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Abstract  

This study explores the technical and economic feasibility of deploying a renewable hybrid 

power system comprising solar photovoltaic (PV), battery storage, and hydrogen fuel cells for 

powering off-grid Base Transceiver Stations (BTS) in Kenya. Motivated by the environmental 

impact and high operational costs of diesel generators currently used as backup power sources 

in telecommunications infrastructure, the research proposes an alternative energy solution 

aligned with Kenya’s carbon reduction targets under the Nationally Determined Contributions 

(NDC). A case study of a BTS site in Kajiado County was used to evaluate the proposed hybrid 

configuration. The system was modelled and simulated using MATLAB/Simulink to assess 

power flow, fuel cell activation, battery state of charge, and solar irradiance behaviour. 

HOMER software was used for system optimization and economic analysis, incorporating real 

load data, solar resource inputs, and cost parameters. Results indicate that the hybrid system 

meets energy demands reliably, with solar PV supplying most of the energy, batteries 

stabilizing supply, and the proton exchange membrane fuel cell (PEMFC) acting as a backup. 

The proposed system achieves an annual electricity output of approximately 67.43 MWh, with 

a Levelized Cost of Electricity (LCOE) of $0.351/kWh and a Net Present Cost (NPC) of 

$87,404 lower than the $102,253 NPC of a diesel-based system. Additionally, the system 

significantly reduces carbon emissions and fuel dependency. The findings demonstrate that 

integrating hydrogen fuel cells with solar and battery systems can provide a sustainable, cost-

effective power solution for off-grid telecom sites. The study supports broader adoption of 

clean energy in Kenya’s telecommunications sector and contributes to climate action and 

energy access goals. 
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Chapter 1: Introduction 

1.1 Background of Study   

The global energy problems are caused by the fact that there isn't enough energy to meet 

everyone's needs. The expanding global population has led to an amplified demand for energy. 

Unfortunately, the majority of the energy consumed come from fossil fuels, which are getting 

depleted on a daily basis and contribute to environmental degradation. Greenhouse gases 

released by burning fossil fuels help to explain the phenomena of world climate change. Due 

to these changes, severe weather and environmental degradation is evidently experienced in 

several parts of the world. (Licker et al., 2019).  

According to the analyses conducted by Bowmans (2021), the Kenyan telecommunications 

sector has experienced significant growth, as evidenced by the increase in mobile connectivity 

from 37% to 49.6% between 2014 and 2019. According to GSMA's rankings, Kenya has made 

the most progress in connectivity growth as compared to other African nations. The report 

underscores that connectivity in the African continent have improved because of the growth of 

consumer market and infrastructure coverage.  

The telecom industry consumes considerable amounts of energy because it constitutes of 

infrastructure which includes towers, BTS, and data switching centres. For best performance 

to be achieved, these sectors need a steady and reliable source of electricity (Spagnuolo et al., 

2015). Diesel generators and energy from the utility grid have often been used to meet this 

demand even though they are expensive, unreliable, and emit greenhouse gas emissions. In the 

past few years, the telecoms business has put more emphasis on renewable energy.  

According to Wang and others (2021) suggest that the telecom sector accounts for about 4% 

of the global CO2 emissions. This is almost twice as much as is released by civil aviation. The 

numbers are projected to grow at least 60% each year because of the increasing demand for 

data traffic around the world. Renewable energy methods need to be put in place to reduce the 

degradation of the environment.
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Currently, solar photovoltaic (PV), wind, battery storage, and diesel engines are used to power 

both grid-connected and off-grid telecommunication towers. The major goal is to use 

renewable energy sources like wind and solar PV as much as possible. Renewable energy 

sources are less secure because they can't always be relied on. More and more people are using 

hybrid configuration systems that use both green energy and DGs to deal with this problem. 

Most of the time, battery storage systems are added to these systems to make them more 

reliable. A hybrid power system with green sources, battery storage, and DGs is used to make 

sure that telecommunication towers have a steady and long-term supply of energy (Deevela et 

al., 2023). 

A study by Bartolucci et al. (2019) performed an extensive examination of hybrid renewable 

energy systems utilising fuel cells for off-grid telecommunications installations. They thought 

about how to get rid of diesel engines, cut down on costs, and lower carbon emissions. The 

result they came to showed that the fuel cell could, in fact, be used instead of the diesel 

generator. In the same way, this fits with the worldwide shift towards renewable energy 

sources. 

DGs are used as a major backup power source in the telecommunications industry could be 

harmful for the environment and the economy as a whole. This shows how important it is to 

switch to other energy sources. The hydrogen fuel cell can lower operating costs, protect the 

environment, and lower greenhouse gas emissions.(Odoi-Yorke & Woenagnon, 2021). 

These studies evidently show that renewable energy technologies are becoming more popular 

and effective for both off-grid and grid-connected telecom BTS. They also lay the foundation 

for more research on the performance viability and optimization of the hybrid power systems 

in the telecommunications industry.  
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1.2 Problem Statement 

The telecommunication sector has seen notable growth in energy demand over the past decade.  

The growth can be attributed to the expansion of Base Transceiver Stations, which consume a 

substantial amount of energy  (Bowmans-Guide-EA-Data_2021). Diesel generators are the 

primary backup power source for the BTS. Diesel combustion has emissions that potentially 

harm the environment. Concerns have been raised about the escalating carbon footprint in 

several industries of the economy including the telecommunication sector. 

Recently, there have been efforts to decrease carbon emissions through adoption of renewable 

energy sources, which include solar PV and Wind in the BTS. However, these renewable 

energy sources have intermittency challenges thus reducing their reliability as the dependable 

sources of energy. These challenges have posed significant obstacles for the Mobile Network 

Operators to deliver uninterrupted customer services (Deevela et al., 2023). 

There have been suggestions to incorporate Fuel cell as a potential solution to address the 

variable nature of renewable energy sources in powering BTS (Gupta et al., 2024). However, 

the feasibility and implementation of this solution remain undocumented. In this context, the 

research aims to design and optimize the existing hybrid energy configuration of an existing 

BTS by substituting diesel generators with hydrogen fuel cells. 

In addition, the research will perform an economic evaluation to identify the most efficient and 

affordable option through technical design, simulation and optimization, while also considering 

the environmental benefits of implementing such a system in an off-grid BTS. 

The research aims to examine the feasibility of implementing renewable energy systems within 

Kenya's telecommunication sector.   
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1.3 Project Aim and Objectives 

1.3.1 Main Objective 

This study aims to assess the viability of implementing a solar PV - Battery- fuel cell hybrid 

system for a BTS. 

 1.3.2 Specific Objectives 

i) To analyse load demand of an off-grid BTS. 

ii) Analysis of requirements for hydrogen fuel cell in an off-grid BTS. 

iii) To conduct a technical assessment for the incorporation of a hydrogen fuel cell system to 

an existing BTS hybrid power system. 

iv) To conduct a financial assessment of the proposed solution and the existing diesel generator 

of the BTS.  

1.4 Research Questions  

i. What is the current energy consumption of an off-grid BTS in Kenya?  

ii. What are the key technical components that are required for deploying a hydrogen fuel 

cell system to power an off-grid BTS? 

iii. How can the proposed hybrid energy system be designed and optimized to attain the 

energy demands of an off-grid BTS?  

iv. What are the cost implications of the proposed hybrid power system as compared to the 

existing diesel generator in the hybrid system of the BTS?  

1.5 Justification  

The growth of the telecommunication industry in Kenya have resulted to a substantial rise in 

the number of mobile users in the country over the years. Furthermore, the expansion of the 

telecom sector, especially in the suburban and remote regions with the deployment of advanced 

technologies such as 4G and 5G could lead to an increased energy demand in the BTS 

infrastructure (Bowmans, 2021). In most cases in a BTS set-up, diesel generators serve as the 

major back-up source of power for both off-grid and grid connected BTS, in which during their 

operation pose potential risk of emission of GHG, hence, resulting in environmental 

degradation. 

Kenya has dedicated to decreasing greenhouse gas emissions by 32% by 2030 in accordance 

with its Nationally Determined Contribution (NDC) (KENYA NDC report, 2020). Kenya’s 

commitment aligns with the global initiatives aimed at addressing climate change issue and 

fulfilling the sustainable development goals (SDGs). This research aligns with sustainable 

development goals 7 (Affordable and clean energy) and 13 (Climate Action), hence, the 

replacement of diesel-powered generators with hydrogen fuel cells will aid in contributing to 
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the Kenya’s commitment of reaching its NDC goals. Moreover, this will assist in mitigating 

climate change efforts (UNDP-Kenya-Annual-Report-2021). 

The research will enhance knowledge through conducting a viability assessment of deploying 

hydrogen fuel cells in the telecommunication sector. Thus, it will provide insights on the 

economy of scale of implementation and evaluate the environmental benefits that will result 

into reduction of carbon footprint in the telecom industry.   

1.6 Significance of the Study  

This study aims to enhance the reliability and the cost of electricity of off-grid telecom base 

stations in Kenya by increasing the renewable energy penetration in the BTS sites.  This will 

reduce the dependency on fossil fuels, thus mitigating GHG emissions resulting from diesel 

generators. The study will examine environmental benefits, technical design, economic impact, 

and applicability of the hydrogen fuel cell as a replacement of diesel generators. 

In order for Kenya to achieve the 2050 target for net zero carbon emissions, they will require 

to increase the proportion of renewables in its energy mix. This research lays a foundation for 

further research in adoption of hydrogen fuel cells across the various sectors including 

commercial, industrial and residential. 

1.7 Scope of Study  

The research will mainly look into investigating the feasibility of implementing a solar PV/fuel 

cell hybrid power systems at an off-grid BTS site owned by American Towers Corporation or 

Airtel Kenya. One of the main objectives will be to monitor the energy consumption of the 

BTS and use the load data to design and optimize the hybrid system that will include solar PV, 

battery, and fuel cell system. The energy consumption data will be gathered for a period of 6 

to 12 months. The research will focus mainly on the hydrogen fuel cell part and will not conduct 

an in-depth study on the electrolysis part of it. 

The research will conduct an economic analysis to compare the existing diesel generator in the 

hybrid system with the proposed hybrid power system. Moreover, the site will assess the 

positive environmental impacts of implementing the suggested power system aiming on the 

reduction on the dependency of fossil fuels.  
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Chapter 2: Literature Review 

2.1 Introduction  

This section explores the core theories and models that provide the basis for design 

optimization of a solar PV, battery and hydrogen fuel cell specifically for an off-grid BTS. The 

subsequent section examines previous research efforts on renewable energy sources in BTS, 

focusing specifically on solar PV and hydrogen fuel cell systems. The chapter concludes by 

identifying the existing literature gap and establishing a structured framework essential for this 

study. 

2.2 Theoretical Literature Review 

2.2.1 Solar Photovoltaic System  

This research focuses on utilizing Solar Photovoltaic systems as a primary means of generating 

electricity to to facilitate hydrogen production via electrolysis. Solar sizing is conducted to 

ensure the BTS have enough energy. 

Photovoltaics is a semiconductor-based technology that converts photons into direct current 

DC electricity, which is recorded in Watts (W) or kilowatts. The ability of a solar cell to 

produce energy is conditional on its exposure to sunshine (Luque & Hegedus, 2003). 

 

Figure 2.1: Schematic Diagram of a solar cell. 

Figure 2.1 illustrates the process of photon-induced electron excitation from the valence band 

to the conduction band. The electrons are retrieved from the conduction band, an n-doped 

semiconductor, and are transferred to the external environment through wires to perform useful 
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tasks. Afterward, they are returned to the valence band, which is a p-type semiconductor, at a 

lower energy level. 

Photons from the sun are absorbed by a semiconductor in a solar cell, creating electron-hole 

pairs. A photon's energy (Eph = hv) must be equal to or greater than the bandgap energy (Eg) 

of a semiconductor for absorption to take place. The energy difference between the lowest level 

of the conduction band (EC) and the highest level of the valence band (EV) is called the 

bandgap energy (Shah, 2020).  

 

Figure 2.2: Eph = hv phenomenon. 

 

Figure 2.3: Eg of a semiconductor. 

Depending on the photon's energy and the semiconductor's bandgap, three scenarios emerge: 

1. If Eph equals Eg, the photon is absorbed, creating an electron-hole pair without energy 

loss. 

2. If Eph exceeds Eg, the photon is absorbed, generating an electron-hole pair, with excess 

energy (Eph - Eg) converted to heat. 

3. If Eph is less than Eg, the photon lacks sufficient energy for absorption, leading to 

reflection or absorption elsewhere, resulting in energy loss. 

The efficiency of solar cells in converting the sunlight into electricity is determined by how 

closely the photon energy (Eph) meets or exceeds the bandgap energy (Eg). Therefore, from 

these interactions it is essential for improving solar cell efficiency. 
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2.2.2 Hydrogen and Fuel Cell Technologies 

This work examines the green hydrogen industry, which is a fundamental sector in the shift to 

sustainable energy systems. Green hydrogen is hydrogen generated by use of an electrolyzer 

through a process called electrolysis. Electrolysis is the process that use electricity derived from 

renewable energy source, such as Solar PV, to separate water into hydrogen and oxygen. As 

compared to the traditional hydrogen generation technologies that depend on fossil fuels, green 

hydrogen provides a clean and environmentally friendly alternative. 

2.2.2.1 Proton Exchange Membrane Water Electrolysis 

A membrane electrode assembly (MEA) is made by compressing two electrodes against a 

polymer electrolyte that conducts protons. The MEA is immersed in distilled water. Protons in 

a mobile state are confined within the polymer membrane. 

 

Figure 2.4: Schematic diagram of PEM electrolysis cell. 

