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Abstract 

Mobile  network  operators  (MNOs)  in  Lesotho  have  recently  experienced  an  increase  in

deploying solar PV-powered base stations in off-grid and bad-grid areas to improve their

network coverage to the most underprivileged communities. This justifies the need to model

and  design  the  optimal  solar  PV-  battery  systems  to  power  telecom base  stations  (BSs)

operating in high-speed technologies that meet both the MNO and regulator targets and act as

enablers for other economic sectors in rural areas. This research primarily aimed to audit the

existing  Vodacom  Lesotho  solar  PV-powered  BSs  through  physical  inspections,

configurations assessment, and load profile analysis using historical data. Based on the audit

results,  retrofitting  and parameter  optimizations  were implemented  to improve major  key

performance  indicators  (KPIs),  therefore  maximizing  telecom solar  power  plants'  energy

yield and solar PV arrays' performance ratios (PRs) in a cost-effective and environmentally

friendly  manner.  Five  solar  PV-battery-powered  BSs  with  different  power  and  radio

configurations  were  selected,  and  their  KPIs,  such as  battery  charging  current,  solar  PV

generator power, load current, and PR, were assessed, analysed and optimized for possible

maximum energy yield. 

The Makebe BS improved charging currents by 15% with no improvements in other KPIs.

The Malimong BS increased charging current by 23%, current from the solar generator by

12%, power by 11%, and PR by 3.31%. Mmasemouse BS showed an improvement of 34% in

charging current, 19% in harvested current, 17% from the generated power after rewiring and

optimizations,  and  7.31%  in  PR.  After  replacing  the  faulty  batteries  and  conducting  a

parameter optimization at Ha Tlhoro, the Tlhoro BS solar plant increased charging current by

60%, harvested current from the solar PV generator by 90%, generated power by 46%, and

PR by 20%. After integrating two standalone solar arrays into one, rewiring, increasing the

charging current limit and replacing faulty batteries for a high-capacity solar-powered BS in

Kolo, it improved solar PV generator current by 7%, battery charging current by 19%, solar

PV power by 40%, PR by 19% and able to reach 100% state of charge (SoC).  

One high-capacity and grid-powered BS in an urban area was assessed and dimensioned for

grid-to-solar migration with a 20.8 kWp solar PV array, 27 kW solar PV charge controller,

and 1200Ah backup batteries storage for 0.5 days of autonomy using the month of June,
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which has the lowest peak sunshine hours (PSH) as the design month for maximum system

reliability.

ii



Acknowledgments

My  special  gratitude  goes  to  my  Supervisor,  Assoc.  Prof.  Leboli  Zak  Thamae,  for  his

dedicated  support  and  guidance  to  me  in  undertaking  this  MSc  dissertation  under  his

supervision. I feel special and honoured to be one of your products Prof. The entire Energy

Research Centre (ERC) staff; particularly, Mr. Sebota Mokeke, your support and motivation

cannot be unrecognized. All the efforts and engagements to make this journey a success is

truly appreciated. Secondly, my gratitude goes to my wife, my daughter, my son, close family

and friends, for the support and understanding that I could not always spend quality time with

them and participate in other family-related activities while travelling this journey. Lastly, I

would like to send special thanks to my manager Mr. Tshepo Chaotsane and the Vodacom

Lesotho operations team for their support, wish you more blessings. 

iii



Abbreviation
BBU                                Baseband Unit

BS                                   Base Stations 
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ULCS                             Ultra Low-Cost Site 

UMTS                            Universal Mobile Telecommunications Service 

USF                                Universal Service Fund  

iv



Contents
Abstract.......................................................................................................................................i

List of Figures.........................................................................................................................vii

List of Tables.........................................................................................................................viii

1 INTRODUCTION............................................................................................................1

1.1   Background.....................................................................................................................1

1.2   Research Problem...........................................................................................................3

1.3   Purpose of the Study.......................................................................................................5

1.4   Significance of the Study................................................................................................6

1.5   Report Outline................................................................................................................7

2 THEORY AND LITERATURE REVIEW....................................................................8

2.1 Overview.....................................................................................................................8

2.2 Site Selection.............................................................................................................10

2.3 Load Profiles and System Sizing...............................................................................11

2.4 Solar Plants Efficiency / Key Performance Indicators..............................................16

2.5 Factors Affecting Solar Plants Efficiency and Mitigation Controls..........................18

2.5.1 Solar Radiation...................................................................................................20

2.5.2 Temperature.......................................................................................................20

2.5.3 Soiling and Shading...........................................................................................22

2.6 Solar PV Array Tilt angle..........................................................................................25

2.7 Research Gap Analysis..............................................................................................26

3 RESEARCH METHODOLOGY..................................................................................28

3.1 Methodology Overview ............................................................................................28

3.2 Base Station Meteorological Data: Site Selection.....................................................31

3.3 Base Station Load Assessment..................................................................................31

3.3.1 System Description............................................................................................31

3.3.2 Base Stations Load Demand Determination: Daily Energy Balance Method. . .33

3.3.3 Base Stations Load Demand Determination: Time Step Method......................35

3.4 Base Station Solar-PV Hybrid Sizing........................................................................35

3.4.1 Optimal Battery Sizing for Telecom Load.........................................................35

3.4.2 Optimal PV-Array and Regulator Sizing for Telecom BS Load.......................36

3.5 Existing Base Station Audits and Assessment..........................................................40

3.5.1 Base Station Selection Criteria and Inspections.................................................40

3.5.2 Base Station Key Performance Indicators..........................................................41

3.6 Performance Ratio Calculation..................................................................................42

v



3.7 The Solar PV-Battery System Reliability.......................................................................42

4 RESULTS AND DISCUSSIONS...................................................................................43

4.1 Overview........................................................................................................................43

4.2 Base Station Meteorological Data..................................................................................43

4.3 Base Stations Load Determination.................................................................................44

4.3.1 Base Stations Load Determination: Daily Energy Balance Method..................44

4.3.2 Load Determination: Time Step Method...........................................................45

4.3.3 Load Profile Coefficients...................................................................................47

4.4 Base Station System Components Sizing..................................................................49

4.4.1 Base Station Optimal Battery Sizing for Telecom Load....................................49

4.4.2 Optimal PV-Array and Regulator Sizing for Telecom BS Load.......................51

4.5 Base Station Audits Results and Redesign................................................................53

4.6 Base Station Solar PV- Battery: Key Performance Indicators Analysis...................54

4.6.1 Base Station Power Consumption Against Traffic..................................................54

4.6.2 Base Station Solar PV Currents, Voltages and State of Charge..............................55

4.6.3 Base Station Solar PV Power...................................................................................60

4.7 Base Stations Performance Ratio...................................................................................61

4.8 The Base Station Solar PV-Battery System Reliability.................................................62

5 CONCLUSION AND RECOMMENDATIONS..........................................................65

REFERENCES.......................................................................................................................68

Appendix A: 2.2 kW and 3.0 kW Solar PV Charger Controllers.........................................73

Appendix B:  330W Solar PV Module and 48V/100AH Lithium-ion Battery....................74

Appendix C:  Selected Base Station’s Meteorological Data................................................75

Appendix D:   Base Stations Audit Assessment Results......................................................77

Appendix E:   Base Stations Power vs Actual Traffic..........................................................79

Appendix F:   The Base Stations Current Before Rewiring and Parameter Optimizations. 81

Appendix G:   The Base Stations Current After Rewiring and Parameter Optimizations. . .82

Appendix H:   The Base Stations Solar PV Currents Before and After Optimization.........83

Appendix I: The Base Stations Battery Currents Before and After Optimization...............84

Appendix J: The Base Stations Systems Voltages Before and After Optimization.............85

Appendix K: The Base Stations Solar PV Power Before and After Optimization..............86

Appendix L: The Base Stations Performance Ratios Before and After Optimization.........87

Appendix M: The Base Stations Annual Performance Assessment Before and After 
Optimization.........................................................................................................................89

Appendix N: The Base Stations Load Profile Coefficients (Solar and Grid).......................91

vi



List of Figures 

Figure 1: (a) Evolving generations of MNO with an increase in data speeds; (b) Evolving

generations of MNO with an increase in power consumption  [8,10]..........................................1

Figure 2: Technology and device penetration trends in the telecommunication industry [12]. .3

Figure 3: Vodacom Lesotho (LS) network performance against the Vodafone Group target

(VDC_TRGT) for 2021-2022 [20]...................................................................................................4

Figure 4:  Vodacom Lesotho’s base station solar plant performance against the load at Senqu

- Thaba Tseka......................................................................................................................................7

Figure 5: Solar PV plant at Vodacom Lesotho’s tower located in Qopo, Mokhotlong..............8

Figure 6: Evaluation Criteria  for Selecting Areas Eligible for Solar Plant Installation [5].......9

Figure 7: Sample BTS energy consumption and traffic load [9].................................................11

Figure 8: A simple illustration of the telecommunication base station [31]..............................12

Figure 9: Solar PV Module P–V and I–V Curves Showing Maximum Power Point [8]..........17

Figure 10: Main contributors that impact the overall performance of the solar PV Plants [8] 18

Figure 11: (a) I-V and (b) P-V characteristics at a constant temperature but varying solar

radiations [8]......................................................................................................................................19

Figure 12: (a) Solar cell efficiency decrease, (b) Solar cell power decrease with an increase in

temperature, and (c) MPP variation with voltage and temperature [35,46]...............................20

Figure 13: Types of shadings on the solar PV module [45].........................................................21

Figure 14: Different types of soiling resulting from (A) mineral dust in a desert area, (B) bird

droppings, (C) algae, lichen, mosses, or fungi, and (D) pollen in wet and moderate climates,

(E) engine exhaust from an industrial area, and (F) agricultural emissions [55].......................22

Figure 15: Soiling Mitigations Techniques [46]...........................................................................23

Figure 16: Summary of popular techniques used to enhance solar PV system efficiency [8]. 25

Figure 17: The research methodology flow chart.........................................................................29

Figure 18: Solar PV-battery hybrid system component diagram [58]........................................30

Figure 19: Solar PV-DG-battery hybrid system component diagram [58]................................31

Figure 20: (a) Typical radio configuration and (b) transmission units both covering the BS

essential DC loads [61, 62]..............................................................................................................32

Figure 21: (a) Delta PV charger output power  and input voltage, (b) Output voltage and

current  curve for optimal system design [68]...............................................................................39

vii



Figure 22: Power profile for 6 BSs with different radio configurations.....................................45

Figure 23: Current profile for 6 BSs with different radio configurations...................................46

Figure 24: Normalized load profiles for solar-PV and grid-powered BSs.................................47

Figure 25: Normalized load profiles for four selected solar-PV and three grid-powered BSs 48

Figure 26: Power consumption against data traffic for Mmasemouse BS.................................54

Figure 27: Power consumption against voice traffic for Mmasemouse BS...............................54

Figure 28: Mmasemouse BS currents against SOC for before optimization.............................55

Figure 29: Mmasemouse BS currents against SOC for after optimization................................56

Figure 30: Mmasemouse BS solar PV generator charging currents...........................................57

Figure 31: Mmasemouse BS solar PV array currents before and after optimization................58

Figure 32: Mmasemouse BS solar PV-battery system voltage before and after optimization.58

Figure 33: Mmasemouse BS solar PV power before and after optimization.............................59

Figure 34: Mmasemouse BS performance ratio before optimization.........................................60

Figure 35: Mmasemouse BS performance ratio after optimization............................................61

Figure 36: 11.34 kW Mmasemouse BS’s simulated annual performance before optimization

.............................................................................................................................................................62

Figure 37: 11.02 kW Mmasemouse BS’s simulated annual performance after optimization. .62

List of Tables 
Table 1: Typical solar-powered base station configuration and its daily power demand........32

Table 2: Parameters and equations for battery-sizing..............................................................34

Table 3: Derating percentage loss to determine PV-module EoL parameters [33].................35

Table 4: Optimal PV sizing procedure.....................................................................................36

Table 5: Selected BSs for the case study.................................................................................38

Table 6: Sample Meteorological data for Mmasemouse BS....................................................42

Table 7: BS load requirement using DEBM............................................................................43

Table 8: Battery sizing using DEBM load...............................................................................47

Table 9: Battery sizing using the TSM load.............................................................................48

Table 10:  PV array and PV charger sizing using DEBM........................................................49

Table 11: PV array and PV charger sizing using TSM............................................................50

Table 12: The traditional BS system sizing using DEBM without derating factors and losses

..................................................................................................................................................51

viii



1 INTRODUCTION

1.1   Background  
In Lesotho,  scattered  population  settlements  and mountain  ranges,  especially  in  the rural

areas, define the huge majority of the country’s landscape, resulting in a negative business

case  to  connect  and  maintain  both  the  national  electricity  grid  and  telecommunications

services to these rural villages [12]. Access to clean and reliable sources of energy from the

national  grid  is  still  not  universal,  MNOs  have  expanded  their  coverage  through  the

deployment of solar PV-powered BSs, mostly with diesel generators as the secondary power

source. These challenges, together with an exponential increase in the amount of data traffic

over  the  existing  wireless  communication  as  described  by  Figure  1(a),  give  rise  to  the

requirement  for  alternative  use of  clean  and reliable  sources  of  energy  [13].  Figure  1(b)

shows an increase of 43% in power consumption from the third generation (3G) to the fourth

generation  (4G),  as  well  as  a  68% increase  from the  fourth  generation  (4G)  to  the  fifth

generation  (5G)  [14].  This  high  increase  in  power  consumption  triggers  a  need  for  an

optimally and efficiently designed solar PV battery system for off-grid telecommunication

BSs in the rural areas of Lesotho. This initiative benefits the MNOs by increasing network

coverage  and enabling  them to provide  a  more reliable  network while  reducing business

operating costs and greenhouse gas (GHG) emissions induced by backup diesel generators

[2,3]. 

