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ABSTRACT

A cellular base station (BS) powered by renewable energy sources (RES) is a timely re-
quirement for the growing demand of wireless communication. Designing such a BS in
Bangladesh poses some challenges due to the dynamic profile of the RES and traffic inten-
sity in the tempo-spatial domain. Besides, generating energy from renewable energy sources
(RES) plays an important role to cut the carbon footprints in the atmosphere by decreas-
ing production of energy from conventional sources. Considering these issues, this thesis
aims at developing a sustainable and environment-friendly cellular infrastructure using the
locally available RES like hybrid solar photovoltaic (PV)/biomass generator (BG). The opti-
mal system architecture and technical criteria of the proposed system are critically evaluated
with the help of Hybrid Optimization Model for Electric Renewables (HOMER) optimiza-
tion software for both on-grid and off-grid conditions to downsize the electricity genera-
tion cost and greenhouse gas (GHG) outflows while ensuring the desired quality of services
over 20-year duration at the same time. Besides, the green energy sharing mechanism under
the off-grid condition and the grid-tied condition has been critically analyzed for optimal
use of green energy. Furthermore, a thorough investigation is conducted with the help of
Monte-Carlo simulations to assess the wireless network performance in terms of throughput,
spectral efficiency, and energy efficiency under the wide range of network configurations.
A heuristic algorithm of load balancing technique among collocated BSs has been incorpo-
rated for elevating the spectral efficiency, and outage probability performance of the user
equipment under various system configurations such as several simulations users, system
bandwidth, and channel quality indicators (CQI). Simulation results reveal that the proper
load balancing technique pledges zero outage probability with expected system performance
whereas energy cooperation policy offers an attractive solution for developing green mobile
communications through better utilization of renewable energy under the proposed hybrid
solar PV/BG scheme. The research also finds that the energy-trading facility can achieve
net present cost (NPC) and greenhouse gas saving up to 3.20% and 65.8%, respectively by
ensuring the guaranteed continuity of power supply. The hybrid supply system has sufficient
excess electricity and backup capacity that increase the system’s reliability. In the end, the
performance of the hybrid solar PV/BG system has been thoroughly compared with the stan-
dalone solar PV, hybrid PV/wind turbine (WT), and hybrid PV/diesel generator (DG) systems

under on-grid and off-grid configurations for justifying the system validity.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

With the remarkable increase in the number of mobile subscribers and high-speed data de-
mand, cellular network operators are deploying a higher number of base stations throughout
the world [1, 2]. According to the Ericsson survey, the number of the global mobile sub-
scriber up to the first quarter of 2019 was around 7.9 billion, with 44 million new subscribers
added during this quarter, wherein long term evolution (LTE) subscribers are 3.7 billion [3].
Currently, Bangladesh has 88 million unique subscribers and it is expected that at the end of
2025, this value will be 107 million [4]. Global system for mobile communications associa-
tion (GSMA) mentions that at present, the number of universal base stations (BSs) is above 4
million and it is nearly double from 2007 to 2012 [5]. Over the last decades, the exponential
evolution of information and communication technology (ICT) has significantly increased
the power consumption by cellular networks. This rapid and radical deployment of cellular
base stations is pushing up the total energy demand, resulting in an enormous burden on the
power grid and triggering harmful greenhouse gas emissions. Base stations are the premier
energy consumer of mobile networks which receive 57% of the total consumed energy [6].
In the year of 2007, the annual worldwide consumption of electricity by the telecom industry
was 219 TWh that increased to 354 TWh in the year 2012 [7]. It is expected that energy con-
sumption will be escalated at an additional yearly rate of 10% from 2013 to 2019. Till 2017
[8], Bangladesh has above 36679 Global system for mobile communications (GSM) BSs,
which consume around 642 million kWh of energy and within this 14%, BSs are off-grid [8].
Additionally, 81% of the off-grid BSs in Bangladesh are powered by a diesel generator (DG)
plus a battery system [8]. The international energy agency (IEA) has just released its latest
global energy projection named the World Energy Outlook 2018 (WEO2018) where global
energy demand is expected to grow by around 27% equivalent to 3,743 million tons oil from
2017 to 2040 [9]. According to [10], the information and communication technology sector
consumes about 5%-10% of universal electricity production and produces about 2% to 4%
of global carbon dioxide (C'O,) outflow, wherein BSs consume about 60% to 80% of the

electricity consumed by the ICT sector.



Due to the aforementioned facts, telecom network operators are always trying to find out
the alternative source of environment-friendly and cost-effective energy. As a consequence,
harvesting energy from the locally available renewable energy sources has become one of
the major concerns of academia and researchers [11-13]. Renewable energy sources (RES)
such as solar, wind, biomass, hydro, geothermal, etc. are reusable and widely available in
many places throughout the world [11-13]. Moreover, a huge amount of energy can be
harvested from renewable energy sources with the help of modern technology by minimizing
cost [14-16]. Being inspired by the potential benefits of renewable energy sources, telecom
operators are progressively installing cellular BSs powered by the locally available RES.
Despite the potential benefits, there are some challenges of harvesting energy from renewable
energy sources due to the dynamic nature of RES and its dependency on the condition of
weather [14-16]. Moreover, the use of renewable energy in the telecom industry may cause
a shortage or outage of energy that may arise due to the intermittency nature of RES. The
shortage or outage of energy is not allowed in the telecom industry which may degrade the
continuity of power supply and reliability. However, the reliability of the renewable energy-
based supply system can be ensured in the following ways: (i) by integrating the renewable
energy sources with the non-renewable energy source, (ii) by integrating different types of
renewable energy sources, and (iii) by integrating the renewable energy source or sources
with the adequate energy storage devices. In [14, 17], authors examined the feasibility of
deploying renewable energy-based cellular networks in different regions around the world
and reported that approximately 320100 renewable energy-based off-grid BSs were installed
till 2014 and around 389800 green energy enabled off-grid BSs would be in function within
2020.

Bangladesh is a tropical country that is situated between 20°34’ and 26°38’ north latitude
and 88°01’ and 92°41’ east longitude with an area of 1,47,570 km? [17]. Bangladesh has the
enormous potential of green energy generation from solar and biomass energy sources that
create great opportunities for the fulfillment of present and future power demand. Accord-
ing to the national aeronautics and space administration (NASA) surface meteorology and
solar energy database, the daily solar intensity of the country remain in the range of 4-6.5
kW h/m? with average solar radiation of 4.59 kW h/m?/day [18]. It has been reported that
Bangladesh obtains around 70 PWh of solar energy each year which is 3000 times higher
than the total electrical energy generation of the country [19]. Being motivated by the above
potential solution, solar photovoltaic (PV) supplied base station has already been established

2



in Bangladesh [20]. Authors in [14] mentioned that up to 2015 above 521 solar PV powered
base stations have already been installed in Bangladesh and telecom operators are trying to

enhance the figure.

In the meantime, biomass is the fourth greatest energy source in the world, which con-
tributes around 8.5% of the total world energy. In 2012, the United States produced around
15 GW of power from biomass which is almost 18% of the total biomass generated power in
the world [21]. It is expected that within the next century, almost 50% of the world energy
requirement will be supplied by biomass energy [22]. Nowadays, Bangladesh has also started
generating energy from biomass on a small scale though most of the energy generated from
the biomass is used for cooking and heating purposes only. Energy generation from biomass
resources has a huge scope for Bangladesh because of the low cost of biomass and the high
efficiency of energy conversion. At the same time, agriculture residue is the key source of
biomass energy in Bangladesh where rice-husk constitutes a significant amount [23]. As
reported by the ‘Rice Mills Owners Association’ in Bangladesh, there are around 540 rice
mills throughout the country with an average capacity of 30 tons/day. They also report that
540 rice mills have the potential of producing 171 MW per day [24, 25]. According to [21],
Bangladesh had approximate 90.21 million tons’ of biomass available in fiscal year (FY)
2012-2013 whose energy potential is 1344.99 PJ equivalent to 373.71 TWh. Authors in [26]
studied that Bangladesh will be able to generate 7682 GWh energy from the rice husk with a
total capacity of 1066 MW in 2030. Moreover, around 13% of the total primary energy con-
sumption came from renewable energy sources in 2012 [21]. Finally, GSMA reported that
Bangladesh can save around 90 million USD per year by installing green energy harvesting

technology instead of using the fossil fuel-based energy generation system [8].