The electrolyte in a polymer electrolyte membrane (PEM) electrolyser is a solid material 

composed of a specialised plastic. During the process at the anode, water is converted into 

oxygen and positively charged hydrogen ions, commonly referred to as protons. Electrons 

traverse an external circuit, while hydrogen ions swiftly move across the Proton Exchange 

Membrane towards the cathode. Hydrogen ions at the cathode interact with electrons from the 

external circuit, leading to the production of hydrogen gas (Millet & Grigoriev, 2013). The 

electrodes facilitate the occurrence of the following electrochemical reactions. The equation 

2.1 below shows the half-cell reactions in an electrochemical cell. 
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Anode Reaction: H2O →1/2 O2 + 2H+ + 2e- (E0 = 1.229 V at 250C) 

Cathode Reaction: 4H+ + 4e- → 2H2 (E
0 = 0V at 250C) 

2.1 

2.2.3 Hydrogen Fuel Cells  

A fuel cell efficiently and ecologically produces electricity by utilising the chemical energy of 

hydrogen. There are just three byproducts produced by hydrogen fuel: heat, water, and energy. 

They possess a diverse array of possible uses, extending from powering big utility power 

stations to small laptop computers (Zohuri, 2018). 

Fuel cells are increasingly recognised as a promising source of power for various industries 

and electricity generation due to their cleanliness, economic viability, and technical feasibility. 

The main focus of this study will be on how hydrogen fuel cells can be utilised in 

telecommunications base stations. 

 

Figure 2.5: Schematic diagram of an individual Fuel Cell 
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Figure 2.6: Configuration of 3 planar fuel cells connected in series at the 

edges.  

 

Figure 2.7: Internal manifold design featuring a sophisticated bipolar 

plate that channels reactant gases to the electrodes via internal tubing 

(Source: Courtesy of Ballard Power Systems). 

Fuel cells are electrochemical systems which effectively transform the chemical energy stored 

in fuel into electrical power. There is a notable distinction between batteries and fuel cells when 

it comes to energy storage. Batteries store energy, but fuel cells generate electricity 

continuously provided that fuel and air are accessible. Fuel cells utilize electrochemical 

reactions to combine a fuel, typically hydrogen, with an oxidant, all without the need for 

combustion  (Larminie & Dicks, 2003).  

Larminie & Dicks (2003) further state that a fuel cell comprises an anode and a cathode, 

separated by an electrolyte. Hydrogen fuel undergoes a process of electrolysis at the anode, 

separating protons (H+) and electrons (e-). The electrolyte allows protons and facilitates their 

transport to the cathode, while electrons are excluded and must look for an alternative route. 

Engineers utilize this phenomenon by controlling the flow of electrons through a load. 

Electrons transfer energy to the load. Electrons, upon exiting the load, possess sufficient energy 

to react with the incoming oxygen at the cathode and the protons exiting the electrolyte. Water 

is generated as a byproduct of the electrochemical reaction. The water is subsequently mixed 

with atmospheric nitrogen to produce the fuel cell's exhaust. 

This is a PEMFC that operates at moderate temperatures, typically around 90°C.  
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2.2.4 Types Of Fuel Cells 

The choice of electrolyte material is a feature that can be used to differentiate several fuel cell 

designs. This work specifically examined the four primary types of fuel cells that are widely 

used and commercially accessible among the numerous variations available.  

According to (Dicks & Rand, 2018) state and describe the primary category of fuel cells as 

shown in table 2.1: 

Table 2.1: Principal types of fuel cell 

 

 

 

2.2.5 Proton Exchange Membrane Fuel Cell 

 

Figure 2.8: A 96-cell PEMFC stack, which is water-cooled and capable of 

generating up to 8.4 kW while weighing 1.4 kg. (Source: Proton Motor 

GmbH) 

The PEMFC uses a solid polymer or electrolyte. A PEMFC consists of an electrolyte, typically 

a sulfonic acid polymer known as NafionTM, which facilitates the transfer of protons between 
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two surfaces. PEMFCs necessitate the utilization of hydrogen and oxygen as inputs, with the 

possibility of ambient air as the oxidant. It is essential to humidify these gases. PEMFCs exhibit 

lower operating temperatures than other fuel cells due to the thermal properties of the 

membrane. The operating temperatures typically reach approximately 90°C. CO contamination 

in the PEMFC can lead to performance degradation and harm the catalytic materials present in 

the cell. A PEMFC necessitates cooling together with management of exhaust water for optimal 

operation (Dicks & Rand, 2018). 

2.2.6 Battery  

This research focuses on utilizing Battery systems as a source of power back-up for generating 

electricity to power the BTS when there is no electricity supplied by the solar PV panels.   

A battery transforms chemical energy into electrical energy through a series of chemical 

reactions. There are different kinds of batteries, each with unique chemical compositions. In a 

battery cell, two chemicals with different loads connect to a -ve (cathode) and +ve electrode 

(anode). When connected to a device, the -ve electrode releases electrons that pass through the 

appliance and are collected by the +ve electrode (Zohuri, 2018). 

There are two types of batteries: 

i. Lead Acid   

ii. Lithium-ion batteries 

 

Fig 2.9: Lead Acid battery 

A Lead Acid battery utilises lead and lead oxide electrodes with sulfuric acid as the electrolyte 

in an electrochemical process. Lead-acid batteries are frequently utilised together with solar 
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(PV) and other alternative energy systems due to their affordable price and widespread 

availability (Zohuri, 2018). 

2.2.6.1 Lithium Battery  

Different types of lithium batteries are grouped by the anode material they use, which can be 

either lithium metal or intercalated lithium, and the type of electrolyte system, which can be 

either liquid or polymer based. Lithium-ion batteries have become the main source of power 

for mobile gadgets because of their good performance. They provide notable performance 

thereby resulting into the realization of  benefits for automotive and auxiliary power 

applications (Moseley & Garche, 2015).  

 

Figure 2.10: Charging and discharging operations in a lithium-ion 

battery. 

During charging, lithium ions move through the microporous separator into the gaps between 

the graphite layers, facilitated by the external power source supplying electrons. As a result, 

lithium ions are absorbed into the graphite. 

During discharge, lithium atoms in the graphite give off electrons that reach the anode through 

the external connection generating current. The lithium ions migrate back to the anode 

alongside the electrons they release (Zohuri, 2018). 

2.2.7 Battery and Fuel Cells comparison 

Batteries and fuel cells transform chemical energy into electrical energy through redox 

reactions at the anode and cathode. The anode, which usually has a lower electrode potential, 

is known as the negative electrode, whereas the cathode, with a higher potential, is known as 

positive. Batteries are enclosed systems in which the anode and cathode enable redox 
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processes, acting as active materials for both energy storage and conversion within a single 

compartment.  

Fuel cells operate as open systems. The anode and cathode facilitate the transfer of charges, 

whereas the active substances participating in redox reactions are derived from external 

sources, such as oxygen from the atmosphere or hydrogen from a storage container. The spatial 

separation of energy storage and conversion allows for the independent operation of both 

processes. (Whittingham et al., 2004). 

2.3 Empirical Review 

Scholars have shown significant interest in the assessment of different perspectives and 

methodologies in reference to the utilization of renewable energy in BTS. The key motivation 

behind these investigations is the need for a reliable and cost-effective hybrid power solution 

in the telecom base stations. Additionally, the renewable energy adoption in the BTS reduces 

the environmental degradation, thus aligning to the transition towards an environmentally 

sustainable energy option. 

According to a study conducted by Odoi-Yorke & Woenagnon (2021), the authors examined 

the feasibility of utilizing a solar PV and a fuel cell power hybrid system to supply electricity 

to the BTS in Ghana. The authors narrowed down to do a comparison of the parameters 

technical, economic, and environmental performance of Solar PV and fuel cell hybrid system 

as compared to stand alone diesel power systems. Their proposed hybrid power system had 

benefits as compared to the conventional method in terms of lower levelized cost of electricity, 

increased system resilience and reduced green house gas emission. The study’s findings 

determined that the proposed solar PV and fuel cell hybrid system is a feasible alternative to 

both Solar PV/diesel and stand-alone diesel power systems in Ghana’s BTS. 

However, the study assumes a fixed energy demand for the BTS, which may not accurately 

represent the fluctuating energy demand at a particular time or instance. Even though this work 

comprehensively discusses the technical parameter, it does not consider the environmental and 

economic impact of the proposed hybrid system compared to the existing power system at 

Buduburam BTS in Ghana. 

(Bartolucci et al., 2019) conducted research to design a hybrid renewable energy system for 

specifically off-grid BTS stations. Furthermore, the authors expand on the hybrid renewables, 

which integrates multiple renewable energy sources for example solar, wind and fuel cells to 

provide a more reliable and reasonably priced source of power. The authors demonstrated the 

effectiveness of their methodology by presenting a case study of an Italian BTS. The 

researchers utilized MATLAB/SIMULINK models to appropriately determine the accurate 
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sizes of the components of the system by analysing the local weather conditions of the BTS 

and the load profile. The findings showed that the proposed approach have more benefits in the 

terms of lower costs and reduced GHG’s as compared to the conventional systems that are 

dependent on diesel generators. 

A potential limitation of this study is the missing assessment of the performance and cost 

incurred by the diesel generators and the proposed hybrid renewable energy sources that is the 

fuel cell, solar and wind. The study primarily investigates the feasibility of utilizing a fuel cell 

hybrid system to power an off-grid BTS in Italy. However, the economic comparison of the 

fuel cell hybrid system compared to the existing energy sources of the BTS is not discussed 

comprehensively. The authors mainly focused on sizing the fuel cell hybrid system by use of a 

multi-objective optimal sizing approach. 

In their study, (Jansen et al., 2021)) put forward a hybrid energy storage system merging RHFC, 

solid-state hydrogen storage, Li-ion battery energy storage, and solar PV integration. The 

utilization of MATLAB/Simulink and Levenburg-Marquardt least square algorithm were 

utilized for the purposes of modelling energy balances, performing cost-effective sizing of the 

renewables and assessment the technical viability of the proposed system. The study’s findings 

suggested that the proposed design provides a cost-effective energy solution by reducing the 

OPEX, increased power reliability and a positive environmental impact for off-grid BTS in the 

remote areas of the sub-Saharan parts of Africa. The research study further evaluated the LCOE 

of the system where it reduced to 17.16 ¢/kWh as initially compared to 73.40 ¢/kWh, whereas 

the IRR of the system achieved 15.15% for the RHFC energy storage system. This illustrates 

the affordability of the system and the financial viability for the off-grid BTS. 

The research study has a notable gap concerning the energy consumption of the BTS. The 

authors present a 24-hour load data that is insufficient to estimate the energy consumption of 

the BTS over time since it does not account for fluctuations in network congestion, or seasonal 

variations in communication patterns. Moreover, the authors have extensively relied on models 

and simulations without a specific case study of a BTS which could give more insights in a 

real-world performance. These could have a negative impact in the context of their 

practicability in real-world scenarios and the dependability of their findings. 

In a research done by (Hossain et al., 2021) incorporated a techno-economic feasibility of 

hybrid solar PV/hydrogen/fuel cell-powered BTS. The primary objective of the research was 

to create a green mobile communication system in order to mitigate the fossil fuel crisis and 

minimize the GHG’s emissions from the BTS back up power sources. The authors utilized 

HOMER to examine the optimal size of the renewables, energy production and monitor the 
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carbon footprint of the system. MATLAB based Monte-Carlo simulations was utilized for the 

assessment of transmission power, system bandwidth, and inter-cell interference of the cellular 

base station. Their findings show that the proposed hybrid system have surplus electricity of 

17% and have a backup storage of 48.1 h. The research underscores the effectiveness of the 

proposed hybrid power system through reducing GHG emissions, increasing power reliability 

and improving the BTS’s overall performance. 

However, this study is limited to off-grid BTS located in Bangladesh, which limits the global 

applicability of the findings. In addition, the authors assumed the load demand data relative to 

the traffic demand data of the cellular base station. Without accounting for the seasonal 

variations in communication patterns and presenting a specific case study, the results may 

introduce ambiguities in the real-world application. The economic assessment lacks specificity 

and does not include a comparison of the proposed system's economic impact with that of an 

existing system.  

(Martinho et al., 2022) provides a potential solution by coming up with a reliable backup power 

solution for the telecommunications sector. The research study highlights the increasing energy 

demand in this industry, especially with the emergence of technologies such as 5G, which are 

expected to greatly increase power consumption levels. The authors suggested a hybrid system 

that constitutes a reformed methanol fuel cell and a battery, together with an energy 

management system (EMS) that includes twelve different operating conditions. By utilizing 

MATLAB/Simulink, simulation was performed while considering the real-world scenarios 

which involve power outages and varying loads. One of the notable strengths of the research 

study is the integration of the EMS with the 12 operating conditions which accounts for the 

SOC of the battery, load requirements, and grid power availability. Hence this exhibits a refined 

methodology for managing and enhancing the system performance. 

However, despite its strengths, the research has limitations of potential carbon emissions 

related to the process of methanol reformation for hydrogen production in fuel cells. 

Furthermore, the author acknowledges that the process of getting hydrogen from methanol may 

lead to carbon dioxide emissions posing environmental challenges even though fuel cells are 

well known for their clean and efficient performance. In addition, the research primarily 

emphasizes the technical aspect and environmental benefits of the system thus leaving out on 

detailed economic assessment of implementing the suggested hybrid system while comparing 

with the hybrid traditional systems. 

The research study by Ayodele et al., (2023) highlight the challenges faced by Mobile Network 

Operators in Nigeria due to the maintenance schedules of the BTS sites. The authors recognize 
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that there is high dependence on the conventional DGs and battery systems in both the grid 

connected and off-grid BTS sites, thus, it results in high OPEX, and greenhouse gas emissions. 

