operation and maintenance expenses. Significantly, the
viability of solar floating photovoltaic plants at Ntaruka has been demonstrated, signifying a revolutionary
departure from conventional generator sets and highlighting the possibilities for ecologically friendly and
sustainable energy solutions.

The study's conclusions essentially have important ramifications for developing renewable energy

practices and guaranteeing a consistent and sustainable power supply in Rwanda.

10
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CHAPTER 2. LITERATURE REVIEW

2.0. Literature review

In this Chapter we are going to recognize and point out the review on previous research on floating solar
systems with ESS by intensifying their findings:

In [3] The authors highlight the potential of FPV systems with ESS for renewable energy solutions but
lack a detailed analysis of cost-effectiveness and potential obstacles in transitioning from conventional
power sources to FPV systems. Addressing these gaps is crucial for informed decision-making on FPV as

a cost-reflective alternative.

In [4] The authors emphasize the advantages of FSPV, including land use reduction and water evaporation
mitigation, while analyzing its technical performance, energy production, and grid stability. The research
lacks a comprehensive analysis of the operational costs of the FSPV system, hindering a comprehensive
understanding of its economic viability compared to existing oil-fired power plants. The closing of this
gap is crucial for making informed decisions about the economic feasibility of FSPV as a replacement for

oil-fired power plants.

In [5] The authors delve into the technical intricacies of ESS, encompassing various storage technologies
and control strategies employed for seamless integration with solar PV systems. The analysis highlights
the benefits of combining ESS with solar PV, including improved grid stabilization, efficiency, and
reliability. However, the research lacks a comprehensive exploration of operational costs compared to
existing oil-fired power plants, which is crucial for a comprehensive evaluation of solar PV with ESS

combinations.

In [6] The authors explore technical aspects of floating solar photovoltaic (FSPV) systems, including
module types and installation methods. It evaluates energy production and grid stability, and explores
battery energy storage benefits. However, there's a gap in examining operational costs compared to

existing oil-fired power plants reserved for energy stability and energy supply dependency.

This research in [7] The authors conduct a thorough examination of the system's performance, assessing
both energy output and grid stability. The paper delves into the technical and discusses the selection of

modules and batteries. Additionally, the advantages of utilizing battery-powered FSPV systems for

11
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enhancing grid stability, including improved system reliability and efficiency, are explored. However, a
notable gap in the study is the absence of a dedicated analysis of the operational costs. Addressing this
gap is crucial for a comprehensive evaluation of the economic viability of replacing conventional power

sources with FSPV systems.

This study in [8] The authors sought to determine whether a floating photovoltaic system could be installed
at Ntaruka HPP reservoir to reduce water evaporation, increase Solar PV cell efficiency, and keep land
for other uses.

However, a gap in the study lies in the absence of consideration for designing a system without
overlooking grid stability, not considering the challenges of an expensive power evacuation line, and
neglecting the integration of renewable energy into the existing hydropower plant as floating solar PV
seems like designed in island mode system. Furthermore, the study lacks analysis regarding the required
energy and type of storage that can be applied in the context of designing the floating system.

In [9] The authors investigate the impact of wetlands degradation on water resources management in
Rwanda, with a specific focus on the Rugezi Marsh case While it sheds light on the negative impact of
wetlands degradation, including its implications for water resources, the study falls short in providing
proposed measures to protect the ecosystem. Additionally, there is a notable gap in the paper concerning

the integration of renewable energy to support the Ntaruka Hydropower Plant (HPP).

The growth of solar energy has progressed slowly throughout Africa, with the continent adding about 4
GW of new solar PV capacity between 2010 and 2018. [10] Challenges including low institutional
capacity within government agencies, low scale and competitiveness, high transaction costs, and the
perceived high risk associated with solar projects are to blame for this slow growth, which is especially
evident in sub-Saharan Africa. These difficulties highlight the more general systemic problems that need
to be resolved to hasten the adoption of sustainable energy solutions and stabilize the national grid network
as Rwanda struggles with its energy transition. The solar irradiation in Rwanda is good enough whereby
the peak sun time per day is expected to be 5 hours, even in the rainy seasons, and the average solar
potential is 4.5 kWh/m?/day. [11]
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Figure 2: Mukungwa 1 HPP power house Figure 3: 10 x IMW oil-fired plant operated by IPP “So-Energy Ltd”
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Figure 4: Performance of the distribution line in national grid network (RURA report, 2015-2020)

Performance on the distribution network Vs SAIDI and SAIFI
Year 2018/2019 2019/2020 2020/2021 | 2021/2022

System Average Interruption
Duration Index

(SAIDI - Hours/Year) 256 17.2 18 18.59
System Average Interruption
Frequency Index 49 37 144 4567

(SAIFI - Times/Year)
Table 1: SAIDI and SAIFI in national grid network (RURA report, 2018-2022)

There was a significant improvement from 49 times/year in 2018/2019 to 37 times/year in 2019/2020,
indicating a reduction in the average frequency of interruptions, and network performance (Figure 4).
However, in the subsequent years, there was a slight increase, reaching 45.67 times/year in 2021/2022.
Overall, monitoring these indices provides valuable insights into the reliability and performance of the
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distribution network indicating instability caused by the increase of demand and applying oil-fired gen
sets at Mukungwa | HPP to compensate for energy required in peak time over the specified four-year
period. (Table 1)

Electricity generation (kWh)
Year 2018 2019 2020 2021 2022
Capacity kWh kWh kWh kWh kWh
TOTAL 10,609,761 | 38,628,822 | 14,544,100 | 39,244,400 | 41,333,980
Fuel consumption (Liters/Tones)
Year 2018 2019 2020 2021 2022
Capacity Liters Liters Liters Liters Liters
TOTAL (Liters) 4,243,904 | 1,545,1529 | 5,817,640 | 15,697,760 | 16,533,592
TOTAL (Tones) 4243.904 | 15451.53 5817.64 | 15697.76 | 16533.59
Estimation Fuel Cost | 5,347,319 | 19,468,927 | 7,330,226 | 19,779,178 | 20,832,326
(USD$ 1.26/L) usD$ usD$ USDS UsD$ UsD$
OPEX (10% of Fuel
cost); USD$ 534,732 1,946,893 | 733,023 1,977,918 | 2,083,233

Table 2: Electrical generation and Fuel consumption for Gen-Sets (10MW) owned by So Energy Ltd at Mukungwa HPP (RURA report,
2018-2022) / Cost of Fuel is USD$ 1.26/Liter (RURA, Tariff by 2023)

Analyzing the system Average Interruption Duration Index (SAIDI) and System Average Interruption
Frequency Index (SAIFI) data between 2018 and 2022 offers valuable insights into the performance of
the distribution network, shedding light on the dynamics of electricity generation and fuel consumption
during those years. When considering fuel consumption in tons, there is a proportional increase, with the
total fuel consumption in mentioned years. This aligns with the increased electricity generation capacity
and indicates the system's reliance on fuel-powered generation. The decrease in SAIDI suggests an
improvement in the distribution network'’s reliability, potentially indicating enhanced infrastructure or
better maintenance practices.

The corresponding rise in fuel consumption emphasizes the need for sustainable practices and alternative
energy sources to mitigate environmental impacts associated with increased reliance on fossil fuels.

