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ENGLISH SUMMARY 

Next-generation cellular telecommunication networks require a higher density of base 
stations to satisfy the required latency and quality of service. Mobile network 
operators (MNOs) must urgently reduce their carbon footprint and energy demand. 
From the perspective of MNOs, this poses serious concerns about the future 
sustainability and energy consumption of cellular telecommunication networks. 
Currently, efforts are being made to decrease the electricity bills and carbon footprints 
of MNOs, such as powering base stations with photovoltaic (PV)-battery systems as 
a green and sustainable solution for next-generation cellular telecommunication 
networks. Although using PV-battery systems reduces OPEX, it may increase 
CAPEX.  

The Ph.D. project focuses on a systematic approach to choosing the power rating of 
the PVs and battery capacity considering technical and economical viewpoints for 
minimizing investment cost and operational expenditures and maximizing the power 
autonomy of the PV-battery system. In this regard, the power consumption profile of 
the base stations and the PV generation profile at the location of the base stations are 
identified in the first step. An optimal power dispatch strategy is then adopted to 
satisfy the power balance between PV generation, power consumption of base 
stations, and battery charging and discharging power. 

The second phase of the Ph.D. research consists of developing PV-battery-powered 
UAV recharging stations for next-generation cellular telecommunication networks. 
As a result of the different consumption profiles of UAVs and their mission planning, 
the power supply systems of UAV-based cellular telecommunication networks are 
sized differently compared to conventional systems. Accordingly, the next step in this 
thesis is to derive the power consumption profile of a UAV-based cellular 
telecommunication network based on the mission planning of UAVs. Afterward, an 
optimal framework for dimensioning the PV-battery power supply for UAV-based 
telecommunication networks in rural and urban regions is proposed to minimize the 
total cost. 

A systematic approach is developed for each case study to achieve a self-sufficient 
and cost-effective PV-battery system: in the first step, the optimal size and installation 
angle of PV panels and battery capacity will be determined to maximize the usage of 
PV generations and power autonomy, minimize the lifetime capital cost and payback 
period while meeting power balance constraints. 

At the final phase an optimal energy-efficient management strategy for a multi-
renewable hybrid energy system (RHES) is proposed: after determining the battery 
capacity and the size of PV panels as well as solving the optimal operation problem 
for each single RHES, an optimization framework for power management is extended 
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to minimize OPEX and achieve coordinated operation of the cooperative multi-RHES 
considering the technical constraints. 

.
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DANSK RESUME 

Næste generations cellulære telekommunikationsnetværk kræver en højere tæthed af 
basestationer for at tilfredsstille den påkrævede latenstid og servicekvalitet. 
Mobilnetværksoperatører (MNO'er) skal omgående reducere deres CO2-fodaftryk og 
energiforbrug. Set fra MNO'ers perspektiv giver dette anledning til alvorlige 
bekymringer om bæredygtigheden og energiforbruget af cellulære 
telekommunikationsnetværk i fremtiden. I øjeblikket bliver der gjort en indsats for at 
reducere elregningerne og CO2-fodsporene fra MNO'er, såsom at drive basestationer 
med fotovoltaiske (PV)-batterisystemer som en grøn og bæredygtig løsning til næste 
generations cellulære telekommunikationsnetværk. Selvom brug af PV-
batterisystemer reducerer OPEX, kan det øge CAPEX. 

Ph.D. Projektet fokuserer på en systematisk tilgang til at bestemme PV'ernes og 
batterikapacitetens nominelle effekt ud fra tekniske og økonomiske synspunkter for 
at minimere investeringsomkostninger samt driftsudgifter, mens PV-batterisystemets 
effektautonomi maksimeres i en multi-objektiv optimeringsramme. I denne 
henseende identificeres strømforbrugsprofilen for basestationerne og PV-
genereringsprofilen ved placeringen af basestationerne i det første trin. En optimal 
strømafsendelsesstrategi vedtages derefter for at tilfredsstille strømbalancen mellem 
PV-generering, strømforbrug af basestationer og batteriopladning og -afladning. 

Anden fase af ph.d. er dedikeret til de batteridrevne UAV-baserede basestationer i 
næste generations cellulære telekommunikationsnetværk, hvor UAV-
opladningssteder drives af PV-batterisystemer. På grund af UAV'ernes forskellige 
strømforbrugsprofil og deres missionsplanlægning er bestemmelsen af den optimale 
dimensionering af strømforsyningssystemet for de UAV-baserede cellulære 
telekommunikationsnetværk helt anderledes end de konventionelle systemer. Følgelig 
er næste trin i denne afhandling at udlede strømforbrugsprofilen for et UAV-baseret 
cellulært telekommunikationsnetværk baseret på missionsplanlægningen af UAV'er. 
Derefter foreslås en optimal tilgang til dimensionering af PV-batteriets 
strømforsyning til UAV-baserede cellulære netværk i land- og byområder for at 
minimere de samlede omkostninger, herunder kapital- og driftsudgifter. 

For hvert casestudie udvikles en systematisk tilgang til at opnå et selvforsynende og 
omkostningseffektivt PV-batterisystem: i det første trin, gennem den foreslåede 
tilgang, vil den optimale størrelse og installationsvinkel for PV-paneler og 
batterikapacitet blive bestemt til at maksimere brugen af PV-generationer og 
strømautonomi, minimere levetidskapitalomkostninger og tilbagebetalingsperiode, 
mens strømbalancebegrænsningen er opfyldt. 

I den afsluttende fase foreslås en optimal energieffektiv styringsstrategi for et multi-
renewable hybridt energisystem (RHES): efter bestemmelse af batterikapaciteten og 
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størrelsen af PV paneler samt løsning af det optimale driftsproblem for hver enkelt 
RHES, en optimeringsramme for strømstyring er udvidet for at minimere OPEX og 
opnå koordineret drift af det kooperative multi-RHES under hensyntagen til de 
tekniske begrænsninger. 
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CHAPTER 1. INTRODUCTION 

This chapter is devoted to the background, the motivations, research questions, 
objectives, and the limitations of the Ph.D. thesis. A list of main contributions as well 
as a concise presentation of the thesis outline is presented at the end. 

1.1. BACKGROUND 

As energy demand grows, renewable energy sources (RESs) are becoming more 
widely deployed to meet the demand and reduce the environmental impact of fossil 
fuels. While most renewable sources are advantageous, their intermittent nature 
remains a challenge that can be addressed through hybridization. Renewable-hybrid 
energy systems (RHES) combine batteries for the storage of energy, RESs, and the 
main grid for power generation [1]. The telecommunication network is one of the most 
important RHES in residential and commercial applications. Due to the high energy 
demand of the ICT industry (it is 3% of global annual energy demand and is even 
growing annually at a rate of 15%-20%) it is predicted that the carbon footprint from 
this industry will surpass 14% of the global footprint by 2040 [2]. 

Telecom providers, researchers, and government agencies face new challenges in 
providing next-generation cellular telecommunication network services to districts 
that do not have access to a reliable electricity grid. A promising solution is to apply 
solar-powered base stations in cellular telecommunication networks, especially in 
areas rich in solar resources but deficient in grid connectivity [3]. Applying solar-
powered energy supply for base stations in telecommunication networks can both 
reduce carbon emission and operation costs compared to power from the main 
electricity grid or conventional energy sources [4]. 

The prospect of supplying base stations in telecommunication networks with 
photovoltaic (PV)-battery systems has been studied in the literature [5-14]. Some 
papers focused on the networks that were solely powered by RESs [5] while others 
studied grid-connected networks where there is an exchange link between the main 
electricity grid and the RES [6].  
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Communication link

Electrical  link

SBS MBS User

⇔

 

Fig. 1. 1. Configuration of a PV-battery powered next-generation cellular 
telecommunication network [J1]. 

A solar-powered base station is equipped mainly with PV panels, batteries, and 
converters. Consequently, determining the size of the PV-battery system is a crucial 
issue of research interest since under-dimensioning leads to frequent power outages. 
This is while over-dimensioning results in unnecessarily high capital costs [27]. 
Applying probabilistic models which consider the amount of energy produced by a 
PV panel, the amount of energy consumed by the base station, and the energy storage 
capacity is necessary for dimensioning the PV-battery power system of the base 
station [3]. 