To mitigate this challenge, the authors did a case study for powering a BTS in Okuku village 

in Nigeria where they suggested a hybrid renewable energy system adding solar PV, hydro, 

and fuel cell technology with a hydrogen tank for the storage of hydrogen. The research study 

revealed that the proposed system achieved a lower net present cost (NPC), LCOE and 

operational costs as compared diesel generators thereby reducing significantly the GHG. It is 

worth noting that the research conducts a comprehensive economic and environmental 

assessment, evaluating the cost benefits and reduction in environmental degradation.  

However, the study has limitations, which includes the absence of a comparative economic 

analysis with energy sources of renewables and the conventional sources of energy in the 

existing BTS, which could have an impact on the applicability of the proposed system. 

Additionally, the dependence on hydro-electric power generation from river streams is only 

limited to the BTS sites that are located near the river streams. The reliance of hydro power 

generation limits the BTS sites that are not located near the river streams, thus, limiting the 

applicability of the proposed system. 

In the study by (Luta & Raji, 2019), provides a possible solution to the challenge of powering 

a remote BTS sustainably and cost-effectively. They underscore the high reliance on the diesel 

generators which significantly contribute to environmental degradation and high operational 

costs attributed the global varying cost of fuel. The authors propose a renewable hydrogen-

based energy system adding solar PV, electrolysis system for hydrogen generation, fuel cell 

for energy conversion and a battery storage system. According to the study's results, out of the 

three scenarios that is solar PV and battery, Solar PV, fuel cell and battery, and diesel stand 

alone system, the Solar PV and battery emerged to be the cost-effective solution followed by 

solar PV, Fuel cell and battery and lastly the DG. The proposed system was more reliable than 

the other two scenarios due to availability of three energy sources, thus, demonstrating a 

promising technical performance and financial benefits as compared to the DG system. 

However, the study has limitations whereby the load profiles of the BTS are assumed to have 

a fixed energy demand which may not represent the actual energy consumption of the BTS site 

in a real-world application. Additionally, the research do not sufficiently provide for the 

assessment of the positive environmental impacts of the suggested system since the mainly 

focus on the technical and economic feasibility aspects of the suggested system as compared 

to the traditional diesel generators. 
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In the research done by (Ma et al., 2019), the authors primarily focused on utilizing the fuel 

cell not only as the back up power solution for the cell towers during emergency but also 

provide grid services for example the ancillary and demand response services. The study 

explored other revenue streams and applications for fuel cell technologies in the cell towers 

such as participating in the energy markets and in microgrid set up for a collection of fuel cells 

as distributed energy sources aiming to demonstrate their viability and advantages when 

integrated with the grid. The research study revealed that the fuel cell systems have additional 

benefits when they are integrated with the grid to provide ancillary services when the energy 

market prices are high. This will be able to offset the operational expenses of the BTS because 

of generating revenue from providing grid services. 

However, the study has notable limitations. There is insufficient case studies or real-world 

examples of fuel cell back-up power installations in the telecom industry, thus, prohibiting 

understanding of practical implementation. The decentralized energy market system is limited 

also to countries with decentralized electricity markets where bidding is done, and the 

participants get the offers. Additionally, the study focuses on other revenue streams of the fuel 

cell technology, hence, a comparative analysis with other energy sources such as the battery 

and diesel generator is missing to provide more insights and the positive benefits of the fuel 

cell system in this context as compared to other sources of energy. 

In a study by Hossain et al., (2020), put forward a possible remedy to address the challenge of 

increasing energy demand in the off-grid BTS. They proposed a hybrid renewable energy 

system that included solar PV and biomass energy sources to produce stable and 

environmentally friendly energy for BTS. The authors achieved the results by utilization of 

MATLAB where monte Carlo simulation was performed to assess the network performance 

through monitoring data throughput, quality of service and the overall efficiency. Additionally, 

HOMER was utilized to optimize the system performance by considering the appropriate sizing 

and cost-effectiveness of the system. The study’s finding revealed that the suggested hybrid 

renewable energy BTS provides an environmentally friendly scenario in the telecom industry, 

thus delivering high quality services. 

However, despite the notable contributions, the study acknowledges the limitations related to 

the energy produced by biomass which may result in the release of CO2 and other GHGs which 

affects the quality of air and poses risk for climate change during the combustion process. 

Moreover, the authors discuss the emissions produced by various sources of energy such as 

coal, natural gas, bitumen, and biomass to compare their environmental effects. In addition, the 
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study does not perform an economic analysis to evaluate the advantages of the proposed hybrid 

renewable energy system in comparison to conventional energy systems. 

2.4 Conceptual Framework  

This research shall be undertaken under the conceptual framework shown below: 

 

Figure 2.11: Conceptual Framework 
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Chapter 3: Methodology 

3.1 Introduction  

This section focused on the approach that was implemented in order to satisfy the objectives 

stated in this study. It involved using MATLAB to design and model and simulate a fuel cell, 

solar PV and battery system and HOMER software to size and optimize a solar PV/ fuel cell 

hybrid system for an off-grid BTS site. In view of this, the chapter outlined the achievements 

of objectives and the utilization of MATLAB and HOMER software. 

Study Area 

3.2 Research Design 

This work primarily employed the quantitative approach type of research design. The 

quantitative data was collected from a database system which included the energy consumption 

of an off-grid BTS located in Kenya. The energy consumption data was analysed to provide 

insights to the appropriate design and sizing of energy sources. The load data collected aided 

in the development of a model that simulated the hybrid renewable energy system.  

MATLAB and HOMER software’s was used to model, design and optimize the hybrid power 

system configuration of the off-grid BTS site. A comparative cost analysis was conducted to 

evaluate the financial viability of the hybrid power system in comparison to the hybrid system 

running on DGs. Furthermore, environmental benefits were highlighted to indicate the 

advantages of the system. 

3.3 Achievement of objectives  

3.3.1 Objective 1: To analyze load consumption data of an off-grid BTS. 

This work collected load data from an off-grid BTS. The load data was derived from remote 

monitoring systems for a period of 6 months. Load data assisted in accurately sizing the optimal 

combination of the proposed renewable energy resources i.e., hydrogen fuel cell, electrolysis 

plant, solar PV, Battery, and hydrogen tank. HOMER software tool was utilized in performing 

the design and optimization of the hybrid power system. 

Time usage data of each energy resource present at the off-grid site was collected. On the BTS 

site, we had DG, Solar PV, and Battery as the energy sources of the off-grid BTS, thus, this 

were to give insights on the level of dependence in supply of energy of the BTS site.  

3.3.2 Objective 2: To analyse the requirements for hydrogen fuel cell in an off-grid BTS. 

Analysing the requirements for incorporating a hydrogen fuel cell into a stand-alone BTS 

requires a comprehensive methodology, and MATLAB's computational capabilities enable the 

simulation of electrochemical phenomena within the fuel cell stack. The fuel cell stack consists 

of multiple components such as proton exchange membranes, electrodes, hydrogen tank and 
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catalyst. The average load consumption data aided in sizing the fuel cell system. 

MATLAB/SIMULINK employed control algorithms to regulate and optimize the power output 

while considering the fluctuating energy demand patterns.  

3.3.3 Objective 3: To conduct a technical assessment for integration of a hydrogen fuel 

cell system to an existing BTS hybrid power system. 

This study utilized MATLAB/Simulink to model and simulate the proposed renewable hybrid 

system that comprises of solar PV/battery/fuel cell hybrid system. The size of the fuel cell and 

solar PV system was be determined by the size of the load and the battery size due to the 

charging and discharging cycles. The hybrid power system was set to operate such that the fuel 

cell operates only when we do not have enough solar PV power and Battery power. The fuel 

cell remains OFF if there is enough power to meet the load from the solar PV and the battery. 

HOMER examined the load consumption data alongside geographically specific Global 

Horizontal Irradiance (GHI) data of the existing BTS site and ran several iterations to find the 

best size of the renewable energy sources configuration while considering the financial 

implication of the system. The results from the software gave clear picture of the viability of 

implementing the hydrogen fuel cell into the existing off-grid BTS and the actual cost of 

implementing the system. 

3.3.4    Objective 4: To conduct a financial assessment of the proposed solution and the 

existing diesel generator of the BTS. 

The economic assessment for this study was important because of the financial impact of 

deploying the modeled hybrid system. HOMER software analyzed several economic 

parameters in each source of energy, such as CAPEX, OPEX, maintenance cost, discounting 

rate, and project lifetime. The economic analysis of the designed hybrid system compared to 

the existing Solar PV, battery and DG system was examined, with a specific focus on the O&M 

and the NPC of the DG, to determine the energy configuration that was the most cost-effective. 

Additionally, the cost of producing electricity is important in the suggested hybrid system, 

hence, the factors such as LCOE, NPC and inflation rate were determined to evaluate the long-

term viability of the system. 

3.5 Population and Sampling   

The target population for this research were the telecommunication companies. There are three 

major mobile network operators (MNO) that is Safaricom, Airtel and Telkom. The focus of 

this research was on American towers company, which is one of the telecom companies, where 

they build telecom towers and rent out to the mentioned MNOs.   
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This research utilized purposive sampling approach where it narrowed down to a specific 

telecommunication company, that is ATC, which owns approximately 4,000 BTS sites for both 

grid-connected and off-grid sites. A specific off-grid BTS site managed by ATC was selected 

as the case study.  This work focused on a single off-grid BTS site where the findings and 

performance characteristics could be applied to a site with similar characteristics as the site in 

this case study. 

3.6 Data collection and analysis 

This study collected data from a BTS in Kajiado County from a database monitoring system. 

The BTS site was an off-grid site and energy consumption data was collected for a period of 6 

months. Additionally, data on the consumption of fuel and time of utilization of the available 

energy resources on the site were collected to give insights on the current performance of the 

BTS site. 

The data collected was analysed by the Microsoft Excel tool which presented the graphical 

representation of the varying load data and the time utilization of the energy sources of the 

BTS.  

3.7 Ethical Consideration  

The study followed the ethical guidelines provided by Strathmore University and adhered to 

the regulations set by the National Commission for Science Technology and Innovation 

(NACOSTI). This study sought ethical approval from the university’s ethical board to proceed 

to data collection. The research ensured the transparency of each step that was undertaken in 

the methodology section. Additionally, the research-maintained trust with the stakeholders and 

sought approval before sharing the collected data. The research upheld the trust and confidence 

of the academic community and society at large by adhering to these ethical norms and assuring 

the integrity and validity of its findings. 
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Chapter 4: Results and Discussion 

This chapter presents the results of the model and discusses the findings of the simulations and 

the performance of the hybrid renewable energy system for the BTS. The data obtained from 

MATLAB/Simulink and HOMER simulations, which included solar, battery, and fuel cell 

performance, were analysed to assess the viability and the economic feasibility of the proposed 

system. This study examined the advantages that came with the integration of hydrogen fuel 

cell with other renewable energy sources in an off-grid BTS such as the technical performance, 

environmental impact and financial impact. The outcomes were compared with similar 

previous studies underscoring the benefits and drawbacks linked to the proposed hybrid 

approach. 

4.1 Data Presentation 

4.1.1 Base Station Electrical Load Profile Assessment  

 

 

Figure 4.1: BTS Load Profile For Six Months  

Figure 4.1 shows the demand for a six-month period. The load is as a result of the 

telecommunication equipment that provide network frequencies to mobile devices. In most 

cases the equipment comprises Radio Remote Units (RRU), Base Band Unit (BBU) and the 

Antennae.
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Figure 4.2: Time Usage of Respective Energy Resources at The BTS Site 

Figure 4.2 depicts the recorded time usage of each energy source at the BTS for a six-month period. The data indicates that the battery supplies 

power to the load for an average of 10.2 hours per day. Hence, the solar PV system follows providing power for an average of 7.5 hours per day, 

and finally, the DG supplies the load for an average of 6.3 hours per day. 
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4.1.1.3 Modelling With MATLAB/Simulink  

This study utilized Matlab/Simulink to design and simulate the solar PV, battery and fuel cell 

system. Simulink provides an intuitive graphical interface for simulating dynamic systems, 

enabling precise simulation of power generation, energy storage, and control strategies. The model 

that was developed integrates the hydrogen fuel cell into the Solar PV and battery configuration, 

hence the fuel cell was designed to activate only when there is insufficient power to meet the load 

from both the Solar and the battery energy sources. 

4.1.1.3 Overall Design 

 

Figure 4.3: General design of solar PV, Fuel Cell, and Battery in 

MATLAB/Simulink 

4.1.1.4 Power Consumption and the load profile  

 

Figure 4.4: Design for Power Consumption and Load Profile  

Figure 4.4 illustrates the MATLAB/Simulink model replicates the power consumption and load 

profile of a Battery Energy Storage System (BESS) for a Base Transceiver Station (BTS), with the 

bus voltage configured at 49.4V to reflect standard BTS operations. It imports the monthly load 

demand data from an Excel file into the workspace, illustrating the fluctuations in power 

requirements of the BTS equipment over time. The model does this by dividing the square of the 

bus voltage by the load demand to get a varying resistance value. The model computes battery and 

load power by multiplying voltage and current values, continuously modulating the battery's power 

output to satisfy the load's fluctuating requirements while overseeing the battery's state of charge.  
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The simulation guarantees efficient management of the battery's power by matching its output with 

the load's demands. 