Figure 1: (a) Evolving generations of MNO with an increase in data speeds; (b) Evolving 
generations of MNO with an increase in power consumption  [8,10]
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The lack of access to clean,  affordable,  and reliable  energy sources remains a substantial

barrier  to sustainable  socio-economic development  such as telecommunication services  in

many  developing  African  countries  [1,  2].  Like  other  developing  Sub-Saharan  African

countries, Lesotho appreciates the importance of renewable energy solutions to provide clean

and cost-effective energy access in remote and rural areas as opposed to grid extension [3, 4].

Solar  energy  is  one  of  the  clean  and  attractive  energy  sources,  with  Lesotho’s  global

horizontal  irradiation varying between 4.5 and 6.5 kWh/m2/day  [5, 6]. Compared to other

forms of renewable energy, solar energy is preferred because of its modularity and ubiquity

hence  it  is  used  to  generate  electricity  to  power  rural  telecommunication  base  stations,

minimize  the  use  of  fossil  fuels,  and  manage  GHG  emissions  [5,7]. Solar  PV  power

generation systems are also appraised for their cheap operational cost or low maintenance,

although they have a high capital cost, which makes them less attractive in other sectors but

mostly used in the telecom sector [8]. 

Globally,  the telecommunication industry has positively altered how people,  devices,  and

animals interact, making it an essential part of people's daily life [7,9]. However, in low and

middle-income countries  (LMICs),  access  to  mobile  connectivity  in  rural  areas  has  been

hindered by the construction of telecom towers with unstable or no access to the national

grid, hence powered by unreliable power sources such as diesel generators (DG)  [10]. The

direct  carbon  emissions  from  these  diesel  generator-powered  base  stations  (BSs)  in  the

information and communications technology (ICT) sector contribute about 4% of worldwide

GHG emissions, with more than 10% coming from mobile network operators (MNOs) [11]. 

The rapid depletion of fossil fuel resources and awareness of climate change motivated the

acceleration of renewable energy resources to power telecom towers. The number of telecom

towers that are either off-grid or bad-grid is declining in every region [10]. It is estimated that

since 2014, the total number of off-grid sites has fallen by 33% from 297,000 to 198,000 in

2020 due to grid expansion, while at the same time, the number of sites that are powered by

renewable energy sources has increased by 45% [10]. The decrease in bad-grid-powered sites

and the increase in green-powered towers have resulted in an annual reduction of carbon

dioxide (CO ) emissions estimated at 2.2 million metric tonnes, from 9.2 million in 2014 to 7₂

million in 2020 [10]. 
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Worldwide,  the  number  of  customers  subscribed  to  mobile  services  has  increased

exponentially from an estimated 3.6 billion at the end of 2014 to 5 billion in 2018 and to 5.2

billion in 2020 [7,8]. As shown in Error: Reference source not found, mobile subscribers are

projected to increase by 1 billion to 6 billion by 2025, with 60% of the new subscribers

coming  from Sub-Saharan  Africa  [10,  11].  This  massive  increase  in  mobile  subscribers,

internet  users,  and  smart  phones  penetrations,  as  summarised  by  Figure  2,  is  not  only

triggered by population increase but also by advanced technologies, such as the Internet of

Things (IoT), which in return calls for additional energy sources to meet the demand [8,9,

11]. The African population is expected to increase by around 2.5 billion people by 2050, of

which 80% of that population will  be in Sub-Saharan Africa [13]. To meet  this  demand,

electricity  generation  in  different  sectors  is  critical  to  sustainably  meet  the  energy

consumption  of  these  communication  technologies  while  reducing  generation  costs  and

negative impacts on the environment [14].

Figure 2: Technology and device penetration trends in the telecommunication industry [12]

1.2   Research Problem 
Globally, telecommunications BSs have provided services for almost 60% of the population

living in urban areas. In comparison, 40% of the population in rural areas lack access to such

technologies due to the lack of network transmission, electricity, and low potential returns on

investment triggered by low population densities  [16]. As a solution, many MNOs, such as

Vodacom  Lesotho,  have  already  considered  deploying  the  Ultra  Low-Cost  Site  (ULCS)

wireless technologies limited to 3G technology single-radio sharing. The ULCSs are designed

to  provide  basic  voice  and  data  connectivity  to  rural  communities  powered  mainly  by
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unstable solar PV plants [16]. It has also been noted that, like in any other MNOs, the most

energy-consuming network elements for Vodacom Lesotho are the BSs, which account for

more than 50% of the total power usage [17].  This power usage increases with the annual

radio capacity upgrade and new technologies to meet the customer demand or good customer

experience.  Therefore,  efficient  use  of  energy,  planning and optimal  sizing of  the  power

plants  in  the  access  networks  positively  impact  the  techno-economical  operations  of  the

MNOs.

For some years now, Vodacom Lesotho and other regional MNOs have been struggling to

meet the set group and regulator availability/reliability KPIs due to unstable grid and off-grid

sources,  as  illustrated  by  Figure  3.  Vodacom Lesotho  BSs’  reliability  target,  as  per  the

regulator, is 99%, while the Vodafone Group’s target for Lesotho is 99.5% for the financial

year  2021  to  2022.  It  can  be  deduced  from  Figure  3 that  Vodacom  Lesotho’s  network

reliability performance at times goes as bad as 97.7%. The main contributors to this under-

performance were attributed  to inadequately-sized solar PV-powered BSs and small-scale

unstable grid-connected sites, especially in the isolated and rural regions such as Mokhotlong

and Qacha’s Nek districts. These two districts entirely depend on ESKOM's grid-connection,

which is affected by the planned continuous load shedding. Therefore, to meet the group’s

availability target and Lesotho’s regulatory target, the Vodafone group’s net zero emissions

target from its operations by 2030 and net-zero targets across its full value chain by 2040,

maintaining global carbon emissions level between 7% and 16%, and improving solar plants

performance  ratio,  the optimally  designed solar  PV plants  integrated  with battery  energy

storage systems (BESS) are considered as an efficient way to supply and conserve energy for

the rural telecom BSs [20,22]. 
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Figure 3: Vodacom Lesotho (LS) network performance against the Vodafone Group target
(VDC_TRGT) for 2021-2022 [20]

1.3   Purpose of the Study 
The main objective of this project  is to evaluate the performance of the existing Vodacom

Lesotho solar PV-powered BSs against critical parameters such as the performance ratio (PR)

stated in the International Electro-Technical Commission (IEC) Standard 61724 as well as

previous studies using Microsoft Excel,  Meteonorm software and photovoltaic geographic

information system (PVGIS) [21].  Based on the audit results from the existing load profiles,

configurations, and physical inspections or audits, the second main intention is to design an

optimized solar  PV battery  system that  satisfies  the  energy demand for  the  different  BS

configurations  in  a  less  costly  and  environmentally  friendly  approach.  To  derive  this

optimum design, the following objectives are prioritized:

 Modeling  of  the  PV-DG  hybrid  with  backup  batteries  for  different  BS  power

requirements and load profiles operating on different technologies (UMTS-GU900-

ULCS – very low traffic, UMTS-GU900 – low traffic, GU2100 – moderate traffic and

GUL1800 – high capacity).

 Auditing of the existing Vodacom Lesotho BSs (location/meteorology data;  power

consumptions/load profiling; system sizing/dimensioning and physical inspections) to

assess their reliability/availability and performance ratio.
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 Redesigning (retrofitting) and optimal sizing of the existing and new hybrid power

systems (PV panels, batteries, regulators, etc.).  

 Optimization to improve the system efficiency and performance ratio, the solar PV

array  availability/reliability,  and  minimizing  the  dumped  PV  energy  from  the

oversized plants.

1.4   Significance of the Study
As already mentioned, the main challenge faced by Vodacom Lesotho is network instability

on solar-powered BSs in rural areas as well as in unstable grids. The second major challenge

is its incapability to meet capacity demands offered by the latest technologies such as the

Long-Term Evolution (LTE)/4G in rural areas due to grid coverage gaps. As a result of the

off-grid or bad-grid power challenges faced by Vodacom Lesotho, the business is only able to

provide low data speeds (maximum 14 Mbps) in rural areas as it can only be able to provide

basic 3G in 900 MHz spectrum, using single-radio sharing as opposed to acceptable speeds

(42 Mbps) in 2100 MHz spectrum still using 3G technology but on grid-powered BS. With a

proper BS site selection, monitored solar-powered BS, properly dimensioned and optimally

sized hybrid solar PV plant, a BS with data rates of at least 150 Mbps in 4G technology can

be designed for Vodacom Lesotho’s rural BSs. The research is mostly concentrating on solar

sites in rural areas, from the planning up to the commissioning of new solar PV-powered BS,

and retrofitting of existing solar-powered BSs.

The  primary  beneficiary  of  this  research  is  Vodacom Lesotho  which  stands  to  meet  its

network availability targets while also meeting capacity demand thereby achieving maximum

potential  revenue collections.  The secondary potential  beneficiaries  are  local  competitors,

Econet  Telecom  Lesotho  (ETL),  and  other  regional  telecommunications  companies  with

similar  rural telecom sites as the optimized design can be replicated.  The Government of

Lesotho  (GoL),  through  the  Universal  Service  Fund  (USF)  sponsored  projects,  is  also

financing rural mobile network connectivity in 3G and 4G technologies. Therefore, the GoL

also benefit in its USF projects and the implementation of digitization initiatives enhancing e-

services to rural communities through telecommunication network services for high-speed

internet technologies.
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1.5   Report Outline
This research project is structured into five chapters. Chapter 1 details the introduction to the

research  problem,  focusing  on  the  importance  of  telecommunications  networks  and

challenges faced by the MNOs, especially Vodacom Lesotho, in rural areas as a result of poor

grid coverage, grid instability and its impact on climate change due to backup DGs.  Chapter

2  delves  into  the  theory  and literature  review concerning  the  factors  affecting  solar  PV-

powered BS performance, procedures and key equations used to improve the solar PV-battery

systems efficiency, performance ratio, and reliability. Chapter 3 presents the methodology to

be followed in this study for auditing, planning, optimizing and improving the efficiency of

the solar-powered telecom BSs. Chapter 4 discusses the results obtained from the audited and

optimized  solar-powered  BSs  based  on  the  recommendations  and  procedures  from  the

literature  review.  In  the  last  chapter,  the  results  obtained  from  the  optimization  are

summarized,  and  a  conclusion  and  recommendations  deduced  from  this  research  are

provided. 
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2 THEORY AND LITERATURE REVIEW 

2.1 Overview
A  telecommunication  network  is  made  of  a  mobile  node  (mobile  phone  +  SIM  card)

connected  to  a  BS  through  the  air  interface  and  a  core  network  through  a  transmission

medium (microwave or fibre). BSs are the cornerstone component of the telecommunication

network, consuming 50% to 80% of the total energy consumption and acting as the bridge

between mobile phone devices and the core network [12,19]. BSs are composed of passive

equipment  such  as  primary  power  sources  being  grid,  renewable  energy  (RE)  or  diesel

generators, and secondary sources being backup batteries for storage. The tower structure and

air-conditioners  also  form  part  of  the  passive  and  active  equipment  such  as  radio  and

transport  devices acting as primary load with the purpose to provide both data and voice

services for almost 24 hours a day in 365 days [18].

Figure 4:  Vodacom Lesotho’s base station solar plant performance against the load at
Senqu - Thaba Tseka

Experience has revealed that rural network instability is mainly caused by poorly planned

solar PV power plants and an increase in load demand due to radio capacity upgrades that do

not match the supply, as shown in Error: Reference source not found. Error: Reference source

not found shows the solar contribution from the 5.6 kWp solar array capacity powering a 1.2

kW load base station located at Senqu in the Thaba-Tseka district. The solar plant fails to

meet the load demand, especially in the winter months of April to August, thus resulting in

network instability.  The current solution to this  is  the deployment of diesel  generators to
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supply the deficit, which contributes to carbon emissions and increases operation costs due to

diesel  generator  (DG) refuelling  and maintenance.  Inadequately  planned solar  PV battery

systems,  lack  of  proper  solar  PV  plant  maintenance,  poor  solar  array  monitoring,  and

vandalism are identified as major challenges affecting Vodacom Lesotho solar PV battery

powered rural BSs.

One of the findings anticipated to affect the rural network instability is shading caused by the

tower  structure  itself  as  well  as  dust  and bird  droppings  as  illustrated  in  Figure  5. This

instability does not only affect the quality of service to customers but also results in business

revenue losses and carbon emissions as standby diesel generators have to be deployed. A

couple of solutions and suggestions have been proposed to address this issue.