On the other hand, with its quick and dynamic deployment, a drone (UAV)-based base 
station (DBS) can serve as a flying base station in a variety of situations. In public 
safety communication, for instance, where the ground infrastructure is subject to 
damage by natural disasters, an alternative solution is DBSs to provide coverage and 
connectivity. Due to their mobility, DBSs are more robust against sudden 
environmental changes [15, 41]. DBSs are also useful for temporary/unexpected high-
traffic demand cases where infrastructures that have already been deployed become 
overloaded and require additional communication equipment to maintain the high 
quality-of-service (QoS) level. For example, in such big events as football games, 
Olympic Games, or concerts, it is unfeasible from an economical viewpoint to invest 
in the ground infrastructure for an approximately short duration [15, 41]. 
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Communication link

Electrical  link

SBS MBS User

⇔

UAV  

Fig. 1.2. Configuration of a UAV-assisted cellular telecommunication network 
powered by PV-battery systems [C3]. 

UAVs may improve the performance of telecommunication networks, but may also 
increase power demand, system costs, and carbon footprints. PV-battery power 
systems provide a sustainable solution for these problems. In addition to reducing 
dependency on the electricity grid, this approach can reduce carbon footprints 
resulting from increased load demand of telecommunication networks [16]. 

1.2. PROJECT MOTIVATION 

An overview of the main studies related to solar-powered next-generation cellular 
telecommunication networks is provided in Table 1.1. Almost all the provided 
references in Table 1 focused on the PV-battery systems without investigating 
realistic, detailed, and scenario-specific energy modeling. Additionally, the ambient 
temperature effect, battery degradation, and feed-in tariff are not considered in their 
suggested models of power management. Therefore, to assess the power generation 
capability and energy storage capacity of PV-battery-powered base stations the Ph.D. 
project first defines realistic and case-specific scenarios combined with models of PV 
power generation and batteries. Afterward, an optimization scheme is suggested for 
determining the power rating of PV panels and battery capacity while the technical 
and economical constraints are satisfied to minimize both CAPEX and OPEX. 
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Moreover, a power autonomy factor is defined for the PV-battery system and is 
maximized as the second objective function. 

The second phase of the Ph.D. is devoted to the UAV-based base stations in the next-
generation cellular telecommunication networks which are powered by PV-battery 
systems. The power demand of the drones and their mission planning caused the 
determination of optimal sizing of the power supply system of the drone-based 
telecommunication networks be completely different from conventional structure 
[17]. Accordingly, the next step in this thesis is to derive the power demand profile of 
a drone-based cellular telecommunication network based on the mission planning of 
UAVs of [15]. Afterward, an optimal framework for determining the size of the PV-
battery power supply for drone-based telecommunication networks in rural and urban 
regions is proposed to minimize the total cost, including capital and operational 
expenditures. 
 
Table 1.1. Overview of some publications related to solar-powered next-generation cellular 
telecommunication networks - main discussed themes. 

Ref.  PV angle optimization Temperature effect Storage  Battery degradation CAPEX OPEX  Feed-

in 

tariff 

[20&21] √  √     

[22]   √  √   

[23]     √ √  

[24]   √     

[25]   √  √   

[26-31]   √  √ √  

[16&18]   √   √  

[19]      √  

 

1.3. PROJECT OBJECTIVES AND LIMITATIONS 

1.3.1. RESEARCH QUESTION AND OBJECTIVES 

The general research question for this project is “How to establish an optimal energy-
aware planning of RHESs for supplying next-generation cellular telecommunication 
networks?” Starting from the general question, the following sub-questions will be 
addressed in the study: 

i. What is the optimal sizing method for the PV-battery power supply system 
to maximize the power autonomy factor and minimize the payback period of 
the studied RHES? 

ii. What is the most suitable coordinated energy-efficient management strategy 
in a system consisting of cooperative multi-RHES? 
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To answer the selected research questions, the objectives can be summarized as 
follows: 

i. Propose a systematic approach to achieve a self-sufficient and cost-
effective PV-battery system to power the studied RHES: in the first step, 
through the suggested approach the optimal size and installation angle 
of PV panels and battery capacity will be determined to maximize the 
usage of PV generations and power autonomy, minimize the lifetime 
capital cost and payback period while the power balance constraint is 
satisfied. Afterward, based on the obtained results the techno-
economical assessment of the studied RHES will be done. 

ii. Propose an optimal energy-efficient management strategy for multi-
RHES: after determining the battery capacity and the size of PV panels 
as well as solving the optimal operation problem for each single RHES, 
an optimization framework for power management will be developed to 
minimize OPEX and achieve coordinated operation of the cooperative 
multi-RHES considering the technical constraints. 

1.3.2. PROJECT LIMITATIONS 

• The first limitation regarding sizing PV-battery systems for base stations in 
a next-generation cellular telecommunication network is accessing the exact 
consumption profile of base stations. It will be more difficult when the UAVs 
are used as base stations. In the literature, there is no experimental power 
consumption of base stations in 5G mobile networks. Furthermore, all 
decisions regarding PV-battery configuration are based on the assumed 
power consumption profile in the rural and urban case studies. 

• Regarding the current technology of UAVs, the maximum covering duration 
for telecom users by a UAV-based base station is about 30 minutes and after 
that, the UAV’s battery must be recharged. So, for providing services there 
are multiple UAVs and the mission planning of these UAVs is needed. The 
quantification of the duration of each time slot in mission planning is a 
challenging question because it also defines the time slot in the power 
consumption profile. Moreover, the available time resolution for irradiation 
data to estimate PV generation and the 4G mobile network’s base station is 
mostly equal to one hour.  

• The assuming power consumption profile of a UAV-based base station is 
established based on optimal mission planning in [15] and it is considered as 
the input of our research. However, the dimensioning of the PV-battery 
system and the mission planning of the UAVs must be investigated in a 
united optimization framework based on the power-supplying system and 
telecom network indices and the technical constraints, simultaneously. 
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1.4. THESIS CONTRIBUTIONS AND OUTCOMES 

1. Since powering base stations in cellular telecommunication networks with 
renewable energy sources can reduce the emission and cost and increase the 
power autonomy of the system, an optimal method for designing a PV-
battery system to supply base stations in telecommunication networks is 
suggested in Chapter 2. To analyze the effect of solar availability on the 
optimal dimensioning of PV-battery system, the results are compared in three 
different locations. 

2.  In Chapter 3, sizing the PV-battery power supply system for droned-based 
base stations is investigated for two cases, namely, off-grid (in a rural area) 
and grid-connected (in an urban area) cellular telecommunication networks. 
The objective in both cases is to suggest an optimal approach to minimize 
the total cost, including capital and operational expenditures while the 
techno-economic constraints are satisfied. 

3. Chapter 4 extends the PV-battery-powered cellular telecommunication 
network to a multi-renewable hybrid energy system (RHES). An optimal 
power management framework and an efficient power dispatch strategy are 
proposed for the studied multi-RHES. The techno-economic and 
environmental indices are optimized through the considered optimization 
approach. To quantify the impact of different parameters on the optimal 
operation of the studied system, sensitivity analysis is done. 