4.1.2 PEM Fuel Cell Design 

 

Figure 4.5: Fuel Cell Design  

Figure 4.5 illustrates a fuel Simulink model which is essential for providing dependable power 

supply when solar and battery resources are inadequate. The model comprises the fuel cell stack, 

activation control circuitry, and power conversion components. The fuel cell activates when the 

battery's State of Charge (SOC) drops below a certain threshold and solar energy is inadequate. 

The Simulink model above consists of the following key components: 

4.1.2.1 Fuel Cell Stack 

In this model type of fuel cell utilized is the PEM fuel cell. It is a preset fuel stack which comprises 

of the following properties in Figure: 
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Figure 4.6: Fuel Cell Parameters  

In times of reduced or absent sunlight, the system activates a fuel cell to generate electricity, 

ensuring a continuous and reliable power supply. The model utilises the PEMFC technology, 

recognised for its great efficiency and minimal emissions. Hydrogen is generally generated via 

electrolysis utilising excess solar energy during peak sunlight hours, subsequently stored and 

employed in the fuel cell. Hydrogen reacts with oxygen from the air at the fuel cell's anode and 

cathode to generate electricity, water, and heat as byproducts. 

𝑬 = 𝑵(𝑬𝒐 +
𝑹𝑻

𝟐𝑭
𝐥𝐧 (

𝑷𝑯𝟐√𝑷𝑶𝟐

𝑷𝑯𝟐𝑶
)) 

4.1 

𝑽𝑭𝑪 = 𝑬 −  𝑽𝒂𝒄𝒕 − 𝑽𝒄𝒐𝒏𝒄 − 𝑽𝒐𝒉𝒎 

4.2 

Equation 4.1 and 4.2 represents Nernst Equation of the fuel Cell and final output voltage across 

the Fuel Cell. Where VFC is calculated as the difference between E and the sum of Vact, Vconc, and 

Vohm. Eo denotes the standard reversible cell potential (in V), N indicates the number of cells in 

the stack, R represents the universal gas constant (in J/K/mol), and F signifies the Faraday constant. 

The variables PH2, PO2, and PH2O refer to the partial pressures of the reactants (in Pa). Vact, Vconc, 

and Vohm signify the voltage drop (in V) attributed to activation, concentration, and ohmic losses, 

respectively. 



 

28 

 

V, I and Power Characteristics  

 

Figure 4.7: V, I and Power Characteristics  

From the above figure 4.7, V-I graph demonstrates the correlation between output voltage and 

current. The observed data indicates a consistent decline in voltage corresponding to an increase 

in current. At the start, when current levels are low, the voltage tends to stay quite elevated because 

of the limited resistive and activation losses involved. As the current rises, there is a gradual decline 

in voltage attributed to the internal resistance present within the fuel cell.  

The power-current (P-I) graph, in conjunction with voltage characteristics, provides critical 

information regarding the energy output of the fuel cell under varying current loads. The power 

output initially increases with the rise in current, attaining a peak before stabilising. The data 

presented in the graph shows that at a current of 133.3 A, the fuel cell produces an output of 5.9985 

kW. Alternatively, at a current of 225 A, the maximum power output observed is 8.325 kW. 

4.1.2.2 Fuel Cell Control Block 

The fuel cell control block is designed to control the hybrid model through the management of the 

fuel cell output power in reference to the battery state of charge. The control logic consists of a 

threshold of 31% battery state of charge where the fuel cell remains OFF if the state of charge is 

above the threshold value or else the fuel cell is switched ON if the Battery SOC falls below the 

threshold value thus conserving fuel and safeguarding the battery from severe depletion.  This 

threshold-based activation mitigates excessive fuel cell utilisation, prolongs its lifespan, and 

improves overall system efficiency by adaptively responding to energy requirements.  

4.1.2.3 Input Signal Variation (Fuel Pressure and Air Pressure) 

In the model, the PEMFC fuel cell signal variation inputs are determined by the pressure of the 

fuel that is the hydrogen and the pressure of air. These inputs are set to constant values, assuming 

that we have constant supply of the fuel and air. the fuel pressure and air pressure are set to 1.5 

and 1 bar respectively, which are the nominal parameters for the selected type of fuel cell. The 

constant pressure values ensure the fuel cell operates under standard conditions as described in the 
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properties of the fuel stack. By sustaining these constant pressures, the system presumes a stable 

and optimal environment, wherein the pressures remain unvarying, facilitating the assessment of 

the fuel cell's performance under standard and predictable conditions. 

4.1.3 Solar Design Results 

 

Figure 4.8: MATLAB/Simulink Solar PV Design 

In this hybrid energy system, solar photovoltaic (PV) power functions as the primary energy source 

during daytime operations. The photovoltaic array transforms solar irradiance into electrical 

energy through the photoelectric effect, facilitating sustainable and renewable power generation. 

Due to the intermittent characteristics of solar energy, a charge controller and Maximum Power 

Point Tracking (MPPT) algorithm are employed to enhance energy acquisition and ensure stable 

power distribution to the system. 

The figure below shows the equivalent circuit diagram of a solar cell, the load current output can 

be calculated as follows: 

 

Figure 4.9: Equivalent Circuit of A Solar Cell. 

𝐼𝑃𝑉 =  𝐼𝑃𝐻 − 𝐼0 × (𝑒
𝑉+ 𝐼𝑃𝑉𝑅𝑆

𝑉𝑇 ) −  𝐼𝑆𝐻 

4.3 

The above equation 4.3 represents the Output Load Current where: 
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IPV = output PV current (A) 

IPH = photon-generated current (A) 

IO  = saturation current (A) 

V = output PV voltage (V) 

VT = thermal voltage (V) 

ISH = current through the shunt resistance (A) 

RS = series resistance (Ω) 

RSH = shunt resistance (Ω) 

4.1.3.1 Solar I-V characteristics  

 

 
 

Figure 4.10: Solar PV I-V and P-V Characteristics At A Constant 

Temperature Of 25oc. 

The current-voltage (I-V) curve in the first graph indicates that the short-circuit current (Isc) 

remains comparatively constant throughout varying temperatures, whereas the open-circuit 

voltage (Voc) exhibits a marked decline with rising temperature. At 25°C, the photovoltaic array 

functions at a higher voltage; conversely, at 45°C, the voltage diminishes, resulting in a decreased 

power output. This decreases results from the negative temperature coefficient of voltage, leading 

to efficiency losses in elevated temperature circumstances.  

The power-voltage (P-V) curve in the second graph illustrates the shift of the maximum power 

point (MPP) due to temperature fluctuations. At higher temperatures (45°C), the maximum power 

production is diminished relative to that at 25°C, validating that thermal factors decrease the 

overall efficiency of the photovoltaic system. 

4.1.3.2 Irradiance Function in Solar Power Simulation 

The function irradiance(t) represents the fluctuation of sun irradiance over a 4-day interval (96 

hours) within a 50-second simulation. This function aims to replicate the daily variation in solar 

irradiance, which changes according to the time of day. It presumes that the solar panels function 

under standard test conditions (STC), with a temperature of 25°C and irradiance peaking at 1000 

W/m² during optimal sunlight hours (noon). 
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4.1.3.3 Time Mapping and Conversion 

The simulation lasts 50 seconds, equivalent to 4 days (96 hours). The function starts by 

transforming the input time t (in seconds) into hours for the four-day duration. The conversion is 

achieved by the equation 4.4 which represents conversion of time-seconds to hours: 

𝑡ℎ𝑜𝑢𝑟𝑠 =  
𝑡

50 
 × 96 

4.4 

This maps the time t from the range of [0, 50] seconds to the range of [0, 96] hours, which 

represents the full 4-day simulation period. The time is then reduced to the current hour of the 

day using the modulo operation: 

𝑡𝑑𝑎𝑦 = 𝑚𝑜𝑑(𝑡ℎ𝑜𝑢𝑟𝑠 , 24)                

4.5 

The above equation 4.5 represents time modulo equation for daily cycle. This operation ensures 

that the time t_day is confined to a 24-hour cycle, which is necessary to simulate daily solar 

irradiance variations. 

4.1.3.4 Modelling Solar Irradiance 

The model assumes a normal daily pattern of solar irradiance which follows a trajectory of power 

generation starting at sunrise and ending at sunset, where sunrise begin at 6.00 AM and sunset 

ends at 6.00 PM. The irradiance is modelled with a sine wave function during daylight, as solar 

intensity exhibits a gradual increase and decrease throughout the day. The normalized time 

between sunrise and sunset is computed by: 

𝑛𝑜𝑟𝑚 𝑡𝑖𝑚𝑒 =  
𝑡𝑑𝑎𝑦  −  𝑆𝑢𝑛𝑟𝑖𝑠𝑒 

𝑠𝑢𝑛𝑠𝑒𝑡 − 𝑠𝑢𝑛𝑟𝑖𝑠𝑒
 

4.6 

The above equation 4.6 represents the normalized time calculation for daylight hours. This 

normalises the time of day to a scale from 0 to 1, with 0 denoting sunrise and 1 denoting sunset. 

Equation 4.7 below calculates the solar irradiance calculation using sinewave function: 

𝑖𝑟𝑟 = 1000 × 𝐬𝐢𝐧(𝜋 × 𝑛𝑜𝑟𝑚𝑡𝑖𝑚𝑒)                               

4.7 

At noon (tday = 12), the sine function reaches the peak, achieving a maximum irradiance of 1000 

W/m², which is the standard value that is used under standard test conditions (STC) for solar 

panels. As the sun moves across the sky, the irradiance decreases in accordance with the sine wave 

pattern, ultimately returning to zero at sunset. 

4.1.3.5 Nighttime Condition 

During the nighttime, that is from midnight to 6.00 AM in the morning and from 6.00 PM in the 

evening to midnight, the irradiance is set to zero depicting the absence of sunlight. 

4.1.3.6 Assumptions in the Model 

This model assumes that the solar panels are operating under standard conditions where the 

temperature is set at 25°C and a maximum irradiance of 1000 W/m2. The model does not consider 
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the fluctuations in the temperature, irradiance, weather and other weather variables which 

represents a real-world case scenario. 

4.1.3.7 Sizing of The Solar PV Array 

The selection of 7 series modules and 13 parallel strings is essential for the solar array to efficiently 

charge the battery and provide power to the load. The series connection of modules is necessary 

to attain a greater voltage, which corresponds with the battery's charging voltage needs and assists 

in mitigating voltage losses while charging. Conversely, the parallel strings enhance the total 

current capacity of the system, guaranteeing adequate power delivery to the load. The integration 

of 7 series modules and 13 parallel strings enables the system to satisfy the energy requirements 

of the load and the battery's charging needs, even amidst fluctuating climatic circumstances, while 

maximising power production. 
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4.1.3.8 Solar PV Control System 

 

Figure 4.11: Simulation of flow logic of the Solar PV in MATLAB/Simulink 

The Maximum Power Point Tracking (MPPT) control system is engineered to enhance the power 

output of a Solar Photovoltaic (PV) system. This technology continuously modifies the duty cycle 

of a DC-DC converter to ensure that the photovoltaic array functions at its maximum power point 

(MPP). The MPP is the voltage and current combination at which the solar panel generates its 

maximum power output. 

To step down the output voltage of the PV panel to the DC bus voltage of 49.9V, a buck 

converter was designed using the following formulae. The inductance and capacitance calculated 

for the converter are given in Table 4.2  

𝐷 = 1 −
𝑉𝑖𝑛 × η𝑐

𝑉𝑜𝑢𝑡
 

4.8 

 

 

The above equation 4.8 represents the duty cycle calculation 

∆i𝐿 = 0.1𝐼𝑖𝑛 

4.9 
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The above equation 4.9 represents inductor current ripple calculation 

𝐿 =
𝐷𝑉𝑜𝑢𝑡

𝑓𝑠∆i𝐿
 

4.10 

The above equation 4.10 represents inductance calculation  

 

𝐶 =  
𝐷𝑉𝑜𝑢𝑡

𝑓𝑠∆V𝑜𝑢𝑡𝑅𝐷𝐶
 

4.11 

The above equation 4.11 represents capacitance calculation 

Table 4.1: Design Specifications for Solar PV 

 

 

 

 

 

4.1.4 Battery Design 

 

Figure 4.12: Battery Design in MATLAB/Simulink  

 

The battery functions as an essential energy storage element in this hybrid energy system, 

providing a reliable power supply when solar PV or the fuel cell cannot fulfil the load demand. 

The control mechanism for charge and discharge meticulously manages the energy flow between 

the battery and the load, guaranteeing optimal performance while preventing issues such as 

overcharging or deep discharge. The system incorporates a buck-boost converter that dynamically 

modifies the battery voltage according to the requirements of the system. 

Parameters Value  

Switching Frequency(fs) 
100 KHz 

Input Voltage (Vin) 262.22V 

Output Voltage (Vout) 49 V 

Inductance (L) 36.22μH 

Capacitance © 28μF 
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4.1.4.1 Battery Characteristics 

 

Figure 4.13: Voltage and Ampere-Hour Characteristics  

4.1.4.2 Nominal Current Discharge Characteristics 

The first graph illustrates the nominal current discharge curve at a rate of 0.43478C (217.3913A). 

The discharge process is comprised of three essential phases. At first, a significant voltage drop 

occurs as a result of electrode polarisation, which is then succeeded by a stable region where the 

voltage remains steady off, offering the majority of the battery's usable capacity. As the battery 

approaches depletion, a significant drop in voltage occurs, indicating the depletion of stored 

energy. The operational capacity is 500 Ah, after which voltage experiences a collapse, 

necessitating recharging. 

4.1.4.3 Voltage Behaviour Under Different Discharge Currents 

The second graph depicts the response of battery voltage across various discharge currents, 

specifically at 6.5A, 13A, 32.5A, and 55A. At low discharge rates, the voltage exhibits stability 

over a prolonged duration, thereby optimising battery lifespan. On the other hand, increased 

discharge rates lead to quicker depletion. 