Figure 5: Solar PV plant at Vodacom Lesotho’s tower located in Qopo, Mokhotlong

Various  researchers  have  recently  looked  into  the  use  of  RE  technologies  for  powering

telecommunication towers, especially in rural areas and head offices, either integrated with

the grid, energy storage, diesel generators, or any hybrid system to compensate for the RE

intermittency [23]. Some of those studies were focusing on the techno-economic impacts of

RE-powered  telecom  base  stations  but  not  the  efficiency  performance  of  solar  plants

powering the BSs which is  the core task of  the current  research.  The following sections

details the theoretical and mathematical models used to improve the solar PV power plant

system efficiencies as well as the key factors affecting the overall solar-PV battery systems in

the telecom sector and their mitigation controls. The following section provides a summary of
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the research gap analysis that needs to be bridged to improve the MNO’s solar PV-powered

BSs'  efficiency,  performance  ratio  and  system  reliability.  The  last  section  covers  the

procedures and criteria that need to be followed to select the optimum location to deploy a

well-performing solar power plant. 

2.2  Site Selection
In general, determining the location for solar PV power plant installation is essential since it

not only impacts the solar plant's technical performance but also directly impacts the plant's

economic,  environmental,  and  social  factors  [5].  Figure  6 summarizes  the  multi-criteria

decision-making (MCDM) technique or evaluation criteria mostly used to rate location sites

that are considered feasible for solar PV power plants installation [22–24].

Figure 6: Evaluation Criteria  for Selecting Areas Eligible for Solar Plant Installation [5]

An optimal site selection for efficiently performing solar PV power plants is a complicated

process for energy planners and policymakers due to many conflicting criteria,  hence the

need for additional tools for a more informed decision-making [24]. To perform a proper site

evaluation and selection for solar PV projects, the geographical information systems (GIS)

tools  and MCDM technique  were found to  be  very useful  [25].  The GIS has  proved its

primary role in exploiting geographical information for developing a spatial decision support
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system  for  locating  solar  plants.  Project  designers  use  it  worldwide  to  determine  solar

irradiance and temperatures in a particular area [23, 24]. While the MCDM technique offers a

special benefit over single-criterion techniques, it also considers many criteria or qualities to

achieve integrated decision-making results. Hence,  it  does not only assist in best  location

selection but also resource assessment, sustainability, project performance, and technological

performance  [21,  22]. Consequently,  integrating  both  fields  of  GIS  and  MCDM   yield

common benefits and result in more reliable decisions for optimal solar site selection  [25].

The  following  section  details  the  best  methods  from  the  literature  recommended  in

determining the load requirement and system sizing for the selected location.

2.3 Load Profiles and System Sizing 
By the year 2022, the mobile internet user population was expected to have increased from

45.3%  to  59.7%, while  energy consumption in  the telecommunication  sector  would have

grown to 1700 TWh, and subscribers are estimated to be 8 billion by the year 2030 [33, 34].

To meet this demand, ascertaining the load profile is the most crucial task for the current type

of  research since an inaccurately  determined load profile  results  in  under-sizing or  over-

sizing the solar PV power plant, thus affecting both the system's reliability and overall capital

cost [28].

The mobile network energy demand is dimensioned for maximum traffic load and assumed to

be  constant,  especially  on  the  outdoor  Base  Transceiver  Station (BTS)  without  the  air

conditioner. However, the actual traffic load is unevenly spread, as described in Figure 7 [9].

Figure 7 shows a relatively constant load profile for a telecom BS with some spikes during

peak time [9]. The telecom load, a BTS in this regard,  is considered the primary load, and its

radios  configurations  and  specifications  must  be  intensely  analysed  to  determine  the

maximum power requirement [27]. The average power of a telecom tower is determined by

the number of radios as well as the technology (2G/3G/4G and 5G), consuming 1 kW in rural

areas to 8.5 kW in urban areas where more than 80% of the base stations are consuming 3.5

kW on average [30]. It is worth mentioning that over 60% of the DC power is consumed by

the  BTS power amplifiers  (PA).  Therefore,  optimized  use  of  the  PAs and implementing

energy-saving features improve energy efficiency  [22].  The motivation for optimized green

cellular networks is not only due to the rising energy cost and lack of access to the grid in

rural areas but also the need for carbon emissions reduction from backup DG [9]. 
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Figure 7: Sample BTS energy consumption and traffic load [9]

After  the  telecom load profiles’  analysis,  the  second crucial  step is  the  solar  PV-battery

system  sizing,  which  completely  depends  on  the  base  station  components'  power

consumption.  The optimal design of solar/battery/diesel generator hybrid power generators

calls for adequate sizing of components as well as a viable energy management strategy [28].

It should also be emphasized that using proper optimization sizing techniques can assist in

ensuring maximum power reliability at a minimal system cost that is also scalable for future

demands [30]. 

As shown in Figure 8, a typical hybrid system is composed of four fundamental components:

Primary sources depending on available  resources such as solar  PV and wind, secondary

sources  of  energy  such  as  batteries  for  storage  or  diesel  generator,  a  solar  PV  charge

controller  or  system regulator,  and lastly,  an inverter/converter  where there is  alternating

current (AC) load [8, 36]. Due to the intermittent nature of many RES, especially solar PV

arrays, since it can only be harvested during the day, it is crucial to integrate it with more than

one source for a reliable system forming a hybrid renewable energy system (HRES) [32].To

model a solar PV array and battery capacity (series/parallel combination) that matches the

daily  energy  requirement  even  on  cloudy  days,  an  Excel  spreadsheet  is  usually  used.

Additional  optimization  software  such  as  Hybrid  Optimization  Model  for  Electric

Renewables (HOMER) is mostly used  [33].  HOMER is the most commonly used tool for

hybrid  system  optimization  and  sensitivity  analysis  with  the  maximum  combination  of

renewable  energy  systems  among  the  19  preferred  tools.  HOMER  can  also  reduce  the

complication of accessing the meteorological database and industrial components [34]. 
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Figure 8: A simple illustration of the telecommunication base station [31]

The solar PV power harnessed during PSHs (kWh/m2/day) has to meet the daily load demand

with an excess to be stored and used during the intermittence from the backup batteries. Solar

PV power can be calculated by the below mathematical expressions [6, 17]:

Ppv=¿¿………………………………………...(1)

Ppv=(
ƞPv

ƞCell
)x (

GT

GT ,STC
) x PPVSTC……………………………………………… ………………….. (2)

Ppv=HT A ƞcell ……………………………… …………………………………………………...
(3)

whereby Ppvis the solar PV power in kW; Ppvstc is the solar module rated capacity under the

standard test conditions also in (kW);   f pv is the derating factor of solar PV (%);  GT  is the

incident solar irradiation on a horizontal plane (kW/m2);GT ,NOCT  is the solar irradiation under

the standard conditions (800 W/m2);  α pis the temperature coefficient of power (%/°C); T cis

the temperature of the solar PV cell in °C in the current time step; and T c ,NOCT  is the nominal

operating cell temperature (NOCT) of the solar PV cell under the standard test conditions (25

°C); ƞPvis the onsite efficiency of the solar PV generator due to temperature changes. 

Solar PV cell temperature T c can be calculated by …………………………………………………………. (4 [33]:
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T c=

( Tc−T a , NOCT )(
GT

GT , NOCT
)[1−

ƞmp , STC (1−α p Tc ,STC )
ατ

]

1+(T c−T a , NOCT )(
GT

GT , NOCT
)(

α p ƞmp ,STC

ατ
)

……………………………………………………
……. (4)
whereby T a , NOCT is the ambient temperature at which the NOCT is defined (20 ℃); ƞmp , STC is

the maximum solar PV module power efficiency under standard test conditions (%); τ  is the

solar transmittance of any cover over the solar PV array (%); and α  is the solar absorptance

of the solar PV array (%) [28]. 

Once  the  required  solar  PV  power  and  system voltages  are  determined,  the  number  of

modules  and  their  connections  (series/parallel)  can  be  decided.  Solar  PV  modules  are

available in different nominal  voltages,  different  cross-sectional areas/sizes, with different

technologies,  and different wattages  [33]. The second crucial  component is the solar PV

charge controller or solar regulator specifically for threshold settings and monitoring. A solar

PV charge  controller  is  not  only  used  to  charge  the  backup  batteries  by  regulating  and

controlling the output from the solar PV array, but it also protects the batteries from being

over-charged  or  over-discharged  [33].  The  solar  PV  charge  controller  voltage  must  be

compatible  with both the input  voltage  from the solar  PV array and the nominal  system

voltage. It must also be capable of handling the maximum current produced by the solar PV

array. Globally, there are two different topologies of solar charge controllers available: the

maximum power point tracker (MPPT) and the pulse width modulation (PWM) [36, 37]. 

The MPPT has proved to have better performance compared to the PWM controller. One of

the main characteristics of the MPPT is its ability to harvest maximum power by maintaining

the solar PV array to operate at its maximum power point (MPP) while supplying the load

and  storing  the  surplus  [8]. Previous  studies  proved  that  the  number  of  solar  modules

connected in series results in voltage mismatch between the solar PV array and the MPPT/PV

Chargers during low radiation phases thus negatively affecting the solar PV power plant PR.

Therefore, it was observed that by optimizing the number of solar PV modules within the

string with two additional solar PV modules, the output voltage increased to match the MPPT

range of the inverter under low radiation levels and the solar PV plant’s PR increased by

4.55% [35]. 
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MNO base stations  are  mostly designed for  100% system reliability,  hence  the need for

energy  storage  to  provide  backup  power  during  RE intermittence,  night  traffic  and  grid

instabilities  [38]. As a result, the integration of energy storage technologies such as backup

batteries is very critical as it does not only minimize the use of DGs but it also improves RE

utilization,  stabilizes  operating  system  voltage  and  current,  and  maintains  the  system's

reliability by providing the required power in the event of a production deficit [6, 36, 37]. A

battery cell is defined as an electrochemical energy conversion device that converts chemical

energy stored in the constituent components directly into electrical energy and it is expressed

in units of ampere-hours (Ah) [33]. The solar PV generator needs to be oversized so that the

surplus DC can be captured for storage. At real-time conditions, the solar PV output current

can be determined using………………………………….. (5: 

I pv(t )=¿¿………………………………….. (5)

where I pv(t )  is the current output of solar PV power plant at time t, npvis the number of solar

PV modules or solar PV arrays  in parallel for constant voltage output, and ¿¿ is the rated

current output of a solar PV panel at STC [41].

Both the peak load and system starting current depend on this solar PV output current, thus

making it very crucial  to determine the state of charge (SOC) at any given time. SOC is

defined as the level of charge of an electric battery relative to its rated capacity. It can be

expressed by ……………………………..................(6[28]:

SOC ( t )=SOC (0 )+ƞc∑
k=0

k

Pc (k )+¿ƞd∑
k=0

k

Pd (k ) ¿……………………………..................(6)

where SOC (t )is the SOC value at time t;  SOC (0 )is the initial SOC value; k is the time index;

Pcis the charged energy (kWh); Pd is the discharge energy (kWh);  ƞc is charging efficiency

(%)  ranging between 65% and 85%; and ƞd is the discharging efficiency (%) and equal to

100%.

Battery selection during system sizing depends on the cost and other technical parameters

such as the amount of energy required per day, depth of discharge (DoD), cycles and calendar

life, energy density and specific energy, and the wide operating temperature range [8,37]. To

determine the total battery capacity, the following have to be established: the efficiencies of
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the inverter charger, nominal system voltage, the recommended DoD of the selected battery,

and days of autonomy (that is, the maximum number of days with minimal sun intensity).

The required  battery storage capacity can be expressed by Error: Reference source not found

[33]:

Battery Capacity=
Wh /(day) x Days of autonomy

ƞinv x ƞbattery x DoD∗V b

…………………….…………………....... (7)

where ƞinvis the system inverter charger efficiency, ƞbatteryis the battery charge and discharge

inefficiency, and V bthe system battery's nominal voltage. 

2.4 Solar Plants Efficiency / Key Performance Indicators 
Having understood the load profile, power requirement, and system components sizing, the

next step is to understand the key parameters that affect the overall system performance. This

section covers the theories and mathematical equations behind solar PV-battery system key

performance indicators. Solar PV cells are semiconductor materials that have the potential of

developing electron-hole (negative and positive charges) pairs when solar energy is incident

on them thus converting that solar energy into direct  current   [22,30]. The efficiency of a

solar cell or PV cell refers to the fraction of the incident solar energy reaching the solar PV

cell that can be converted to usable electrical energy. It can be determined using … ..(8 [35]:

 ƞcell=
I mp V mp

S A
………………………… ………………………………………………. …… ..

(8)

where I mp andV mp are the current and the voltage of the maximum power point respectively, S

is the solar radiation falling on the tilted solar PV module surface in W/m2, and A is the total

surface area of the solar PV cell in m2.