It is always desirable to develop an energy-efficient green cellular network, which will
minimize the capital cost, and greenhouse gas emission by maintaining the continuity of
power services. Improving energy efficiency (EE) and maintaining continuity of power sup-
ply is quite challenging in the process of deploying renewable energy (RE) focused BSs
[27, 28]. Typically conventional macrocell architectures are designed to cater to larger spec-
tral areas that may often fail to attain the desired throughput to support seamless broadband
service to uplink users. Besides, users move far away from the macro BS and often cause

severe inter-cell interference. The weak indoor penetration and the appearance of dead spots



considerably reduce the indoor coverage under the traditional macrocell scenario. As a po-
tential solution to overcome these issues, load balancing has appealed much consideration
as a talented way out for higher resource allocation, better system enactment, and reduced
operational expenditure as well. Load balancing is an efficient technique for adjusting the
load and relieving the congestion among neighboring base stations in the modern cellular
networks. With the introduction of load balancing techniques, a cellular network can gain in
different ways, such as the effective exercise of frequency bands, improvement in coverage

for cell-edge users, and boosting in overall network throughput [29].

However, the concept of load balancing can be applied for improving the spectral effi-
ciency of mobile access setups. On the other hand, the load balancing mechanism flexibly
adjusts BS coverage depending on experienced traffic density and enhances the service qual-
ity of an entire cellular network through balancing the traffic among surrounded BSs in a
cluster. Thus, the continuity of the hybrid supply system can be improved by integrating the
green energy sharing and load balancing mechanism. In this paper, the concept of load bal-
ancing is employed for improving the energy efficiency performance under optimal power
supply scenarios. This chapter describes the background and motivation for this research
work by briefly introducing the field and explaining the principal research problem. A sum-
mary of the contributions of this thesis is also presented. Finally, a concise outline of the

thesis is provided at the end of the chapter.

1.2 Literature Review

Recently, several research works have been completed by the telecom operators and academia
to develop an eco-friendly and sustainable green cellular network for the next-generation
mobile communications utilizing the locally available renewable energy sources. The prime
concern of green mobile communication is to enhance network performance in the field of
throughput, energy efficiency, operational expenditure, and greenhouse gas discharge. Some
of them advocate for the combination of renewable energy sources with the traditional non-
renewable energy sources while others consider the integration of different RE sources or a

single RE source with a battery unit.

Numerous research works related to the challenges and potential solutions to the prob-
lems of renewable energy-focused green cellular BSs have been presented in the literature.
References [14, 19, 30] introduce a single renewable energy solar PV-based supply scheme

along with an adequate battery bank addressing the key factors of designing solar PV-enabled
4



cellular BSs. In these works, various performance parameters such as energy yield, economic
yield, and environmental aspects have been critically analyzed considering the dynamic na-
ture of solar intensity. Although these works provide an exclusive method of harvesting
energy from the standalone solar PV source, energy deficiency/outage may occur due to
the single technology. The authors in References [31-33] investigated the optimal system
architecture and technical criteria for installing hybrid solar PV/DG powered off-grid BSs
throughout the world using the hybrid optimization model for electric renewables (HOMER)
platform. The combined utilization of solar PV and DG could mitigate the fluctuations of re-
newable energy production and improve the quality of service (QoS) but it partially contains
some DG-related difficulties such as high fuel cost, operation & maintenance costs (OMC),
and C'O, emission. Authors in [34], investigate the potential of hybrid solar PV and proton
exchange membrane (PEM) fuel cells system for powering the remote off-grid base stations.
Reference [2], proposed a renewable hydrogen-based supply system. Reference [23], intro-
duced a solar PV and biomass gasifier focused energy supply. Ani and Nzeako et al. in [35],
discussed the optimization of a hybrid (Solar & Hydro) and DG powered scheme for a remote
BS. To reduce the net present cost (NPC), operational expenditures (OPEX), and greenhouse
gas emission, authors in [10, 36, 37] mentioned a hybrid PV/WT system by integrating two
renewable energy sources. Authors in [10, 36] explored the various key factors including the
optimal sizing, net present cost, and greenhouse gas contents for assessing the system perfor-
mance. Nevertheless, authors have not examined the sustainability of the designed system by
considering the variation of bandwidth and BS transmission power. Generating energy from
wind requires sufficient wind speed which is usually available in coastal areas and offshore

islands.

Over the last decade, renewable energy-powered cellular network with a power grid line
has drawn deep attention by the telecom operators because of the potential advantages and
dynamic nature of renewable energy [38]. Moreover, due to the advancement of different
energy management techniques [29, 39], renewable energy-focused grid-tied wireless net-
works can significantly improve the energy efficiency performance, network coverage area,
and electricity exchanging facility. References [40, 41] introduce a grid-tied modern cellular
base station that is primarily powered by the solar PV where backup power is provided by
the battery bank and traditional grid supply. In these works, the authors propose a dynamic
point selection and joint transmission coordinated multipoint transmission technique-based
cellular networks, with dynamic inter-BS green electricity exchanging policy. Moreover, the
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performance of the system has been analyzed critically using MATLAB-based Monte-Carlo
simulations considering the realistic traffic pattern. The authors in Reference [42] introduce
a grid-tied renewable energy-assisted heterogeneous cellular networks (HetNets) for which
transmission power is optimized by the novel relay selection and power allocation algorithm.
In these works, the key challenges of utilizing the maximum amount of renewable energy
by reducing the grid energy consumption are critically analyzed by installing the different
relay stations (RSs) in a network. References [43] evaluated the optimization of grid power
consumption for hybrid renewable energy and the grid powered HetNets. The prime concern
of this work is to reduce the grid power cost by controlling the transmitted power and stored
energy considering the coverage probability constraint. These unique methods can overcome
the drawback of using renewable energy and help to improve energy efficiency ensuring QoS,

where the electrical power line is available.

Nowadays, modern cellular BSs are connected together to share the information to the
control server, which will enhance the energy efficiency, spectral efficiency, and through-
put performance of the wireless network. A lot of methods have been suggested by the
researchers to improve energy efficiency and save energy though it is yet not saturated. A
coordinated multipoint (CoMP)-based green cellular networks have been proposed in [44]
that can substantially improve the spectral efficiency of the network by minimizing the inter-
cell interference. However, the authors didn’t consider the energy efficiency issue. Authors
in [45], proposed a hybrid supply system where all the off-grid BSs are connected through
a low resistive line to share the power among the neighboring BSs. In this work, the inter
BSs energy sharing policy and optimal criteria are critically analyzed considering the in-
termittency nature of renewable energy under different system bandwidth and transmission
power. To increase energy efficiency, the infrastructure sharing concept is presented in [45—
47], where the same radio access network (RAN) will be shared by the multiple network
operators. For getting the same benefit, authors in [48], introduced a smart grid infrastruc-
ture sharing mechanism. For improving the energy efficiency, Reference [49], proposed base
station sleep mode provision, References [50, 51], proposed cell zooming concept. Although
the sleep mode provision and cell zooming technique have many potential benefits, the sleep
mode provision is not feasible for the populated areas and the implementation of the cell
zooming technique involves a lot of challenges. In this trend, the authors in [52] proposed
a distributed user association based load balancing algorithm to balance the load among the
neighboring BSs. Reference [53] introduces an empirical load balancing algorithm that can
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be used to optimize the range of heterogeneous networks. Therefore, the load balancing
techniques are used for redistributing the load among the active BSs and can benefit in var-
ious ways including effective application of frequency bands, improvement in coverage for
cell-edge users, and percentage increase in overall system throughput performance. In these
papers, the idea of load balancing is employed for increasing the energy efficiency perfor-
mance under optimal power supply scenarios. However, some of the above models fail to
capture the load-dependent power consumption in BSs causing overestimations. Besides,
many of them offered either very simple algorithms overlooking the real locations of users,

or no algorithm at all.