PV-BATTERY POWER SUPPLY FOR NEXT-GENERATION CELLULAR 
TELECOMMUNICATION NETWORKS

Ch. 2. Power-aware resource management of PV-battery 
system for base stations in grid-connected telecommunication 
networks

Ch. 3. Power management and sizing of PV-battery system in 
drone-based telecommunication networks

Ch. 1. Introduction

Ch. 4. Optimal power management strategy for multi 
renewable hybrid energy systems (RHES)

Ch. 5. Conclusions

J1 & J2 

J3, J4 & C4

J5, C1, C2 & 
C3

Results and output
Publications:

Results and output
Publications:

Results and output
Publications:

PublicationsReport

 

Fig. 1. 3. Thesis structure and related publications of each section. 
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1.5. THESIS OUTLINE 

Since the Ph.D. thesis is written as a collection of papers, the thesis summary is 
followed by the PhD-related publications that are done during the period of the Ph.D. 
The thesis is organized into two major parts: “Report” and “Selected Publications.” A 
guideline of the connection of the content of the thesis to the selected papers is shown 
in Fig. 1.3. A summary of the managed research during the Ph.D. study is displayed 
in the report section, the main results of which are based on the selected publications. 
The report is structured into 5 chapters. The introduction, the background of the 
research, the motivation, and the objectives of the Ph.D. study are discussed in 
Chapter 1. Power management and sizing of PV-battery power supply systems for 
ground-based base stations in grid-connected telecommunication networks are studied 
in Chapter 2 where a power dispatch strategy is suggested to optimally size the PV-
battery system. In Chapter 3, power management and sizing of PV-battery systems in 
drone-based telecommunication networks are investigated in two different case 
studies, namely, urban, and rural areas. Chapter 4 deals with the optimal power 
management strategy for multi-renewable hybrid energy systems (RHES). An 
efficient power dispatch strategy is proposed for optimal power management of 
RHESs, and a sensitivity analysis is done afterward to quantify the impact of different 
parameters on the optimal operation of multi-RHES. The main outcomes of the Ph.D. 
study, concluding remarks and potential future research works are finally summarized 
in Chapter 5. 
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CHAPTER 2. POWER-AWARE 
RESOURCE MANAGEMENT OF PV-
BATTERY SYSTEMS FOR BASE 
STATIONS IN GRID-CONNECTED 
TELECOMMUNICATION NETWORKS 

This chapter presents an optimum approach for sizing the PV-battery power supply 
systems for powering ground-based base stations in cellular telecommunication 
networks. Additionally, an efficient power dispatch strategy is suggested by applying 
which the dependency of the telecommunication network on the power grid will 
reduce and this results in the increase of the reliability of the system. The suggested 
approach is described briefly in this chapter and a detailed investigation is presented 
in publications J1 and J2. 

2.1. INTRODUCTION 

An optimal approach to designing a photovoltaic (PV)-battery system for supplying 
ground-based base stations in cellular networks is presented in J1. An efficient method 
is suggested to decide on the power rating of the PV generator and battery capacity 
while considering technical and economic aspects. Accordingly, two objective 
functions, namely the total cost and the power autonomy are defined and optimized. 
To verify the effectiveness of the suggested method, it is tested for sizing a PV-battery 
system in three different locations. The following sections focus on the details. 

2.2. POWER MANAGEMENT AND SIZING OF PV-BATTERY 
SYSTEM IN GRID-CONNECTED TELECOMMUNICATION 
NETWORKS 

The considered system in this chapter is the grid-connected cellular 
telecommunication network of Fig. 1.1, the base stations of which are also powered 
with PV-battery systems. First, the considered models for PV generation and battery 
energy storage are presented, and afterward, the problem formulation and the 
suggested approach for solving the optimal power management of PV-battery-
powered base stations in the grid-connected cellular telecommunication network are 
introduced. 

The suggested mathematical model for PV generation is as (2-1). It is worth 
mentioning that this model is more realistic compared to other models in the literature 
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since the cell temperature and installation angles of the PV panels are also considered 
[J1]. 

𝑷𝑷𝑷𝑷𝑷𝑷𝒕𝒕 =
𝑰𝑰𝒕𝒕(𝜽𝜽,𝜸𝜸) × 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 × (𝟏𝟏 + 𝒅𝒅𝒅𝒅(𝑻𝑻𝑪𝑪𝒕𝒕 − 𝟐𝟐𝟐𝟐))

𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
 

(2-1) 

where 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡  is the hourly generated PV power, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the PV system rated power, 
𝐼𝐼𝑡𝑡(𝜃𝜃, 𝛾𝛾) is the received solar irradiance by the PV system, 𝑑𝑑𝑑𝑑 (%/℃) is the temperature 
coefficient considered equal to −0.4, and 𝑇𝑇𝐶𝐶𝑡𝑡 is the cell temperature. 

Since the RESs have intermittent nature, storage devices are integrated with these 
sources. To power the base stations in green cellular telecommunication networks the 
solar energy is first used, and the surplus energy is stored in the associated battery to 
be used during the hours that the PV panels cannot provide enough energy to supply 
the base stations. The considered constraints related to the battery are summarized as 
follows [J1, J2]: 

𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑚𝑚𝑚𝑚𝑚𝑚 (2-2) 

𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡 = 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡−1 +
𝜂𝜂𝐶𝐶ℎ.𝑃𝑃𝐶𝐶ℎ𝑡𝑡 .∆𝑡𝑡

𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐
+

𝑃𝑃𝐷𝐷𝐷𝐷ℎ𝑡𝑡 .∆𝑡𝑡
𝜂𝜂𝐷𝐷𝐷𝐷ℎ.𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐

 
(2-3) 

𝑃𝑃𝐶𝐶ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐶𝐶ℎ𝑡𝑡 ≤ 𝑃𝑃𝐶𝐶ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 (2-4) 

𝑃𝑃𝐷𝐷𝐷𝐷ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐷𝐷ℎ𝑡𝑡 ≤ 𝑃𝑃𝐷𝐷𝐷𝐷ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 (2-5) 

where 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑚𝑚𝑚𝑚𝑚𝑚, 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑚𝑚𝑚𝑚𝑚𝑚 , and 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡  are the battery minimum and 
maximum SOC and the battery SOC at time t, respectively.  𝑃𝑃𝐶𝐶ℎ𝑡𝑡 , 𝑃𝑃𝐷𝐷𝐷𝐷ℎ𝑡𝑡 , 𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐, 𝜂𝜂𝐶𝐶ℎ  and  
𝜂𝜂𝐷𝐷𝐷𝐷ℎ are, respectively, the battery charge and discharge rates at time t, the battery 
capacity, and the battery charge and discharge efficiencies. 𝑃𝑃𝐶𝐶ℎ,𝑚𝑚𝑚𝑚𝑚𝑚, 𝑃𝑃𝐶𝐶ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 
,𝑃𝑃𝐷𝐷𝐷𝐷ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝐷𝐷𝐷𝐷ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 are the battery minimum and maximum charge and discharge 
rates, respectively. 

To optimally benefit from the PV-battery power supply system of the base stations in 
the telecommunication network, two objective functions, namely the total cost and the 
power autonomy factor are defined as follows [J1]: 

𝑂𝑂𝑂𝑂1 = min (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) (2-6) 

𝑂𝑂𝑂𝑂2 = 𝑚𝑚𝑚𝑚𝑚𝑚 ��
1
𝐻𝐻
��

𝑃𝑃𝑃𝑃𝑃𝑃2𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡 + 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡

𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡 �
𝐻𝐻

𝑡𝑡=1

� × 100� 
 

(2-7) 
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where 𝑃𝑃𝑃𝑃𝑃𝑃2𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡 , 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡  and 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡  are the hourly power share of PV and battery 
for supplying the base stations, and the hourly demand of the base stations, 
respectively. The main considered technical constraint is the following power balance 
constraint: 

𝑷𝑷𝑷𝑷𝑷𝑷𝒕𝒕 + 𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝒕𝒕 + 𝑷𝑷𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒕𝒕 = 𝑷𝑷𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝒕𝒕  (2-8) 

where 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡  is the hourly power of the battery.  

The suggested power dispatch strategy of Fig. 2.1. is applied to reduce the dependency 
of the telecommunication network on the main electricity grid. The multi-objective 
JAYA algorithm is then used to optimally decide on the dimension of PV-battery 
systems of the base stations while the total cost is minimized, and the power autonomy 
factor is maximized. 

 

Fig. 2.1. Flowchart of the suggested power dispatch strategy [J1]. 

2.3. SIMULATION RESULTS AND DISCUSSION 

Three different geographical locations (with different available solar irradiation,) 
Aalborg, Denmark, Malaga, Spain, and Boujdour, Morocco are considered as the case 
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studies, and the efficiency of the suggested approach is verified by applying it to these 
case studies. The horizon of study is one year, and the time slot (one hour) and the 
hourly power consumption (kW) of base stations are considered the same as in [32]. 
The electricity tariffs, the yearly rental costs of the sites, and the ranges of the system 
variables are available in Tables 2.1, 2.2, and 2.3. The costs of PV panels and batteries 
are, respectively, equal to 1350$/kWp and 500$/kWh. 