In conclusion, the combined analysis of SAIDI, SAIFI, electricity generation, and fuel consumption
provides a comprehensive overview of the distribution network's performance and its associated energy

generation dynamics over the specified five-year period. (Table 2)

14
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To assess the floating solar PV power plant capacity with ESS that will be added to Ntaruka HPP and
replace the Diesel Generator sets by not only considering capital expenditures but also environmental
considerations. Moreover, various studies on floating Solar PV systems have been undertaken, to address
issues associated with ground-mounted solar installations in Rwanda. The design of a floating solar PV
system is intended to mitigate concerns such as water evaporation, while also highlighting the advantages
of employing floating photovoltaic systems [12]. The global photovoltaic (PV) energy market is
experiencing rapid growth, and countries, including Rwanda, are encountering challenges related to
limited space, especially in densely populated urban areas. Apart from the scarcity of land, other issues
include concerns about water evaporation and the suboptimal effectiveness of land-based PV installations
[13].

In general, this literature offers valuable perspectives on the technical, economic, and environmental facets
of integrating floating solar PV modules with ESS for stabilizing grid networks. Ntaruka HPP case study
exemplifies the practical implications, both positive and challenging, associated with this renewable
energy approach. As awareness of climate change and the imperative to reduce greenhouse gas emissions
grows, renewable energy solutions have garnered increased attention. Among these solutions, the
utilization of floating solar PV modules with ESS for grid network stabilization is a relatively novel
concept that is gaining momentum, attributed to its diverse advantages [14].

The adoption of RES has witnessed substantial growth and is anticipated to accelerate in the coming
years. The incorporation of RES into grid networks offers dual advantages like reducing carbon

footprint and minimizing grid losses. Nevertheless, the inherent unpredictability and intermittency of
RES can lead to substantial disruptions, posing challenges in maintaining the balance between load and
generation on the grid [14, 15, 16]. The widespread use of PV and wind-producing facilities also leads to
other issues, such as harmonic distortions and voltage fluctuations [17]. As the penetration of RES
increases, the periodic fluctuations in RES power output can impose additional stress on conversational
generating units, necessitating efforts to maintain voltage and frequency within acceptable limits [18].
Additionally, arise in RES penetration lowers the system'’s accessible inertia, which raises the requirement
for more spinning reserves and ultimately results in additional expenses.

Many nations currently have mandatory grid regulations that take into account unforeseen circumstances
in order to manage variations and guarantee dependable renewable energy operation within the permitted
operating range, hence reducing the negative effects of RES on the grid [19]. The limitations of the grid
codes include those related to dispatchability, voltage and frequency regulation, fault-ride-through (FRT)
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capacity, ramp-rate, and more. A few nations, like Germany [20], Italy [21], and the UK [22], have already
instituted financial penalties for RES farms that fail to keep the output power schedule that was agreed
upon.

BESS is capable of controlling the flow of both active and reactive power and storing energy.
autonomously at the PCC and offers a range of services as seen in Figure.5.

Transient frequency stability is one of the potential BESS services. Transmission congestion management,
peak shaving [23], increased dependability [24], dispatchability [25], ramp rate control [26], and output
power leveling [27].

Power smoothing/ |

/ Levelling |
. N
Peak generation \
A shaving/Load
| o levelling |
/ Active Power f/‘ =
i Frequency |

regulation ‘

/

BESS Application |
1 Voltage regulation
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| Fault-ride-through ‘

Dispatchability

(FRT) |
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Figure 5: Typical BESS applications in renewable energy integrated system [23-27]

2.1. System Energy Storage Technologies

The characteristics of system energy storage technology depend on factors such as the storage type,
operational time frame (both short-term and long-term), power and energy ratings, as well as specific

applications [28].

2.1.1. System Storage Technologies General Consideration
The Time duration of operation, power and energy ratings, and the intended applications are key

considerations in determining the characteristics of energy storage technology [29].
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It is feasible to store the available energy for use at a later time in a variety of energy forms, such as
Mechanical, magnetic, and electrical components represent different types of technologies, and these can

be summarized as follows[30]:

L Electrical energy storage technologies J
L Electrical J L Electrochemical J L Mechanical J
4 Capacitor 4 Room temperature ¢ Potential energy in

-Capacitor battery storage medium

-Supercapacitor -Lead-acid -Pumped hydro

-Li-ion capacitor -Copper-zinc (CuZn) -Compressed air

-Nickel-Cadmium -Liquid air

4 Superconductor -Nickel-metal hydride

-Superconducting -Lithium-ion(Li-ion) 4 Kinetic energy in
magnetic energy storage medium
storage (SMES) & High temperature -Flywheel

battery

-Sodium sulphur(NaS)
-Sodium nickel chloride

4 Redox flow battery
-Zinc bromine

-All vanadium
-Polysulfide-bromide

Figure 6: Classification of Energy Storage Technology
2.1.2. System Operating Time Frame, Power and Energy Rating
The ESS have been used in the power business for over 150 years. Research into the application of
numerous highly promising storage technologies to large-scale power systems is still underway, despite
their advanced state. Energy storage methods can be categorized based on their durability of application,

as illustrated in Figure 6.
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Various ESS are accessible in MWh, as depicted in Figure 7. But in the pursuit of better power and energy
ratings, mechanical storage devices continue to lead the way. More extensive battery storage installations

than ever before are planned thanks to recent technological advancements in battery technologies.

2.1.3. Batteries and BESS Technology
The ESS technology has used over a century. In power system application, however, only secondary or

rechargeable batteries are recommended. Because of their capacity to offer operational flexibility, quick
reaction times, lower cost per kWh, and scientific advancements in contemporary battery technologies,
battery technologies are becoming more and more common in power system applications [31]. In power
systems, batteries are frequently utilized at all voltage levels [32]. Applications of them can provide
benefits to the environment and operational flexibility. However, owing of their limited power capacity
and energy density, battery storage devices are not commonly used on a big scale. However, there is now
more interest in the use of batteries in large-scale power systems due to recent advancements in battery
technology, particularly with regard to lithium-ion batteries.

2.1.4. BESS Connection Diagrams
The voltage level at which a BESS is meant to be attached mostly determines its basic construction.

Battery banks, which are essentially parallel, and a DC/AC conversion system are common components
of a BESS construction. Perhaps a transformer is required. in order, if BESS is intended to be, converted
from the Voltage output level to national grid voltage parameters. Frequently, BESS takes in and
transports electricity to and from the grid, necessitating the use of a bidirectional voltage source. current-
source converter [33], converter (VSC) [34], with its selection primarily based on the BESS's objective in
that specific case study.

Fig. 8 displays common BESS-PV combinations. Every setup has benefits and drawbacks of its own. The
cost of the system will rise in the instance of Fig.8 (a) due to the additional DC/AC converter. Furthermore,
because BESS connected directly to the PCC, an additional circuit breaker protection system is needed,
which raises the system's overall cost. The primary benefit, though, is that BESS may be controlled like a
stand-alone grid storage system. Because it enables the battery voltage to be raised to a high DC-link
voltage, the central DC-DC INV with BESS in Fig. 8 (b) offers the flexibility to be coupled with several
DC link voltage levels. Fig. 8 (c)' s block diagram does away with the requirement for a DC-DC converter.
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Figure 8: BESS in a PV-BESS energy system; (a) PV/BESS to single converter (b) BESS to common DC side through DC/DC converter (c)
Direct BESS connection to DC side[33], [34]
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2.1.5. Peak Generation / Load Shaving
The peak generation and peak load demand rarely align in commercial, residential, and industrial settings.