1.3 Research Motivations

Due to the technological revolution and higher user data demand, the telecommunica-
tion industry is expanding at an exponential rate. Fulfilling the rapidly increasing demand
of energy demand from the non-renewable energy sources has a hostile influence on both
the economic and environmental implications resulting in higher capital cost and growth of
greenhouse gas emission [10, 31]. As a result, green energy harvesting (EH) from different
energy sources locally available has become an area of deep attention of the researchers with
the aim to develop a sustainable and energy-efficient green cellular network [54, 55]. Locally
available green energy sources such as sunlight, biomass, hydro, wind, etc. are re-useable,
cheap, and pure in comparison with the non-renewable energy sources. Besides, renewable
energy sources are available in many areas throughout the year. Renewable energy source be-
comes reliable if we can fulfill any of the following conditions. Firstly, it is to be combined
with the conventional nonrenewable energy source. Secondly, the hybridization of two/three
RE sources can also ensure reliability. Thirdly, it achieves reliability if a single renewable
energy source is connected with a sufficient battery unit. Finally, renewable energy source

becomes reliable when it is tied with the grid.

Energy sustainability and OPEX saving of a cellular network can be achieved by im-
proving the energy efficiency and by establishing a dynamic traffic management network as
reported in [56]. In this way, a great amount of electricity can be saved by introducing a
higher energy-efficient component along with the guaranteed quality of services. For im-
proving energy efficiency, numerous techniques have been proposed through research in this
area but it is not yet saturated [6, 28]. According to [45, 48], transferring electricity among

the neighboring base stations through a smart grid (SG) or low resistive line is a beneficial
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technique for increasing the energy efficiency of BSs. Farooq et al. [48] developed a com-
bined green energy sharing technique, where the physical power line is used to share energy
among the BSs and the SG infrastructure to share the locally produced power. A framework
of exchanging electricity between the two BSs via a low resistive conductor has been ana-
lyzed in [45]. Energy procurement within the BSs through SG is introduced in [57]. In order
to improve the energy efficiency, the infrastructure sharing method has been mentioned in
[46, 47], where the same radio access network (RAN) will be shared by the multiple network
operators. Moreover, the concept of cell zooming, load balancing, dynamic sectorization
of BSs [58], dynamic cell reconfiguration [59], and the traffic-aware intelligent cooperation
among BSs [60] have shown a remarkable aptitude for improving energy efficiency. Dy-
namic traffic management network adapts the transceivers transmission power based on the
traffic density and particular element of the network such as power amplifier (PA) unit, radio
frequency (RF) unit, and baseband (BB) unit. Even the entire BSs can be switched off during
the low traffic density [56]. If the traffic density is high, this method cannot be executed. In
this case, a certain number of BSs must always be in an active position in order to support

the basic operation of the network [6].

1.4 Research Methodology

In this work, we consider a cellular network whose base stations are powered by hybrid
energy sources. Under the proposed model, each BS is equipped with a solar PV panel,
biomass generator, battery bank, converter, etc. The system architecture will decompose into
two parts: (i) hybrid power supply and (ii) telecommunication load (i.e. BS energy demand).
The operation of the network can be divided into the following three states: Firstly, energy
is supplied to the BS by the hybrid solar PV/biomass scheme where excess electricity is
stored in the battery bank. Secondly, if the solar PV/biomass energy is not sufficient due to
the deficiency of solar/biomass resources or seasonal change, the storage device will provide
backup electricity. Thirdly, it will share the energy to the neighboring needy BS or electrical
grid system if the excess electricity is greater than the threshold level (10% of load require-
ment). On the other hand, it will also receive energy from the nearest BS or electrical grid
in case of an energy shortage. This sharing technique is aimed at the maximum utilization of
renewable energy sources without scarifying their own energy demand. Integrated use of dif-
ferent energy resources reinforces the reliability and quality of services for envisaged green
cellular networks with the reduction of capital cost and pollution rate. An extensive simu-
lation will be carried out by HOMER software for evaluating optimal system architecture,
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energy yield analysis, and cost assessment in the context of downlink LTE cellular networks
varying different system parameters such as system bandwidth, and solar radiation. Besides,
the wireless network has extensively been evaluated using Matlab based Monte Carlo simu-
lations in terms of performance metrics such as throughput, spectral efficiency, and energy
efficiency taking into account the tempo-spatial variation of traffic profile. In addition, the
load balancing technique has been incorporated for improving the spectral efficiency and
outage probability of the user equipment. The hybrid energy system design problem is for-
mulated as an optimization problem with the objective function of minimizing net present
cost (NPC) subject to various design and operational constraints. Several parameters for the
system components, such as the operational lifecycle, component efficiency, and associated
cost will be considered for the efficient performance of the optimization process to formulate
the optimal hybrid power system. In this work, the zero loss of power supply probability,
as well as sufficient excess electricity, is identified as a power reliability term. The ultimate
goal is to identify the optimal solution aiming to minimize NPC satisfying all constraints
with guaranteed reliability. Finally, a comprehensive comparison with other schemes will be

carried out for further validation.

1.5 Research Challenges

The hybrid solar PV/BG-powered green cellular network with energy sharing and load
balancing technique has many potential benefits but the implementation involves a lot of

challenges. The key challenges and the possible solutions are listed below:

1) The implementation of a hybrid solar PV/BG system involves a greater amount of
biomass resources, water, and land, which may not always be available in many coun-
tries. As tropical and fourth rice (the main source of biomass) producing country,
Bangladesh has enough potential to harvest energy from the solar PV and biomass re-

sources.

ii) The implementation of a hybrid solar PV/BG system may require to release of a negli-
gible amount of carbon footprints due to the processing of biomass. With the advance-
ment of modern technology, the higher volume of carbon footprints can be confined to
a lower value. Moreover, the biomass generator indirectly reduces carbon footprints by

minimizing the burning of rice husks in cooking and heating in Bangladesh.

ii1) The implementation of a hybrid solar PV/BG system includes a huge number of energy

storage devices for providing sufficient backup power in case of a shortage or outage of
9



renewable energy sources. This problem can be overcome by integrating the electrical
grid system with the hybrid solar PV/BG system or by establishing inter-connection
between the BSs via a low resistive power line in the case of off-grid conditions to

facilitate sharing of power among the neighboring BSs.

1v) The implementation of the inter BSs energy sharing technique requires to trace the
actual energy consumed by the individual BS and energy stored in the storage device.
This problem can be overcome by sharing the source and load information to the control

unit or control server.

v) The implementation of the load balancing technique also requires to trace the actual
incoming traffic rate of the BSs. This problem can be solved by connecting the BSs to
the control server where all the BSs will share their information with the control server
and subsequently, the control server will sort the BSs according to the traffic density,

transmission power, and stored energy.

1.6 Contributions

The major concern of this thesis is to develop a hybrid solar PV and biomass focused
supply system for green powering the macro cellular network in Bangladesh considering the
dynamic profile of renewable energy sources and traffic intensity. In this work, the selected
off-grid site is Saldanga union Parishad of Debiganj Upazila under the Panchagarh district in
the Rangpur Division of Bangladesh. The key challenges and potential solutions of designing
a hybrid solar PV/BG powered green cellular network along with sufficient energy storage
devices are critically analyzed as the output power of the renewable energy sources may be
intermittent, and seasonal. A comprehensive simulation using HOMER software has been
done over 20 years’ project duration to calculate the techno-economic feasibility consider-
ing the real traffic by varying the solar radiation and bandwidth under different transmission
power. Additionally, MATLAB-based simulation has been carried out to assess the perfor-
mance of the wireless network. The major contributions of this paper can be summarized as

follow:

1) The optimal system architecture and techno-economic feasibility of the solar PV and
biomass focused supply system is determined using HOMER optimization software
under various system bandwidth and transmission power endeavoring a green cellular

network.
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ii) The effectiveness of the energy sharing mechanism for saving energy by maximum
utilization of renewable energy sources is evaluated. Particularly, we developed and
analyzed the inter base station energy sharing algorithm via a low loss resistive power
line for off-grid condition and energy trading policy with the electrical grid system for
the grid-tied system. Based on the heuristic algorithms, we further analyzed the system
reliability employing loss of power supply probability (LPSP) term and energy saving

in terms of shared energy.

iii) In this thesis, we examined the performance of the wireless network in terms of through-
put, spectral efficiency, energy efficiency, and energy efficiency gain considering a few
limiting factors such as shadow fading and inter-cell interference using MATLAB-based

Monte-Carlo simulations considering the dynamic traffic profile.