Table 2.1. Electricity tariffs. 

Tariff Type Time (Hours) Price ($/𝒌𝒌𝒌𝒌𝒌𝒌) 

Aalborg & Malaga Boujdour 

Peak 9-20 0.25 0.083 

Off-peak 0-9, 20-24 0.23 0.077 

Feed-in 0-24 0.1 0.033 

 

The Pareto-optimal front for different power autonomy factors for the three case 
studies for different levels of total costs for a PV-battery-powered base station in 
commercial and residential areas are shown in Figure 2.2. It is obvious from Figure 
2.2, that the higher the total cost the higher the power autonomy factor, and vice versa. 
Based on Figure 2.2.a, to achieve the power autonomy factor of 70% in a commercial 
area in Aalborg, Malaga, and Boujdour, the total cost is 35000, 15000, and 12000 $, 
respectively. According to Figure 2.2.b. the maximum achievable power factor 
autonomy for Aalborg, Malaga, and Boujdour in a residential area is respectively 
68%, 71%, and 73% and with the total cost equal to 35000, 24000, and 27700 $. 

Table 2.2. Yearly rental costs of the base station sites. 

Rental Cost ($/𝒎𝒎𝟐𝟐) 

Aalborg Malaga Boujdour 

Residential Commercial Residential Commercial Residential Commercial 

100 200 50 100 33 66 
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Table 2.3. System variables and their ranges. 

Variable Symbol Unit Range 

PV peak power 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑘𝑘𝑊𝑊𝑝𝑝 (0 − 11.25) 

Azimuth angle 𝜃𝜃 degree (−90 − 90) 

Tilt angle 𝛾𝛾 degree (0 − 90) 

Battery capacity 𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐 𝑘𝑘𝑘𝑘ℎ (0 − 30) 

State of charge 𝑆𝑆𝑆𝑆𝑆𝑆 % (10 − 90) 

 

 

a. Commercial area. 
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b. Residential area. 

Figure. 2.2. Pareto-optimal front for different power autonomy factors for the three 
case studies for different levels of total costs for a PV-battery-powered base station 

in (a) commercial, and (b) residential areas. 

 

a. Malaga. 



CHAPTER 2. POWER-AWARE RESOURCE MANAGEMENT OF PV-BATTERY SYSTEMS FOR BASE STATIONS IN 
GRID-CONNECTED TELECOMMUNICATION NETWORKS 

29 

 

b. Aalborg. 

 

c. Boujdour. 

Figure. 2.3. Total cost and power autonomy factor for a variety of PV panel 
installation areas and battery capacity values in a commercial area in (a) Malaga, 

(b) Aalborg, and (c) Boujdour. 
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In Figure 2.3., the total cost and power autonomy factor for a variety of peak PV power 
and battery capacity values for Aalborg, Malaga, and Boujdour in a commercial area 
are shown. Based on Figure 2.3.b., to achieve 70% power autonomy, it is required to 
install a 4.9 kWp PV panel and a 15 kWh battery in Malaga, a 10.5 kWp PV panel and 
a 15 kWh battery in Aalborg, and a 3.4 kWp PV panel and a 9 kWh battery in 
Boujdour. 

 

a. Malaga. 

 

b. Aalborg. 
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c. Boujdour. 

Figure. 2.4. Total cost and power autonomy factor for a variety of PV panel 
installation areas and battery capacity values in a residential area in (a) Malaga, 

(b) Aalborg, and (c) Boujdour. 

In Figure 2.4., the total cost and power autonomy factor for a variety of peak PV power 
and battery capacity values for Aalborg, Malaga, and Boujdour in a residential area 
are shown. Based on Figure 2.3.b., to achieve 68% power autonomy, it is required to 
install a 5.3 kWp PV panel and a 9 kWh battery in Malaga, an 11.25 kWp PV panel 
and a 19 kWh battery in Aalborg, and a 4.5 kWp PV panel and a 5 kWh battery in 
Boujdour. The total cost for these installations will be 12900, 35000, and 10400 $, 
respectively for Malaga, Aalborg, and Boujdour. 
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a. Total cost. 

 

b. Power autonomy factor. 

Figure. 2.5. (a) Total cost, and (b) power autonomy factor for a variety of PV-
battery system combinations to supply a commercial base station in Aalborg. 
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In Figure. 2.5. the annual total cost and the power autonomy factor for a commercial 
area in Aalborg are shown. Results are achieved for the range of PV peak power from 
0 to 11.25 kWp with an interval of 0.375 kWp and the battery capacity from 0 kWh to 
30 kWh. The azimuth and tilt angles of the PV panel are considered −13°and 19°, 
respectively. It is observed that, since the two considered objectives, namely the total 
cost and the power autonomy factor conflict, the higher the former the higher will be 
the latter.  

Another conclusion based on Figure 2. 5. is that when the battery capacity increases, 
installing a PV panel with a maximum peak power in a commercial area in Aalborg 
results in a higher total cost and the maximum power autonomy factor will not be 
enhanced. 

2.4. SUMMARY AND CONCLUSIONS 

This chapter presents an optimal approach for designing the PV-battery power supply 
systems of base stations in a grid-connected cellular telecommunication network. Two 
main considered objectives are minimizing the total cost and maximizing the power 
autonomy factor of the system while the constraints are satisfied. The spatial-temporal 
effect of the installation of the PV panels is investigated by applying the suggested 
approach to three different geographical locations. It can be concluded that to decide 
on the optimal PV-battery power supply system for base stations of cellular 
telecommunication networks the exact power generation of the power supply system 
and the consumption profiles of the base stations should be accessible. It is observed 
that to reach a power factor autonomy of 70% the total cost for Aalborg is three times 
that of Boujdour and two times that of Malaga. The results for achieving the highest 
economic design of the PV-battery system are dependent on the battery and PV panel 
technologies which affect the efficiency of the system.
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CHAPTER 3. POWER MANAGEMENT 
AND SIZING OF PV-BATTERY SYSTEMS 
IN UAV-BASED TELECOMMUNICATION 
NETWORKS 

This chapter presents an optimal approach for sizing the PV-battery power supply 
systems for powering UAV-based base stations in future cellular telecommunication 
networks. Two different scenarios, namely rural and urban areas are considered in this 
chapter. The suggested approach is described briefly in this chapter and a detailed 
investigation is presented in the publications J3, J4, and C4. 

3.1. INTRODUCTION 

To support Internet access for rural areas and regions without a reliable electricity grid 
and in conditions where the ground infrastructure is subject to damage by natural 
disasters, an alternative solution for mobile operators is drone-(UAV) based base 
stations (DBSs) to maintain coverage and connectivity. DBSs are also useful for 
temporary/unexpected high-traffic demand situations where infrastructures that have 
already been deployed become overloaded and require additional communication 
equipment to maintain the high quality-of-service (QoS) level.  

In this chapter, an optimal framework for minimizing the cost of the PV-battery power 
supply for drone-based cellular networks in both rural and urban areas is proposed. 
First, the proposed approach is implemented in an off-grid cellular telecommunication 
network with DBSs that are powered by PV-battery systems-based recharging sites in 
a rural location. An optimal design of the PV-battery system is tested on three 
recharging stations for UAVs. The power consumption profiles of the recharging 
stations are derived from the results of [15]. The suggested approach is then applied 
to the UAV-assisted base stations in cellular telecommunication networks in urban 
areas. 

3.2. OFF-GRID TELECOMMUNICATION NETWORKS WITH 
DRONE-BASED BASE STATIONS POWERED BY PV-
BATTERY SYSTEMS 

Fig. 3.1. shows the considered configuration of the off-grid UAV-aided cellular 
telecommunication network. Three recharging sites which are supplied with both the 
main electricity grid and PV-battery systems are considered in the configuration. Each 
UAV has an onboard battery to be able to take the required actions for providing 



CHAPTER 3. POWER MANAGEMENT AND SIZING OF PV-BATTERY SYSTEMS IN UAV-BASED 
TELECOMMUNICATION NETWORKS 

35 

service to cellular telecommunication users and when this battery is discharged the 
UAV goes back to the recharging site to be charged. The same mathematical model 
for the PV-battery system as Chapter 2 is selected for the considered UAV-based 
telecommunication network. The detailed model of the PV-battery system of 
recharging sites is described in publication J3. 