The same efficiency definition still hold for solar PV array efficiency. The solar array is a

series  and/or  parallel  connection  of  the  solar  modules.  Solar  PV array  efficiency  can  be

calculated  by

 ………………………………………………………………………………................ (9 [35]:

ƞA=
PDC

SA
 ………………………………………………………………………………................ (9) 

where PDC  is the output power of the solar PV array in W.
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The overall efficiency of the solar PV arrays does not only depend on the material used to

manufacture  solar  cells  but also on the seasonal  and weather  conditions  [42].   Solar  PV

modules' efficiency ranges between 17–22% under certain standard conditions with the latest

technologies reaching a higher efficiency of 24.7% [42]. However, owing to the intermittent

nature  of  solar  energy resources,  it  is  necessary to  integrate  more  than one source  for  a

reliable solar power plant hence forming a hybrid system [32]. Therefore, to determine the

overall  hybrid  system  efficiency,  each  component  of  the  system  such  as  the  inverter-

converter has to be understood  [35]. The inverter-converter efficiency can be described by

   ……………………………………………………………………………………… (1010: 

ƞinv=
P inv

PDC

   ……………………………………………………………………………………… (10)

where Pinvis the output power from the inverter-converter in W. 

Another critical KPI used to evaluate solar plant performance is the performance ratio (PR)

[16,  19].  The  PR describes  the  ratio  of  the  total  output  energy  from the  system to  the

theoretical  generating  system capacity  and reflects  the  total  loss  of  the  solar  PV system

inclusive of the solar PV array and the inverter conversion  [35]. It is thus a measurement

indicator  for  how  close  a  solar  power  plant  approaches  ideal  performance  during  real

operation  [21]. Daily solar PV plant PR value is  significantly affected by irradiation and

ranges between 40% and 70% [35]. For a well-optimized solar power plant, PR can reach

0.89 which is very high compared to the 0.75 recommended by the International  Energy

Agency (IEA)  [35]. Worldwide, the mean annual PR has shown an increasing trend from

0.64  to  0.74,  while  the  previously  analyzed  Moshoeshoe  I  Airport  solar  power  plant  in

Lesotho averaged at 0.70, with monthly ranges of 0.35 to 0.79 [21]. PR can be calculated by

……………………………………………………………………....................(11 [35]: 

PR=
E

GT APpv ƞcell

……………………………………………………………………....................(11)

where E is the solar power plant output energy or power measured in (kWh or kW), GTis the

irradiation received by the solar PV array per unit area over some time in kWh/m2  or W/m2.

APpvis the solar PV array area in m2, and ƞcell is the solar PV module efficiency at NOCT. 

As per the Bureau of Indian Standards, the PR shows the overall effect of the rated solar PV

array’s losses as a result of solar PV cell temperature, incomplete use of incident radiation to

17



solar PV collectors, and system components such as solar PV module and solar PV chargers

inefficiencies or failures  [43].  Performance ratio can also be defined as  the ratio of actual

output power to the expected output power for a given reporting period based on the system

rating  and  can  be  expressed  by  ……………………………………………………………….……………….……….......................  (12[23,  47]
……………………………………………………………….……………….

………....................... (12 

PR=
Y A

Y R

……………………………………………………………….……………….………....................... (12)
where Y A represents kWh/kW PV array energy yield (DC output power) and Y R is [kWh/kW]

reference yield (rated DC power) as defined in IEC. The reference yield Y R can be calculated

using the location radiation on the horizontal plane and/or the tilted solar PV array structure

using  ………………………………………...(1 or

………………………………………………  …………………..  (2.  The  next  subsection

discusses the key factors which affect solar plant performance.

2.5 Factors Affecting Solar Plants Efficiency and Mitigation Controls
The solar PV panel technical specifications summarize the electrical characteristics such as

the  rated  maximum power  output  (Wp),  solar  panel  short-circuit  current  (Isc),  and open-

circuit voltage (Voc) as per supplier [45]. These rated parameters are obtained under special

test  conductions  such  as  the  STC  or  NOCT.  Hence  any  deviation  from  these  standard

conditions results in a significant drop in the solar module performance as well as the solar

array performance [46]. The maximum solar PV current (Impp) and corresponding maximum

voltage  (Vmpp)  can  also  be  obtained  from  the  same  specifications.  They  are  used  to

determine the solar PV's maximum power point (MPP) summarized in Figure 9 [8]. 

18



Figure 9: Solar PV Module P–V and I–V Curves Showing Maximum Power Point [8]

Apart from these parameters, other external factors which affect the overall solar power plant

performance  include  partial  shadings  such  as  soiling  and  dust,  solar  radiation,  solar  PV

module tilt  angle, ambient temperature and humidity  [35, 36]. The major factors affecting

solar array performance are introduced in Figure 10 and is covered in more detail in the next

subsections [8]. 
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Figure 10: Main contributors that impact the overall performance of the solar PV Plants [8]
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2.5.1 Solar Radiation 
The intensity of solar radiation hitting the solar PV module’s cross-sectional area plays a

substantial role in deciding the power generated by the solar PV modules  [48]. It is worth

mentioning  that  the  eminent  solar  radiation  and  ambient  temperature  way  above  test

conditions lead to a high operating solar PV cells temperature ¿) therefore reducing its power

production and lifespan  [8].  Figure 11 shows that the solar panel output current is directly

shaped by the variation in irradiance as it increases with the solar radiation incident on it.

Hence  the  reduction  in  power  as  irradiance  decreases,  whereas  the  open-circuit  voltage

remains  approximately unchanged  [8]. It  can be safely concluded that  the solar PV  MPP

decreases with a decreasing level of irradiance received by the solar module. The solar PV

power plant PR also decreases severely in the winter or on cloudy days with low radiations

[16, 41]. 

Figure  11: (a) I-V and (b) P-V characteristics at a constant temperature but varying solar

radiations [8]

2.5.2  Temperature
High solar PV module temperature is caused by the  surplus energy as well as the photon

energy which is below the solar PV cell band gap energy that is not used during electricity

conversion hence converted into heat energy [50]. The second factor which increases the cell

temperature is partial shading by causing a hot-spot phenomenon on the shared PV cells [51].

Previous findings reveal that an increase of 1℃  in the solar PV cell's temperature reference

to the nominal temperature of  25 ℃ results in a 0.2% to 0.5% drop in its electrical power

production  [4, 46].  Figure 12 shows the temperature effects on a solar module against the

corresponding electrical efficiency on a hot summer day and the impact of the increase in the

surface  temperature  on  different  types  of  solar  PV panels  which  results  in  a  significant

reduction in power production [50]. Moreover, it is important to note that an increase in cell
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temperature  causes  a  slight  increase  in  the  short-circuit  current  (Isc)  while  significantly

decreasing the open-circuit voltage (VOC) which results in an overall decrease in MPP [45]. 

Figure 12: (a) Solar cell efficiency decrease, (b) Solar cell power decrease with an increase

in temperature, and (c) MPP variation with voltage and temperature [35,46]

To foreclose catastrophic damage to the solar PV module due to an increase in temperature

and improve its efficiency, solar PV cooling systems and other thermal control techniques are

used to suppress the high temperature in the solar PV cells and try to maintain it as close to

its nominal operating temperature as possible [4, 46]. Apart from installing solar PV systems

on floating  structures  like  dam reservoirs,  there  are  two main  types  of  cooling  systems,

namely, passive and active cooling systems  [42, 47]. Passive cooling systems refer to the

integration of other technology such as the use of the thermosiphon effect with solar PV

technology to  reduce  the temperature  of  the  solar  PV module  by absorbing heat  from it

without consuming additional energy [8]. Active cooling systems refer to the integration of

other technologies which are energy-consuming devices such as fans or pumps to draw out

the heat from the solar PV panels. 

Several investigations in the literature proved that a 12% to 60% increase in solar PV energy

efficiency  could  be  obtained  by  cooling  the  solar  PV  cell  when  experiencing  high

temperatures  by using a  possible  and affordable  cooling  system  [8].  The use  of  floating

technology  alone  decreases  the  solar  PV panel's  temperature  and their  efficiency  can  be

enhanced  by  up  to  12%  on  average  and  by  about  20%  during  hot  summer  days  [8].

Theoretically,  when the solar  irradiance reaches  the highest value of 1000 W/m2 and the

lowest PV cell temperature value,  the open circuit voltage is the maximum value resulting in

maximum power production [35]. 
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2.5.3  Soiling and Shading
The accumulation of dust on the solar PV panels commonly known as soiling severely affects

the visible light’s absorptance and transmittance of the solar panel covering glass; this in turn

significantly reduces or completely blocks the incoming sunlight hence impacting the power

generation efficiency of the solar PV modules [5, 34, 37]. Dust can be defined as any material

or  particle  obtained in  the atmosphere with a  diameter  less than  500 μm including solid

organic and inorganic particles such as smoke, soil particles,  volcanic vapor, microfibers,

bacteria, fungi, pollen, and limestone erosion [34]. 

Figure 13: Types of shadings on the solar PV module [45]

There are two types of shading, namely, soft shading and hard shading as summarized in

Figure 13 [45]. Soft shading happens when particles are randomly scattered on the surface of

the solar PV module through the atmosphere, while hard shading takes place when a solid

with a definite shape such as accumulated dust, snow, or bird dropping exists on the front

surface of the solar PV module. Hard shading can further be categorized into two, namely,

complete and partial shading [45]. Complete shading occurs when all the solar PV cells in a

solar  PV module are  shaded and do not  produce any power while  in  the case of  partial

shading, the solar PV module decreases the open circuit voltage (Voc) therefore reducing the

maximum power output of the solar PV module. Partially shading the solar PV module can

also heat the shaded cells introducing hot spots on the surface which damages the solar PV

module and decreases its overall efficiency  [45]. That is,  during partial shading conditions
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(PSC), some of the shaded solar PV modules in an array become reverse-biased and act as a

load forming the hotspot issues and consuming the current instead of supplying [48, 49].

Soiling can also result from pollution, deposition of particulates and organic contaminants,

bird droppings, algae, lichen, mosses, agricultural emissions, and engine exhaust fumes in

urban areas [15, 35, 44]. Figure 14 summarizes the different types of soiling due to pollution

on the solar glass covering the solar PV modules. Bird droppings cause soiling and to some

extent completely block the incident sunlight from reaching the solar PV surface or a few

solar cells leading to the emergence of hot spots on a solar PV module hence reducing power

generation [48]. A solar PV module with dust has a 10℃ higher temperature than that of a

clean surface [45]. Some key parameters that were found to accelerate soiling are: 

(i) Surface properties of solar PV modules: The properties of the solar PV panel

coating material properties significantly impact the soiling processes; it was found

that the glass cover is less affected by soiling compared to the Tedlar cover [48].

(ii) Tilt  angle  and  orientation: Solar  PV  module  tilt  angle  and  orientation  also

regulate the soiling processes. Some experiments showed a 19%–47% decrease in

the average dust deposition density for each 30°increase in the tilt angle (0–90°)

[48].

Figure 14: Different types of soiling resulting from (A) mineral dust in a desert area, (B) bird
droppings, (C) algae, lichen, mosses, or fungi, and (D) pollen in wet and moderate climates,
(E) engine exhaust from an industrial area, and (F) agricultural emissions [55]
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For that reason, adopting appropriate shading or soiling mitigation strategies can assist in

minimizing the solar PV energy yield loss, maximizing the lifespan of the solar PV modules,

and increasing  solar  PV reliability  hence  increasing  net  profits  associated  with solar  PV

investment  [55].  Soiling  mitigation  and  efficiency  improvement  techniques  can  be

categorized  into  restorative  and preventive  techniques  including  natural  cleaning,  manual

cleaning, mechanical cleaning, anti-soiling coating, using DC optimizers (DCO), solar PV

array reconfigurations, and electrodynamic dust shields. This can be summarized as shown in

Figure 15 [42, 44].

Figure 15: Soiling Mitigations Techniques [46]

Although natural cleaning by rain, wind, and melting snow was believed to be an arguable

solution for restoring solar PV efficiency to nearly its rated capacity with zero cost, in recent

studies  by  various  research  groups,  it  has  been found that  mild  rain  showers,  low wind

speeds, tilt angle and orientation, and other additional moisture such as heavy morning dew

cause soiling [42, 44, 48]. Findings reveal that 2.2 mm of rainfall has a 50% probability of

removing dust on the surface of solar PV modules while the wind effectively removes large

dust particles greater than 1μm in diameter making both of them unreliable solutions hence

the need for other mitigation controls  [35, 44]. Manual cleaning: this cleaning technique is

similar  to normal practices  of cleaning building glass where special  bristled brushes with

water, often coupled with detergents are used to avoid scratching solar PV modules [15, 35].

Manual  cleaning  of  solar  PV modules  is  one  of  the  cheapest  cleaning  and widely  used

procedures with close to 100% soiling removal efficiency for low-capacity solar PV plants

[48].  However,  if  solar  PV plants  are  placed  in  remote  areas  and  are  installed  in  large

capacities,  manual  cleaning is  not  only difficult,  labor-intensive,  and time-consuming but
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prohibitively expensive hence triggering a need for other alternative mitigation techniques

[44, 48]. 

Lately, soiling mitigation techniques such as self-cleaning with anti-reflective and anti-icing

super-hydrophobic  and  super-hydrophilic  have  been  used  to  eliminate  or  reduce  the

accumulative dust;  these can  improve solar PV module efficiency by up to 71.8% without

any components or water  [45].  When rainfall water droplets fall on a hydrophilic solar PV

module surface, they penetrate the fouling layer under the surface and with the proper tilt

angle slide away from the surface, removing dust particles with them [55]. However, to attain

a  fully  usable  self-cleaning  technique  for  coated  solar  PV modules,  the  following  three

criteria must be satisfied [55]: 

(i) Remarkable dust repelling, i.e., self-cleaning/anti-soiling/easy-to-clean. 