1v) A promising load balancing technique is developed for efficient utilization of resource
blocks allocated in a cluster aiming to increase the spectral efficiency and reduce the
outage probability metrics of the user equipment under various system configurations
(e.g., channel bandwidth, channel quality indicator, and the number of simultaneous

users).

v) To the end, a comprehensive feasibility comparison with other existing frameworks
is conducted in the forms of performance metrics for justifying the network validity.
Also, the breakeven point of the hybrid supply system is discussed for ensuring the

cost-effectiveness of the proposed system.

1.7 Objectives of the Research

Telecom network operators are installing a higher number of BSs to meet the demand
of ever-increasing data rate and the number of mobile subscribers across the world. The
exponential growth of mobile networks and the corresponding demand of huge amount of
energy has become a great challenge to the researchers and network operators due to the
limited reservation, higher capital cost, and the negative impact of fossil fuel. Fulfilling the
increasing demand of energy for the rising cellular networks has become a great challenge
to the network operators because of the limited reservation of fuel energy sources and the
growing concern about global warming. The prime objective of this thesis is to develop an
energy-efficient hybrid supply system for green powering the cellular network considering
the locally available renewable energy sources in Bangladesh. The whole research work is

carried out to achieve the following specific goals:
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1) To propose an energy sustainable hybrid-powered cellular networks emphasized long

term reliability through green engineering solution.

ii) To evaluate an optimal solution of the proposed framework focusing on techno-economic
analysis including energy yield and economic performance under a wide range of net-

work scenarios.

111) To investigate the system performance in terms of surplus electricity, carbon footprints,
energy storage system, and cost of electricity varying different parameters such as solar

radiation intensity, system bandwidth, and transmission power.

iv) Finally, a comprehensive comparison of system performance will be carried out with
that of other power supply solutions to validate the effectiveness of the suggested sys-

tem.

1.8 Outline of the Thesis

This thesis is divided into six chapters to clearly present the content. The rest of the thesis

is organized as follows:

Chapter 2 provides a concise description of the system architecture along with major
system components. The necessity of the hybrid supply system, mathematical modeling of
the different system components, and the load profile of the base station are briefly explained

for presenting a clear view to the reader.

Chapter 3 outlines the cost modeling and optimization formula of the hybrid supply sys-
tem. The loss of power supply probability and green energy sharing policy are also discussed
for ensuring guaranteed continuity of service by maximum utilization of renewable energy.
Moreover, the performance of the wireless network is also analyzed in terms of performance

metrics.

Chapter 4 demonstrates the analysis of the results including the simulation setup, optimal
system architecture, energy yield analysis, battery capacity analysis, economic yield analysis,
greenhouse gas emissions analysis, performance metrics analysis, and outage probability
analysis via load balancing technique. The results are discussed with insightful comments.
The results are found by simulation of the network with the help of HOMER optimization

software and Matlab-based Monte Carlo.
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Chapter 5 represents a comparison between the proposed system and other systems in
terms of energy, economic, and cleanliness issues to justify network validity. The breakeven
point of the hybrid supply system is also discussed in this chapter for identifying economic

stability.

Chapter 6 concludes the thesis by summarizing the key findings and gives suggestions for

the future improvement of the research works that can be carried out.

1.9 Conclusion

This chapter represents the prime research objectives of the research by addressing the
key points. Moreover, the chapter provides a introduction, literature review, motivations,
methodology, challenges, major contributions and a chapter-wise outline of the thesis for
presenting a clear to the reader. The next chapter will discuss the system architecture and

mathematical modeling of the major components of the proposed system.
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CHAPTER 2

SYSTEM ARCHITECTURE AND MODELING

2.1 Introduction

The optimal system architecture and modeling of the different components of the hybrid
supply system is a vital issue of developing a cost-effective sustainable solar PV/BG powered
green cellular network. This chapter provides a concise description and corresponding math-
ematical modeling of the major system component of the hybrid supply system. Notably,
the dimensioning of the hybrid supply system is done with the help of HOMER optimization
software considering the tempo-spatial variation of renewable energy sources (solar PV and
biomass) and traffic intensity under different network configurations. Oversizing the sys-
tem components will enhance the output power as well as system cost. The optimal design
ensures the lowest net present cost with high reliability of system operation. Based on the
literature review and identified research gaps, this thesis explores the techno-economic feasi-
bility of hybrid solar PV and biomass-based integrated renewable systems to powering long

term evaluation (LTE) cellular BSs in Bangladesh.

2.2 Necessity of Hybrid Energy

Due to the technological revolution and higher user data demand, the telecommunication
industry is expanding at an exponential rate. Fulfilling the increasing demand for energy
by the single energy source may cause energy deficiency/energy outage which increases the
loss of power supply probability by degrading the QoS. Therefore, the BSs of the next-
generation cellular networks are provisioned to be powered by hybrid energy along with suf-
ficient energy storage devices for ensuring the guaranteed continuity of power supply. Hybrid
power systems are made to generate electrical power using different technologies and energy
sources. The hybridization of energy can be made by the following ways: (i) hybridization
of renewable energy with the non-renewable energy, (ii) hybridization of two/three renew-
able energy sources, (iii) hybridization of renewable energy with the electrical grid system,
and (iv) hybridization of non-renewable energy with the electrical grid system. This paper
investigates the hybridization of solar PV with the biomass resources for optimal powering
the LTE cellular macro base stations in Bangladesh focusing on the technical, economic, and

environmental issues. Energy harvesting from renewable energy sources (RES) has become
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an overwhelming initiative to minimize energy deficiency and carbon footprints.

2.3 System Architecture

This section represents the concise description of the major components of the proposed
system and the corresponding mathematical modeling in the context of green mobile commu-
nications. System activity can be classified into three parts: (i) hybrid solar PV/BG system
independently supplies the BSs energy requirement, (ii) a certain amount of excess electric-
ity is stored in the storage device and a major percent of excess electricity is shared to the
neighboring BS or power grid, and (iii) if the solar PV/BG system is failed to support the BS
energy demand primarily, backup power is provided by the storage devices, neighboring BS
or power grid. A short description of the major components of the proposed model and the

corresponding mathematical modeling are provided below:
2.3.1 Network layout

In this work, a two-tier downlink long term evaluation (LTE) cellular macro base station
with a hexagonal shape has been considered. which acts as an access link between the mobile
station and the core network. A typical BS consists of different types of power-consuming
equipment such as digital signal processing or baseband unit (BB), transceiver (TRX) unit,
radio frequency (RF) unit, power amplifier (PA) unit, and DC-DC regulator. The proposed
network model is a combination of renewable energy harvester (solar & biomass), BS, con-
verter, battery bank, and a smart energy management unit (EMU). The EMU primarily uses
the generated power from RES and distributes the excess energy according to the BS require-
ment. In addition, EMU is used to prevent the overvoltage and overcurrent which enhances
the battery lifetime by limiting the intensive discharging of the storage device. The BS is
generally a DC load. It also includes some AC loads as auxiliary equipment such as air
conditioning and lighting. In this model, we consider only one 30 W AC lamp which is con-
nected to the BS from 6 PM to 6 AM. Macro BS with a remote radio head (RRH) does not
require any cooling arrangement [37]. It is widely recognized that a 2/2/2 LTE macro BS
operates at 20W (43dBm) and 40W (46dBm) [37]. However, 20W transmit power is broadly
used [37]. The term 2/2/2 represents that a BS includes three sectors with each sector having

two antennas.
23.1.1  Off-grid system

The architecture of the proposed hybrid solar PV/BG system for the off-grid condition

is shown in Fig. 2.1. Under the off-grid condition, all the BSs are connected through a
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Figure 2.1: Architecture of the proposed hybrid solar PV/BG system for off-grid
condition.

low resistive power line for sharing green energy among the interconnected BSs to ensure

guaranteed continuity of power supply.