 

Fig. 3.1. Considered configuration of the off-grid UAV-aided cellular 
telecommunication network [J3]. 

UAVs can perform a set of actions, namely, staying, recharging, covering, and moving 
[33]. During the staying mode, UAVs do not consume any energy. To model the 
energy consumption of UAVs the mission planning of UAVs from [15] is considered 
and the energy consumption profile of each UAV in each recharging site is derived as 
follows. The PV-battery system provides the required energy for supplying the 
recharging stations. 

The case study is a rural area with a population of 40000 [15]. As is observed in Fig. 
3.2. there are eight zones (places to be covered by the UAVs) and three recharging 
sites in the location. Three places are both zones and recharging sites. 
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Fig. 3.2. Map of the studied scenario [15]. 

The first concern is “which UAV ID is recharging in which site and in which time slot 
during the horizon of study.” The second concern is “what is the exact amount of 
energy level of each UAV ID when it arrives at each recharging site.” Based on the 
above data the energy consumed in each time slot in each recharging site for the 
horizon of study is extracted. 

To extract the above-mentioned information, based on Fig. 3.3. a. it can be concluded 
which UAV is recharging in which time slot. For example, in time slot 66, UAVs ID 
2, 3, 4, 5, 6, 7, 9, and 16 are recharging in recharging sites. Then, from Fig.3.3. c. the 
sites in which these UAVs are recharging can be found (i.e., UAVs ID 3, 5, 7, and 16 
are in recharging site 9; UAVs ID 2, 4, and 9 are in recharging site 10; UAV ID 6 is 
in recharging site 11). Tables 1 and 2, show that in each time slot which UAV is 
recharging in which site (sites 9, 10, and 11). Based on these data, for example, 
according to Table 2, in time slot 66, since UAVs ID 3, 5, 7, and 16 are recharging in 
site 9 the power which is consumed vs time slot in this site is 3200W (Fig. 3.4.). It is 
considered that each UAV requires 1000W to be charged when it is in recharging site 
(however, this is not a realistic assumption since when a UAV arrives at a recharging 
site the energy level of the UAV may not equal to zero). For other time slots and other 
sites, the same procedure is followed to achieve Fig. 3.4. 
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(a) Actions performed by each 
UAV 

(b) Energy level of each UAV 

 
(c) Positioning of each UAV. 

Fig. 3.3. Actions, energy level, and positioning of each UAV [15]. 
 
The considered objective function is minimizing the total cost of the PV-battery system 
of the recharging sites by optimizing the number of PV panels and batteries as follows, 
and the main technical constraint is the power balance constraint. The suggested 
framework for solving the optimization problem is shown in Fig. 3.5. 

𝑂𝑂𝑂𝑂 = min (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) (3-1) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐.𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 (3-2) 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = �𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡
𝐻𝐻

𝑡𝑡=1

 
 

(3-3) 

where  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃, H, and 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡  are the battery unit cost in $, the PV unit 
cost in $/kW, the horizon of study, and the battery operational cost, respectively. 
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(a) Recharging site 1. (b) Recharging site 2. 

 
(c) Recharging site 3. 

Fig. 3.4. Extracted energy consumption profile for (a) recharging site 1, (b) 
recharging site 2, and (c) recharging site 3, vs the number of time slots [J3]. 

 

Fig. 3.5. Suggested framework for solving optimal economic PV-battery 
dimensioning of UAV recharging sites [J3] 
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Table 1. Time slots and location of UAVs’ recharging modes 

#UAV REC TS REC Site 

UAV1 70, 78 S3 (77, 78) / S1 (69, 70) 

UAV2 66, 74, 82 S2 (65,66,81,82,83)/ S1(73,74,75) 

UAV3 66, 74, 82 S1 (65,66,67)/ S3 (73, 74, 81, 82, 83) 

UAV4 66, 74, 82 S2 (65,66,67,73,74)/ S1 (81,82,83) 

UAV5 66, 74, 82 S1 (65,66,73,74,75,81,82,83) 

UAV6 66, 74, 82 S3 (65,66,67,73,74,81,82,83) 

UAV7 66, 74, 82 S1 (65,66)/ S2 (73,74,75,81,82,83) 

UAV8 70, 78 S1 (61,62,63,69,70)/ S3 (77,78,79) 

UAV9 66, 74, 82 S2 (65,66,73,74,75,81,82,83,84) 

UAV10 70, 78 S1 (61,62,63,69,70)/ S3 (77,78,79) 

UAV11 70, 78 S3 (61,62,63)/ S9 (69,70,71)/ S2 (77,78) 

UAV12 70, 78 S2 (61,62,63,69,70,71)/ S1 (77,78) 

UAV13 70, 78 S2 (61,62,63,69,70)/ S3 (77,78,79) 

UAV14 70, 78 S1 (61,62,63,69,70,71,77,78) 

UAV15 70, 82 S3 (61,62,63,81,82)/ S1 (69,70,71,72,73,74,75) 
UAV16 66, 78 S1 (65,66,67,68,69,70,71,77,78) 

UAV17 - S1 

UAV18 74 S2 (61,62,63,64,65,66,67)/ S3(7384) 

UAV19 - S2 

UAV20 - S3 
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(a) Recharging site 1. (b) Recharging site 2. 

 

(c) Recharging site 3. 

Fig. 3.6. Output power of the PV system, the battery charging/discharging power, 
and the load profile of recharging sites (a) 1, (b) 2, and (c) 3 [J3]. 

Based on the derived power consumption profile of Fig. 3.4. for the considered case 
study on the 24th of February the proposed framework is applied, and the following 
results are achieved [J3]. The complete range of systems variables is available in [J3]. 

Fig. 3.6. shows the resulting output power of the PV system, the battery 
charging/discharging power, and the load profile for the three recharging sites. 
According to this figure, it is observed that during the hours that the PV system cannot 
satisfy the load the battery is discharged to fulfill the demand. 
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Table 2. UAVs’ recharging based on the number of sites and time slots 

Site 1 Site 2 Site 3 

#TS #UAVREC #TS #UAVREC #TS #UAVREC 

61 
 

61  61  

62 
 

62  62  

63 
 

63  63  

64 
 

64  64  

65 
 

65  65  

66 3,5,7,16 66 2,4,9, 66 6 

67 
 

67  67  

68 
 

68  68  

69 
 

69  69  

70 1,8,10,11,14,15 70 12,13 70  

71 
 

71  71  

72 
 

72  72  

73 
 

73  73  

74 2,5 74 4,7,9, 74 3,6,18 

75 
 

75  75  

76 
 

76  76  

77 
 

77  77  

78 12,14,16 78 11 78 1,8,10,13 

79 
 

79  79  

80 
 

80  80  

81 
 

81  81  

82 4,5 82 2,7,9 82 3,6,15 

83 
 

83  83  

84 
 

84  84  
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3.3. PV-POWERED BASE STATIONS EQUIPPED BY UAVS IN 
URBAN AREAS 

In some temporary situations when the load demand increases unexpectedly (in big 
events such as football games, Olympic Games, or concerts,) and the existing 
telecommunication network cannot satisfy the QoS level DBSs are useful. It is 
specifically efficient from the economical point of view not to invest in ground-based 
infrastructure. Consequently, UAVs can support the ground base stations to provide 
the extra demand. 

In this section, the power consumption of the UAVs’ batteries is first estimated based 
on the mentioned method of Section 3.2, and the sensitivity analysis is then done to 
assess the effect of the PV-battery system dimensioning on a commercial urban area 
in Milano, Italy. The derived power consumption of batteries of UAVs is added to the 
load profile of the weekdays of the telecommunication network.  

Fig. 3.7. compares the power consumption profiles of the telecommunication network 
with/without UAVs. The observed peaks in the power consumption profile of 
weekdays are related to the hours that the batteries of UAVs are charging. 