(ii) Optical transmission that is greater or the same as the solar glass cover itself. 

(iii) Excellent durability with life expectancy close to the solar device.

2.6 Solar PV Array Tilt angle 
One factor that proved to increase the amount of harvested solar radiation is the solar PV

module tilt  angle and its orientation whereby the adjustment of 2°increased annual energy

production by 1450kWh compared to the traditional tilt angle method or the rule of thumb

that the tilt angle equals the latitude  [48, 50]. Some researchers reveal that solar radiation

varies not only with latitude but also with elevation changes; therefore, using the location’s

solar radiation data, the precise optimal tilt angle for a selected area must be assessed [56].

Still, other studies recommend a fixed tilted angle of latitude ±5 degrees from the horizontal

plane  [33].  Other research studies demonstrated that when solar PV arrays are fixed at the

optimum tilt  angle and azimuth angle an increase of 9% to 11%  solar insolation can be

obtained per annum [57]. While in South Africa, a country fully surrounding the Kingdom of

Lesotho, an additional 10% of solar insolation can be harvested from the optimal tilted solar

collector  as  opposed  to  the  horizontally-fixed  solar  PV  array  [57].  The  same  research

measurement concluded that any solar PV module fixed at 30  tilt angle, located in South⁰

Africa facing north (magnetic or true north), should be able to harvest 98% of the maximum

solar radiation per annum. The obtained tilt  angle varies from + 2.6 to 6.9 from the test

location latitude. The optimal azimuth (Ψ opt ¿ can be expressed as the function of latitude (σ )

as per ………………………….……………………….. (13 [57].

Ψ opt=12sin (18 σ+105 )−2………………………….……………………….. (13)
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The solar irradiation received by the solar PV panel depends on the tilt  angle and can be

estimated by converting the horizontal irradiation obtained from the NASA database or other

weather stations into actual solar radiation received at any tilt angle using the Hay Model

described in ………………….(14 [35]: 

HT=H b Rb+H d [
Rb H b

H o

+0.5 (1−
Hb

H0
) (1+cos β )]+0.5 ρH (1−cos β)………………….(14)

where H b is the daily direct irradiation on the horizontal plane measured in kWh;H d is the

daily horizontal  diffuse irradiation in kWh;  H ois the daily extraterrestrial  irradiation on a

horizontal surface in kWh; ρ is the surface reflectance, and generally takes 0.2;  H  is the total

horizontal irradiation in kWh; β is the tilt angle and Rbis the ratio of the direct irradiation of

the inclined plane to that of the horizontal plane.

Figure 16 summarizes the most commonly used mitigation techniques that can be used to

improve the overall solar PV plant system efficiency [8]. The important factors which affect

the PV generator performance as summarised by IEC 61724 are in-plan irradiance incident to

the PV array, cell operating temperature and losses due to soiling [44].  Secondary to these

major factors as per the same report, there are the MPPT restrictions/limitations and other

system component losses.

Figure 16: Summary of popular techniques used to enhance solar PV system efficiency [8]

2.7 Research Gap Analysis 
Based on the comprehensive literature review, it has been found that most researchers have

focused on the performance assessment of solar PV-Grid hybrid systems for residential and
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other industrial sectors not on the solar PV–battery systems for the standalone telecom base

stations. As a result,  the identified gap is the lack of specific literature on the key factors

affecting  the  solar  PV  plants  planned  for  telecom  access  networks  leading  to  network

unreliability and high operational cost. To bridge this gap, the current research undertakes an

audit  of  Vodacom Lesotho  solar  PV-powered  base  stations  mostly  in  the  rural  areas  of

Lesotho and assess/analyse their physical and electrical  installations,  load profiles, energy

consumption and traffic patterns while identifying key factors with significant contributions

to the overall  performance ratio. This is followed by applying some of the recommended

procedures in optimal system design such as site location, load profiling/determination and

component sizing as covered in the methodology chapter. 
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3 RESEARCH METHODOLOGY

3.1 Methodology Overview 
This chapter presents the three-step methodology to be followed in this study for planning,

optimizing and improving the system efficiency for the off-grid telecom towers or solar PV-

powered BSs. It involves undertaking optimal hybrid solar PV system design modelling for

new  telecom  BSs,  applying  the  identified  optimal  design  principles  to  audit  and  assess

selected  existing  Vodacom  Lesotho  solar-powered  BSs,  making  simulations  and

recommendations  for  redesigning  or  retrofitting  poorly-performing  BSs  for  the  improved

solar PV-battery system performance and BS network availability as illustrated in Figure 17. 

Each  of  the  main  methodological  steps  is  made  up  of  several  smaller  processes  and

procedures  that  have  been adapted  from recommendations,  theories  and equations  in  the

preceding literature review. The main objective of the current study is to design an optimal

hybrid solar PV battery system that meets both the MNO’s and the regulator’s KPIs at the

minimum cost possible.  

Based on the design gap, findings between audit/assessment results, historical load profile

data  analysis  from the existing BSs Solar PV charger controllers’  database,  obtained PR,

optimization and optimal system sizing recommendations; the solar PV-battery system plant

redesigning or retrofitting are implemented. The post results after redesigning are expected to

give  system  efficiency  improvements  or  gains.  Therefore,  the  same  process  and

recommendations are used for planning new solar PV-powered base stations as well as grid-

to-solar BS migration. Meteonorm software was used to collect annually meteorological data

to  simulate  the  solar  PV  Plant  performance.  The  results  obtained  is  compared  with  the

historical  data  from existing BSs and determining the PR using Microsoft  Excel.  PVGIS

typical meteorological year (TMY) generator tool is used to determine the monthly radiation

to monitor the annual performance, while HOMER was only used to determine the location

clearness index. 

In  summary,  the  methodology  adopted  follows  this  sequence:  first,  the  meteorological

resource assessment for selected BSs was analysed, followed by load determination using the

daily energy balance method (DEBM) as well as the time step method (TSM); based on the

determined load requirement results, the optimal design procedure as per the literature to size

the  solar  array,  inverter/PV  charger  and  battery  capacity  were  followed  and  the  results
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obtained  are  compared  with  the  existing  BS configuration  for  the  system redesigning  to

achieve  the  optimal  system  that   meet  the  above-mentioned  targets  as  well  as  the

recommended PR [19, 22, 37, 46]; using the generated solar PV power (Ppv) profiles from

the BS historical data logs, the installed rated solar PV array peak capacity and the location

radiation  data,  the  PR  for  each  BS  are  determined  using  performance  ratio  equations

described in the literature review.
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Figure 17: The research methodology flow chart
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3.2 Base Station Meteorological Data: Site Selection 
The meteorological data of the selected BS location were analysed and used to determine the

solar PV power variations which the plant can generate on the horizontal and tilted plane

under  the  selected  cell  temperature  as  per  ………………………………………...(1 and

……………………………………………… ………………….. (2. Both PVGIS typical meteorological year (TMY)

generator tool and Meteornorm were used for both hourly radiation and ambient temperatures

to determine the expected solar PV power based on the mathematical  equations from the

literature. HOMER and Meteonorm software were used for the monthly solar PV resource

assessment  for  the  selected  BS location  including  monthly  radiation  data  such as  global

horizontal  radiation,  clearness  index,  precipitation  and  ambient  temperatures.  The

meteorological  data  was  used  to  compute  the  expected  output  PV  power  and  this  was

compared with the actual PV power for the generator to determine the solar PV generator

performance  ratio.  The PVGIS average  daily  monthly  energy production  from the  given

system in (kWh/d) were used in determining the location of peak sunshine hours (PSH) for

optimal design and design month.

3.3 Base Station Load Assessment
3.3.1 System Description 

Figure 18: Solar PV-battery hybrid system component diagram [58]

Before  the  system  modelling  and  redesigning  of  any  standalone  off-grid  system,  it  is

important to understand the system components and their technical capabilities. Therefore,

Figure 18  shows the typical system components diagram for a solar PV-battery standalone
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system while Figure 19 shows the solar PV-DG-battery hybrid system for telecom DC load

integrated  with  the  remote  management  system for  solar  PV plant  monitoring  [58].  The

typical solar PV-powered BS system is mostly composed of solar PV module arrays on tilted

or horizontal structures connected to a solar PV charge controller, backup batteries and DC

load. The backup DG will only be deployed or planned for deep rural and hub/transmission

BSs. For the low-traffic and rural coverage BSs with free outdoor cooling as described in

Figure 18, the solar PV-battery standalone systems were assessed/audited and redesigned.

While for the low capacity and hub/transmission BS, the solar PV-DG-battery hybrid system

was being audited and re-engineered. 

Figure 19: Solar PV-DG-battery hybrid system component diagram [58]

Once  the  system components  are  thoroughly  described  and  the  circuit's  connection  well

understood,  the next  step is  determining the load requirement  before system components

sizing using a spreadsheet illustrated in  Error: Reference source not found. For the new sites,

employed equipment specifications is used for load determination while for the existing BSs,

both equipment specifications as well as load profiles from historical data is used. The next

two  sub-sections  describe  the  methodology  to  be  used  to  calculate  the  typical  load

requirement of the telecom load and model the solar PV-battery system that will optimally

and efficiently perform until its end of life (EOL) using respective daily energy balance from

equipment specifications and time step methods from the BS load profiles based on historical

data.
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3.3.2 Base Stations Load Demand Determination: Daily Energy Balance 
Method

Before designing any solar PV-battery standalone system, it is vital to understand the actual

power  consumption  for  the  Huawei  equipment  used  in  Vodacom Lesotho  BSs  [56,  57].

Figure 20 shows an overview of Vodacom Lesotho's essential BS load composed of Huawei

BTS and Huawei transmission nodes.  The consumed power by the BS equipment  as per

……………………………………….  (15 is/was  used  to  determine  the  overall  daily  BS

energy requirements using the daily energy balance method (DEBM) [33, 56, 57]. 

Figure 20: (a) Typical radio configuration and (b) transmission units both covering the BS 
essential DC loads [61, 62] 

The typical and standard rural BS to be modelled is divided into three sectors, each covering

120° of the selected area resulting in a minimum of three radios as described in  Figure 20 (a).

For a typical solar PV-powered coverage BS in rural areas, each sector has a minimum of two

cells, 2G and 3G single radio sharing. Huawei remote radio unit (RRU), baseband unit (BBU)

and remote  transmission network (OptiX RTN 905 2F) power consumption  ratings  were

used to calculate the load requirements [61, 62]. The typical power consumption used for 2G

is obtained when the BS operates with a 30% traffic load, while for 3G, the BS operates at a

40% load. In 4G mode, the BS operates at 50% of urban capacity [59]. For the rural solar PV-

powered BS, 30% traffic load was used for system design.

The equipment's typical rated power consumption (wattage) as per the supplier’s technical

specification and designed system voltage as per the solar PV charge controller specifications

were used to calculate the daily load demand in (Ah/day) and (Wh/day) as summarised in

Table 1. A1 to A4 show constant parameters for the design system. A5 and A6 in Table 1
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show the load requirement for one equipment type (RRU5909) operating on two different

technologies and configurations (GSM-3 sectors with four transceivers and UMTS-3 sectors

with two carriers) while A7 is only for a transmission note (RTN910) [60, 61]. The product

of equipment wattage as per the supplier’s specification and the number of sectors results in

total wattage per such technology. Dividing the total wattage for each technology (A5 to A7)

by system voltage  (A1) resulted  in  hourly load  current.  The product  of  load  current  per

technology for 24hrs (A3) results in total daily energy requirement in ampere-hours (Ah).

Daily energy (Wh/day) demand as per the DEBM is the product of the typical component's

power consumption (wattage) and the number of sectors for 24 hours. The sum of the load

demand  in  Wh/day  for  each  equipment  type  or  radio  as  per  Table  1 from  A5  to  A7

determines the total power consumption (total wattage in watts-hours) of any BS per Table 1,

Column A8. It can be summarized by ………………………………………. (15 as [61]: 

PBS=N sector PRF+N TX PTX+PBBU+PEE+.. ….………………………………………. (15)

where N sector  is the number of sectors per BS, PRFis the total power consumption for RRUs,

NTXis the number of transmissions (TX) radios, PTX is the power consumption per TX radio,

PBBU  is the BBU power consumption, and PEE is the power consumption for other essential

nodes.

Table 1: Typical solar-powered base station configuration and its daily power demand

It is important to highlight that both the typical power consumption and maximum power

consumption  are measured when the  BS operates  at  25°C  [59].  The increase  in  ambient

temperature results in a slight increase in power consumption due to the radio equipment's

internal self-cooling technology. A 15 W aviation warning light is not considered as it has a

minimal  impact  and  does  not  operate  for  24  hrs.  The  second  step  to  be  used  for  load

determination is the load profile assessment using the BS historical data applying the time

step method (TSM).
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3.3.3 Base Stations Load Demand Determination: Time Step Method
To minimize the effect of errors in the load estimation in this study, a non-intrusive energy

audit technique using the collected historical data logs was employed on the existing BSs to

model the load profile. The averages from the determined load profiles are used as the typical

load requirement and as the input for system sizing. The BS power-related historical data logs

retrieved from the selected BSs obtained in 5 to 15 min intervals (time steps) for three to six

months were converted to hourly, daily and monthly intervals. The main intention for the

hourly conversion is to determine the hourly key indicator such as power consumption or

load  as  well  as  the  hourly  load  coefficients  for  different  telecom  loads  based  on  radio

configurations. 