The algorithm of the introduced system is simplified in a flowchart as demonstrated in
Fig. 2.2. The operation of the network can be divided into the following three states: Firstly,
energy is supplied to the BS by the hybrid solar PV/biomass scheme where excess electricity
is stored in the battery bank. Secondly, if the solar PV/biomass energy is not sufficient due to
the deficiency of solar/biomass resources or seasonal change, the storage device will provide
backup electricity. It is to be mentioned that the storage device can support the BS sufficient
time. This support continues till it reaches the minimum depth of discharge which is sufficient
time to fix the hybrid system. Thirdly, it will share the energy to the neighboring needy BS
if the excess electricity is greater than the threshold level (10% of load requirement). It will
also receive energy from the nearest BS in case of an energy shortage via a low resistive
power line. This sharing technique is aimed at the maximum utilization of renewable energy

sources without scarifying their own energy demand.
2.3.1.2 On-grid system

The architecture of the grid-connected hybrid solar PV/BG system is shown in Fig. 2.3.
In the case of a grid-tied system, it can share energy directly to the electrical grid system.
2.3.2 Solar PV system

Solar is the most available, clean, and enormous renewable source of energy throughout

the world. The solar PV panel collects solar energy and converts it into electrical energy.
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Table 2.1: Specifications of the solar PV panel [37]

Parameters Type (Value)

Solar module type Sharp ND-250QCs (poly crystalline)
Nominal voltage (V') 29.80 Vpo

Nominal current (A) 8.40 Amp

Maximum power (Pqz) | 250 Watt

Cell Configuration 60 in series

Open circuit voltage (V,¢) | 38.3 Vpco

Short circuit current (I.) | 8.90 Amp

Several solar PV cells are connected in series/parallel to form a solar PV array for harvesting
more energy. Total renewable energy harvested by the solar PV panel can be found using the
following equation [10]

Epy = Rpy x PSH X npy 2.1

where Rpy is the rated capacity of the solar PV panel in kW. PSH is a peak solar hour

in an hour which is equivalent to average daily sunlight intensity in kW h/m?/day. npy
is the derating factor that refers to the efficiency of the solar PV panel. There are many
derating factors in a PV system design such as environmental, PV system, installation, cost,
etc. In this work, a standard value of derating factor 0.9 is used for dimensioning solar PV
panel. The term dimensioning of solar PV panels means the optimal sizing of the solar PV
panel. The output power of the solar PV panels mostly depends on the solar radiation profile,

geographical location, DC-DC loss factor, tracking mode, and the tilt of the solar PV panel.

The required number of solar PV panel (Npy ) to produce a specific output (F,) can be

formulated as follows [37] P
P 2.2
P (2.2)

where P, is the maximum power of the solar PV panel. Table 2.1 represents the specifi-

Npy =

cation of the considered solar PV panel.

Fig. 2.4 represents the temporal variation of daily solar energy production by 1 kW solar
PV panel, which is calculated with the help of the System Advisory Model (SAM). Fig. 2.5
depicts the average yearly solar energy generation for a given location in Bangladesh. The
average value of sunlight intensity varies from one place to another; the highest sunlight
intensity is 5.48 kW h/m?/day in April and the lowest intensity is 3.78 kW h/m?/day in
July.

However, there are some difficulties and challenges of energy generation by the solar cell
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Figure 2.5: Average yarly solar radiation profile in Bangladesh.

due to the dirt, dust, tree debris, water spots, mould, tree shade, fog, cloud, and heavy rain
in the tropical country. To overcome these problems, the hybridization of solar energy with

biomass energy in remote areas can be a promising solution.
2.3.3 Biomass generator system

At present, energy harvesting from the biomass has become a mature technology and in
our country, most of the available biomass resources are agriculture residue, animal dung,
poultry dropping, etc. [17]. Moreover, as an agricultural country (over 60% production
comes from fertile land), Bangladesh has enough potential for renewable energy harvesting
from agricultural residue particularly from the rice husk and crop residue. Out of the agricul-
ture residue, rice husk is a fine biomass whose average calorific value is around 14274 KJ/Kg
(3411.33 KCal/Kg). Theoretically, one-ton paddy can produce around 200 Kg of rice husk

but practically, the average amount is expected to 187 Kg [23]. Additionally, 1.5-4 Kg/hr
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Figure 2.6: Characteristic curve of the biomass generator.

rice husk is required to produce 1 kWh energy. In this simulation, the maximum collection
capacity of rice husk is considered around 20% (9 tons/day) of total rice husk available in the

area, and the cost of biomass is taken as $30/tons [23].

The characteristic curve of the biomass generator is presented in Fig. 2.6. Power produc-
tion from the biomass generator system depends on the various factors such as the calorific
value of biomass (C'Vgz)y), availability of biomass (7’3,s), an operating hour of the biomass
generator per day (t,,), and overall efficiency of the biomass conversion process (7g57) which
can be expressed as follows [17, 23].

_ Tpu(tons/year) x CVpy X npy x 1000

P, 2.3
e 365 X 860 X top 23)

Yearly energy generated by the biomass generator can be calculated as [17, 23]
Epa = Ppi(365 x 24 x CYf), (2.4)

where the C'y (capacity factor) is the ratio of actual electrical energy output to the maximum

possible electrical energy output over a given period. In this work, the set capacity factor is

0.26.

In 2003, Bangladesh had around 74.128 million tons of biomass which are equivalent to
38.41 million tons of coal [22]. Fig. 2.7 depicts the yearly increasing coal equivalent biomass
energy potential in Bangladesh. Additionally, Fig. 2.8 illustrates the biomass energy potential

from different sources in Bangladesh [21].
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Figure 2.7: Biomass energy potential in Bangladesh.
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Figure 2.8: Biomass energy potential from different sources in Bangladesh.

2.3.4 Diesel generator system

The integration of DG with renewable energy sources plays a significant role in com-
pensating the capital cost and BS energy demand during RES malfunction. This subsection
represents the mathematical model of DG in order to compare the result of the suggested
hybrid PV/BG system with the hybrid PV/DG system. Energy generated by a DG (£p¢) in

kWh with rated power output (Pp¢) can be determined as follows [37]

Epc = Ppe X Npa X lop, (2.5)
where 7p¢ is the efficiency of the DG and ¢,, is the operational time. However, the fuel

consumption (F¢) is calculated by [37]

FC’ - EDG X fsp7 (26)
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where f;, is the specific fuel consumption (L/kWh). Generally, a DG set emits carbon
footprint of 2.68kg/L [33].

2.3.5 Wind turbine system

The wind generator is integrated with the solar PV panel in the coastal area or hill track
region intending to ensure the sustainable and reliable power supply. This subsection repre-
sents the mathematical model of WT in order to compare the result of the suggested hybrid
PV/BG system with the hybrid PV/WT system. A wind turbine generates electrical energy in
two steps: first, it converts the wind power into mechanical energy and then transforms into
electricity. The electrical power produced by WT mainly relies on wind velocity, weather
system, and hub height. The amount of electrical power generated by the WT can be calcu-
lated by [10] .

P = 5,ovi‘cp, 2.7)
where V is the average velocity of wind (m/s), Cp is the coefficient of the Betz limit (typi-
cally 59% of maximum value), and p is the monthly air density (kg/m?>). However, a Whisper
200 wind generator model is installed to powering cellular BSs due to low capital cost and
longer life span. The low solar power output during the rainy season is offset by the high

power wind generation which leads to minimizing the fluctuation of hybrid RE production.
2.3.6 Electrical grid system

Generally, the power grid is an interconnected system that is used for supplying power
to the load. In this work, the proposed hybrid solar PV/BG system has been connected to
the utility grid for sharing the excess electricity to the grid, which ensures the maximum

utilization of renewable energy by maintaining QoS.
2.3.7 Energy storage system

The battery bank is a backup device that acts as an energy buffer by compensating for the
mismatch between energy generation and demand. On focusing the capital cost, and charac-
teristics “Trojan L16P’ battery model is considered in this work. Additional information can

be found in ‘www.trojanbattery.com’.