A comparison of the total energy consumption of the base stations with and without 
the implementation of UAVs in the telecommunication network is shown in Fig. 3.8. 
According to this figure, the annual consumption grows 1.5 MWh when the UAVs 
are applied in the system. 

 

Fig. 3.7. power consumption profiles of the telecommunication network 
with/without UAVs [C4]. 

 



CHAPTER 3. POWER MANAGEMENT AND SIZING OF PV-BATTERY SYSTEMS IN UAV-BASED 
TELECOMMUNICATION NETWORKS 

43 

 

Fig. 3.8.  Total yearly energy consumption of base stations with/without UAVs 
[C4]. 

Two different scenarios are considered to assess the impact of implementing PV 
systems and batteries on the UAV-assisted telecommunication network in the 
considered case study. Fig. 3.9. shows a comparison of the influence of applying 
different numbers of PV panels on the derived energy from the main electricity grid 
when there are only PV panels installed in the recharging sites. 

 

Fig. 3.9.  Influence of applying different numbers of PV panels on the derived 
energy from the main electricity grid [C4]. 

In the second scenario, the influence of the incorporated PV-battery system in the 
recharging sites of UAVs is studied. When the rated power of PV panels is more than 
3kW the batteries can store the extra PV power and this stored power can supply the 
load during high load demand hours. The influence of the different capacities and 
efficiencies of the battery on the derived energy from the electricity grid is compared 
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in Figs. 3.10. and 3.11. According to Fig. 3.10. it is observed that (for a battery 
capacity of 50kWh) when the PV-battery system is implemented in the UAVs’ 
recharging sites, the derived power from the electricity grid reduces respectively 16.7 
MW and 1.1 MW compared to the case without any PV-battery system, and the case 
when only PV system is installed. 

 

Fig. 3.10. Influence of different battery capacities on the derived power from the 
electricity grid [C4]. 

 

 

Fig. 3.11. Influence of different battery efficiencies on the derived power from 
the electricity grid [C4]. 
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3.4. SUMMARY AND CONCLUSIONS 

This chapter explains the power management and sizing of PV-battery systems in 
UAV-based telecommunication networks in both rural and urban areas. The objective 
is to minimize the total cost of the installed PV-battery systems in recharging sites of 
UAVs by optimizing the size of the system. A UAV-enabled cellular 
telecommunication network's power supply system must be optimized based on the 
power consumption profile of the UAVs and their mission planning, which differs 
significantly from conventional systems. Accordingly, the power consumption profile 
of a UAV-based cellular telecommunication network is derived based on the mission 
planning of UAVs. To minimize the total cost, including capital and operational 
expenditures, for UAV-enabled wireless networks in rural and urban areas, an optimal 
approach to sizing PV batteries is presented. For the case of urban areas, the optimal 
size of PV-battery system can be decided based on the sensitivity analysis. It can be 
concluded that the extracted power from the main electricity grid reduces significantly 
compared to the case without any PV-battery system, and the case when only PV 
system is installed.
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CHAPTER 4. OPTIMAL POWER 
MANAGEMENT STRATEGY FOR 
RENEWABLE HYBRID ENERGY 
SYSTEMS 

This chapter introduces an optimal strategy for the power management of microgrids 
as renewable hybrid energy systems (RHES). After determining the battery capacity 
and the size of PV panels as well as solving the optimal operation problem for each 
single RHES, an optimization framework for power management is extended to 
minimize OPEX and achieve coordinated operation of the cooperative multi-RHES 
considering the technical constraints. A detailed study of the suggested strategy is 
given in J5, C1, C2, and C3. 

4.1. INTRODUCTION 

Distributed generators (DGs) and the integration of renewable energy sources (RESs) 
into local distribution systems, in addition to DC power's advantages of decreasing 
power loss in transmission lines and controlling power flow, led to the reemergence 
of DC power [34, 35]. Combining AC and DC technologies in hybrid microgrids 
(MGs) facilitates integrating DC technologies into current AC systems [36]. In this 
configuration, both AC and DC networks are integrated into the same distribution 
network, which makes it possible to combine AC and DC distributed loads, storage 
units, and generators [37]. With this feature, future renewable sources or electric 
vehicles can be incorporated with minimal modifications to the current distribution 
network and costs can be reduced [38]. In hybrid MGs, AC and DC networks are 
connected through a bidirectional converter (BDC,) which allows power to flow 
between them and the power grid [34-38]. By linking AC and DC-powered appliances 
to the grid through these arrangements, fewer power electronic interfaces are 
necessary [34-38]. 

Considering the rapid development of MGs in distribution systems, the multi-
microgrid (MMG) concept was proposed for the interaction and energy exchange 
among RHESs [39]. 

This chapter first studies the probabilistic optimal cost-efficient power management 
of a hybrid MG. Afterward, the proposed approach is extended to solve a multi-
objective optimal probabilistic power management of MMGs to minimize the total 
cost and emission of the system. The sensitivity analysis is done to investigate the 
influence of different parameters on the MMG system operation. 
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4.2. OPTIMAL POWER MANAGEMENT OF HYBRID AC-DC 
MICROGRIDS 

The considered structure of the hybrid AC-DC microgrid is shown in Fig. 4.1. A diesel 
generator (DE) unit, wind turbines (WT,) and AC loads are on the AC side while the 
DC side comprises a fuel cell (FC) unit, PVs, battery, and DC loads. A bidirectional 
converter connects the AC and DC sides of the hybrid MG. The considered objective 
is minimizing the following cost [C3]: 

𝑂𝑂𝑂𝑂 = 𝑚𝑚𝑚𝑚𝑚𝑚 ��𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝑡𝑡
𝑇𝑇

𝑡𝑡

� 
 

(4-1) 

where t and T are respectively the time slot and horizon of the study. 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑡𝑡 and 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝑡𝑡 show the related costs to diesel generator and fuel cell (including the 
operational and start-up costs), respectively [C3]. 

Different technical constraints are considered in solving the optimal power 
management of the hybrid AC-DC MG including the constraint of the rate of 
production changes, the constraint of the minimum on/off time of units, battery limits, 
the power balance constraints in each DC, and AC sides of the hybrid MG. These 
constraints are completely discussed in [C3]. 

BDC

DC BUS AC BUS

Battery

PV Arrays

DC Loads

Diesel 
Generators

Fuel Cells

Wind 
Turbines

AC Loads

 

Fig. 4.1. Structure of the hybrid AC-DC microgrid [C3]. 
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To solve the considered probabilistic optimal power management of the hybrid AC-
DC MG the PSO-UT algorithm is suggested [C1, C3]. The parameters of the system 
are available in tables 4.1 to 4.4. 

Table 4.1. Parameters of diesel generator unit 

Unit  
𝑷𝑷𝑴𝑴𝑴𝑴𝑴𝑴 
(kW) 

 
𝑷𝑷𝑴𝑴𝑴𝑴𝑴𝑴 
(kW) 

𝒂𝒂 
($/𝒌𝒌𝒌𝒌𝒌𝒌𝟐𝟐) 

 
𝒃𝒃 

($/𝒌𝒌𝒌𝒌𝒌𝒌) 
c 

($) 

 
SUC 
($) 

 
𝑹𝑹𝒖𝒖𝒖𝒖/𝑹𝑹𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 

(kW) 

 
𝑴𝑴𝑴𝑴𝑴𝑴/𝑴𝑴𝑴𝑴𝑴𝑴 

(h) 

Diesel 
generator 60 360 0.007 0.03 2.9 0.68 120 2 

 

Table 4.2. Parameters of fuel cell unit 

Unit  
𝑷𝑷𝑴𝑴𝑴𝑴𝑴𝑴 
(kW) 

 
𝑷𝑷𝑴𝑴𝑴𝑴𝑴𝑴 
(kW) 

𝑪𝑪𝑵𝑵𝑵𝑵 
($/𝒎𝒎𝟑𝟑) 

 
𝑸𝑸𝑳𝑳𝑳𝑳𝑳𝑳 

(𝒌𝒌𝒌𝒌𝒌𝒌/𝒎𝒎𝟑𝟑) 
η 

(%) 