4.1.4.4 Buck-Boost Converter  

A bi-directional buck-boost converter is utilised in the hybrid energy system to manage the 

bidirectional transfer of electrical energy between the battery and the DC load. The inductor 

accumulates energy when the switch is closed and discharges it when the switch is open. The 

capacitor facilitates voltage stabilisation.  

The converter operates in buck mode during charging, stepping down the high DC bus voltage to 

an appropriate level for controlled battery charging. This ensures efficient energy transfer, 

preventing overvoltage and current surges that could damage the battery. 
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𝐷𝑏𝑢𝑐𝑘 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 

4.12 

The above equation 4.12 represents duty cycle for buck mode  

𝐿𝑏𝑢𝑐𝑘 =
(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)𝐷𝑏𝑢𝑐𝑘

∆i𝐿𝑓𝑠
 

4.13 

The above equation 4.13 represents inductance calculation for buck mode 

𝐶𝑏𝑢𝑐𝑘 =
(1 −  𝐷𝑏𝑢𝑐𝑘)𝑉𝑖𝑛

8𝐿𝑏𝑢𝑐𝑘∆V𝑖𝑛𝑓𝑠
2

 

4.14 

The above equation 4.14 represents capacitance calculation for buck mode 

During discharging, the converter switches to boost mode, stepping up the battery’s low voltage 

(48V) to match the DC bus voltage, ensuring a stable power supply to the load. 

𝐷𝑏𝑜𝑜𝑠𝑡 = 1 −  
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
 

4.15 

The above equation 4.15 represents duty cycle for boost mode  

𝐿𝑏𝑜𝑜𝑠𝑡 =
𝑉𝑖𝑛𝐷𝑏𝑜𝑜𝑠𝑡

∆i𝐿𝑓𝑠
 

4.16 

The above equation 4.17 represents inductance calculation for boost mode 

𝐶𝑏𝑜𝑜𝑠𝑡 =  
𝑉𝑜𝑢𝑡𝐷𝑏𝑜𝑜𝑠𝑡

𝑅𝐷𝐶 ∆V𝑜𝑢𝑡𝑓𝑠
 

4.17 

The above equation 4.17 represents capacitance calculation for boost mode 

The final values of the inductor (L) and the capacitor (C) are chosen as follows and given in Table 

𝐿 = 𝑚𝑎𝑥 (𝐿𝑏𝑜𝑜𝑠𝑡,𝐿𝑏𝑢𝑐𝑘 

𝐶 =  𝑚𝑎𝑥 (𝐶𝑏𝑜𝑜𝑠𝑡 , 𝐶𝑏𝑢𝑐𝑘  

Table 4.2: Design Specifications  

Parameters Value 

Input voltage (Vin) 262.22V 

Output voltage (Vout) 49V 

Inductance (L) (boost) 36.22µH 

Capacitance (boost) 28µF 

Inductance (L) (buck) 36.22µH 

Capacitance (buck) 28µF 
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4.1.4.5 Charge and Discharge control 

 

Figure 4.14: Design Block of The Battery Charge And Discharge Control 

The charge and discharge control system optimises power management by precisely regulating the 

battery's operation in accordance with established voltage thresholds. The discharge control loop 

engages when the battery needs to provide power to the load. A reference voltage of 52V is set, 

and the system consistently tracks the load voltage (V_Load). When the load voltage dips beneath 

the set threshold, an error signal is triggered, which is then managed by the PI buck controller. The 

Pulse Width Modulation (PWM) control fine-tunes the buck converter to optimise power delivery. 

When required, the battery releases energy to maintain the load voltage, guaranteeing an 

uninterrupted power supply.  

On the other hand, the charge control loop engages when there is surplus power generated from 

solar photovoltaic systems or alternative energy sources. A reference voltage of 56V was set, and 

the battery voltage (V_Bat) is under constant observation. When the battery voltage falls beneath 

this specified threshold, the PI boost controller modifies the power output to facilitate charging. 

The PWM control optimises the boost converter, elevating the voltage as required to facilitate 

effective charging. The system commences charging exclusively when the battery resides within 

a suitable state of charge range, effectively averting overcharging and promoting safe, sustainable 

battery longevity.  

4.1.4.6 Battery State of Charge (SOC) Calculation Model for a 24-Hour Simulation 

 

Figure 4.15: Design calculation for a 24-hour simulation  
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The SOC of the battery is computed over a simulated 24-hour period, with the simulation duration 

compressed to 12.5 seconds. This time-based scaling is achieved by equating 1 second of 

simulation time with 6912 seconds (or 1.92 hours) of actual time. This method aims to simulate 

the entire 24-hour cycle of a day within a feasible duration, optimising computational 

efficacy while preserving the system's behavioural accuracy. The model adds up the battery current 

which is then integrated to determine the area under the curve of which at this point is rated 

ampere-seconds (As). In order to convert the As into ampere-hours (Ah), the area under the curve 

is divided by 3600 seconds which represents the number of seconds in one hour. This results to a 

factor of 1.92 thus converting the ampere-seconds to ampere-hours. This will enable us to monitor 

the charging and discharging cycle of the battery for a whole day. The SOC update function uses 

this conversion to track the battery's charge level during the simulation, enabling precise modelling 

of energy consumption and battery performance throughout the day. 

4.1.5 Modelling with Homer  

The HOMER software, originally developed by the National Renewable Energy Laboratory 

(NREL) in the USA, is now licensed to HOMER Energy. This study will utilize HOMER software 

to conduct the investigated system's simulation, optimization, and sensitivity analysis. During the 

simulation, HOMER will model the system by simulating one year per hour and calculating the 

energy balance for each hour of the year. HOMER will assess the electric load and compare it to 

the system's energy capacity hourly throughout the year. HOMER will assess the viability of 

different configuration systems based on their ability to meet the specified electric demand. It will 

provide estimates of the installation and operating costs for the chosen system throughout the 

project's duration. 

 4.1.5.1 HOMER Input Data and Output Results  

As mentioned, HOMER requires input data for simulation and optimization, resulting in feasible 

and infeasible output results. It is imperative to incorporate various significant input characteristics 

to conduct this Analysis. The parameters considered in this study are electric load, solar radiation, 

temperature, and several components of the system, including the PV array, electrolyzer, hydrogen 

tank, battery, and fuel cell generator. In addition, it is important to consider various factors, 

including CAPEX, replacement cost, O&M cost, project lifetime, inflation, and discount rate. The 

Figure below depicts the necessary input data for conducting simulation and optimization, as well 

as the expected output results for Analysis and discussion within the scope of this study. 
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Figure 4.16: Key Parameters of Input Data and Output Results  

4.1.5.2 Solar Resource Assessment 

This study highlights the significance of solar radiation for charging batteries and producing 

hydrogen through electrolysis. Figure 4.15 from the HOMER software, utilizing data from the 

National Renewable Energy Laboratory Database, displays the global horizontal irradiation for the 

BTS Site at coordinates (-1.3080400, 36.6833950). The average daily solar insolation is 4.88 

kilowatt-hours per square meter per Day. 
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Figure 4.17: Global Horizontal Irradiation for Kenya 

Source: National Solar Radiation Database. 

Table 4.3: Monthly Average Clearness Index and Solar Global Horizontal Irradiation Data 

for the BTS. 

Month Daily Radiation (Kwh/m2/Day) clearness index 

January 5.67 0.556 

February 5.986 0.572 

march 5.585 0.531 

April 4.591 0.453 

may 4.188 0.439 

June 4.235 0.462 

July 4.127 0.444 

August 4.269 0.434 

September 5.249 0.509 

October 5.155 0.495 

November 4.447 0.435 

December 5.053 0.502 

  

Annual Average Kwh/m2/Day 4.88 

4.1.5.3 Solar PV Module (Power Output) 

𝑃𝑃𝑉 = 𝑌𝑃𝑉𝑓
𝑃𝑉

(
𝐺𝑟

𝐺𝑟,𝑆𝑇𝐶
) [1 + 𝛼𝑝(𝑇𝑐 − 𝑇𝑐,𝑆𝑇𝐶)] 

4.18 

The above equation 4.18 representing the power output of solar PV module will be utilized by 

Homer software to calculate the output of the PV array: 

Where 𝑌𝑃𝑉 is the rated capacity of the PV array, this means its power output at STC in kW. 𝑓𝑃𝑉  

refers to the solar PV derating factor in [%]. 𝐺𝑟 and 𝐺𝑟,𝑆𝑇𝐶  refer to the solar incident radiation at 

the present time step and at STC respectively in [kW/m2]. 𝛼𝑝 refer to the temperature coefficient 
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of power in [%/°C]. 𝑇𝑐 and 𝑇𝑐,𝑆𝑇𝐶  refer to the PV cell temperature in the present time step and at 

STC respectively in [°C]. 

4.1.5.4 Fuel Cell System  

The fuel cell produces electricity through a chemical reaction that oxidizes chemical fuel. The 

HOMER model represents a fuel cell system that operates as a generator, using stored hydrogen 

to generate direct current (DC) electricity. The electrolyzer is a device that uses electricity from a 

photovoltaic (PV) system to separate water into hydrogen and oxygen. The hydrogen is 

subsequently stored in a dedicated tank. Hydrogen fuel is utilized as an input in the fuel cell to 

generate electrical energy. The fuel cell generator (FCG) is essential for supplying electricity to 

the base station when solar radiation is low, such as during cloudy or rainy days. It is powered by 

stored hydrogen. The fuel slope indicates the fuel consumption rate of the generator for electricity 

generation. HOMER assumes a linear trajectory for the fuel slope.  

The equation 4.19 provided below expresses the generator's fuel consumption in units per hour as 

a function of its electrical output. 

𝐹 =  𝐹0. 𝑌𝑔𝑒𝑛 + 𝐹1. 𝑃𝑔𝑒𝑛 

4.19 

where F0 represents the fuel curve intercept coefficient measured in units/hr/kW, F1 denotes the 

fuel curve slope in units/hr/kW, Ygen indicates the generator's maximum capacity in kW, and Pgen 

denotes the generator's electrical output in kW. 

4.1.5.5 Battery System  

The battery bank stores energy the solar PV/fuel cell hybrid power system generates. The energy 

is used to provide power to the base station when there are interruptions in the power supply or 

when the generating power systems, such as photovoltaic and fuel cell generators, are not operating 

efficiently. Battery bank autonomy and battery lifetime are important considerations in 

determining the suitable capacity for a battery bank. The equation used to determine the battery 

bank autonomy in HOMER is as follows. 

𝐴𝑏𝑎𝑡𝑡 =  
𝑁𝑏𝑎𝑡𝑡𝑉𝑛𝑜𝑟𝑚𝑄

𝑛𝑜𝑚 (1− 
𝑞𝑚𝑖𝑛

100⁄ )(24ℎ 𝑑⁄ )

𝐿𝑝𝑟𝑖𝑚,𝑎𝑣𝑒  (1000𝑊ℎ 𝑘𝑊ℎ⁄ )
 

4.20 

The above equation 4.20 represents the battery bank autonomy where 𝑁𝑏𝑎𝑡𝑡 represents the number 

of batteries in the storage bank,  𝑉𝑛𝑜𝑟𝑚 is the nominal voltage of a single battery, 𝑄𝑛𝑜𝑚 is the 

nominal capacity of a single battery in ampere-hours (Ah), 𝑞𝑚𝑖𝑛 is the minimum state of charge of 

the storage bank as a percentage, and 𝐿𝑝𝑟𝑖𝑚,𝑎𝑣𝑒  is the average daily primary load in kilowatt-hours 

per day (kWh/d). This equation ensures the storage bank is sized appropriately to meet the system's 

energy needs while accounting for the minimum state of charge and daily load. 

HOMER calculates the lifespan of a storage bank, referred to as 𝑅𝑏𝑎𝑡𝑡  , by considering two key 

factors: throughput limitations and time-based limitations. The lifespan is determined by 

whichever factor is more restrictive, ensuring a realistic estimate of how long the storage bank will 

last. 

First, if the lifespan is limited by throughput, it is calculated by dividing the total lifetime energy 
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throughput of all batteries in the bank (𝑁𝑏𝑎𝑡𝑡×𝑄𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒) by the annual energy throughput of the 

system (𝑄𝑡ℎ𝑟𝑝𝑡). Here, 𝑁𝑏𝑎𝑡𝑡  is the no. of batteries in the storage bank, 𝑄𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒  is the total energy 

a single battery can handle over its lifetime in kilowatt-hours (kWh), and 𝑄𝑡ℎ𝑟𝑝𝑡  is the annual 

energy throughput in Kwh per year (kWh/yr). 

 If the lifespan is limited by time, it is simply equal to the float life of the batteries, denoted 

as 𝑅𝑏𝑎𝑡𝑡.𝑓. This represents the expected lifespan of the batteries under ideal conditions, measured 

in years, regardless of how much energy they process. 

𝑅𝑏𝑎𝑡𝑡 = {
𝑁𝑏𝑎𝑡𝑡.𝑄𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑄𝑡ℎ𝑟𝑝𝑡
  

if limited by the throughput 

𝑅𝑏𝑎𝑡𝑡={𝑅𝑏𝑎𝑡𝑡.𝑓  if limited by time 

𝑅𝑏𝑎𝑡𝑡 = 𝑀𝐼𝑁 (
𝑁𝑏𝑎𝑡𝑡.𝑄𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑄𝑡ℎ𝑟𝑝𝑡
, {𝑅𝑏𝑎𝑡𝑡.𝑓) if limited by throughput and time 

4.21 

The above equation 4.21 represents storage bank life. 