To  determine  the  hourly  load  BS  coefficients,  each  hourly  power  consumption

(Hourly_Load) is divided by the total daily consumption or sum of 24 hrs load (Daily_Load).

The sum of each hourly coefficient should equate to one. As per the literature, the power

consumption for the typical solar PV-powered rural telecom BSs was found to be relatively

stable while a grid-powered BS shows a low varying load profile due to population [64]. The

hourly system power or load averages are used for system sizing and compared with the peak

power or load demands. For this study, only the load current, system voltage, and system

power are used for system sizing. In contrast, output current (Ipv) and output power from the

(Ppv) are used to assess and analyse the system performance throughout the day and calculate

the PR. 

3.4 Base Station Solar-PV Hybrid Sizing
3.4.1 Optimal Battery Sizing for Telecom Load
Once the BS load demand or power consumption is determined, the subsequent process is to

size backup batteries,  solar PV-generator,  and a solar PV charge controller  that  meet the

power demand while maintaining the MNO and regulator target at the minimal cost possible.

This section  outlines the methodology used for the optimal battery-sizing of a typical rural

telecom BS with a constant 1.3 kW load supporting both 2G and 3G, no single radio sharing

per sector as calculated in Table 1 row A8 column 6 using DEBM [33]. It is essential to point

out  that  the  procedure  for  optimal  sizing  is  the  same  regardless  of  the  method  used  to

determine the load requirements.  The methodology adopted for the optimal battery sizing

follows  the  recommended  procedures  obtained  in  the  literature  to  compensate  for  other

losses, as shown in   B10. [33].   B10. summarizes the step-by-step procedure to be used to

size the batteries for the planned autonomy time using both TSM and DEBM to calculate the
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optimal  energy capacity  needed in the ampere-hours  [33].  The product  of the  total  daily

energy in (Ah) requirement and planned days of autonomy from Table 1 is the total backup

battery capacity required before system losses and efficiencies, as shown in  B10. B10.

Table 2: Parameters and equations for battery-sizing

…………………….………………….......  (7 calculates  the  backup  battery  capacity  in  (Ah)  for  the

recommended autonomy time using the designed BS system voltage. To minimize capital

expenditure while also maintaining system reliability as well as the network availability for

the deep rural solar PV-powered BSs with limited access during winter due to snow, sixty

hours (2.5 days) of autonomy time and 5% excess capacity per day are used for the optimal

solar PV-battery system capacity design and dimensions [33]. Eight hours of autonomy time

is used for grid-connected BSs for the current study, as the local grid supplier normally uses

as the maximum daily planned outage. The sum of the calculated battery capacity (B12) and

the excess capacity for the days of autonomy (B13) results in the optimal backup battery

capacity  required  (B14).  The ratio  of  the  optimal  backup battery  capacity  (B14) and the

selected single battery capacity (B15) results in the maximum number of batteries that can be

connected in parallel  (B16). Technical  specifications for both delta regulator/PV Charger,

solar PV modules and SDA10-48100 Shoto Lithium-ion batteries in Appendices A and B

were be used to determine the relevant efficiencies and the depth of discharge (DoD)  [66,

67].
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3.4.2 Optimal PV-Array and Regulator Sizing for Telecom BS Load
Having discussed how the BS load requirements and the backup battery capacity that are used

to compensate for the RE intermittency and MNO night traffic are determined, the last step is

to size the solar PV array and the solar PV charge regulator/controller to meet the determined

load demand.  This subsection provides the methodology employed to size the optimal solar

PV array using the MNO’s recommended delta solar PV charge controller. Before designing

the optimal solar PV array system capacity that meets recommended PR as well as other KPIs

throughout its life span, the following losses are considered; power losses due to an increase

in ambient temperature, solar PV modules disorientation, soiling, solar PV charge controller

loss,  battery  charge/discharge  loss  and  system  components  inefficiencies  as  well  as

degradation factors to determine the designed solar PV-array end of life (EoL) maximum

output power. The designed voltage for maximum PV power (Vdmp) and designed current (in

A) for the maximum PV power (Idmp) are used to calculate the potential solar PV module

derated  power  (Wpmax)  due  to  losses  and  temperature  increase.  Table  3 represents  the

derating percentages recommended for the optimal  solar PV array system sizing that will

satisfy load requirements until the end of its lifespan while meeting MNO KPIs and PR [33]. 

Table 3: Derating percentage loss to determine PV-module EoL parameters [33]

The derating factors summarized in Table 3 were used to calculate the derated current for the

selected solar PV module, namely: the Renosola solar PV module (D1) or the CNBM Sola as

summarized  by   and equipment  specifications  showing the selected solar  PV degradation

performance with time [67].  describes the methodology procedure that is adopted for sizing

and designing the optimal solar PV array. The product of all the derating factors (C6) in

Table 3 and the rated current for maximum power (D2) in  is the derated maximum current

(D4). The optimally designed current (Idmp) (D10) from the solar PV module specification is

the sum of the derated current for maximum power (D4) and the Impi (D9) which is the

increase in current due to an increase in the cell temperature. The difference between the cell

operating  temperature  (D6)  and  the  STC  temperature  (D7)  results  in  an  increase  in
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temperature (D8). In summary, the optimally designed current (Idmp) (D10) is the current that

is expected to generate the maximum power after 25 years of operation and can be used to

calculate the degradation loss per year. Knowing the degradation percent per year, one can

use an accurate reference solar PV array-rated power to determine the performance ratio and

the expected solar PV module for the targeted year.

Table 4: Optimal PV sizing procedure

The designed maximum current for maximum power  Idmp (D10) is considered as the input

current to the solar PV charger module which in return influences the maximum output load

and charging current Iomp (D27) as per the solar PV Charger specifications [68]. The ratio of
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the load current Idaily (D20) to the product of the inverter, solar PV charger, and cable losses

efficiencies  resulted in the optimal daily load current Iopdaily (D25) required in ampere-hours

[33].  The product of the maximum current from each solar PV charger (D27) during PSH

(D26) resulted  in  the  maximum load current  (Idaily)  (D28)  that  the  solar  PV charger  can

generate. The product of the maximum output current Iomp (D27) from the solar PV charger

and the BS location peak sunshine hours (PSH) (D26) results in the maximum current (D28)

that one solar PV module can generate during maximum sun intensity. Therefore, to find the

optimal number of solar PV modules as well as the number of solar PV chargers (D29) to be

connected in parallel, the optimal daily load current Iopdaily (D25) is divided by the maximum

optimal output current Iomp (D28):

Daily load ( AH /day )=
Wh /(day )

ƞinv x ƞbattery xV b

………………………………………… (16)  

Once  the  number  of  solar  PV chargers  and solar  PV modules  connected  in  parallel  are

optimally  sized,  the  next  step  is  to  size  the  number  of  solar  PV  modules  (D17)  to  be

connected in series, thus determining the final number of solar PV modules in the solar PV

array (D30). The optimal solar PV-designed voltage (D16 or Vdmp) is the sum of the solar PV

module-rated voltage for the maximum (D13 or Vmp) and the voltage decrease (-Vmpd) due to

the increase in the operating cell temperature. To obtain the maximum number of solar PV

modules (D17 or Ns) in series to gain the maximum input voltage (D11) to the solar PV

charger  for  the  maximum output  power  (D12)   as  per  Figure 21(a),  the  module  input

voltage (D11) is divided by the designed voltage for the maximum power (D17) [6, 63].

The product of the number of solar PV modules connected in series (D17) and the number of

solar PV chargers in parallel (D28) or solar PV modules in parallel results in the maximum

final number (Npv) of the solar PV modules (D29) for the optimally designed solar PV array.

The product of the number of solar PV chargers (D29) and the maximum solar PV charger

output  power  (D12)  as  per  solar  PV charger  specifications  give  the  maximum solar  PV

charge controller  capacity  (D35) to be used.  Figure 21 (a)  shows the maximum power

curve of the solar PV charger (PVC 2200B RenE) per certain input voltage while Figure 21

(b) shows the solar PV charger’s maximum output current  (A) per certain output  system

voltage (Vout) used for the current study [68].  To emphasize, it is very crucial to understand

solar PV charge controller capabilities for any solar PV hybrid system design as this has a

direct and huge impact on the overall solar PV plant performance ratio [35].
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Figure 21: (a) Delta PV charger output power  and input voltage, (b) Output voltage and
current  curve for optimal system design [68]

3.5 Existing Base Station Audits and Assessment
3.5.1 Base Station Selection Criteria and Inspections 
Once the procedure for optimal hybrid system modelling is tabled and understood, the second

step is to audit and assess the existing BS solar PV-battery system setup against the design

principles  established  in  the  previous  section  and  literature  review.  The  physical  BS

inspection and a compass to confirm the azimuth are not only used to assess the solar plant

orientation, solar PV module mismatch and soiling but also to identify potential shading as

well as calculating the actual tilt angle. Although all the MNO solar PV-powered BSs power

data logs were collected and analysed, only five solar PV-powered BSs as summarised in

Table 5, with different power and radio configurations are used for the current research as

case studies and were audited against the optimally designed off-grid BSs  [33]. One grid-

powered BS is sized for the grid-to-solar migration. 

Table 5: Selected BSs for the case study

BS Name Radio Configuration No. of Sectors  Wattage(W) Total Wattage(W)  Current(A) Daily current AH/day Total demand  Wh/dayBattery Type

Makebe GU900 1 428 428 8 198 10272 Lead Acid

Malimomg GU900 3 428 974 19 450 23376 Lead Acid

Mmasemouse G900+U900 6 328 1295 25 598 31080 Lead Acid

Ha Thloro G900+U900 x1 4 428 1557 30 719 37368 Lithium-ion 

Kolo G900+U900+U2100 9 677 2182 42 1007 52360 Lead Acid

Scout G900+U900+U2101 9 803 2100 40 969 50400 Lead Acid

 BS  Load Components:The typical power consumption is measured when the base station works at a temperature of 25°C at  30% traffic .

The criteria used for BSs selection is to target one-sectored BS at Makebe with the lowest

traffic (ULCS) on a single radio sharing mode configured for 2G and 3G in 900MHz (GU-

900).  The  other  preferred  BSs  is  the  normal  3-sectored  BS  located  in  Malimong  with

moderate traffic operating in GU-900 mode single radio sharing. One other selected solar PV-
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powered, six-sectored,  and high-traffic BS in Mmasemouse configured for 2G and 3G in

900MHz (GU-900), and no single radio sharing. A four-sectored BS located at Ha Tlhoro is

also  the  hub  BS  in  a  rural  area  configured  as  a  solar  PV-DG-battery  hybrid  system.  A

hop/hub/transmission BS acts as a link via a microwave transmission radio and/or fibre optic

system. It, therefore, has a higher power consumption compared to a terminal/standalone BS

[69]. The last selected nine-sectored solar PV-powered BS in Kolo is operating in GU-2100

mode and not meeting both MNO and regulator KPIs located in the peri-urban zone with high

traffic.  Only  one  high-capacity,  nine-sectored  and  grid-powered  BS  (Roma –  Ha  Scout)

configured  for  all  technologies  which  are  2G,  3G,  and  4G-1800MHz (GUL-1800)  were

analysed and sized for possible RE migration.

Once the BSs were selected, the following step was to do physical site visits at the selected

BSs for data collection, enabling the solar controller remote access configurations, and most

importantly,  physical  power component  inspections.  Apart  from data logs collections,  the

main  focus  during  BS  physical  inspection  is  auditing  the  solar  structure  orientation,  tilt

angles, solar PV module mismatches, solar PV module cracks, solar PV array soiling, number

of solar PV modules, modules specifications, solar PV array series/parallel connections as

well as possible external shading. Once the solar PV array is audited, the second step was to

inspect  the  existing  backup  batteries  concentrating  on  the  battery  terminal’s  carbon

conditions,  circuit  connections,  and  battery  cabinet-free  cooling  status.  One  last  critical

circuit  component  which was inspected  is  the regulator/solar  PV charger/rectifier  against

dust,  the  possibility  of  high  temperature,  and its  remote  integration.  After  the  individual

components' physical inspection was completed, the circuit connection for the solar power

plant was analysed. The main focus during the circuit’s connection auditing is on the solar

PV modules and their wiring,  backup batteries and their  wiring, and the solar PV charge

controller's physical connections.

3.5.2 Base Station Key Performance Indicators 
Depending on the availability, two to twelve months' historical data of power stored in 5 to15

minutes intervals composed of, but not limited to, solar PV power (PPV), load power (Pld),

solar PV current (Ipv), load current (Ild) and battery charging/discharging current (Ibattery) from

the BS solar PV power plant controller was retrieved and analysed to model the actual load

profiles. Once the load profiles are analysed, the hourly, daily and weekly load coefficients

were determined and can used for  other  BSs with similar  configurations  during new BS

deployment. The actual power consumption from load profiles is to be compared with the
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actual  traffic  (voice  and  data)  to  determine  the  correlation  and  to  inform  the  decision

regarding the use of energy-saving software parameters for further optimizations. The output

current from the solar PV generator was analysed against the load and battery charge and

discharge currents. The results obtained from this analysis influenced the conclusion for the

solar PV power plant redesigning or optimization.