 
SUC 
($) 

 
𝑹𝑹𝒖𝒖𝒖𝒖/𝑹𝑹𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 

(kW) 

 
𝑴𝑴𝑴𝑴𝑴𝑴/𝑴𝑴𝑴𝑴𝑴𝑴 

(h) 

Fuel 
cell 40 240 0.35 9.7 58 0.86 150 2 

 

Table 4.3. Parameters of battery 

 

Unit 

 
 

𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩,𝑴𝑴𝑴𝑴𝑴𝑴
𝑪𝑪𝑪𝑪/𝑫𝑫𝑫𝑫𝑫𝑫  
(kW) 

 
 

𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩,𝑴𝑴𝑴𝑴𝑴𝑴
𝑪𝑪𝑪𝑪/𝑫𝑫𝑫𝑫𝑫𝑫  
(kW) 

𝑬𝑬𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩,𝑴𝑴𝑴𝑴𝑴𝑴 
(𝒌𝒌𝒌𝒌𝒌𝒌) 

 
 

𝑬𝑬𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩,𝑴𝑴𝑴𝑴𝑴𝑴 
(𝒌𝒌𝒌𝒌𝒌𝒌) 

 
 

𝜼𝜼𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 
(%) 

Battery 

 
45 

 
0 60 240 90 

 

Table 4.4. Parameters of bidirectional converter 

Unit 𝑷𝑷𝑩𝑩𝑩𝑩𝑩𝑩,𝑴𝑴𝑴𝑴𝑴𝑴(𝒌𝒌𝒌𝒌) 𝑹𝑹𝒖𝒖𝒖𝒖/𝑹𝑹𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅(kW) 

Bidirectional converter 250 150 

 

Two different scenarios, namely deterministic and probabilistic power management 
of a hybrid MG were investigated in [C3], however, the results of the probabilistic 
scenario are shown in this chapter. 



CHAPTER 4. OPTIMAL POWER MANAGEMENT STRATEGY FOR RENEWABLE HYBRID ENERGY SYSTEMS 

49 

To consider the impact of the uncertainties of AC and DC loads and the output power 
of PV and wind turbines on power management of a hybrid MG unscented 
transformation (UT) method is applied. It is assumed that the output power of 
renewable sources and the demanded loads adopt the normal distribution function. 
The mean value of the uncertain parameters is considered equal to their values in the 
deterministic scenario while the standard deviation is 10 % and there is a positive 
linear correlation among AC and DC loads. A review of the UT method is presented 
in [40]. 

Eight different scenarios of Table 4.5. are investigated and their operational costs are 
compared. It is observed from Table 4.5. that by increasing the output power of PV 
and WT units the operation cost decreases (Scenarios I and III.) It is also obvious that 
when the demanded load changes it has a significant impact on the operation cost of 
the MG. According to the comparison of the expected operation cost of the 
deterministic and probabilistic scenarios a standard deviation of 15 % is observed. 

The results of solving the optimal probabilistic power management of AC and DC 
sides of the hybrid MG from averaging the eight scenarios are illustrated in Figs. 4.2. 
and 4.3. 

Table 4.5. Considered solved scenarios by the UT method [C3] 

Scenario Operation cost ($) 

The base case (deterministic) 965 

Scenario I: increasing the output power of PV unit 949 

Scenario II: decreasing the output power of PV unit 978 

Scenario III: increasing the output power of WT unit 941 

Scenario IV: decreasing the output power of WT unit 990 

Scenario V: increasing the AC demanded load 1308 

Scenario VI: decreasing the AC demanded load 704 

Scenario VII: increasing the DC demanded load 1152 

Scenario VIII: decreasing the DC demanded load 800 

The mean value and standard deviation  974 ±144.7 
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Fig. 4.2. Optimal power management of AC side of the hybrid AC-DC microgrid 
[C3]. 

 

 

Fig. 4.3. Optimal power management of DC side of the hybrid AC-DC microgrid 
[C3]. 
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4.3. OPTIMAL POWER MANAGEMENT OF MULTI-MICROGRID 
SYSTEMS 

The studied structure of the on-grid multi microgrid system is shown in Fig. 4.4. Each 
MG comprises DEs, WTs, PV system, batteries, and local loads. The central energy 
management system (CEMS) is responsible to collect the data related to power 
consumption and generation and the state of the battery and to send the collected data 
to the dispatchable units (i.e., DEs.) 

MG 1

Multi-MG System

CEMS

MG 2 MG 3 MG 4

Electricity Flow

Communication Flow

 

Fig. 4.4. Grid-connected multi microgrid system [C2]. 

Minimizing the operation cost and emission of the system are considered as the 
objectives as follows. 

𝑂𝑂𝑂𝑂1 = 𝑚𝑚𝑚𝑚𝑚𝑚�����𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷
𝑛𝑛,𝑡𝑡 + 𝑃𝑃𝐸𝐸𝐸𝐸

𝑛𝑛,𝑡𝑡𝐵𝐵𝐸𝐸𝐸𝐸𝑡𝑡 �
𝑇𝑇

𝑡𝑡=1

�

𝑁𝑁𝑝𝑝

𝑛𝑛=1

� 
 

(4-2) 

𝑂𝑂𝑂𝑂2 = 𝑚𝑚𝑚𝑚𝑚𝑚�����𝑃𝑃𝐷𝐷𝐷𝐷
𝑛𝑛,𝑡𝑡𝐸𝐸𝐷𝐷𝐷𝐷𝑡𝑡 + 𝑃𝑃𝐸𝐸𝐸𝐸

𝑛𝑛,𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 �
𝑇𝑇

𝑡𝑡=1

�

𝑁𝑁𝑝𝑝

𝑛𝑛=1

� 
 

(4-3) 

where T as the horizon of the operation is 24 hours, 𝑁𝑁𝑝𝑝is the number of PV panels. 
The hourly operation cost of diesel generators in $ is 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷

𝑛𝑛,𝑡𝑡. The shared power of 
the nth MG with the electricity grid in MW is represented by 𝑃𝑃𝐸𝐸𝐸𝐸

𝑛𝑛,𝑡𝑡. The electricity price 
in $/MWh is represented by 𝐵𝐵𝐸𝐸𝐸𝐸𝑡𝑡 . 
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The emission factor for each MWh of generated power of diesel generators in kg is 
shown by 𝐸𝐸𝐷𝐷𝐷𝐷𝑡𝑡 . The emission of one MWh of received power from the electricity grid 
in kg is represented by 𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 . The main considered technical constraints are the power 
balance and the power limit constraints [J5]. 

To analyze the influence of different parameters on the power management of MMG 
systems, PSO algorithm is applied while the deterministic scenario is considered [C2]. 
Results of the investigation of the influence of different battery efficiencies and 
maximum exchangeable power with the electricity grid on the optimal power 
management of MMG systems are shown in Figs. 4.5. and 4.6. A thorough study of 
the impact of the changes in the demanded load, the electricity price, the capacity of 
DE units, the maximum limit of the exchangeable power among MGs, and the rated 
power of renewable sources on the optimal power management of MMGs was carried 
out in [C2]. 

Fig. 4.5. shows the influence of the battery charging/discharging efficiency on the 
power management of the MMG system. According to Fig. 4.5. the increase of the 
battery efficiency results in a significant increase of the maximum achievable profit 
of the system. 

 

Fig. 4.5. Influence of different battery efficiencies on the optimal power 
management of MMGs [C2]. 

Fig. 4.6. shows the influence of the change in the maximum exchangeable power of 
MGs with the electricity grid on the optimal power management of MMGs. It is 
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observed that variations of +10% and +20% of the maximum exchangeable power, 
lead to an increase of 10% and 5% of the maximum achievable profit, respectively, 
while the variation of -10%, and -20% respectively lead to the reduction of 5% and 
2% of the maximum achievable profit. 

 

Fig. 4.6. Influence of changes in the maximum exchangeable power of MGs with the 
electricity grid on the optimal power management of MMGs [C2]. 