4.1.5.6 Levelized Cost of Electricity (LCOE) 

In HOMER, the Levelized Cost of Electricity (LCOE) or Cost of Energy (COE) shows how much 

the system costs on average per kilowatt-hour (kWh) of useful electricity it produces. It is one of 

the most important ways to measure how economically efficient the energy system is. Before 

figuring out the COE, HOMER finds the annualised cost of producing electricity, which is the 

system's total annualised cost minus the cost of meeting the thermal load. Then, this new cost is 

divided by the total amount of electricity the system handles in a year. 

The formula for LCOE is shown by equation 4.22 below: 

𝐶𝑂𝐸 =
𝐶𝑎𝑛𝑛,𝑡𝑜𝑡 −  𝑐𝑏𝑜𝑖𝑙𝑒𝑟𝐻𝑠𝑒𝑟𝑣𝑒

𝑑

𝐸𝑠𝑒𝑟𝑣𝑒𝑑
 

4.22 

where: 

Cann,tot  is the total annualized cost of the system, measured in dollars per year ($/yr), Cboiler is the 

marginal cost of the boiler, representing the cost per kWh of thermal energy produced, measured 

in dollars per kWh ($/kWh). Hserved is the total thermal load served by the system over the year, 

measured in kilowatt-hours per year (kWh/yr).Eserved is the total electrical load served by the 

system over the year, also measured in kilowatt-hours per year (kWh/yr). 
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4.1.5.7 Net Present Cost  

The Net Present Cost (NPC), which is also called the life-cycle cost, is the present value of all 

the costs that come with Installing and running a system or part for the whole project. Expenses 

like setting up, maintaining, and operation are included, but any revenue made by the 

components during the project's lifetime is subtracted. HOMER figures out the NPC for each 

part of the system as well as the whole system, which gives a full picture of the project's 

financial effects. 

The equation 4.23 below is utilised to compute a project's Net Present Cost (NPC). 

𝑇𝑁𝑃𝐶 =  
𝐶𝑎,𝑡

𝐶𝑅𝐹 (𝑖, 𝑃𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 )
 

4.23 

Where: 

Ca,t is the total annualized cost, which includes all yearly costs associated with the project, i is 

the annual real interest rate, derived from the discount rate, and reflects the time value of 

money, Plifetime is the project's lifetime, measured in years, CRF(i, N) is the Capital Recovery 

Factor, a factor used to convert annual costs into their present value equivalent. 

The CRF(i,N) is given by the equation 4.24 below: 

𝐶𝑅𝐹(𝑖, 𝑁) =  
𝑖(1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
 

4.24 

Where: 

i represents the annual real interest rate and 

N is the total number of years, representing the project's lifetime. 

4.1.5.8 Real Discount Rate 

The real discount rate is an important part of financial analysis because it turns one-time costs 

into annualised costs. This makes it easier to see how expenditures and earnings change over 

time. The nominal discount rate and the projected inflation rate are used by HOMER to figure 

out the real discount rate, which is also called the real interest rate. The real discount rate is 

then used to find discount factors and turn net current costs into annualised costs. This gives a 

more accurate picture of how much a project will cost over its lifetime. The equation 4.25 

below represents real discount formulae. 
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𝑖 =  
𝑖′ − 𝑓

1 + 𝑓
 

4.25 

where: 

i represents the real discount rate, which reflects the true cost of borrowing money after 

accounting for inflation, i' is the nominal discount rate, which is the rate at which you could 

borrow money without adjusting for inflation, f is the expected inflation rate, representing 

how much prices are expected to rise over time. 

Table 4.4: Summary  Cost Parameters Inputs for HOMER Simulation from Previous 

Research. 

            Electrolyzer 

Capital Cost Replacement Cost O&M Cost 

$/kW $/kW $/yr 

1000a 1000a 12a 

2000b 2000b 80b 

700c 700c 200c 

1800d 1800d 100d 

1100e 850e 10e 

   

Fuel Cell Generator   

Capital Cost Replacement Cost O&M Cost 

$/kW $/kW $/h/kw 

2800a 2500a 0.04a 

600b 600b 0.08b 

2000d 2000d 0.01d 

4000e 3000e 0.01e 
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Hydrogen Tank   

Capital Cost Replacement Cost O&M Cost 

$/kg $/kg $/yr 

1050a 1000a 18a 

438b 438b 10b 

100c 100c 10c 

1000d 750d  0d 

Solar PV panel   

Capital Cost Replacement Cost O&M Cost 

$/kW $/kW $/yr 

820a   0a    8a 

1000b 1000b   10b 

140c 140c   10c 

1250d 1250d    12d 

1000e 750e   55e 

Battery Storage   

Capital Cost Replacement Cost O&M Cost 

$/kW $/kW $/yr 

220a   220a    5a 

300b   300b   10b 

400d   400d   10d 

600e   300e     0e 

   

 

a(Odoi-Yorke & Woenagnon, 2021) 

b(Hossain et al., 2021) 

c(Hassan et al., 2023) 

d(Jansen et al., 2021) 

e(Luta & Raji, 2019) 
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4.1.5.9 System Architecture sizing and Input parameters  

Table 4.5: Input sizing parameters  

 

 

Figure 4.18: Power Hybrid System Architecture  

Hydrogen fuel cells provide a substitute for traditional diesel generators in powering 

telecommunications infrastructure. Fuel cells exhibit extended operational durations, 

diminished pollutants, and decreased noise levels in comparison to diesel generators. This 

renders them a feasible and eco-friendly alternative for backup power in the 

Component Name Size Unit 

Fuel cell 

Generator 
Hydrogen Fuel Cell 1 0 – 6 kW 

Solar PV Generic flat plate PV 0 - 48 kW 

Battery Storage Polarium SLB48-250-146-2 1 strings 

Electrolyzer Generic Electrolyzer 0 - 50 kW 

Hydrogen tank Hydrogen Tank 0 – 30 kg 
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telecommunications industry. The energy usage of a Base Transceiver Station (BTS) fluctuates 

according on the number of users it serves. The implementation of hydrogen fuel cells seeks to 

address the growing carbon emissions associated with traditional energy sources, including 

diesel generators. 

4.2 Discussion Of the Results  

In this section an in-depth discussion of the results obtained from the models in 

Matlab/Simulink and HOMER are explained. The results are visually presented in graphical 

curves in Matlab and D-maps in HOMER, which provide a deeper comprehension of the hybrid 

system performance in various operational conditions. The analysis of the results gives insights 

in the behaviour, efficiciency and optimization of the renewable hybrid system.  

4.2.1 MATLAB Simulation Results  

4.2.1.1 Power Results  

 

Figure 4.19: Power Results for Solar PV, Load, Battery and Fuel cell  

4.2.1.2 Analysis of Power Distribution in a Hybrid Renewable Energy System 

The MATLAB/Simulink simulation results illustrate the power dynamics of the designed 

hybrid renewable energy system over a 4-day period, with a simulation time of 50 seconds 
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representing four complete 24-hour cycles, based on the time scaling where 12.5 seconds 

equates to one full day. The findings provide an in-depth analysis of power generation, storage, 

and utilisation to meet the system's load demands. The four subplots illustrate Load Power, 

Battery Power, Solar PV Power, and Fuel Cell Power. All four are necessary to keep the energy 

flow steady. 

4.2.1.3 Load Power Analysis 

 

Figure 4.20: Load Voltage, Current and Power characteristics 

From figure 4.20, it is evident that the bus voltage and the bus current graphs illustrate how 

stable the voltage and current is supplied to the load. The Load Power graph stays the same 

over the simulation, shows the energy consumption over time and its reference to the 

fluctuating load demand of approximately 3 kW. The continuous demand calls for the power 

generating and storage elements of the system to regularly supply energy to meet this need. 

The stable load profile underscores the system's ability to manage anticipated energy 

consumption without significant fluctuations in demand. 

  



 

49 

 

4.2.1.4 Solar PV Power Profile 

 

 

Figure 4.21: Solar PV Voltage, Current and Power Performance  

The voltage and current graphs illustrate how the output from the solar PV varies with the 

sunlight availability. The Solar PV power curve exhibits a distinct cyclic pattern, reaching a 

maximum of approximately 27 kW during daylight hours (from 0600hrs - 1800hrs) and 

decreasing to zero at night. This trend is characteristic of solar power generation, wherein peak 

output transpires during daylight precisely around noon and halts at night.  

The simulation indicates that the Solar PV Power system functions for approximately 12 hours 

daily during daylight, equivalent to 48 seconds of the simulation over four days. This operating 

duration is the aggregate of daylight hours during each day of the simulated 24-hour cycle. The 

generated solar energy is utilised to fulfil the load's demands and charge the battery. This yields 

roughly 48 hours of cumulative solar power operation during the simulated 4-day interval.  
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4.2.1.5 Battery Power Response 

 

Figure 4.22: Battery voltage, current and power performance  

The above figure 4.22, the battery voltage graph shows voltage fluctuations, while the current 

graph displays the charging and discharging patterns. Hence, the power graph illustrates energy 

storage and discharge. The Battery Power graph has a high dynamic response. The battery 

charges when solar energy exceeds load demand and discharges when solar power is 

inadequate. The battery functions almost throughout the day, charging with surplus energy 

from the solar photovoltaic system and discharging during periods of low sunlight. The Battery 

Power graph illustrates the battery's response to variations in solar power generation in order 

to meet the load's demand.  

The battery functions for approximately 7 hours daily, discharging during nighttime or overcast 

conditions when solar output is unavailable, approximately for 9 hours daily the battery is 

charged by the excess solar power and for the remaining time the battery is off since it has 

reached its maximum threshold of 30% depth of discharge thus switching off. This equates to 

roughly 44 hours of battery operation supplying power to the load over a four-day period (24 

hours per day). This underscores the battery's function in providing a reliable power supply 

during intervals when solar energy is unavailable, effectively addressing the intermittent nature 

of solar power. 

  



 

51 

 

4.2.1.6 Fuel Cell Power Contribution 

 

Figure 4.23: Fuel Cell Voltage, Current and Power Performance  

From the above figure 4.23, the voltage and current graphs illustrate the current and voltage 

output contribution in meeting the energy demand of the system. The Fuel Cell Power graph 

illustrates the activation of the Proton Exchange Membrane Fuel Cell (PEMFC) in scenarios 

where solar energy and battery storage fall short, especially during nighttime or prolonged 

cloudy conditions. The fuel cell functions in a cyclical manner to maintain a steady power 

supply to the load. The fuel cell functions solely, when necessary, typically during periods of 

reduced solar energy generation, such as nighttime or cloudy days, when the battery's charge 

is inadequate.   

The simulation reveals that the fuel cell operates for around to 8 to 9 hours per day, 

predominantly at night and during extended periods of reduced solar output. Within the four-

day period, this equates to around 24 hours of fuel cell operation, functioning for six hours 

daily. The fuel cell functions as a crucial backup energy source, ensuring the system operates 

efficiently, even during extended periods of reduced solar energy availability. 
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4.2.1.7 Battery State of Charge results  

 

Figure 4.24: Battery SOC Results from The Scope   

4.2.1.8 Analysis of Battery SOC Performance and Battery Management 

During the 50-second, which represents 96 hours equivalent to 4 days simulation, the actual 

State of Charge (SOC) graph illustrates the optimal management of the battery, constantly 

preserving its stored energy while meeting load demands. The battery performance corresponds 

with the anticipated energy management approach, whereby surplus energy from solar 

generation is stored for future utilisation, guaranteeing a consistent power supply during 

periods of insufficient sunlight. The SOC range of 100% to about 31% implies a well-

maintained system, since the battery's depth of discharge is maintained within safe parameters, 

hence preventing damage and safeguarding longevity. These periodic charging and discharging 

cycles signify a well-balanced hybrid energy system, where the battery plays a critical role in 

bridging the gaps between solar power generation and load consumption. 
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Figure 4.25: Battery SOC and Capacity Performance  

In the above figure 4.25, the battery's capacity graph shows how the charge is used, while the 

SOC graph tracks the percentage of charge left in the battery, indicating the operational state 

of the battery over time. 

4.2.2 HOMER Simulation Results 

4.2.2.1 Electricity Production and Consumption  

The hybrid system produces an annual electricity output of approximately 67.434MWh. 

Photovoltaic (PV) panels constitute 85.3% of the overall electricity generation, with fuel cells 

making up the remaining 14.7%. The Figure 4.26 depicts the monthly electricity production 

trend of a photovoltaic (PV) panel and a fuel cell system. The hybrid system produces 

electricity for DC loads and an electrolyzer. Electricity production is allocated to DC loads 

and an electrolyzer, with consumption rates of 23.744 MWh/yr and 28.202 MWh/yr, 

respectively. 



 

54 

 

 

Figure 4.26: Monthly Electric Production. 

 4.2.3 Summary of the simulation results of the BTS. 

Table 4.6 Summary of The Simulation Results Of The BTS. 

  

0

1

2

3

4

5

7

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

P
ro

d
u
c
ti
o
n
 (

M
W

h
)

PV

FC

Hydrogen Fuel cell  

Quantity Value Units 

Electrical Production 9,888 kWh/yr 

Mean Electrical Output 2.38 kW 

Minimum Electrical Output 0.0360 kW 

Maximum Electrical Output 3.60 kW 

Fuel Consumption 593 kg 

Specific Fuel Consumption 0.0600 kg/kWh 

Fuel Energy Input 19,776 kWh/yr 

Mean Electrical Efficiency 50.0 % 

Hours of Operation 4,146 hrs/yr 

Number of Starts 420 starts/yr 

Operational Life 9.65 yr 

Capacity Factor 31.4 % 
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  Solar PV 

Quantity 
Value Units 

Minimum Output 0 kW 

Maximum Output 38.4 kW 

Hours of Operation 4,345 hrs/yr 

Levelized Cost 0.0459 $/kWh 

Rated Capacity 36 kW 

Mean Output 6.57 kW 

Mean Output 158 kWh/d 

Capacity Factor 18.2 % 

Total Production 57,546 kWh/yr 
 

Quantity Value Units 

Batteries 1 qty. 