During periods of high energy production, a BESS can store surplus energy for later use during peak
demand periods. Furthermore, during off-peak times when electricity costs are lower, the battery can be
charged from the grid at a more economical rate. The installation of BESS for peak demand smoothing
facilitates the optimal utilization of available generation [35]. BESS can significantly reduce the grid
network’s power flows [36] and facilitate the use of extra energy stored during the day to support peak
load demand in the evening. The battery charging/discharging rate is changed in response to the actual
SOC with the intended SOC level [37], and with the least amount of cost and power loss [38], A customer-
owned BESS can achieve sufficient peak reduction even when the peak load demand in a feeder is not

equal to the peak demand across the utility when there is sufficient battery capacity available [39].
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Figure 9: PV peak generation shaving with BESS [40]
An illustration of a standard BESS process for peak generation shaving is provided in Figure 9. BESS
can support the lowering of peak load demand by storing extra PV energy during the day for use at night.
Demand peak-cutting is essential to lowering a particular peak power consumption point in commercial,
industrial, and residential buildings that might lead to extra expenses for consumers. Users' electricity bills
can be greatly reduced by implementing BESS [40]. In a deregulated and competitive power distribution
system, the peak energy price could not be much higher than the regulated price, which could affect the

battery storage system's economic advantage [40].
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2.1.6. Voltage Regulation
The Variable renewable energy sources need to adhere to stringent voltage regulation guidelines in order

to guarantee that nominal voltage stays within the working limit. Battery storage responds quickly to
voltage sags or surges, maintaining a steady voltage source in the power system and charging or
discharging the battery accordingly. Power flows backward into the network as a result of a voltage surge
that occurs when PV peaks in production and there are minimal to no load demands [41]. Many strategies
have been put up to counteract the negative effects of significant photovoltaic penetration in low-voltage
distribution networks [42]. One option is to curb PV production, but doing so will minimize the financial
gain by reducing the maximum usage of PV generation capacity [43].

The installation of a voltage regulator [44], transformer tap adjustment [45], and PV converter reactive
power compensation [46] are other options that have been implemented. Although grid strengthening is
more expensive, it might be an additional way to lower feeder losses [47]. As seen in Figure 10 By using
BESS to consume excess PV energy during peak generation, PV's impact on the grid's voltage rise can be
minimized. Depending on the requirements of the network, BESS can be designed to either consume extra

energy or regulate reactive power to change grid voltage within the allowed range.
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Figure 10: Voltage control system in solar PV integrated with BESS [41]
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An essential function of battery storage systems is to manage voltage spike or drop that occurs during The
existence of either peak PV generation or peak load demand [48]. Local droop approach [49], PCC voltage
monitoring [50], and measurements from distributed controllers [51] can all be used to control battery
charging and discharging[52, 53], and supporting increasing PV penetration while keeping acceptable
voltage limits [54] are all possible with battery storage systems. VVoltage regulation can be provided by
BESS active power [55] or by setting superiority to BESS’ reactive power along with BESS' active power
[56, 57].

In conclusion, the literature review provides a comprehensive understanding of research on floating solar
PV systems with energy storage, highlighting potential benefits like reliability and environmental impact
reduction. It also highlights challenges in integrating renewable energy, emphasizing the need for
comprehensive solutions.

The literature review offers significant insights into the developing topic of energy storage systems (ESS)
integration with floating solar photovoltaic (FPV) systems for grid stabilization. However, there is a
noticeable gap in the specific context of Rwanda's energy transition, where issues like sub-Saharan
Africa's slow adoption of solar energy and not mentioning the negative effects of relying on diesel power
plants for grid stability and energy demand matching, the inability to control hydropower and ESS in the
event of peak hours, the reduction of needless battery capacity, and the lower cost of installed solar power
plants remain. This study not only considers the technical and economic aspects but also emphasizes the
broader goal of stabilizing the national grid and replacing an existing 10MW oil-fired plant. By doing so,
this research aims to provide a comprehensive solution that aligns with Rwanda's sustainable energy goals,

utilizing the abundant solar potential.
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CHAPTER 3. RESEARCH METHODOLOGY AND MATERIALS

3.0. Introduction

To perform any renewable energy project, to properly analyze the effective performance of the designed
system, the deep assessment may need suitable conditions to be met such as site description, needful
technologies, system investigation, and operative performance influence. This research aims are Design
and simulation of Floating Solar PV Modules with ESS for grid network stabilization from Ruhondo
District. Each step used to design such a system will be discussed in this report.

To achieve the research specific objectives, different tools such as SOLIDWORKS, MATLAB, HOMER
& Also PVsyst and ArcGIS. A set of questionnaires were used for gathering the required information
including solar radiation, daily energy requirements by end-users, grid status even more others daters
concern.

The design of the green solar PV mini-grid Design and simulation of Floating Solar PV Modules with
ESS for grid network stabilization was accomplished through the use of MATLAB, Homer, SolidWorks

and PVsyst simulation software.

Homer

Homer is a model that is used in optimization and simplifying the activity of power system evaluation
designs in various use. Configuration of the PV plant can be made by using the Homer software tool. It is
possible when utilizing this software to select different components of the designed system. The core goal
of this research is to investigate a green PV plant that can provide stable and reliable electricity at a
minimal cost compared to the other energy provision systems. The tool will help to determine how the
designed system interrelates with end-use requirements according to the expediency and potentiality of

energy in the load region where the system is modeled for.

Simulation

The Homer simulating tool consists of different components, resources, loads, and system constraints. The
performance of enormous system configurations is simulated through the calculation of energy balance
per hour. The tool will help Simulate a long-term operation of the system with accurate sensitivity. Homer
can hold a considerable simulation than other similar tools. Therefore, it is my preference among other
simulation tools.

MATLAB Simulink
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A graphical platform for modeling, simulating, and evaluating multidomain dynamical systems is offered
by MATLAB Simulink, an extension of MATLAB. It offers a block-diagram interface where users can
represent system components as blocks and connect them to model complex interactions. Simulink is
extensively used for dynamic system simulations, control system design, and signal processing
applications. Its library of predefined blocks covers a wide range of domains, including mathematics,
control systems, electrical circuits, and more. Simulink allows users to simulate the behavior of their
systems over time, making it a powerful tool for developing and testing control algorithms,
communication systems, and other dynamic processes in engineering and research

PVsyst

PVsyst is a specialist software application intended for photovoltaic (PV) system modeling and
simulation. For the design, optimization, and performance analysis of solar power systems, it is
extensively utilized in the solar energy sector. To simulate energy production of a solar PV system over
time, users can input site specific data into PVsyst, such as geographic location, climate conditions, and
system components. Its features, which offer insightful information for the design and improvement of
solar installations, include financial evaluations, energy yield forecasts, and shading analyses. For
engineers and solar industry experts involved in PV system design and assessment, PVsyst is a vital tool.
SolidWorks

SolidWorks is a software program for CAD and CAE that is used to create 3D models and simulations.
With tools for assembly building, parametric modeling, and finite element analysis (FEA), it offers a
complete platform for product design and development. The product development process is expedited by
SolidWorks, which gives engineers and designers the ability to envision and test their concepts in a virtual
environment. With its extensive skills in mechanical design, sheet metal design, and simulation, it is a

vital tool in manufacturing and mechanical engineering, among other fields.

3.1. Floating Solar PV 3D model with SOLIDWORKS
The solar PV is positioned atop in an environment with seawater. The solar PV Module angled T with

respect to the horizon, while the unit itself is flat. The location's latitude angle I equals the optimal tile
angle in theory. It is necessary to choose this tile angle between the conditions of wind speed and solar

PV. The force of wind expressed Fw given by below formula:

Fw=05p V?A
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where P is the air density, which at roughly 25 degrees is believed to be 1.18 kg/m3. The solar PV 's
effective area, A, depends on the direction of the wind. As sin T, whereas is the solar panel's area as shown
in Figure. 11, is the estimated effective area due to the tiling angle.

But wind speed isn’t always horizontal, thus the estimation above provides an empirical method; as a
result, the safety tiled angle is:

0<0<.

According to experimental findings, the tilt angle should be lowered to prevent damage to the solar panel
from strong winds, gusts, or typhoons.