To solve the probabilistic optimal power management of MMG systems the multi-
objective JAYA-UT algorithm is proposed. The flowchart of the suggested approach 
is shown in Fig. 4.7. while a detailed presentation of this method is discussed in [J5]. 

Two different scenarios, namely deterministic and probabilistic power management 
of an MMG system were studied in [J5] and detailed information of the considered 
case study and the parameters of the system are available in [J5]. Moreover, a 
thorough study of single objective power management of MMG systems was 
investigated and results were discussed in detail in [J5]. 

A comparison of the Pareto optimal solution of the multi-objective power 
management of a grid connected MMG system is shown in Fig. 4.8. It is shown that 
the impact of uncertainties on the operation cost of the system is more significant 
comparing to the emission. It is also observed that considering uncertainties on power 
management of MMG results in an increase of 23% of operation cost and 22% of 
emission. 
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Fig. 4.7. Suggested UT-MJAYA for solving the probabilistic power management of 
MMG systems [J5]. 
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Fig. 4.8. Pareto optimal solutions of the multi-objective power management of a grid 
connected MMG system for deterministic and probabilistic scenarios [J5]. 

4.4. SUMMARY AND CONCLUSIONS 

This chapter studies the optimal power management of renewable hybrid energy 
systems (RHESs). The objective functions are minimizing the operation cost and the 
emission. A single hybrid AC-DC MG is considered as the first case study and the 
probabilistic optimal power management of this system is solved by UT-PSO 
algorithm. It is observed that when the uncertainties of the variables including output 
power of RENSs, the load demand and the correlation among them are considered the 
results are more valid. The PSO algorithm is then applied to solve the deterministic 
optimal power management of multi-renewable hybrid energy systems (i.e., multi 
microgrids.) According to the sensitivity analysis of the parameters it is observed that 
the variation of different parameters has different influence on operation cost and 
emission. As an example, the variation of the capacity of RES units has considerable 
influence on the emission and it is why in the optimal power management of RHESs 
the main strategy is to take the more possible power from RESs. However, the 
variation of the demanded load has a considerable has a significant impact on cost and 
emission. To solve the probabilistic optimal power management of multi-renewable 
hybrid energy systems multi-objective JAYA-UT approach is suggested. Results 
show that the uncertainties have more impact on the operation cost of the system than 
on the emission.
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CHAPTER 5. CONCLUSIONS AND 
FUTURE WORK 

5.1. CONCLUSIONS 

Next-generation cellular telecommunication networks require a higher density of base 
stations to satisfy the required latency and quality of service and mobile network 
operators (MNOs) must reduce their carbon footprints and energy consumption 
urgently. From the perspective of MNOs, this poses serious concerns about the 
sustainability and energy consumption of cellular telecommunication networks in the 
future. Currently, efforts are being made to reduce the electricity bills and carbon 
footprints of MNOs, such as powering base stations with photovoltaic (PV)-battery 
systems as a green and sustainable solution for next-generation cellular 
telecommunication networks.  

This Ph.D. project carefully defines an accurate model for available PV output power 
generation estimation and realistic and case-specific scenarios combined with models 
of PV power generation and batteries for ground-based and drone-based base stations 
in future green next-generation cellular telecommunication networks. Efficient 
optimization frameworks are proposed to minimize the CAPEX and OPEX of the 
considered systems and techno-economic constraints are satisfied. 

5.2. FUTURE WORK 

Although using PV-battery systems reduces OPEX, it may increase CAPEX. 
Accordingly, there should be some initiatives to motivate MNOs to implement PV-
battery systems as power supplies for base stations. Using retired batteries from 
electric vehicles (EVs) to power base stations in future telecommunication networks 
is a promising solution for disposing of massive amounts of batteries. The idea of 
repurposing the used batteries of EVs leads to a decrease in investment costs. 

A second use of EV batteries in cellular telecommunication networks will have very 
impressive economic prospects since the technological level of batteries is improving, 
the application environment is maturing, and the process of dismantling and 
recovering batteries is improved. This will improve the efficiency of communication 
base station backup power services, as well as solve the problem of aged batteries 
from EVs. Cellular telecommunication networks will make a positive contribution to 
the promotion of EVs by using retired EV batteries. 

Multiple base stations equipped with PV systems and battery units can participate in 
different demand response programs in active distribution networks (ADN), which is 
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expected to be the best way to reduce the operation energy cost of base stations from 
MNOs and provide flexibility resources for the distribution system operator (DSOs). 

It is anticipated that the increased use of base stations will lead to a more complex 
interaction between power distribution grids and next-generation telecommunication 
networks, including new markets for ancillary services. Increasing revenue streams 
for MNOs may be achieved by enabling base stations to participate in ancillary 
services markets, e.g., frequency reserves. But since the base stations belong to mobile 
network operators, it is difficult for the DSO to directly dispatch power to base stations 
to ensure the telecommunication quality service for telecom users and including user 
security and privacy leakage issues. 

Nevertheless, some technical challenges need to be addressed first, such as optimizing 
base station portfolios to account for ancillary services markets, developing new 
coordination and operational schemes for a portfolio of base stations in next-
generation cellular telecommunication networks, and increasing data exchange and 
interaction with DSOs and MNOs. 

Due to the different solar irradiation and the distributions of telecommunication 
networks at different times and places, different level of flexibility appears in PV-
battery-powered base stations in cellular telecommunication networks. Consequently, 
the power dispatch of these units will be difficult. Furthermore, if multiple base 
stations participate in different demand response programs (DRPs), the operational 
and maintenance costs of batteries increase which in turn decreases the participation 
enthusiasm of MNOs. 

At the same time, the power demand of base stations in different places and at different 
times fluctuates considerably, and the uncertainty of the dispatchable capacity of the 
battery worsens due to the uncertainty of PV system generation and base station load. 
A major challenge will be to efficiently stimulate and measure the presence of base 
stations in DRPs. When multiple base stations are present in the DRPs, the batteries 
will over-discharge or the PV generation curtails due to the power imbalance between 
PV generation and power consumption of base stations. Furthermore, it will be more 
difficult to ensure the real-time energy balance because of the accurate prediction of 
PV generation and load demand and this leads to higher requirements on real-time 
power scheduling decisions. 

The advances of PV-battery-powered base stations in future cellular 
telecommunication networks are relatively new, therefore, proposing an efficient 
optimal power dispatch of multiple PV-Battery-powered base stations participating in 
the DRPs is required. 

According to the above-mentioned challenges, some suggestions for future work are 
summarized as the following: 
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1. Analysis of the performance status of retired EV batteries for powering base stations 

The typical working conditions and application scenes of backup batteries in cellular 
telecommunication networks will be evaluated. Based on purchasing cost, installation 
and replacement cost, and electricity costs in the working process, a mathematical 
model will be developed for economic analysis of second-use EV batteries in base 
stations. Using the developed model, the economic impact of remaining cycle life on 
the operation and use of retired batteries as backup power supply systems for cellular 
networks will be explored. 

2. How the energy coordination optimization of DSO and MNO results in a win-win 
agreement? 

The DSO and the MNO are different entities, consequently designing a collaborative 
structure that guarantees both DSO and MNO will benefit through the optimization 
method is challenging. Additionally, a cooperative optimization scheme will be 
presented that can preserve the privacy and personal information of DSO and MNO. 

3. Optimal dispatch strategy for multiple PV-Battery-powered base stations 
participating in the DRPs 

Since the number of base stations is considerably high in next-generation 
telecommunication networks, the computational cost of co-optimizing with the DSO 
will be high for the MNO. In this regard, the power consumption profile of the base 
station and PV generation profile at the location of the base stations are identified in 
the first step. The objectives of power dispatch strategy optimization of base stations 
are the power balance between PV generated power and power consumption of base 
stations, through entirely using renewables which leads to the reduction of energy 
operational cost and maintaining the stability of the battery. When energy aggregators 
are considered carriers in the power-sharing scheme, base stations can coordinate with 
each other to engage in fulfilling power balance by simultaneously exporting and 
importing energy to and from energy aggregators. To propose an efficient online 
optimization algorithm for optimizing the energy sharing among base stations in real-
time, the uncertain characteristics of the shared power of base stations should be 
considered. 
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