The depth of discharge (Bpop) is an important characteristic for selecting the battery bank
capacity that tells how deeply the battery is discharged along with the battery state of charge
(SOC). The battery state of charge is the indicator of the charging and discharging level of
the battery which is expressed in percentage. The maximum state of charge (SOC),,,...) rep-
resents the nominal capacity of the battery bank and the minimum state of charge (SOC,,;,)

22



represents the lower limit of battery discharge. The Bpop of the Trojan L16P battery is 70%
which implies that 70% of its energy has been delivered and 30% energy is reserved. The
Bpop can be calculated as follows [37]

BSOC’min )
100

The backup time of the storage device is directly related to the capacity of the battery and

Bpop = (1 — (2.8)

can be expressed as [37]

P D x t,
B, — BS X L)X

— 29
Bpop x Vj x Kb’ (29)

where Pgg is the BS DC load in W, D is the backup time, ¢,, is the load working time, V/,
is the battery voltage compatible at 48 V DC bus bar and K (1.14) is the battery capacity

coefficient.

The storage capacity of the battery bank is a function of the number of batteries (Nyqst),
the nominal voltage of each battery (V},,,,), nominal capacity of a single battery (Q,,om ), and

battery state of charge (Bsoc) that can be determined as follows [37]

o Nbatt X Vnom X Qnom
1000

Ebattmax - X BSOCmagm (210)

Nbatt X Vnom X Qnom
Ebattmin = 1000

Eyattmaz and Epgiimin denote the maximum and minimum storage capacity of the battery
bank in kWh.

X BSOCmiTw (211)

Battery bank autonomy (B,,;) illustrates the number of hours that the fully charged bat-
teries can back up the load without any support from the external power source. B,,; can
be defined as the ratio of battery bank size to the BS electrical load and is determined in

HOMER by the following equation [37]

Nbatt X Vnom X Qnom X BDOD X (24h/d(ly)

Baut = ’
Eps

(2.12)

where Epg average daily BS load in kWh.

Battery lifetime (L) mainly depends on two factors: battery float life and lifetime
throughput. In other words, batteries die either from the use or from the old age. Battery life-
time plays a significant role in order to minimize the total replacement cost within the project
duration. Based on these two factors, the overall lifetime of a battery can be determined as

follows [37] Ny % O
batt life

. By), 2.13
Qtp f) ( )

Lipary = min(
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where ;. is the lifetime throughput of a single battery in kWh, @, is the annual battery
throughput (kWh) and B/ is the battery float life in years. Throughput is defined as the

change in the energy level of the battery bank, measured after charging losses and before
discharging losses. Lifetime throughput is the amount of energy that can be cycled through
the battery bank before it dies and annual throughput is the amount of energy that cycles
through the battery per year. The float life of the battery is the maximum length of time that
the battery will last before it needs replacement, regardless of how much or how little it is

used.

The number of batteries connected in series (N;<%*) and connected in parallel (N2 )

can be found by the following equation

oy
Nii® = 57 (2.14)
aratle. NO a
Nt = N;;;y (2.15)

batt
where V;, 1s the DC bus-bar voltage and V,,,,, 1s the nominal voltage of the battery.

2.3.8 Converter

When a system is compatible with both AC and DC loads a converter is required to obtain
the desired frequency and uninterruptible power supply to the load with high efficiency. A
converter can act as an inverter, rectifier, or both of them, wherein the AC to DC converter is
known as the rectifier and the DC to AC converter is known as an inverter. Depending on the
output power, output voltage and installation type inverter may be different and the capacity

of the inverter can be determined by [10]

Cinv = ( ) X Osf, (216)

Ninv
where L 4¢ is the maximum AC load in kW, 7., is the efficiency of the inverter, and o is

the safety factor.

2.4 Base Station Power Profile

In order to determine the dimension and analyze the performance of the hybrid PV/biomass
system, it is very momentous to assess the energy consumption of the BS considering the in-
coming traffic rate. The power consumption of a typical BS is dynamic in nature and mostly
depends on the traffic profile of the BS, which varies over time and space. As refer to the
[61, 62], the power consumption of a BS can be expressed as an affine function of the trans-

mission power. In other words, the consumption contains a load-independent static power
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Figure 2.9: Base station power consumption.

PO and load-dependent linearly raising power P1 as displayed in Fig. 2.9. Additionally, Fig.
2.10 illustrates the base station traffic profile which is approximated by using the Poisson

distribution model and can be expressed as follows [61, 62]

p(t, @)

Alt) = mazx[p(t,a)]’

(2.17)

t

o

p(t, o) = e (2.18)
where A(t) is the normalized traffic distribution, p(t, «) is the Poisson distribution function
of traffic demand at a particular point of time, and « is the mean value where the maximum

amount of traffic arrivals occur at 5 PM.

The total power consumption of a BS as a function of traffic intensity is shown in Fig.

2.10 and can be represented as follows [61, 62]

Nrex[Pi+ A, Prx(x —1)], if0<x <1,
P — TRX ({1 pdTX (2.19)

Nrrx Poicep, if x =0,
where P, = Py + A, Prx is the height of power consumption of a BS, Nrprx is the total
number of the transceiver, A, is the load dependency power gradient and F, is the consump-
tion at idle state [61, 62]. The scaling parameter  is the load share, where xy = 1 indicates
that a fully loaded system and y = 0O indicates an idle system. Furthermore, a BS without any
traffic load enters into sleep mode with lowered consumption, P.,. Table 2.2 represents the

key parameters of a BS.

The power consumption of each element of the macrocell with RRH for both Prx=20W
and Ppx=40W is summarised in Table 2.3. Power losses in BSs primarily occur in the

DC-DC regulator, main supply, and active cooling system which are linearly rising with the

25



0
o
T

fun]
[}
T

|
=)

(a3}
=)

i
)
T

]
[}
T

B
AD

Maximum traffic demand (%)

[}
T

i} i 1 1 i
1AM BAM T1AM AP 9P M 124M
Hours of a day

Figure 2.10: Dynamic traffic profile over a day.

power consumption of the other component. These three aspects are respectively symbolized
by ope, 0eoots and opyg. The active cooling system is essential only for the macro BS. It is
not necessary for the RRH and microcell type BS. In macrocell BS with RRH, the power
amplifier (PA) is placed near the transmit antenna for saving power by eliminating feeder and

active cooling losses. The maximum power consumption of a BS is determined as [61, 62]

j Ppp + Prr + Ppy (2.20)
(1 - UDC)<1 - UMS)(l - Ucool)

where Ppp, Pp4 and Pgrp respectively refer to the baseband, power amplifier and RF power

consumption for the given 10MHz transmission bandwidth as obtained from Table 2.3. The
amount of power received by the power amplifier (Pp4) mainly depends on the maximum
transmission power per antenna (Prx), feeder losses (o s..q) and the efficiency of the power

amplifier (np4), which can be represented as follows [61, 62]

P
Ppy = LS (2.21)
Npa(l — O fecd)

where the efficiency and loss factor can be defined as:

n:%andazl—n.

The power consumption by the baseband and radio frequency linearly varies with the
bandwidth (BW) and a number of transceiver antenna (D) while the other parameters remain

the same. The power consumption can be expressed as follows [61, 62]

BW

Tonra.lBe (2.22)

/
PBB = NTRX
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BW
10MHz
where Pj; 5 and P, are respectively the baseband and RF power consumption for the desired
bandwidth.

Prp = Nrrx Prr, (2.23)

Table 2.2: Key parameters of the macro base station [61, 62].