0 < ¢/2.

Solar Panel

F“, (— S

| Floating Unit I

Angle between solar PV and Floating mounting structure

Figure 11:
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Figure 12: actual configuration of floating solar PV using SOLIDWORKS

3.2. Floating solar PV model by MATLAB

A MATLAB model that integrates hydropower and solar PV modules in a grid system, improved by an
intelligent battery management system (BMS. This project's primary goal is to integrate a PID control
system made especially for the BMS. During the charging and discharging stages, this system is crucial
for monitoring and managing the linked battery's voltage and current. The objective is to increase grid
stability by ensuring precise control and management of the battery's characteristics over its working

cycles.
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Figure 13: BESS and solar PV structure
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Figure 13. illustrates the proposed system, which includes PV arrays, a DC-DC boost converter with
MPPT, a VSC as a DC/AC inverter, a lithium-ion-based BESS, a DC/DC buck converter with a PID-
based charge controller, a DC/DC boost converter with a PID-based discharge controller, and a three-
phase load. The PV arrays and BESS are connected to the AC Bus via a DC/DC converter and a DC/AC

voltage source controlling inverter.

The Homer Pro floating solar PV system uses photovoltaic modules, floating structures, inverters, and a

ESS to optimize energy consumption and efficiency. The system offers an applied and reasonable way to

shift to clean energy because it is built with the local climate and environmental factors in attention. Grid

stability is supported by the system’s resilience

Schematic
AC DC
PV SPP generation to Grid

w-— e

152500.01 kWh/d
20390.92 kW peak

Conv

Figure 14: Simple schematic design for floating Solar system
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3.3. Site data collection, data analysis, assessment (General)
3.3.1. Site description
The geographical location of the study area of floating solar PV is at Longitude 29.749212 and Latitude -

1.478597, which are located near the Ntaruka HPP on Ruhondo lake and are found in Northen Province
of Rwanda, Burera District, Kinoni Sector, and Ntaruka Cell.

Kinyahaba
Butaro

bhunga Rug(i::ml ﬂ"ui\q’

MAP FOR A GEOGRAPHICAL

DESCRIPTION OF THE STUDY e

AREA OF FLOATING SOLAR PV e
LOCATED IN BURERA DISTRICT

abari [ otstrict Serera
—— s g Sector wihin Burer Disirict

Legend

Rwrerere

Gatebe

) - Euhunde
— . Nemba
Fhoto for floating solar PY ;

|y

Figure 15: A, B, and C Maps of Rwanda, Burera District, Ruhondo lake locating Floating solar out stream of Ntaruka HPP
[Burera, Rwanda Administration Maps, 2023, NISR]

This floating solar power plant is going to be located downstream of the Ntaruka HPP’s powerhouse.
Ruhondo is one of the two lakes formed by the volcanic activity of the Sabyinyo Volcanic Mountain,
which erupted and cooled, spitting lava over a river valley. A land mass of one kilometer divides Lake
Ruhondo from Lake Burera. The northern regions of Rwanda, where lakes Ruhondo and Burera are

situated, are adjacent to Uganda. Burera, Musanze, and Gakenke are the three districts that Lake Ruhondo
Crosses.
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At its southwest end, Lake Burera provides Lake Ruhondo with water. Its approximate area is 2800
hectares. Water from several streams’ feeds Lake Ruhondo, which empties into the Mukungwa River, a
tributary of the Nyabarongo River, to the southwest. Ruhondo and Lake Burera are separated by a 1 Km

long land mass.

Niaruka HPP

Lake Ruhondo

Figure 16: Satellite view of the village showing site location with existing Ntaruka HPP, Ruhondo and Burera lakes

Ntaruka HPP
Penstock

3 10.5 MW
: Ntaruka HPP Ruhondo Lake

Switchyard | 25MWp B
Floating SPP |

Figure 17: Ntaruka 1 HPP power house Figure 18: Ruhondo Lake where Solar PV Floating Plant will be
located
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3.3.2. Rugezi Wetland Degradation, Impacts on Ntaruka HPP, Ecosystem-Based Adaptation (ebA)
Approach in Restoration, with Integration of Floating Solar PV

This comprehensive study investigates the temporal dynamics of Rugezi Wetland degradation, its
consequences on the Ntaruka Hydropower, and the application of ecosystem-based adaptation (ebA)
principles in the restoration process. Additionally, the research explores the incorporation of a floating
solar photovoltaic (PV) system to enhance sustainability and resilience. Through before-and-after
comparisons, the study assesses the effectiveness of ebA in bolstering ecosystem resilience and supporting
the operational recovery of Ntaruka Hydropower, with a focus on the impact of the integrated floating
solar PV. By comprehensively examining the degradation, restoration, and operational recovery of Rugezi
Wetland and Ntaruka Hydropower, this research offers a nuanced thoughtful of the profits of ecosystem-
based adaptation and the integration of renewable energy solutions in fostering resilient and sustainable

energy ecosystems.

Section Key Findings / Principles / Strategies / Impacts / Lessons

Background People began cultivating in the Rugezi for primarily two reasons: population
pressure and upland deterioration. Rugezi satisfies two vulnerability criteria:
one related to biodiversity and the other to hydrology, in addition to its
agricultural role. The two main HPP facilities in Rwanda are Mukungwa
HPP, which is located downstream from Lake Ruhondo, and Ntaruka HPP,
which is located between Lake Burera and Lake Ruhondo. The stream
discharge from the Rugezi wetland is necessary for these stations to function.
Rugezi is also home to a greater variety of bird species. Rugezi is badly
degraded since it has lost a significant amount of its ecological, hydrological,
and energy supply functions, claim (Sylvére Hategekimanal, 2008).

Wetland Degradation e Wetland degradation impacts water quality and quantity
and Hydropower e Reducing hydropower efficiency
Consequences e Loss of biodiversity in degraded wetlands adversely affects

ecosystem se rvices

Ecosystem-Based e Biodiversity conservation involves restoring native plant species in
Adaptation (ebA) Rugezi Wetland
Principles e Ecosystem resilience through natural barriers and habitat restoration
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Sustainable resource management includes integrating renewable

energy such as floating solar PV

Intervention

Strategies

Rugezi Wetland restoration with ebA involves habitat restoration and
natural barriers
Ntaruka Hydropower rehabilitation includes technical upgrades and

operational enhancements

Degradation of
Rugezi Wetland and
Impact on Ntaruka

Hydropower

Historical context outlines the timeline of degradation and effects on
Ntaruka Hydropower

Causes of degradation include agriculture runoff and deforestation
with corresponding impacts on the wetland and hydropower
Consequences for Ntaruka Hydropower involve reduced efficiency

and environmental compliance issues with mitigation strategies

Restoration
Interventions with
Ecosystem-Based

Adaptation

Rugezi Wetland restoration focuses on habitat restoration and natural
barriers

Ntaruka Hydropower rehabilitation includes technical upgrades,
adaptive management, and habitat protection

Integration of Floating Solar PV brings benefits such as renewable
energy generation, reduced water evaporation, and positive impacts

on biodiversity and hydropower efficiency.

Comparative Analysis

Before-and-after restoration compares parameters like ecological
health and operational performance
Impact of Floating Solar PV includes aspects like wetland

conservation and enhanced hydropower synergy.