3.6 Performance Ratio Calculation 
Once the solar PV-battery hybrid system is fully sized, its performance needs to be monitored

and evaluated against certain standard performance indicators such as performance ratio (PR)

and system reliability. This section describes how the solar PV array performance ratio was

calculated. The obtained BS solar PV power (Ppv) from the data log is used as the actual

output power generated by the solar PV power plant. As per the PR definition, the ratio of

this Ppv from the base station historical data for the selected month to the solar PV power on

the tilted plane from ………………………………………...(1 or ……………………………………………… …………………..

(2 results  in  the  BS  performance  ratio.  As  already  mentioned,  the  location  Meteonorm

radiation data is used to calculate the reference or expected solar PV power on the tilted

surface using the existing tilt angle that equals the Latitude. The actual hourly solar PV power

from the  base  station  is  compared  to  the  expected  hourly  solar  PV power  based  on the

location efficiency, ambient temperatures, the derating factor as well as the solar PV module

temperature coefficient. 

3.7 The Solar PV-Battery System Reliability 
The  second  approach  used  to  assess  solar  PV plant  performance  is  to  model  its  annual

performance reliability based on the location's monthly radiation or PSH. The product of the

lowest PSH for each month and solar PV array capacity results in the total energy produced

by the solar plant measured in kWh. Dividing the obtained daily energy by 24-hrs results in

the  hourly  power  produced  by  the  solar  PV-battery  system  contribution  called  a  solar

contribution summarised by ………( 17. The subtraction of the determined hourly load from the

solar PV-battery’s solar contribution results in an energy balance value. Zero energy balance

means that the solar plant is well-balanced or designed for that particular month since there is

no deficit or surplus. Negative energy balance reflects an under-dimensioned solar PV array

which needs to be upgraded or integrated with DG as the backup power source. 

Solar Contribution (kW )=
PSH (hrs ) x Solar Array Capacity (kW )

24 (hrs )
…………………………( 17)
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4 RESULTS AND DISCUSSIONS

4.1 Overview 
This  chapter  presents  and discusses  the  study's  results  in  the  form of  tables,  graphs and

figures geared towards the study's objectives. The discussion was based on the main technical

findings from physical inspections and system configuration audit assessments as described

in  the  methodology  chapter.  The  obtained  meteorological  data  for  the  selected  BSs  is

assessed and analysed for optimal solar PV hybrid system sizing. Once the RE resources are

analysed and discussed, the next step is to discuss the determined load requirement using the

DEBM based on the equipment specifications and the TSM based on BS’ historical  load

profiles data and the determined BS load coefficients for different radio configurations. The

results obtained from the optimally sized solar PV hybrid system that meet the dimensioned

load requirement for the planned days of autonomy as well as MNO and regulator KPI are

discussed and compared with the current sizing. 

The solar PV battery system’s KPIs from the load profiles are discussed to further understand

the  system's  performance.  The  findings  from these  analyses  and  discrepancies  identified

between the current and optimally sized systems are further discussed in the BS audit results

section  and feed  into  the system redesigning section.  The PRs for  the  selected  solar  PV

battery systems are discussed and compared to the recommended targets as per the literature.

The annual performance as per the recommendation from the optimally-sized solar PV array

capacity for the selected BS load, is also discussed.  

 4.2 Base Station Meteorological Data 
The selected BSs radiation resources were first determined to confirm if the chosen locations

are conducive and resourceful for installing solar PV generators.  summarizes meteorological

data for the solar PV-powered Mmasemouse BS in the country's southern region. The results

for  five  other  selected  BSs  are  provided  in  Appendix  C.  It  should  be  recalled  that

Mmasemouse was chosen as the reference since it was found to be a stable and high-traffic

solar-powered BS.  It was observed that all the BSs have high radiation levels as well as the

highest PSHs in summer starting in November to March, but very low clearness indices due

to the highest levels of precipitation compared to winter starting in April to July which have

high clearness indices but low radiation levels and smallest PSHs. 
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Table 6: Sample Meteorological data for Mmasemouse BS 

Based on these results, the maximum PR is expected between August and October due to

favourable  radiations,  clearness  indices,  fewer  levels  of  precipitation,  and  average  PSH

compared to other months. All the selected BSs have favourable ambient temperatures for the

maximum yield similar to the one shown in   with a maximum value of 21.7°C, which is

conducive for free cooling to facilitate outdoor BS deployment without an air conditioner as

most batteries and indoor equipment perform well at 25°C or below  [57, 62]. To maintain

100% system reliability throughout the year, the month of June with the lowest PSH of 2.57

hrs, as shown in Table 6, has been chosen as the design month for the Mmasemouse solar PV

array and all other BSs modelling.

4.3 Base Stations Load Determination
4.3.1 Base Stations Load Determination: Daily Energy Balance Method
This subsection tables the load requirement  results using the DEBM and the rated power

consumption per the supplier's technical specifications. The obtained results are as per the

procedure described in Table 1 (Section 3.3). Error: Reference source not found summarizes

the  load  requirement  for  the  selected  BSs  used  in  the  study,  assuming  a  constant  load

throughout the day as per the literature and 52V designed system voltage as per  Figure 21.

The table describes the one-sectored BS located at Ha Makebe as a 0.428 kW BS with 8.23 A

load current, resulting in an energy demand of 10.272 kWh/day. The three-sectored typical

rural  BS  providing  both  2G  and  3G  in  single  radio  sharing  mode  (GU900)  located  in
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Malimong was found to be a 0.974 kW BS with an average load current of 18.73 A, resulting

in 23.376 kWh/day energy demand. The six-sectored and no single-sharing Mmasemouse BS

was found to be a 1.295 kW BS with a 24.90 A constant load current for 24 hrs, leading to a

31.080 kWh/day energy requirement. The Tlhoro BS, which is also a typical rural BS but

acting  as hub BS, was found to be a  1.557 kW BS delivering  the same technologies  as

Mmasemouse and Malimomg, but with added transmission radios and additional sector/RRU

providing 4G in 900 MHz, resulting in 29.94 A load current and 37.368 kWh daily demand.

Table 7: BS load requirement using DEBM

The  Kolo  BS  was  found  to  be  a  high-capacity  solar-powered  BS  providing  all  three

technologies (2G, 3G, and 4G on 900 MHz and 2100 MHz) configured on nine RRUs with

three per sector. The Kolo BS is defined as a 1.903 kW solar-powered BS with no single

radio sharing and having an average load current of 36.60 A, resulting in a 45.680 kWh daily

demand.  The nine-sectored and grid-powered Scout BS, serving both the Roma community

and  the  National  University  of  Lesotho  was  also  audited  for  possible  grid-to-solar  PV

migration. It was found to be a 2.184 kW BS with a load current of 42.00 A, resulting in a

50.416 kWh daily demand. It is important to note that although Kolo and Scout have the

same number of sectors or radios, they have different load requirements. The Kolo BS is a

peri-urban  coverage  BS,  while  Scout  uses  a  high  capacity  RRU since  it  provides  urban

coverage with a high capacity resulting in a higher power requirement than Kolo BS.  The

following subsection discusses and compare the same results  obtained from the time step

method.

4.3.2 Load Determination: Time Step Method
For optimal solar PV hybrid system components sizing, the actual BS system power (Psys) or

power consumption and load current (ILoad) play a very crucial role.  Figure 22 indicates the

actual  hourly power consumption  while  Figure 23 shows the hourly load current  for  the

different BS radio configurations using the TSM. The Makebe BS is peaking at 0.5 kW and

10.5 A and averaging at 0.44 kW and 8.79 A compared to 0.428 kW and 8.23 A, respectively,

as  obtained  from  DEBM.  The  TSM  results  in  a  10.566  kWh daily  energy  requirement
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compared to 10.372 kWh received from DEBM for Makebe BS. This shows a 3% power

requirement  deviation  from  DEBM  compared  to  TSM;  it  compares  well  with  the

recommended 10% deviation between the rated and actual power consumption triggered by

the BS actual traffic and the BS operating ambient temperatures. 

Malimong BS has a 0.932 kW and 18.06 A average loads and peaks at 1.1 kW, resulting in a

22.4 kWh/day energy demand using TSM compared to 0.974 kW BS with an average load

current of 18.73 A, resulting in 23.376 kWh/day as per DEBM. Mmasemouse BS was found

to peak at 1.283 kW and 25.72 A due to high traffic, averaging 1.149 kW and 22.25A, with a

daily  energy requirement  resulting  in  27.584 kWh, which  is  13% less  than  31.080 kWh

obtained  from  the  DEBM  in  Error:  Reference  source  not  found above.  This  is  due  to

increased traffic as it is configured as GU900 in no single radio-sharing mode, implying a

high-traffic BS.

Figure 22: Power profile for 6 BSs with different radio configurations

The Tlhoro BS, with a DG backup, in the rural area of Quthing district was found to have

1.522 kW and 29.09 A average loads with a 36.538 kWh daily energy requirement compared

to 1.557 kWh and 29.94 A average loads, as well as 37.4 kWh (2% variation) daily energy

demand  from  DEBM  summarized  in  Error:  Reference  source  not  found.  The  Kolo  BS

averages at 1.889 kW and 36.99 A with a 45.596 kWh daily energy demand obtained from
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TSM, compared to 1.903 kW and 36.60 A averages with a 45.680 kWh/day energy demand

obtained from DEBM, implying almost 0% deviation between the two methods. The Scout

BS in an urban area was found to be on 2.174 kW and 40.389 A average loads as well as a

52.170 kWh/day energy demand from TSM compared to 2.184 kW and 42.00 A average

loads and a 52.416 kWh/day energy demand obtained through DEBM; this shows close to

0% deviation between the two methods. It should also be highlighted that while these two

methods do compare well,  they are not 100% the same and that small  difference directly

affects the overall system components sizing.

Figure 23: Current profile for 6 BSs with different radio configurations

4.3.3 Load Profile Coefficients 
The actual hourly BS power consumption from Figure 22 is used to determine the normalized

BS load profile for different power and radio configuration types. The normalized coefficient

is  the  ratio  of  the  actual  hourly  BS  power  consumption/load  to  the  total  daily

consumption/load (LHourly/LDaily). Figure 24 shows the results for normalized load profiles for

the selected BSs. It can be noted from the results that although these solar-powered BSs have

different capacities as discussed in  Figure 24, they have relatively the same coefficients or

follow similar load patterns. Solar PV-powered BSs have their lowest consumption between

24H00 midnight and 04H00 in the morning. The load starts to increase at 05H00, remains

constant throughout the day, and peaks between 17H00 and 22H00. This follows a typical

residential load profile as people are busy with daily activities and some rely on employer
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resources for power, voice and data resources. It can be deduced from these load coefficients

that  indeed the telecom load is  relatively constant  with a slightly low consumption from

midnight to morning around 04H00 due to less traffic and favourable ambient temperatures.

The load is constant throughout the day (05H00 -17H00) with a slight increase during the

telecom peak hours between 17H00 to 22H00.  

Figure 24: Normalized load profiles for solar-PV and grid-powered BSs

It can be recalled that one of the case study objectives is to model and design an optimal solar

PV generator for a high-capacity BS which is currently grid-powered. Figure 24 also shows

four-month load profiles for a 12-sectored and urban grid-powered Scout BS in GUL1800

mode located in Roma. The results obtained also show a relatively constant load with a slight

peak during lunch hours due to internal cooling and traffic behaviour as the BS serves tertiary

students. The normalised results for the Scout BS do not compare well with the normalised

load profiles of the solar PV-powered BSs in rural areas with different radio configurations or

capacities. It can safely be concluded from the TSM assessment that the telecoms BSs have a

relatively constant load with different peak times due to different subscriber behaviours in

different regions unlike DEBM assuming a flat and constant load throughout the day. It is

also  important  to  note  that  having  determined  the  load  requirement  from the  TSM,  the

obtained load profile coefficients can be used to determine the load profiles for any new BS

regardless of the radio configurations, capacity, or power type. To further showcase this, the
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load coefficients for four selected solar-powered BSs were compared with three other grid-

powered BSs, namely, Mabote BS, TY BS and Mapetla BS as shown in . They demonstrated

consistency regardless of the radio configuration and power type. 

Figure 25: Normalized load profiles for four selected solar-PV and three grid-powered BSs

4.4 Base Station System Components Sizing 
4.4.1 Base Station Optimal Battery Sizing for Telecom Load
 summarises the number of batteries and their capacities to meet 2.5 days of autonomy for a

52V system designed voltage for the determined load using DEBM. The sized batteries were

obtained  using  90%  DoD  for  the  selected  48V/100  Ah  lithium-ion  batteries  as  per  the

manufacturer’s  specification  and 5% daily  excess  storage  as  per  the  literature  for  100%

system reliability. 

Table 8: Battery sizing using DEBM load
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The Makebe BS with a 10.272 kWh daily energy requirement needs 6 batteries connected in

parallel for the planned autonomy with 642 Ah storage. For Malimong BS, 15 batteries are

required to cater for a 23.376 kWh of daily energy demand. Mmasemouse BS with 31.08

kWh of energy needs 19 batteries, and the Tlhoro BS with 37.368 kWh, requires 23 backup

batteries. A high-capacity BS such as Kolo with a 45.68 kWh daily energy requirement needs

29  batteries  while  Scout  with  a  52.416  kWh load  requirement  is  sized  with  33  backup

batteries for same the planned autonomy time, all connected in series.