BS Type Nrrx
Macro RRH 6

Prx[W]
20 and 40

Po[W]
84

Ap
2.8

Psleep {W]
56

Table 2.3: Macro BS power breakdown under peak load and 10MHz bandwidth

[61, 62].
Components Parameters BS Type-1 | BS Type-2
BS Prx [W] 20 40
Feeder loss 0 fccq [dB] 0 0
PA Back-off [dB] 8 8
Max PA out [dBm)] 51 51
PA efficiency np 4 [%] 31.1 31.1
Total PA, . — 7 [W] 64.4 128.6
RF Prx [W] 6.8 6.8
Prx [W] 6.1 6.1
Total RF, Pp,. [W] 12.9 12.9
BB Radio (inner Tx/Rx) [W] 10.8 10.8
Turbo code(outer Tx/Rx) [W] 8.8 8.8
Processors [W] 10 10
Total BB, P, ; [W] 29.6 29.6
DC-DC opc [%] 7.5 7.5
Cooling Ocool [%0] 0 0
Mains Supply | ous [%] 9 9
Sectors 3 3
Antennas 2 2
Total power [W] 754.8 1219.6

2.5 Conclusion

This chapter represents detailed discussions of the system architecture of the proposed
system including the mathematical modeling of major system components. The necessity of
a hybrid supply system has been explained for justifying the choice of thesis topic. More-
over, a concise discussion of the power profile of the BS is provided. In the next chapter,
we will discuss the optimization problem and performance metrics in order to evaluate the

performance of the proposed system with the objective function of minimizing NPC.
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CHAPTER 3

OPTIMIZATION FORMULATION AND PERFORMANCE
METRICS

3.1 Introduction

This chapter represents the mathematical modeling of cost parameters, and wireless per-
formance metrics along with focusing the reliability, loss of power supply probability, and
energy generation of the hybrid supply system. The basic concept of the wireless propagation
model and the formulation of signal to the interference plus noise ratio (SINR) expression
based on inter-cell interference is also discussed. Besides, the green energy sharing mecha-
nism under the off-grid condition and the grid-tied condition has been formulated for optimal
use of locally available green energy. Moreover, the heuristic algorithm of load balancing
technique among collocated BSs has been incorporated for elevating the spectral efficiency
and outage probability of the user equipment under different network conditions. Finally, the
throughput, spectral efficiency, energy efficiency, and outage probability performance of the
contemplated wireless network are presented in this chapter considering the tempo-spatial

variation of traffic intensity.

3.2 Cost Modeling

In this work, HOMER optimization software has been used to determine the optimal ar-
chitecture of the hybrid solar PV/biomass scheme that satisfies user-specified constraints with
the lowest net present cost (NPC) including the initial capital costs (CC), replacement costs
(RC), operation and maintenance costs (OMC), and salvage value (SV) during the project
lifecycle. The economic feasibility of the proposed model can be evaluated with the help of

these costs. The net present cost of the system can be computed as follows [30]

TAC

NPC=CRE

=CC+RC+OMC—-SV (3.1)

The terms TAC and CRF respectively represent the total annualized cost and capital recovery
factor of the system, which can be determined by (3.2) and (3.3) [30]

TAC =TACqc + TACge + TAConc 3.2)
(14N
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where NV is the lifetime of the project and ¢ is the annual real interest rate.

The cost remaining at the end of the project is known as salvage value which is evaluated

by [30]
B Crr
SV = CRC(C—) (3.4)
L
where C're, Crr, and (' respectively are the replacement cost, remaining lifetime, and

lifetime of the component.

The involvement of biomass and diesel generator includes a significant amount of fuel
cost (FC). As a consequence, NPC of the BG and DG enabled system can be computed as

follows
NPC =CC+ RC+OMC+ FC —SV. 3.5

Cost of electricity (COE) is defined as the ratio of the total annualized cost (T"AC') to the

annual electricity production (E,.,,) by the system [37]. COE also measures the cost of unit

electricity produced which can be represented as $/kW h.

TAC NPC x CRF

COFE =
Egen Egen

(3.6)

3.3 Problem Formulation

The hybrid energy system design problem is formulated as an optimization problem with
the objective function of minimizing NPC subject to various design and operational con-
straints. In other words, our prime goal is to minimize the energy shortage through maximum
utilization of solar and biomass energy in conjunction with a battery bank which in turn re-
duces NPC [37]. The objective function of the system can be expressed as the hybrid energy
system design problem is formulated as an optimization problem with the objective function
of minimizing N PC subject to various design and operational constraints. In other words,
our prime goal is to minimize the energy shortage through maximum utilization of solar and
biomass energy in conjunction with a battery bank which in turn reduces N PC [37]. The

objective function of the system can be expressed as
min NPC
subjectto  Epy + Epg > Eps
Epy + Epc + Ebart = Eps + ElLoss

EEzcess = EGen - EBS - ELoss

Ebattmin S Ebatt S Ebattmax
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where E,s; is calculated in kWh/year involving both the converter losses (C'r.ss) and battery

losses (Bpss). The combined energy contribution by solar PV panels and biomass generators
can certainly meet the annual BS demand to ensure power reliability mentioned in (1). The
constraint in (2) ensures that the annual energy obtained by the integrated renewable energy
sources carries the annual BS consumption with its associated losses. The amount of excess
electricity is preserved for future use as described by the constraint (3). The reserved energy
also satisfies the power reliability constraint. The constraint (4) implies that the battery bank
storage capacity should not exceed the maximum limit and not reach below the threshold

level.

HOMER is the optimization software employed in this study to examine the optimal hy-
brid power system that satisfies user-specified constraints with the lowest net present cost.
HOMER decides at each time step to meet the energy requirements at the lower net present
cost, subject to the constraint from the dispatch strategy chosen in the simulation. HOMER
starts an hourly simulation of every possible configuration, computing the available energy
from the solar PV array, sizing of PV capacity, biomass generator, number of batteries com-
paring it to the BS load demand and losses, and deciding to store the surplus renewable
energy in times of excess. An integrated renewable-powered hybrid scheme must be de-
signed to meet the desired BS load demand at a defined level of security over the expected
lifetime. The system must supply sufficient electricity to both the BS load and the backup

power system each hour.

3.4 Reliability Modeling

The term ‘annual capacity shortage’ (F¢g) is an indicator of power reliability and is ex-

plained as the ratio of annual energy deficiency (E£gp) to the annual BS load demand (Egg).

Ecs = == (3.7)
where Epg is expressed in kWh/yr and Exp can be represented as follows
Egp = Eps — Egen, (3.8)
where Fg., 1s the generated electricity which can be written as

Ecen = Epv + Epg. (3.9)

A reliable system can be developed by fulfilling the base station demand with sufficient

backup power over the entire project duration. For the suggested hybrid PV/BG scheme,
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excess electricity (Er.css) can be generated when total energy generation is over than the

base station energy requirement that can be formulated by the following equation

EE:vcess - EGen - EBS - CLoss - BLoss; (310)

where Cp,ss and By, respectively represent the losses associated with converter and bat-

tery.
3.5 Loss of Power Supply Probability

Loss of the power supply probability (LPSP) is used to measure the system reliability over
the intended project duration. LPSP can be defined as the ratio of supply energy shortage to
the total BS demand for a given period that ranges from zero to one. However, LPSP can also
be designated as loss of load probability (LOLP), load coverage rate (LCR), loss of power
probability (LOPP) in some literature [63, 64]. Note that a higher value of LPSP signifies
lower system reliability. In order to ensure zero outage as well as guaranteed quality of
experience, sufficient excess energy should be reserved for backup supply during unexpected
energy shortage. In this paper, the optimum design configuration is determined assuming the
tangent of the partial derivative of RE supplies including storage devices with desired LPSP.
The LPSP of the system can be projected as follows [65]
>i_i LPS(t)
i1 Pas(t)

where loss of the power supply (LSP) identifies the power shortage while the power supply
fails to satisfy the load demand (Pr,; < Ppg). Here, Proy = Ppy + Ppa + Py for a

LPSP = (3.11)

given period of time (t € T). The higher values of LSP degrade the system reliability whereas
the LPSP = 0 indicates the contemplated supply system can fulfill the BS energy demand

entirely.