Challenges and

Lessons Learned

Challenges faced during restoration include funding constraints and
community resistance with corresponding mitigation strategies

Lessons for future wetland-hydropower management emphasize
community involvement, adaptive management, and the
incorporation of ecosystem-based adaptation for project resilience

and sustainability

Table 3: Rugezi Degradation, Impacts on Ntaruka HPP, ebA) approach in its restoration by integrating Floating Solar PV with existing

HPP
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3.4. Component sizing
The component sizing calculations for a solar power system are outlined in the provided equations. Let's

dissect the parts and explain how the sizes of a grid-tie floating solar system with a 25 MWp capacity and
a 5 MWh integrated battery storage system relate to each other. These characteristics are among system
design parameters that was based on MATLAB, Homer Pro, and PVsyst Software during optimization of

the actual system needed to replace a 10 MW diesel thermal power plant for grid stabilization.

Parray = oo e (Bo1)
PSH x Hyy,
Whereby:
e Pvarray: Power output of PV array in kWp
o E: Daily Average energy consumption in kWh/day
e PSH: Peak sun Hour solar irradiance 1000W/m? at STC

e Hui: tilt angle specified occurs at Peak Average solar radiation

n: PV array sizing coefficient

The ratio of the designated system voltage to the voltage V of the solar PV module at STC was used to
estimate the number of solar PV modules in series at STC.

v

Vmodule

Whereby:
e Ns: is the number of PV modules to be connected in series
e Vs: the system voltage

e Vmodule: Voltage per PV module

The ratio of the power produced by the solar PV array to the number of solar PV modules in series and
the power loss by the solar PV module was used to determine the number of solar PV modules in parallel.

I array

P NS X Pmodule

Whereby:
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e Np: Number of solar PV modules in parallel

e  Module: Power generated by PV module

Thus, it was obvious that multiplying solar PV modules in series and parallel would produce the entire
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solar PV Modules needed to be connected to meet the required plant capacity.

=23 NVERTER

Whereby:
e Nr: total number of PV modules for solar power plant
PVHYDRO PLANTS CONTROLLER
SCADA SCADA
Floating Solar PV Plant 25MWp |
N D (D—e)
— _ Y,
B60V/30KY ;ﬁvmukv \ /
CENTRAL SCLAR INVERTER 25MW 10.5 MW NTARUKA HPP
I/ \I

ENERGY STORAGE SYSTEM SNWh =F\—’ (_@ ><’___‘>< 30KV 10KV

B60VI30KY |\ ) Signals from the metering trans|

LOAD

Modbus TCP/RTU; DNF3

Modbus TPC

Figure 19: SLD for 25MWp with ESS integrated with existing 10.5MW Ntaruka HPP

34



AFRICAN CENTIR Of

D SITY 2T COLLEGE OF SCIENCE AND TECHNOLOGY "Fﬁi?“ EXCELLESKCE (1 ENERGY FOR

CHAPTER 4. RESULTS AND DISCUSSION

4.1. PVSYST software design results
Energy yield calculations are performed with PVsyst software and result is presented in Table 4. Energy

Estimation:
Unit 25,000kWp
Input | GHI kWh/m?/year | 2059.6
data Gl kWh/m?/year | 2,058.4
Ambient Temperature °C 22.93
Azimuth Deg 0
Peak Power MWp 24.5
Total Rated Power AC MW 23.4
Number of PV Module No. 37,038
Number of PV string No. 74
Loss Soiling [%] 0
factors | Wiring Ohmic [%0] 0.1
Serie Diode [%] 0.1
(LID) Light Induced [%] 0.1
Degradation
Module Quality [%0] -0.8
Module Mismatch [%0] 1
String Mismatch [%] 0.1
AC Wire Loss Inverter to [%] 0.8
Transformer
External Transformer Iron [%0] 0.1
External Transformer Resistive | [%] 1
Results | Net Energy MWh/year 41.5
Performance Ratio [%] 80.64
Area Planned areas for PV m? 145,980

Table 4: Project Results summary
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Figure 20: Shading Analysis by PVsyst
The plant sizing and simulation were done by the software module PVsyst which is the industry standard
for sizing of utility-scale plants. The basic parameters of the 25MWp installation are shown in the Table
4 above. With the parameters chosen, the area covered is about 162.360m?2 not including walkways,

inverter spaces, and transformer stations.

The PVsyst results show n anannual energy production of about 41.496 MWh/year with a performance

ratio of 80.6%.

4.2. HOMER software results
The solar irradiance data provided by HOMER Pro presented in Table 4 offers a comprehensive overview

of the solar energy potential for each month, allowing for accurate modeling and analysis of a solar power

brief in the description of the key parameters:

A dimensionless index represents the clarity of the atmosphere. A higher clearness index, 0.487 indicates
clearer skies with less atmospheric interference.

The average daily global horizontal irradiance for the entire year indicates the overall solar energy
potential resulting by 4.87 kWh/m?/Day.

The average ambient temperature, 20.41°C for the entire year, influences the efficiency of solar panels

cooled by water.
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The average wind speed, 2.57 m/s for the entire year, impacts the local climate conditions and potential

cooling effects on solar panels.

This data is essential for designing and optimizing solar power systems, helping to estimate energy

production, assess system performance, and make informed decisions about system sizing and

configuration based on local climatic conditions.

Month Clearness GHI daily Temperature | Wind speed(m/s)
Index (kWh/m?/Day) (°Q)
Jan 0.480 4.900 19.730 2.570
Feb 0.493 5.170 20.580 2.710
March 0.478 5.030 20.140 2.400
Apr 0.487 4.930 19.710 2.350
May 0.504 4.800 20.790 2.740
Jun 0.526 4.810 21.300 3.290
Jul 0.528 4.900 21.480 2.990
Aug 0.501 4.920 22.030 2.860
Sept 0.485 5.000 21.350 2.510
Oct 0.450 4.690 19.630 2.240
Nov 0.454 4.640 19.010 2.080
Dec 0.491 4.639 19.009 2.078
Annual 4.87 20.41 2.57
Av.
Annual Average (KWh/m?/Day) 4.87
Solar Resources in Ruhondo Lake on planned area of Solar PV Floating System.
Source: NASA Database and Solar Energy Database
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Figure 21: Solar Resources in Ruhondo Lake on planned area of Solar PV Floating System

Clearness Index

The data on solar irradiation that was gathered from Ruhondo Lake in the region set aside for the proposed

Solar PV Floating System is shown in Figure 20. With the help of this vital information, the floating solar
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panels may be positioned and designed in the best possible way to maximize energy capture and the overall
performance of the solar photovoltaic system. The graphic is a useful resource for learning more about

the location's solar potential.

Component Name Size Unit
PV Generic flat plate PV 25,000 kW
Storage Generic IMWh Li-lon 15 strings

Generic large, free
System converter | converter 25,000 kW

Dispatch strategy | HOMER Cycle Charging

Table 6: Floating solar PV System Architecture

Table 5 outlines the key components and specifications of the Floating Solar PV System. Generic flat
plate modules are used to generate renewable energy in the 25,000kW installed capacity Floating Solar
PV System. For energy storage, 15 strings of LMWh Li-lon batteries are included. The system converter
makes energy conversion and distribution easier with its 25,000kW capacity. Energy storage utilization is
maximized with the HOMER Cycle Charging technigue.

This schematic design in Figure 21, created using HOMER Pro software, illustrates the key components
and their interconnections in a floating solar system. The figure provides a clear visualization of the solar
panels mounted on the water surface, connected to a generic large, free converter with a capacity of 25,000
kW. Additionally, the design incorporates 15 strings of generic LMWh Li-lon batteries for energy storage.
The simplicity of the schematic enhances understanding, making it an invaluable tool for systems in the
implementation and optimization of floating solar PV projects.