String Size 1 batteries 

Strings in Parallel 1 strings 

Bus Voltage 50.8 V 

Average Energy Cost 0 $/kWh 

Energy In 3,135 kWh/yr 

Energy Out 3,019 kWh/yr 

Annual Throughput 3,081 kWh/yr 

Autonomy 3.75 hr 

Storage Wear Cost 0.0460 $/kWh 

Nominal Capacity 12.7 kWh 

Usable Nominal Capacity 10.2 kWh 

Lifetime Throughput 30,810 kWh 

Expected Life 10 yr 
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4.2.3.1 PV Panel Power Production and Performance 

The photovoltaic panel has a rated capacity of 36 kilowatts peak (kWp). The photovoltaic (PV) 

system has an average power output of 6.57 kW and a capacity factor of 18.2%. The PV panel 

generates approximately 57.546 MWh/year of electricity, with a levelized cost of 

$0.0459/kWh. Approximately 49.0% of the electricity generated by photovoltaic (PV) panels 

is used specifically for operating the electrolyzer, which splits water into hydrogen and oxygen. 

The remaining 51.0% of the electricity generated is utilized to power DC loads during daylight 

hours. PV production is limited to sunrise at 6:00 and sunset at 18:00. The photovoltaic system 

operates for a total of 4,345 hours per year, accounting for approximately half of the total 

available operating hours of 8,670 hours per year. The Figure 4.27 displays a photovoltaic 

panel's annual power output profile (in kilowatts). 

Electrolyzer  

 

Quantity 

Value Units 

Mean output 0.0526 kg/hr 

Minimum Output 0 kg/hr 

Maximum Output 0.323 kg/hr 

Total production 608 kg/yr 

Specific consumption 46.4 kWh/kg 

Rated capacity 15 kW 

Total input energy 28,202 kWh/yr 

Capacity Factor 21.5 % 

Hours of operation 2,932 hr/yr 

Storage Tank 

Quantity Value Units 

Hydrogen storage capacity 15 kg 

Energy storage capacity 500 kWh 

Tank autonomy 184 hr 

Stored Hydrogen  

Quantity Value Units 

Total fuel consumed 593 kg 

Avg fuel per day 1.63 kg/day 

Avg fuel per hour 0.0677 kg/hour 



 

57 

 

 

Figure 4.27: photovoltaic panel's annual power output profile (in 

kilowatts). 

4.2.3.1 Fuel Cell Output and Performance 

The rated capacity of the FCG is 3.6 kW. The FCG generates approximately 9.89 MWh per 

year of electricity to fulfil direct current (DC) power requirements. The FCG exhibits a mean 

power output of 2.38 kW and a minimum power output of 0.0360 kW. The capacity factor of 

the system is 31.4% with a fixed generation cost of $0.234 per hour. The Fuel Cell Generator 

(FCG) will require 593 kg of hydrogen, with a specific hydrogen consumption rate of 0.0600 

kg/kWh. On average, it consumes 1.62 kg of hydrogen per Day, equivalent to approximately 

0.068 kg of hydrogen per hour. The FCG has an annual operating time of approximately 4,146 

hours. 

HOMER states that the Fuel Cell is activated when the Solar power output falls below the peak 

load, and the battery has insufficient storage charge. When the FCG is activated, it provides 

electrical power to the designated load. The Figure illustrates that the FCG is activated from 

2300hrs to 0700hrs, and this duration is subject to change based on the Solar PV power output 

and the state of charge (SOC) of the battery bank. Figure 4.28 displays the annual profile of 

power output for a fuel cell generator. Calculate the monthly average power output of a fuel 

cell generator. 
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Figure 4.28: The annual profile of power output for a fuel cell generator 

4.2.4 Electrolyser Output and Performance 

The electrolyzer has a power rating of 15 kW. The annual electrical energy consumption of the 

electrolyzer is 28.202 MWh. The hydrogen production is 608 kg/yr, with a specific 

consumption rate of 46.4 kWh/kg. The electrolyzer is operational from 7:00 to 18:00, with the 

highest hydrogen production occurring between 12:00 and 15:00. In addition, the electrolyzer 

was unable to operate during the final week of July due to insufficient PV output, which 

resulted in the inability to produce hydrogen fuel. It is anticipated to operate for approximately 

2,932 hours annually. The figure 4.29 shows the yearly profile for Electrolyser Input Power 

Profile (kW). 

 

Figure 4.29: Electrolyser Output and Performance 

4.2.5.1 Hydrogen Production and Storage Tank Output Performance 

The electrolyzer generates approximately 608 kg of hydrogen annually. In this scenario, the 

FCG utilises approximately 593 kg of produced hydrogen, the remaining 15 kg is content in 

the hydrogen tank at the end of the year. The hydrogen tank has a maximum storage capacity 

of 15 kg, corresponding to an energy storage capacity of 500 kWh. It can provide hydrogen 

fuel for 184 hours. According to the Figure, the hydrogen storage capacity in January is 

relatively low, ranging from 0 to 5 kg. The hydrogen production from the electrolyzer is 
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insufficient during June, resulting in low hydrogen levels in the tank ranging between 2 – 5 kg. 

The figure 4.30 below illustrates the annual profile of the hydrogen tank level, measured in 

kilograms. 

 

Figure 4.30: The Annual Profile of The Hydrogen Tank Level 

Battery Storage Output and Performance 

The hybrid system has a nominal capacity of 12.7 kWh, with a usable nominal capacity of 10.2 

kWh. The battery's total energy output over its lifetime is approximately 30.810 MWh. The 

battery's energy input and output are 3.135 MWh/yr and 3.019 MWh/yr, respectively. The 

yearly throughput is 3.081 megawatt-hours. In addition, the battery storage system lasts 3.75 

hours and will require replacement every decade. Figure 4.31 displays the annual profile of the 

state of charge (SOC) for battery storage, expressed as a percentage. 

 

Figure 4.31: The Annual Profile Of The State Of Charge (SOC) For 

Battery Storage 

According to Figure, except for the few weeks of the months of February, March and July, the 

battery's state of charge (SOC) is generally above 80% for the whole year during the period 

where there is solar irradiation. The low state of charge (SOC) of the battery can be attributed 

to its role in providing power to direct current (DC) loads, as the photovoltaic (PV) output is 
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insufficient to meet the loads during that specific period of the year. The Figure displays the 

monthly average state of charge (%) for battery storage. 

4.2.5 Emissions  

The absence of direct emissions characterizes a hydrogen fuel cell system for electricity 

generation. Hydrogen fuel cells generate electricity via a chemical reaction between hydrogen 

and oxygen, producing water as the sole byproduct. Hydrogen fuel cells possess a characteristic 

that renders them a clean and environmentally friendly technology, thereby facilitating a 

decrease in greenhouse gas emissions and air pollutants. The utilization of electrolysis for green 

hydrogen production methods guarantees a nearly emission-free process encompassing 

hydrogen generation and electricity production. In essence, a hydrogen fuel cell system offers 

an emission-free method of generating electricity. 

4.2.6 Economic Input Parameters for Simulation  

4.2.6.1 Solar PV/Battery/Fuel cell/Electrolyser  

Table 4.7: Economic input parameters  

      Solar PV   

 
QTY   

Capital 

cost($/KW) 

Replacement 

cost($/KW) 

O&M 

Cost($/yr)  

 1 Solar PV $820.00 $820.00 $10.00 

           

       Battery   

 
    

Capital 

cost($/KW) 

Replacement 

cost($/KW) 

O&M 

Cost($/yr)  

 
1 

Polarium SLB 48-250-

146 
$4,953.00 $4,953.00 $10.00 

       Hydrogen Fuell   

 
    

Capital 

cost($/KW) 

Replacement 

cost($/KW) 

O&M 

Cost($/yr)  

 1 Hydrogen Fuel cell $2,000.00 $2,000.00 $10 

           

       Electrolyser    

 
    

Capital 

cost($/KW) 

Replacement 

cost($/KW) 

O&M 

Cost($/yr)  

 1 Electrolyser  $700.00 $700.00 $12.00 

           

       Storage Tank    

 
    

Capital 

cost($/Kg) 

Replacement 

cost($/Kg) 

O&M 

Cost($/yr)  

 1 Storage tank $438.00 $438.00 $10.00 
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4.2.6 Economic Results  

Table 4.8: Summary of the Economic Results 

Economic Key Parameters  
BTS Power configuration 

(Solar/Battery/Fuel cell/Electrolyser)  

Net Present Cost $87,404 

CAPEX $56,267 

OPEX per year $2,970 

LCOE (per kWh) $0.351 

Inflation rate 3.50% 

Nominal discount rate 12% 

System fixed O&M cost per Year  $200 

Project Lifetime (years) 25 

CO2 Emitted (kg/yr) 0 

Fuel Consumption (kg/yr) 593 

The simulation outcomes for the Solar PV/Battery/Fuel Cell/Electrolyser power system 

indicate a Net Present Cost (NPC) of $87,404, which includes capital expenditure (CAPEX), 

operational expenditure (OPEX), and replacement expenses. The capital expenditure of 

$56,267 denotes the initial investment necessary for the installation of solar panels, battery 

storage, a fuel cell, and an electrolyser. The initial expenditure, although considerable, is 

mitigated by the low annual operating expenses of $2,970, which encompass minimum 

maintenance and operational costs. 

The study assumed an annual fixed Operation and Maintenance (O&M) cost of $200 to cover 

emergency maintenance of the hybrid system at any time. This annual budget of $200 enable 

us to quickly sort out unexpected problems or performance issues, like small component 

failures and control logic errors. The model gives the LCOE of the hybrid system as $0.351 

per kWh, which shows the cost of electricity of producing one unit of electricity over the 

lifetime of the hybrid renewable energy system. Since there is no fossil fuel involved, the 

LCOE of the hybrid system is competitive with no CO2 emissions, thus showing how clean 

and environmentally friendly of the system. In this study the LCOE of $0.351 per kWh serves 

as an important point of focus for comparison with other similar studies in the field of 

renewable energy specifically on hybrid systems that concentrate on hybrid systems for off-

grid BTS.  
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Odoi-Yorke and Woenagnon (2021) examined a solar PV/fuel cell hybrid system as an 

alternative to the BTS power configuration of solar PV/battery/diesel generator. In their study, 

they achieved a much lower LCOE of $0.222 per kWh. The lower LCOE was because of lack 

of a battery system in their proposed solar PV/Fuel cell power configuration. The solar PV/ 

fuel cell system would make it harder for the system to deal with the intermittency from the 

solar irradiation, thus ending using more fuel for the Fuel cell to continuously supply power to 

the load. This makes the system to lack reliability as compared to the hybrid system using 

battery storage examined in this study. 

Conversely, a study conducted by Bartolucci et al. (2019) examined three BTS sites in Italy 

which had the power configuration of solar photovoltaic systems, battery storage, and fuel 

cells. In their study, they achieved an average LCOE of $0.50 per kWh, which is higher than 

the LCOE of $0.351 per kWh found in this study. The high LCOE in their study could be 

attributed to the economic input variables for CAPEX that included the electrolyser, fuel cells, 

and batteries. Even though Bartolucci et al.'s configuration has a higher LCOE, it is much more 

reliable and resilient in terms of power availability. When fuel cells and battery storage are 

combined, power can be managed well, and there is a steady flow of energy even when solar 

generation is low, thus less hydrogen fuel for the fuel cell will be utilized. The battery storage 

reduces intermittent power outages by storing extra energy made during sunlight hours. The 

fuel cell, on the other hand, provides reliable backup power during long times of low solar 

irradiance or high demand. 

The LCOE of $0.351 per kWh in this study is situated between the lower figure obtained by 

Odoi-Yorke & Woenagnon (2021) and the higher figure attained by Bartolucci et al. (2019), 

underscoring the trade-offs among system configuration, capital expenditures, and reliability. 

4.2.6.2 Comparison with the Existing Diesel Generator System 

For this particular BTS site, it constitutes an AC diesel generator which is rated 20 KVA, from 

figure, displays the daily average utilization of the DG for the period of 6 months. The generator 

loading is normally at 64% in order ensure efficiency of the DG and achievement of the 

consumption rate of 2.84 L/Hr. 
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Table 4.9: Parameters of the Existing Diesel Generator at the BTS site 

DG Key Parameters  Value  

Capacity (KW) 16 

Fuel consumption (L/Hr) 2.84 

Daily Average operation (Hrs) 6.28 

Price of diesel  $1.3 

The current BTS site utilises a diesel generator that functions for an average of 6.28 hours daily 

as evident in figure 4.2, burning 2.84 litres of fuel per hour. This yields an estimated daily fuel 

usage of 17.83 litres, culminating in an annual consumption of 6,507.95 litres. The annual fuel 

expenditure totals $8,460.34 at a diesel price of $1.30 per litre. This is significantly higher than 

the operational expenditure of the hybrid system. 

In the research done by (Spyrou et al., 2020), the DG properties for a BTS case study in Greece 

were as follows: 

Table 4.10: DG key parameters of a BTS case study in Greece. 