3.6 Energy Cooperation Modeling

In this subsection, a heuristic green energy sharing technique has been proposed for ensur-
ing the guaranteed continuity of supply by maximum utilization of renewable energy sources
under different cases. In the case of the off-grid condition, the hybrid supply system can
share green energy among the neighboring base stations. On the other hand, it can share en-
ergy to the electrical grid system for a grid-connected system. For both off-grid and on-grid

conditions have three different cases are the following:
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Case I: Generation is higher than demand (Ege, > Ep)

If Egen > Ep, then the harvested green energy is sufficient to fulfill the BS’s energy
demand, and excess energy is stored in the battery bank for providing backup power and the
remaining energy is used for sharing. Here, F¢., refers to the sum of energy generated by
renewable energy sources (solar PV, and BG) while Ep includes both the energy demand
for the base station and associated losses. In this case, there is no need of receiving energy
from the other BSs and the loss of the power supply (LPS) will be zero as Fge, > Ep. The

generated, excess, and shared energy can be expressed as follows [37]

EGen = Epy + +EBg (3.12)

ED = EBS + ELoss (313)
EShare - EGen - ED - EEaccess (314)
LPSP(t) =0 (3.15)

where F,ss involves both the converter and battery losses.

For an on-grid condition, it can share energy directly to the electrical grid system. But,
under the off-grid condition, it can share energy to the neighboring needy BSs via a low
resistive power line. If R is the resistance of the entire line, then the line losses (F/p;,.) for

the time ¢ can be estimated by the following equation [37]
PSQhareR(l>

Erine = PR(I) x t, = s

X t, (3.16)

where [ is the current flowing through the transmission line, V is the DC 48 volt and Pgj,qc

is the shared power. Hence, the total shared energy and average energy saving (AES) by the

inter BS sharing mechanism can be determined as follows [37]

Eshare = Pshare X t; (3.17)
N
i—1 Eshare(t
EScwing = ZZ:]\} Sh ( ) x 100% (3.18)
i1 Eps(t)

where N is the number of sharing BS, typically 19 for the two-tier configuration, and Epg

is the required energy of i'" BS.
Case II: Generation is equal to demand (Ege, = Ep)
If Egen = Ep, then the base station will be served by the generated green energy and
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backup power will be supplied by the battery bank, hence Fgjq,.=0, and LPS(t)=0. The
reserved capacity of the battery bank (Bc) that is required for supporting the BS energy

demand for ¢ (in hours) time can be determined using (2.9).
Case III: Generation is lower than demand (Eg., < Ep)

If Egen < Ep, then the harvested green energy cannot fulfill the BS energy demand
entirely. Hence, the BS will receive energy from the electrical grid system (for the grid-tied
system) or the neighboring over generated BS (via the low resistive power line for the off-
grid interconnected system) as mentioned in case I. In this case, the loss of power supply
will arise. The LPS and the total amount of energy needed for the it BS at time ¢ can be
estimated as follows

LPS(t) = Ep(t) — Egen(t) = Elyeea(t) (3.19)

where, Eneeq = Egrig for grid-tied system and Enceq = Esnare for off-grid system.

For off-grid conditions, all the BSs are interconnected through a low resistive power line.
Moreover, all the BSs are sorted according to the generated energy and traffic intensity as
follows: BS; =BS;1, BS;2, ....... ,BS; v, where M is the number of the adjacent base
station of BS;. Now, if the base station BS;; has sufficient excess energy then B.S; can
receive this green energy in the case of shortage or outage of energy. However, a needy BS;
will search all the neighboring BSs to find out the over generated BSs to fulfill the required
energy. If the base station B.S; takes green energy from the neighboring base station BS; y/,
the total amount of energy consumed from the neighboring BSs can be estimated as follows
[37]

B (1) (3.20)

M=

E'(t) =

1

3
Il
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Table 3.1: Algorithm of off-grid energy sharing algorithm for i*" base station B.S;

1: Initialize: Egen(t), Ep(t), EBs(t), ELoss(t), and B.(t)

2: if Egen(t) > Ep(t)

3:  Find Eggcess(t), Eshare(t), and Be(t)

4:  Start charging the battery bank

5: if B.(t) = 1 then

6 Allowed sharing to the neighboring BSs

7 else stop sharing and go to Step 3

8 end if

9: if Egen(t) < Ep(1)

10:  Coordinate with the neighboring over generated BSs

11:  Sort the neighboring M BSs with respect to stored energy
i.e,, find the set BS; =BS; 1, BS;2,....... ,BS; v

12: for m=1:M

13: Calculate F'(t) = "M EU™ (1)

Share
14: if £(t) = EX, 4(t)
15: Stop the algorithm and go to Step 19
16: else
17: m=m+ 1 and go to Step 12
18: end if
19: end for
20: end if

Table 3.2: Algorithm of on-grid energy sharing.

1: Initialize: Egen(t), Ep(t), Eps(t), Eross(t), and B.(t)
2: if Egen(t) > Ep(t)

3:  Find Eggcess(t), Eshare(t), and Be(t)

4.  Start charging the battery bank

5: if B.(t) = 1 then

6 Start sharing to the electrical grid

7 else stop sharing and go to Step 3

8 end if

9: endif

10: if Egen(t) < Ep(t)

11:  Discharge battery bank to supply shortage energy
12: end if
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Table 3.3: Key parameters for MATLAB based Monte-Carlo simulation setup [37].

Parameters Value
Resource block (RB) bandwidth 180 kHz
System bandwidth, BW 5,10,15,20 MHz
Carrier frequency, f. 2 GHz
Duplex mode FFD

Cell radius 1000 m

BS Transmission power 46 dBm
Noise power density -174 dBm/Hz
Number of sectors 3
Number of antennas 2
Reference distance, dj 100 m
Path loss exponent, « 3.574
Shadow fading, X, 8 dB
Access technique, DL OFDMA
Traffic model Randomly distributed

The algorithms of the green energy sharing model for both off-grid and on-grid conditions
are presented in Table 3.1 and Table 3.2 respectively. In this algorithm, B.(t) is the energy
stored in the battery bank, and B.(¢)=1 indicates that the battery bank is fully charged.

3.7 Performance Metrics

The throughput and energy efficiency performance of the proposed networks is performed
with the help of MATLAB software, which is commonly known as Monte-Carlo simulation.
The simulations are executed by averaging above ten thousand iterations considering the
dynamic traffic pattern. We also assumed that every user is linked with one resource block

(RB). The basic parameters of the simulation setup are summarized in Table 3.3.

3.7.1 System model

In this work, a shadow fading channel model with log-normally distributed has been con-
sidered. Path loss is calculated in dB for the interval of d between the transmitter and receiver.

Path loss can be defined as follows [37]

d
PL(d) = PL(do) + 10alogw(d—0) X, 3.21)

where P L(dp) is the path loss for the reference distance (dp), « is the exponent of path loss.

Path loss for reference distance can be evaluated from the free-space path loss equation.

For k' user equipment (UE), the received power at a distance d = d** from *"* BS f3; is

given by [37]
Pok — pik _ pL(d) + X, (3.22)

where Pt’mk is the transmitted power in dBm and X, is the amount of shadow fading modeled
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as a zero-mean Gaussian random variable with a standard deviation o dB. The transmit power
P from BS i to UE k satisfies 3, ,, P < P™**, where P"** is RF output power of BS

B; at its maximum traffic load and U is the number of active UE in this BS.

The inter-cell interference (ICI), P inter, can be determined by [37]

Pyinter = »_(P1¥) (3.23)
m£i
Then, the received signal to interference plus noise ratio (SINR) at k** UE from BS f3; can

be given by [37] pik

Pk,z'nter + Pk,intra + PN
where P, jnirq 15 the intra-cell interference, Py is the additive white Gaussian noise (AWGN)
power given by Py = —174 4 10log;o(BW) in dBm with BW is the bandwidth in Hz.

SINR; ), =

(3.24)

Notwithstanding, orthogonal frequency division multiple access (OFDMA) technique in the

LTE system includes zero intra-cell interference.
3.7.2 Energy efficiency

In this work, the term ‘energy efficiency’ is defined as the ratio of total network throughput
to the total power consumed by the network. Energy efficiency measures the performance
of the wireless network, which is expressed as the number of bits transmitted per Joule of
energy. According to Shanon’s information capacity theorem, total achievable throughput in

a wireless network at time ¢ can be modeled as follows [37]:

U N
Crota(t) = Y Y BWlogy(1+ SINR; ) (3.25)

k=1 i=1
where NNV