Electrical Summary

Production Summary

Component Production (kKWh/yr) Percent
Generic flat plate PV 33,113,082 100
Total 33,113,082 100

Table 7: Floating solar PV System Production Summary

Consumption Summary

Component Consumption (kWh/yr)  Percent
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AC Primary Load 27,615,350 100
DC Primary Load 0 0
Total 27,615,350 100

Table 8: Floating solar PV System consumption Summary

PV: Generic flat plate PV

Generic flat plate PV Electrical Summary

Quantity \ETS Units
Maximum Output 20,246 kW
PV Penetration 59.5 %
Hours of Operation 4,380 hrs/yr
Levelized Cost 0.0880 $/kWh

Table 9: Floating solar PV electrical Summary

Generic flat plate PV Statistics

(o ]TET 1414 VELE Units
Rated Capacity 25,000 kw
Mean Output 3,780 kW
Mean Output 90,721 kWh/d
Capacity Factor 15.1 %
Total Production 33,113,082 kWh/yr

Table 10: Floating solar PV statistics

ESS, Storage: Generic IMWh Li-lon
Generic 1IMWh Li-lon Properties

(o ]TET 1414 AT Units
Batteries 15.0 qty.
String Size 1.00 batteries
Strings in Parallel 15.0 Strings
Bus Voltage 600 Y

Table 11: ESS, Storage: Generic LMWh Li-lon
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Generic 1MWh Li-lon Result Data

Quantity Value Units

Average Energy Cost 0 $/kWh

Energy In 3,384,640 kWh/yr
Energy Out 3,057,560 kWh/yr
Storage Depletion 12,000 kWh/yr
Losses 339,080 kWh/yr
Annual Throughput 3,222,952 kWh/yr

Table 12: ESS, Storage results

Generic 1MWh Li-lon Statistics

Quantity Value Units
Autonomy 1.89 Day
Storage Wear Cost 0 $/kWh
Nominal Capacity 15,000 kWh
Usable Nominal Capacity 12,000 kWh
Lifetime Throughput 45,000,000 kWh
Expected Life 14.0 Yr

Table 13: ESS, Storage statistics

Converter: Generic large, free converter

Generic large, free converter Electrical Summary

(o ]TET 1414

Hours of Operation 1,201 hrs/yr
Energy Out 2,904,682 kWh/yr
Energy In 3,057,560 kWh/yr
Losses 152,878 kWh/yr

Table 14: Converter electrical summary

Generic large, free converter Statistics

Quantity Value Units
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Capacity 25,000 kW
Mean Output 332 kW
Minimum Output 0 kw
Maximum Output 10,815 kW
Capacity Factor 1.33 %

Table 15: Converter statistics

The dispatch strategy employed in this system architecture in Table 5 follows the HOMER Cycle Charging
method. This strategy optimizes the charging and discharging cycles of the storage system to enhance the
overall efficiency and reliability of the hybrid energy system.

This system architecture is designed to integrate solar power generation, energy storage, and efficient
conversion for optimal performance in Table 6, Table 7, Table 8, Table 9, Table 10, Table 11, and Table
12, Table 13, and Table 14. The dispatch strategy ensures intelligent management of the energy flow,
maximizing the utilization of renewable resources and minimizing reliance on non-renewable sources.
The use of lithium-ion batteries in the storage system reflects a contemporary and widely adopted
technology for energy storage in renewable energy systems. The overall goal is to enhance grid stability
and reduce dependence on conventional energy sources, contributing to a more sustainable and resilient
power infrastructure.

The solar photovoltaic (PV) component is the primary contributor to electricity generation, producing
33,113,082 kWh per year. It constitutes 100% of the total electrical output, indicating a reliance on solar
energy for the system's power generation.

The AC primary load represents the total electricity consumed by the system. In this case, it amounts to
27,615,350 kWh per year, constituting 100% of the total consumption. This load is typically associated
with the demand for electricity within the system.

The absence of a DC primary load indicates that there is currently no direct current load in the system.
This could imply that all direct current generated is efficiently converted to alternating current for
consumption or storage.

This data provides a snapshot of the system's electrical balance. It serves as valuable information for

system optimization, suggesting adjustments to better align production with consumption.
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4.3. Simulation Results and discussion
This study's use of MATLAB produced thorough and informative results, especially when it came to the

dynamic modeling and analysis of the suggested floating solar PV system. The complex interactions inside
the system were successfully represented thanks to the Simulink extension, enabling a thorough analysis
of its behavior across time. Finding the best operating configurations was made easier by the simulation
findings, which offered a solid understanding of the system's responsiveness to changing circumstances.
The ability to integrate many components was made possible by MATLAB’s adaptability, which also
made it easier to analyze the intricate relationships and dependencies that exist inside the floating PV plant
and its connection to the grid.

Figure 22. The MATLAB results provide a detailed insight into the performance parameters of the
integrated renewable energy system, consisting of a 25MWp Floating Solar PV array with a 5MWh
Energy Storage System (ESS). This system is intelligently designed to complement the existing 10.5MW
Hydropower Plant and strategically replace the 10MW Diesel Power Plant, contributing to national grid
stability.

Input VVoltage from PV Array (Vpv); the results show the voltage supplied by the 25MWp Floating Solar
PV array, indicating the efficiency. The values are critical for understanding the electrical characteristics
of the PV system and ensuring optimal power generation.

Input Current for PV Array (Ipv); this parameter represents the current flowing through the PV array.
Monitoring lIpv is essential for assessing the real-time performance of the solar panels, aiding in
identifying any issues such as shading or module malfunctions that may impact overall efficiency.
Power Qutput for PV Array (MWp); the power output from the 25MWp Floating Solar PV array is a
crucial metric indicating the actual electricity generated. This result is pivotal in evaluating the system's
capacity to meet energy demands and contribute to the overall power supply to the grid.

Vac and lac Similar to Grid Parameters (Network Stability); the alternating current (Vac) and current (lac)
parameters representing grid conditions are of paramount importance. These results demonstrate the
synchronization and compatibility of the integrated system with the national grid, ensuring stability and

reliable energy contribution.
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Figure 22: Network stability the simulation result from MATLAB

For the purpose of national grid stabilization, the proposed 25MWp Floating solar integrated with the

existing 10.5MW Ntaruka HPP replaces 10MW oil-fired gen sets. The figures provided show simulations

from HOMER Pro for a photovoltaic (PV) system, including the PV array, inverter (INV), and lithium-

ion batteries.

The figure illustrates the simulation of available GHI in kilowatts per square meter (kW/m2). The related

PV power output in kilowatts is shown, indicating the energy generated by the photovoltaic array in

response to the solar irradiance.
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Figure 23: simulation of available GHI (kW/m?) and its related PV Power output (kW)

This simulation displays the power output of the inverter in kilowatts. The main inverter rated 25MW will

be embedded with a transformer to evacuate the generated power into the national grid.
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Figure 24: simulation of INV power output (kW)
The power provided to charge the Li-ion batteries is represented by the simulation's input power in
kilowatts. The power output from the batteries when they are discharging to supply energy is shown in

this section of the figure. The Li-ion batteries' state of charge is shown, indicating the amount of energy
they can hold at any one time.
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Figure 25: simulation of Li-ion batteries input power (kW), and Li-ion batteries discharge power and its state charge