DG Key Parameters  Value  

Capacity (KW) 13.2 

Fuel consumption (L/Hr) @50% loading  2.6 

Operation and Maintenance cost ($/Hr) 0.24 

Capital cost ($/KW) 870 

Replacement cost ($/KW) 870 

Mean Time Between Failure (Hrs) 20,000 

4.2.6.3 Calculation comparison of the hybrid system and the existing Diesel Generator 

on Site  

This study adopts a 12% discount rate, which aligns with the findings of Burgess & Zerbe 

(2011). Their research highlights that discount rates in the 10-12% range appropriately reflect 

the social opportunity cost of capital for private-sector investments. This rate accounts for both 

risk and alternative returns that are pertinent to investments in energy projects. 

The study also includes an inflation rate of 3.5%, as reported by the KNBS (2025) document. 

The inflation rate serves to modify future costs and revenues, guaranteeing that the financial 

analysis accurately represents the anticipated rise in prices throughout the lifetime of the 



 

64 

 

project. At the time of conducting this study, the cost of diesel fuel was $1.3 per liter, as 

referenced in the  (Maximum Retail Petroleum Prices in Kenya for the Period 15th January  to 

14th February 2025_4.Pdf, n.d.) ensuring that the analysis reflects the prevailing market 

conditions during the study period. 

In calculating the Net Present Cost (NPC) of the Diesel Generator, one of the key assumptions 

is that the Operational Expenditure (OPEX) of the DG are consistent with those in the case 

study of Greece’s BTS (Spyrou et al., 2020). According to ATC Kenya the price of a single 

generator of 20 KVA from Jubaili Bros company is 1,000,000 Kenya shillings, which is 

approximately $7,694, which is the cost that was used in computing the net present cost. The 

fuel consumption rate, capacity of the Diesel Generator, and hours of operation are adopted as 

outlined in Table 4.9.  

Capital cost = Capacity × capital cost per KW 

= 16 × $870 

= $13,920 

𝑟𝑒𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 = {
1 + 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡

1 + 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
} − 1 

=  
1 + 0.12

1 + 0.035
− 1 

= 8.2% 

Annual fuel cost = Annual Fuel Consumption × Fuel Price 

= 6,507.95 × $1.3 

= $8,460 

Annual O&M cost = O&M per hour × operation hours of DG × 365 days a year 

= $0.24 × 6.28 × 365 

= $550 

NPC = $7,694 +{ 
9,010

(1+0.082)^1
 + 

9,010

(1+0.082)^2
+ 

9,010

(1+0.082)^3
+ 

9,010

(1+0.082)^4
+ ------- + 

9,010

(1+0.082)^25
} 

         = $102,253 

The annual fuel cost and the O&M costs of the DG are much higher as compared to those of 

the renewable hybrid power system by more than twofold. The above calculation illustrates 

that the annual fuel and the O&M costs of the DG are $9,010 as compared to the O&M cost of 

the renewable hybrid power system of $2,970. This shows that the operational costs of a DG 

are much higher than those of the renewable hybrid system. Additionally, the Net present cost 

(NPC) of the DG, which is approximately $102,253, is much higher than the NPC of the 

renewable power system which is $87,404. This difference is brought about by the substantial 
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DG’s fuel and maintenance costs which accumulate over the lifetime of the DG, thus resulting 

in financial inefficiency in the reliance on the DG for long-term operations. 
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Chapter 5: Conclusion and Recommendation  

5.1 Conclusion 

This study aimed to evaluate the feasibility, performance, and economic viability of a hybrid 

renewable energy system comprising of a solar PV, battery and a PEMFC system for an off-

grid BTS in Kenya. MATLAB/Simulink and HOMER were utilized where 

MATLAB/Simulink was used to model and monitor the energy management performance of 

the components of the system, that is, voltage, current, and power to ensure effective stability 

of the system. On the other hand, HOMER was used to design and optimize the renewable 

hybrid system to give a view of the financial implication of deploying the hybrid system in 

Kenya. The results show that the hybrid power solution increases the energy reliability, have 

lower operational costs and have no carbon emissions. 

The findings from MATLAB/Simulink, the solar PV met the energy demand by the load during 

the sunlight hours, hence the excess power was used to charge the batteries. The batteries were 

used to increase the reliability of the system by mitigating the intermittency of the solar PV 

during times of low or no sunlight. The fuel cell served as an auxiliary power source, providing 

energy when there is low solar output and the battery has reached its threshold of 30%, thus 

maintaining the system stability. The battery SOC remained within safe operational zone 

preventing over discharge. 

The HOMER simulation results showed that the proposed hybrid system reduces reliance on 

fossil fuels. The system generated an annual electrical production of roughly 67.434 MWh, 

with 85.3% derived from solar photovoltaic sources and 14.7% from the fuel cell. The hybrid 

power solution is more environmentally friendly as compared to the DGs since it has no 

greenhouse gas emissions. The system's carbon footprint was reduced, aiding Kenya's goal of 

decreasing greenhouse gas emissions by 32% by 2030, as specified in the Nationally 

Determined Contributions (NDC) report.  

The economic assessment revealed that the hybrid system is more cost-effective, exhibiting a 

lower levelized cost of electricity (LCOE) and net present cost (NPC) compared to traditional 

diesel-based power generation. The LCOE for the hybrid system was determined to be $0.351 

per kWh, and the NPC was $87,404. This is much lower than the NPC of a diesel generator, 

recorded at $102,253. During a predicted 25-year operational lifetime, the proposed system 

demonstrated a significantly higher return on investment, due to the low OPEX by more than 

double the expenses of the diesel-based system, which faced high fuel and maintenance costs. 
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5.2 Recommendation 

The following are the recommendations for areas related to this study that need further 

investigation: 

I. Hydrogen fuel cells should be incorporated into off-grid BTS infrastructure as a backup 

power solution. This study has shown that PEM fuel cells provide a reliable energy 

source during periods of low solar irradiance, ensuring uninterrupted power supply. 

Further pilot projects should be conducted to validate the operational efficiency and 

performance of hydrogen fuel cells in real-world telecom applications. 

II. A detailed life-cycle environmental impact assessment of the hybrid system should be 

conducted, considering all stages from component production to system 

decommissioning. This would ensure that the adoption of hybrid energy systems not 

only addresses operational costs but also aligns with environmental sustainability goals. 

III. More research needs to be done on how to include electrolysers in MATLAB/Simulink 

models that combine battery systems, fuel cells, and photovoltaic (PV) systems. The 

research should concentrate on how to integrate the electrolyser and the storage tank 

where the hydrogen generated by the electrolyser is from the surplus solar energy of 

the hybrid power system. 

IV. The Levelized cost of hydrogen in this system is $16.7 per kilogramme, this shows a 

high price point of the hydrogen fuel. The cause of this high result is due to the energy 

consumption that take place in the electrolyser during generation of hydrogen, along 

with the initial capital investment costs of the electrolyser, hydrogen storage tanks, and 

the solar PV system. For hydrogen-based systems to be financially viable, more 

research should be done in the transportation and storage of hydrogen to lower the cost 

of producing the hydrogen onsite via the electrolyser. 
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Appendix C: Similarity Index 
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Appendix D: January Load data for BTS site 
Total Days Group 

Name 

Rectifier 1 Initial 

[KWH] 

Rectifier 1 Final 

[KWH] 

ATS - kWH Init 

[KWH] 

ATS - kWH Final 

[KWH] 

ATS consumption 

(kwh) 

Rectifier consumption (kwh) ATS Load in 

KW 

1 BTF 2020 38273 38340 30556.47 30600.3 43.83 67 1.83 

1 BTF 2020 38340 38408 30600.3 30656.74 56.44 68 2.35 

1 BTF 2020 38408 38476.18 30656.74 30699.58 42.84 68.18 1.79 

1 BTF 2020 38476.18 38546 30699.58 30743.36 43.78 69.82 1.82 

1 BTF 2020 38546 38614 30743.36 30784.85 41.49 68 1.73 

1 BTF 2020 38614 38680 30784.85 30837.75 52.9 66 2.20 

1 BTF 2020 38680 38748 30837.75 30887.89 50.14 68 2.09 

1 BTF 2020 38748 38817 30887.89 30933.72 45.83 69 1.91 

1 BTF 2020 38817 38883 30933.72 30980.11 46.39 66 1.93 

1 BTF 2020 38883 38951 30980.11 31028.29 48.18 68 2.01 

1 BTF 2020 38951 39019 31028.29 31077.9 49.61 68 2.07 

1 BTF 2020 39019 39088 31077.9 31124.79 46.89 69 1.95 

1 BTF 2020 39088 39157 31124.79 31177.88 53.09 69 2.21 

1 BTF 2020 39157 39226 31177.88 31225.92 48.04 69 2.00 

1 BTF 2020 39226 39295 31225.92 31268.67 42.75 69 1.78 

1 BTF 2020 39295 39361.48 31268.67 31314.06 45.39 66.48 1.89 

1 BTF 2020 39361.48 39424 31314.06 31358.89 44.83 62.52 1.87 

1 BTF 2020 39424 39486 31358.89 31403.72 44.83 62 1.87 

1 BTF 2020 39486 39550 31403.72 31450.33 46.61 64 1.94 

1 BTF 2020 39550 39613 31450.33 31504.59 54.26 63 2.26 

1 BTF 2020 39613 39675 31504.59 31540.33 35.74 62 1.49 

1 BTF 2020 39675 39737.61 31540.33 31585.06 44.73 62.61 1.86 

1 BTF 2020 39737.61 39800 31585.06 31628.5 43.44 62.39 1.81 

1 BTF 2020 39800 39864 31628.5 31673.22 44.72 64 1.86 

1 BTF 2020 39864 39927 31673.22 31713.44 40.22 63 1.68 

1 BTF 2020 39927 39991 31713.44 31758.89 45.45 64 1.89 

1 BTF 2020 39991 40055 31758.89 31802.61 43.72 64 1.82 

1 BTF 2020 40055 40118 31802.61 31846.89 44.28 63 1.84 

1 BTF 2020 40118 40182 31846.89 31890.78 43.89 64 1.83 

1 BTF 2020 40182 40246 31890.78 31935 44.22 64 1.84 

1 BTF 2020 40246 40310 31935 31978 43 64 1.79 
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Appendix E: Fuel cell control block function 
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Appendix F: Solar MPPT Tracking 
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Appendix G: Solar Irradiance Function 
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Appendix H: January Time Utilization Data For Energy Sources at the BTS 
Unit Id Unit Name Start date End date Duration (Days) Usage Time Grid Usage Time Generator 1 Usage Time Solar Usage Time Battery 

8007965 Negist, 621450 01/01/2024 01/01/2024 1 0 5.43 7.63 10.94 

8007965 Negist, 621450 02/01/2024 02/01/2024 1 0 6.98 6.61 10.4 

8007965 Negist, 621450 03/01/2024 03/01/2024 1 0 5.34 7.45 11.2 

8007965 Negist, 621450 04/01/2024 04/01/2024 1 0 5.42 7.72 10.84 

8007965 Negist, 621450 05/01/2024 05/01/2024 1 0 5.17 7.51 11.31 

8007965 Negist, 621450 06/01/2024 06/01/2024 1 0 6.59 7.41 10 

8007965 Negist, 621450 07/01/2024 07/01/2024 1 0 6.67 5.47 11.86 

8007965 Negist, 621450 08/01/2024 08/01/2024 1 0 5.83 7.65 10.49 

8007965 Negist, 621450 09/01/2024 09/01/2024 1 0 5.74 8.75 9.5 

8007965 Negist, 621450 10/01/2024 10/01/2024 1 0 6.42 6.18 11.4 

8007965 Negist, 621450 11/01/2024 11/01/2024 1 0 6.16 7.76 10.06 

8007965 Negist, 621450 12/01/2024 12/01/2024 1 0 5.85 7.88 10.26 

8007965 Negist, 621450 13/01/2024 13/01/2024 1 0 6.97 5.46 11.57 

8007965 Negist, 621450 14/01/2024 14/01/2024 1 0 5.98 7.43 10.58 

8007965 Negist, 621450 15/01/2024 15/01/2024 1 0 5.3 7.96 10.73 

8007965 Negist, 621450 16/01/2024 16/01/2024 1 0 5.8 6.97 11.18 

8007965 Negist, 621450 17/01/2024 17/01/2024 1 0 5.71 8.11 10.18 

8007965 Negist, 621450 18/01/2024 18/01/2024 1 0 5.68 7.46 10.85 

8007965 Negist, 621450 19/01/2024 19/01/2024 1 0 6.29 6.54 11.16 

8007965 Negist, 621450 20/01/2024 20/01/2024 1 0 6.92 4.85 12.23 

8007965 Negist, 621450 21/01/2024 21/01/2024 1 0 4.54 7.29 12.17 

8007965 Negist, 621450 22/01/2024 22/01/2024 1 0 5.76 7.6 10.57 

8007965 Negist, 621450 23/01/2024 23/01/2024 1 0 5.83 7.41 10.74 

8007965 Negist, 621450 24/01/2024 24/01/2024 1 0 5.71 8.54 9.75 

8007965 Negist, 621450 25/01/2024 25/01/2024 1 0 5.43 7.22 11.35 

8007965 Negist, 621450 26/01/2024 26/01/2024 1 0 5.82 7.64 10.51 

8007965 Negist, 621450 27/01/2024 27/01/2024 1 0 5.76 7.69 10.48 

8007965 Negist, 621450 28/01/2024 28/01/2024 1 0 5.76 7.74 10.44 

8007965 Negist, 621450 29/01/2024 29/01/2024 1 0 5.75 7.06 11.16 

8007965 Negist, 621450 30/01/2024 30/01/2024 1 0 5.75 7.85 10.38 

8007965 Negist, 621450 31/01/2024 31/01/2024 1 0 5.75 7.46 10.76 

 