The collective perspective offered by these simulations offers a thorough understanding of the operation
and interactions of the PV system. To comprehend the general behavior of the system and optimize its
operation, it is essential to study the figures as they provide information on the efficiency of the PV array
in converting solar irradiance into power, the output of the inverter, and the dynamics of charging and
discharging the Li-ion batteries.
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Name Capital Operating Replacement Salvage Resource Total
Generic
1MWh Li-Ion | $375,000 $116,348 $0.00 $0.00 $0.00 $491,348
Generic flat
plate PV $37.5M $155,130 $0.00 $0.00 $0.00 $37.7M
Generic
large, free
converter $4.00M $129,275 $0.00 $0.00 $0.00 $4.13M
Other $115,000 $5.55M $0.00 $0.00 $0.00 $5.67M
System $42.0M $5.96M $0.00 $0.00 $0.00 $47.9M
Table 16: capital cost of project
Annualized Costs
Name Capital Operating Replacement Salvage Resource Total
Generic
i1MWh Li-
Ion $29,008 $9,000 $0.00 $0.00 $0.00 $38,008
Generic
flat plate
PV $2.90M $12,000 $0.00 $0.00 $0.00 $2.91M
Generic
large, free
converter | $309,418 $10,000 $0.00 $0.00 $0.00 $319,418
Other $8,896 $429,700 $0.00 $0.00 $0.00 $438,596
System $3.25M $460,700 $0.00 $0.00 $0.00 $3.71M

Table 17: Annualized costs

Economic Analysis Summary Table
for floating Solar PV with ESS:

Category Total Cost ($) Cashflow ($)
Capital $47,945,710.00 ($42,000,000.00)
Operating $2,120,505.00 ($460,700.00)
Total Annualized $50,066,215.00 ($42,460,700.00)

Table 18: Economic analysis summary
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Description

Table 17 illustrates the economic analysis provides a comprehensive overview of the costs associated with
the renewable energy system components. The total net present cost (NPC) for the entire system is
$47,945,710.00, encompassing capital, operating, replacement, salvage, and resource costs. The cash flow
analysis shows the financial flow over time, indicating the investment costs and returns associated with

the project.

The capital investment for the entire system is $42,000,000.00; Annual operating costs total $460,700.00,
contributing to the overall economic performance of the system. The annualized costs, including capital
and operating expenses, amount to $50,066,215.00. The NPC, representing the present value of all costs
over the project's lifetime, is $47,945,710.00.

The LCOE is calculated at $0.134 per kilowatt-hour, providing a measure of the per-unit cost of electricity

generated by the system.
This economic analysis aids in assessing the financial viability and competitiveness of the renewable

energy project, offering valuable insights for decision-making and further optimization.

4.5. Operational Cost Comparison of 25 MWp Floating SPP with ESS and Existing 10xIMW
Diesel Power Plant

Items 25 Floating SPP with ESS | Existing 10MW Diesel

CAPEX USD $47,945,710 Not compared

Energy generated per Annum | 33,113,082kWh 41,333,980kWh (consumption 2022
LCOE USD$0.134 {Jegg$ 0.34 (Incl. GoR subsidy)
OPEX per Annum USD$ 4,437,153 USDS$ 14,053,553

Total OPEX in 25 years (PPA) | USD$ 110,928,825 USD$ 351,338,830

Table 19: Comparison of 25 MWp Floating SPP with ESS and Existing 10x1IMW Diesel Power Plan

Table 18 provides a comprehensive comparison between the operational aspects of a 25 MWp Floating
Solar Power Plant (SPP) with an Energy Storage System (ESS) and an existing 10x1IMW Diesel Power
Plant. The Floating SPP with ESS boasts a capital expenditure (CAPEX) of USD 47,945,710. Annually,
the Floating SPP generates 33,113,082 kWh, whereas the existing Diesel Power Plant consumes

41,333,980 kWh in the year 2022. The Levelized Cost of Electricity (LCOE) for the Floating SPP is
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significantly lower at USD 0.134 compared to the Diesel Power Plant's LCOE of USD 0.34 (inclusive of
the Government of Rwanda subsidy). The annual operational expenditure (OPEX) for the Floating SPP is
USD 4,437,153, notably lower than the existing Diesel Power Plant's OPEX of USD 14,053,553. Over 25
years, the total Operational Expenditure under the Power Purchase Agreement (PPA) for the Floating SPP
is USD 110,928,825, demonstrating economic efficiency compared to the existing Diesel Power Plant's
USD 351,338,830. This analysis underscores the financial and operational advantages of adopting a
Floating SPP with ESS, highlighting its potential for sustainable energy generation and cost-effectiveness

in comparison to traditional diesel power plants.
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CHAPTER 5. CONCLUSION AND RECOMMENDATIONS

This master's thesis presents a comprehensive and innovative approach to addressing grid instability in a
northern network of Rwanda. The proposed solution involves replacing a 10MW fossil fuel-based
generation at the Mukungwa HPP with a 25MW Floating Solar system integrated with SMWh of Energy
Storage System (ESS). Through a multidisciplinary approach, utilizing tools like SolidWorks, Homer,
MATLAB, and PVsyst, the study focuses on designing, modeling, and simulating the floating solar PV

modules coupled with ESS to improve grid stability.

The economic analysis underscores the financial feasibility of the renewable energy project, with a total
net present cost (NPC) of $47,945,710.00 and a levelized cost of electricity (LCOE) at $0.134 per kilowatt-
hour. These figures, coupled with detailed cash flow and cost breakdowns, provide a robust foundation
for decision-making, emphasizing the economic viability of transitioning from fossil fuels to a cleaner
energy system. Overall, this research contributes not only to the academic understanding of grid stability
but also offers practical insights for implementing sustainable energy solutions that align with
environmental conservation and economic prudence in the Rwandan context.

The Floating SPP with ESS has a lower LCOE (USD $0.134 per kWh) compared to the existing Diesel
Power Plant (USD 0.34 per kWh).

The annual OPEX for the Floating SPP with ESS is significantly lower than that of the existing Diesel
Power Plant. Over 25 years (PPA), the total OPEX for the Floating SPP with ESS is considerably lower
than that of the existing Diesel Power Plant.

These conclusions suggest that the Floating SPP with ESS is a more cost-effective and sustainable option
with a positive environmental impact compared to the existing Diesel Power Plant.

All energy stakeholders are urgently encouraged to support implementation of the proposed 25 MWp
Floating Solar Power Plant (SPP) with Energy Storage System (ESS). This project not only exhibits a
positive impact on the environment but also demonstrates cost-effectiveness. There is a significant
opportunity to increase the share of renewable energy in the energy mix to meet national installed capacity,
as this floating SPP only covers 1.434 Ha of the 2800 Ha of Ruhondo Lake.

To optimize its contribution to the national renewable energy goals, future research endeavors have to
concentrate on expanding the floating solar power plant's coverage to encompass a greater area of
Ruhondo Lake. Furthermore, there is a recommendation to investigate the feasibility of incorporating an

eco-tourism park at Ruhondo Wetland and conservation of Urugezi wetland.
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APPENDICES

ANNEX 1. PV MODULE DATASHEET

% SUNTECH

Ultra X

HALF-CELL MONOFACIAL MODULE
TYPE: STPXXXS - D66/Wmh

655-675W 21.7%

POWER OUTPUT MAX EFFICIENCY

@, | High module conversion efficiency
Module eficlency up to 21.7% achieved through advanced cell
technology and manufacturing process

© Low risk of hidden cracks
o The fine non-destructive cell cutting process avolds the damage of cutting surface
effectively and reduces the risk of hidden gacks and hot spots on modules

2 Withstand harsh environments
— Rellabie guality that makes modude resistant even to high tempera
tures, salt water and ammonsa

¥ Extended wind and snow load tests
(g Module certified to withstand extreme wand (2400 Pascal)
and snow loads (S400 Pascal]”

=

£33 conventianal

3 Suntech Module

25 years of linear warranty aalst

12 years of product warranty
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% SUNTECH
U ltrq X stpxxxs - D66/wmh 655-675W

Mechanical Characteristics

Salar Cell Monocrystaliine silicon 210 mm
Na. af Celts 132 (6% 22) i maed
Dimensions 2384 = 1303 « 35 Mm (93.9 = 51.3 = 1.4 inches) r
waeight 335 kgs (739 s s [R— [
Fromt Glass 2.2 mm {1 25 inches) fully tempered glass ot h
4.0 mn,
. L::ui?n“r:‘l‘aij rn?g"r‘\m rfenatn o
Junction Box W6E rated {3 bypass diodes)
‘Dperating Module Temperahure: -840 *Cto +85"C
Macimum Sysiem Yaltage 1500 v DC [8EC) el PR
Canmectars STP-KC4 St A s
Maccimium Saries Fuse Hﬂ'““g DA -l
Power Tolerance QreswW
Framee Ancdized aluminum alloy frame
Section B-B
31 Pleces per pallet —
Packing Enmlg-uraﬂon 553 Pleces per contadner f40°HC
1325W1120%2510 1O7L5kg
Electrical Characteristics
Module Type STP&755-D66Wmh STPE705-DEE WMN STP&G55-DEG/ WM STPSS0S-D66/Wmh STPESSS-D66/WMh
Testing Condition =TC MMOT sTC NMOT sTC NMOT sTC NMOT =TC WMOT
M. mum Pawer (Prak /W) 575 5109 670 507.5 665 5037 E60 499.9 555 4361
m;.""u'.'l“ DOperating Voltage 3865 36.2 38.45 36.0 325 358 36.05 356 3788 354
3::’::‘;“ Operating Curnent 17.45 140z 17.43 1411 17.39 1407 1738 14.04 173 14.00
Open Cirou Voltage {Wocrv) 4655 aa.0 86.45 438 a5 25 435 46.05 434 4585 432
Sheart Circut Current (iscli) e 14.69 18.43 14.57 12.39 14.84 18.35 14.E0 12.31 14.77
Mosdule ERicioney (%) .7 i 21.4 21.3 311
SIC: krackance |00 /YT, Il B ReaLe I4-C, AMS LE; MSHOT: (1A ance 30 WA, ATEENS ITAMTALE 16°T, AMEL%, ma i5ees | mt; Serance of frucit wthin 1 I

Temperature Characteristics

Nominal Module Operating Temperature [NMOT] a2=2°C
Termperature Coefficient of Prmas -0 4%
Tesrn peirature Coefficient af Yoo -0 BE%SAC

Tempesrature Coefficient of 1sc +0L050%/C

S ———" Information bar

araey
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ANEX 2. BATTERY DATASHEET

WIEC CO1ESS

INDUSTRIAL HIGHVOLTAGE

14K3
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INDUSTRIAL HIGH VOLTAGE

oy

5U- HV MODULE RACK 19" 5U RACK

Module Application Series Connection High Voltage
Usable Energy (kWh) 14,3

Standard C-Rate 0.5C

Max C - Rate 1c

Cell Capacity (Ah) 280

Max Output Power (kW) 14.3Kw

Peak Output Power (KW) 28.6kW

Min/ Max Modules in Serial Connection & =17

Module Voltage Range (Vdc) 48-57.4

String Voltage (Vdc) 192-979.2
Dimension (mm) WxHxL L&45x235%810

Met Weight (Kg) 90.1

Depth of Discharge 97.8%

Protection Class IP30

Charging Temp. (°C) -10 +50
Discharg. Temp. (*C) -20 + 57

Storage Temp. (°C) =20 +&0

Design Life 10 Year {25°C)/7000 Cycles

Standard Usage (STC conditions)

Branching

Comrmunication

90% DoD 0.5C @ 25°C

10 Towers ( 2431 kWh)

Ethernet, CAN, RS485, RS232
(WiFi, Bluetooth Opt)
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ANNEX 3. INVERTER DATASHEET
B Grid Tied Central Inverters HITACHI ||

HIVERTER MP201i Series Inspire the Mext
250 kKW to 2500 kW

Generating -

3 GW+ ] | -

Renewable Powear
in Indian
Solar Sector ~ .

kW Scale Central Inverter MW Scale Central Inverter

With over 3 GW installations in India, Hitachi Grid Tied Central Inverters are among the best available Grid Tied Solar
Invarters which is suitable for multi megawatt and utility-scala PV powar plants. It is a critical balance of systam (BOS)
componant in a solar photovoltaic system. It converts DC Powear genarated by the Photovoltaic (Solar) array to AC Power
that is fed to the LHility Power Grid System.

This highly acclaimead Hitachi Solar Inverters are being developed at Sanand based manufacturing facility near Ahmedabad
in India based on the contemporary technology of Hitachi Ltd, Japan, ably supporting Govaernmeant of India's 'Makea in India’
initiative. It has bean thoughtfully designed keeping all the critical parameters and challanges faced by project devalopars in
tarms of better grid compliance & most importantly CAPEX Vs, YIELD factor.

With reactive power controd, 3 Lewval IGBT technology and wider MPPT range, Hitachi solar invertars. deliver considerably
mazimum powear generation. s compact dasign and lower weight offars ease of installation, repair & maintenanca. Its largs
touwch screaen display collects the real-time data and provides faolt detection diagnostics; ensure faster retrieval of
Information for corrective action. Itis also suitable for high ambisent temperature.

Product Range
= kW Scale: 250 kKW, 500 KW, 630 KW, 670 kKW, T15 kKW
= MWW Scale: 1 MW, 1.25 MW, 1.34 MW, 1.43 MW, 2.5 MW

Highlights

3 Lewad PWBR Inverter technology resulting inned uction of
losaes, low harmonic output cunrent (= 39%) & imgproved
efficiemcy

Low casvent harmonic distortion

Reactive power control (night time) Lowest awdliany consumption

Sultable for handling DO overloading capacity up to 14054 Aated power @ 0295 pt at S50°C

FProvizion of air drcuit breaker at odp at each MW

Wideat MPPT ramge e =

\ariahde output AC voltage suitable for retrofitting joba. 2.5 MW containerized s.olution
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ANNEX 4: PROJECT RISK AND ENVIRONMENTAL IMPACT ASSESSMENTS
Project Risk Assessment

Risk Potential Risks Likelihood Impact Mitigation Measures
Category
Solar panel Regular maintenance, real-
Technical malfunction, Inverter Moderate High g '

failure

time monitoring

Environmental

Adverse weather

conditions affecting Moderate Medium forecasting, energy storage

solar performance

Advanced weather

integration

Changes in energy

Continuous engagement with
regulatory bodies, staying

Regulatory policies, permitting Low High informed about policy
delays
changes
Robust financial modeling,
Financial Flgctuatlons inenergy | 1 dorate | Medium cost contingency planning,
prices, budget overruns long-term power purchase
agreements
. Delays in construction, Detailed project planning,
Project . . A .
M supply chain Moderate | High diversified supply chain,
anagement . . '
disruptions contingency schedules
Local community Stakeholder engagement,
Social resistance, land use Low Medium community outreach
conflicts programs

Environmental Impact Assessment

Environmental
Aspect

Potential Impacts

Mitigation Measures

Biodiversity

Disruption of aquatic ecosystems,
impact on fish habitats

Floating solar design to allow sunlight
penetration, ecological studies, and
habitat restoration

Water Quality

Changes in water temperature and
quality due to shading

Monitoring water quality, implementing
water management strategies

Utilization of water surface, potential

Floating solar minimizes land use,

Land Use : engaging with local communities for land
conflicts .
use planning
Greenhouse Gas | Reduction in emissions due to | Regular emission monitoring, reporting,
Emissions replacing oil-fired generators and verification

Visual Impact

Changes in landscape aesthetics

Landscaping, visual screening, and
community consultation

Decommissioning End-of-life disposal of solar panels

Developing a recycling plan, adhering to
environmental regulations
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