Table 9 summarises the storage design for the same 60 hrs (2.5 days) autonomy time and 52

V system voltage for the load determined using the TSM. The obtained results  require 7

backup batteries for Makebe BS, showing one extra battery compared to DEBM due to a 3%

increase in the daily energy requirement  from 10.272 kWh to 10.566 kWh in TSM. The

results also indicate that Malimong BS with a 0.9 kW average load but 22.387 kWh daily

energy demand requires 14 backup batteries connected in parallel, resulting in one battery

short compared to DEBM due to a 4% decrease from 23.376 kWh to 22.387 kWh in TSM.

The decrease is mainly due to actual load as opposed to rated power in DEBM.

Table 9: Battery sizing using the TSM load

The  Mmasemouse  BS  with  a  27.585  kWh daily  energy  load  requires  1726  Ah  storage

capacity (17 batteries), less by 200 Ah (2 batteries) due to a 13% decrease in the daily energy

requirement from 31.08 kWh in DEBM to 27.585 kWh from the TSM. Tlhoro BS needs 23

batteries which compares well with DEBM even though there is a 2% decrease in the daily

energy requirement. There is no significant change in the daily energy requirement for Kolo

and Scout leading to no reduction or addition of batteries. It can therefore be concluded that

DEBM is likely to result in system over-sizing or under-sizing since it assumes a constant
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energy requirement. The TSM is more accurate and highly recommended for stabilizing and

improving  the  system’s  reliability  for  the  existing  BSs  as  it  relies  on  the  actual  power

consumption  from  historical  data  as  well  as  ambient  temperatures.  The  determined

normalized  load  coefficients  from  this  research  project  can  be  used  to  model  new

deployments of solar-powered BSs with similar radio configurations, where historical data

does not exist. 

4.4.2 Optimal PV-Array and Regulator Sizing for Telecom BS Load
This sub-section discusses the optimal sizing of solar PV array generator that meet the above-

mentioned load for 24-hour telecom to meet the operator’s KPIs. The PV array is sized to

load solar during sunshine hours and store the surplus for night traffic  or during the RE

intermittence.  Table 10 shows the results  obtained for solar PV sizing based on the load

requirement from DEBM and  Table 11 shows the same results obtained as the TSM load

requirement. The obtained results from these two methods were found to be relatively the

same on all parameters except the sized number of solar panels for Mmasemouse BS. The

DEBM results in 42 solar PV modules for a 31.08 kWh daily energy requirement compared

to 35 solar PV modules for a 27.585 kWh daily load obtained using the TSM highlighted in

Table 10. The main reason behind this over-sizing was found during load determination where

the DEBM has an average of 25 A load current compared to 22 A obtained from the TSM for

the same BS.

Table 10:  PV array and PV charger sizing using DEBM 
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The total energy demand that is required to meet the determined daily load for Mmasemouse

BS was found to be 606 Ah/day using TSM representing a 13% decrease compared to 683

Ah/day for DEBM. The solar PV charge controller power curve in Figure 21 and 52 V system

design voltage shows 45.8 A as the designed output current (Iout) from one solar PV charger,

resulting  in  121 A for  2.57 peak sunshine hours.  Therefore,  to  generate  a  606 Ah daily

demand during PSH, five solar PV chargers as well as five solar panels are connected in

parallel and seven solar panels  resulting in thirty-five solar PV modules for the optimized

solar  PV generator.  In summary,  the designed system uses thirty-five solar  PV modules,

seven in series and five in parallel.

Table 11: PV array and PV charger sizing using TSM

Using the  rated and installed  315 Wp module,  the  11.3 kW solar  PV generator  with 17

lithium-ion batteries is designed for a 1.1 kW Mmasemouse BS for 2.5 days of autonomy.

The number of modules to be connected in series for the solar PV array to generate  the

maximum power possible was found to be seven (7) using 270 V as the optimal nominal

input voltage to the solar PV charge controller described in  Figure 21. Using 290 V as the

input voltage increases the number of modules in series from 7 to 8 and the total number of

solar PV-array increases from 35 to 42. As a result, for non-hub BSs with no dependencies or

standalone BS, 270 V was found to be the optimal and economical design value while not

compromising system reliability and improved PR. 
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The results of  Table 11 further show a 15% derating factor at EoL for all six solar plants

regardless of the selected solar modules for 25 years, hence a 0.6% derating factor per year.

Therefore,  for  illustration,  under  proper  maintenance,  the  315  Wp solar  PV module  for

Mmasemouse BS will derate to 268 Wp as well as current for maximum power Imp from

8.51 A to 7.22 A after 25 years. 

4.5 Base Station Audits Results and Redesign
This section discusses the BSs audit results such as electrical wirings, components sizing and

solar PV charge controller configurations from the solar PV-battery system configurations

compared to the optimally designed solar PV-battery system using the design steps in the

methodology. Table 12 summarizes the major components sizing as per the traditional way of

designing using the DEBM without derating factors and other system losses compensations.

The results obtained from the audited BSs are discussed, compared and assessed against the

optimally sized solar PV-battery summarized in Table 9 and Table 11. Both results show the

current number of solar PV modules, solar PV array capacities,  number of batteries, total

battery storage capacity, number of solar PV chargers and total solar PV charge controller

capacity. Only the Makebe BS is to be discussed in this subsection as it was found to have

some abnormalities. Other results are to be found in Appendix D.

Table 12: The traditional BS system sizing using DEBM without derating factors and losses

The Makebe BS solar PV array was made up of 14 solar PV modules, composed of five

different specifications or types, divided into three strings making a 4.640 kWp solar power

plant  facing north (magnetic  or true north) at  the tilt  angle of  5° as opposed to the 30°

recommended in the literature for South Africa  [57]. String 1 and string 2 each have four

solar PV panels connected in series, resulting in a 151 Vmp input voltage to the solar PV

charger that requires at least 290V for maximum power as shown in Appendix A. String 3

also has six solar PV panels connected in series, resulting in a 222 Vmp input voltage to the

solar PV charger that is also less than the normal input voltage required for the maximum

power as per  Figure 21. The Makebe BS solar PV-battery was dimensioned with a 400 Ah
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battery storage capacity and 6.6 kW solar PV chargers made up of a 2.2 kW solar PV charge

controller per string. The optimized sizing as per Table 9 and Table 11 recommends a 700 Ah

storage, two strings connected to a 6 kW solar charger, and a 4.620 kWp solar array. 

4.6 Base Station Solar PV- Battery: Key Performance Indicators 
Analysis

Using the three months’  (Nov-Jan) historical  BS power database,  some key indicators  or

parameters such as the load current (I load), battery current (I battery), solar PV generator

output current (Ipvc), solar PV power (Ppvc), state of charge (SOC), System Voltages (Usys),

and the actual system power (Psys) against the actual BS traffic are analyzed and discussed in

this section. The three months’ (Nov-Jan) historical data gives the before-optimization results

while February to May represents the after-optimization results. For demonstration purposes,

only  Mmasemouse  BS's  KPIs  are  discussed  in  the  next  sub-sections.  Other  results  are

referenced  from  Appendices  E  to  M.  Mmasemouse  was  found  to  be  meeting  both  the

regulator and MNO KPIs; it was used as a template or reference for other solar-power BS

hence the need to audit how this BS was optimally designed for further optimization. The

findings from the key indicators assessment influenced the main objective of the case study to

optimally redesign the solar PV hybrid system based on the location radiation data. 

4.6.1 Base Station Power Consumption Against Traffic
As it may be recalled, during sunshine hours, the solar generator supplies the actual BS load

and charges batteries for night traffic in order to attain 100% network reliability.  Figure 26

outlines the BS's actual power consumption against the data traffic measured in Gigabyte

(GB) while  Figure 27 shows the power consumption against the voice traffic measured in

Erlang (Erl) for Mmasemouse BS. Results for other BSs are provided in Appendix E. The

obtained  results  show that  the  BS power  consumption  does  follow the  actual  BS traffic

pattern but does not go below the typical power consumption during low traffic. This may

result in a very high energy intensity defined as the energy used per unit of traffic. Based on

the results, the BS’s energy-saving features are strongly encouraged for energy conservation

as well the BS’s reliability improvement to meet the KPIs by reserving energy during less

traffic time, mostly between 23H00 and 05H00. 

It is vital to note that voice traffic goes to zero between the same time interval (23H00 -

05H00) while data is  at  its  minimal  usage,  making it  difficult  to completely shut off the

radios. Equally fundamental to highlight is that the actual traffic peaks from around 18H00 to

about 22H00 for all of the assessed solar PV-powered BSs and compares well with the power
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consumption peaks except the grid-powered and urban BS (Scout) due to its unique load

profile as already discussed, thus emphasizing the importance of backup batteries during high

revenue-generating time that occurs after sunset. 

Figure 26: Power consumption against data traffic for Mmasemouse BS

Figure 27: Power consumption against voice traffic for Mmasemouse BS
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4.6.2 Base Station Solar PV Currents, Voltages and State of Charge
It is essential to point out that although three months’ data from Nov-2022 to Jan-2023 was

used for the analyses; the results for the months of January and May are to be compared and

discussed following retrofitting or system adjustments implemented from February to April

for Mmasemouse BS. One of the major findings from this research is that the existing battery

charging current follows a lead acid battery charging characteristics for all the BSs with lead

acid batteries as shown in Figure 28 and Appendix F. Figure 28 shows that the batteries are

charged from 65.44% SOC to 75.27%, showing an increase of 9.84% within the first four

hours (06H00 to 10H00) due to the set float charge voltage at 55.0V. Once the batteries have

reached the maximum float charge voltage, the solar PV charge controller starts to limit the

charging current and continues to charge the batteries at a very small charging current or

declining current till they reach the maximum 86.37% SOC at 16H00 less than the expected

SOC of 100% hence showing an increase of only 20.92% from (06H00 to 16H00). It should

be noted that in all the audited BSs with lead acid batteries, the solar PV generator failed to

fully charge the batteries and start to discharge the batteries before sunset between 15H00-

16H00 as shown in Figure 28 and Appendix E.

Figure 28: Mmasemouse BS currents against SOC for before optimization

The peak current from the Mmasemouse solar PV generator (Ipvc) before any optimization

was found to be 100.35 A shared between the batteries charging at 76.60 A and the actual

load DC load as 22.10 A. Another observation is that;  this peak was obtained before the
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expected solar radiation peak at 12H00 for the southern hemisphere solar PV power plants.

The  total  energy  generated  from  the  PV  generator  was  found  to  be  606.97  Ah  which

compares well with the determined daily load requirement in Table 11 for Mmasemouse BS.

One observation from this audit was that once the batteries have reached the configured float

charge voltage limit, the batteries start to draw less charging current and maintain the float

charge state until the solar PV generator (Ipvc) is not able to meet the demand and the deficit

is supplied from the battery storage before sunset. Another observation is that the solar PV

current equates to the charging current (I battery) and load current (I load).

Figure 29: Mmasemouse BS currents against SOC for after optimization

Figure 29 and Appendix G show the results obtained after the solar PV array rewiring and

system configuration optimizations. The boost charge voltage was enabled and set to 56.4V

for 12hrs to cover the maximum charging duration. The correct float voltage was also set at

56.4 V being the upper limit threshold as opposed to the recommended float of 53.4 V as per

the battery specifications. The float charge was set for 12 hrs as it was initially configured.

The reconfigured float charge voltage allows the batteries to charge at the maximum rate,

whereas the extended boost allows charging at the maximum current for a longer duration

while managing the temperature increase through the temperature compensation feature set at

55°C maximum.  The optimized parameters and the rewiring from 6 panels per string to 7

increased the input voltage from 270 V to 317 V for the solar PV charger to operate at the

maximum output described in Figure 21, hence increasing the solar PV generator current and
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charging current  for the relatively  constant telecom BS load.  Figure 30  and Appendix I

compare the before and after battery charging currents with an increase of 34% and now

discharging at sunset. It can be confirmed that indeed the telecom BS load is constant by

comparing discharging currents in January and May in Figure 30 and Appendix I. 

Figure 30: Mmasemouse BS solar PV generator charging currents

The SoC reached 91% at 16H00 showing an increase of 5% compared to the 86.37% SoC

obtained  before  optimization  regardless  of  the  increased  discharge  time  in  winter,

consequently improving the state of health for the batteries by minimizing the number of

cycles. It is worth noting that the maximum solar PV generator current improved from 100.35

A to 120.22 A showing an increase of 20% and the harvested energy increased from 606.97

Ah to 723.10 Ah equating to a 19% improvement as shown in Figure 31 and Appendix J. It

can be noticed from Figure 30 and Figure 31 that the solar PV generator is currently able to

supply the BS load during generation time until  sunset at  17H00 while also charging the

backup batteries as opposed to January where it discharges at 15H30 before 18H00 at sunset.

It  should  be  emphasized  that  the  compared  results  for  January  and  May  have  different

radiation and PSH as summarized in  Table 6 and  Figure 31, with January having higher

levels of radiation and longer generation time but less solar PV generator energy yield due to

optimizations  parameter  results  observed in May. It  is  also critical  to underscore that  the

earlier the system discharges, the higher the storage requirement, resulting in a high levelised
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cost  of energy (LCOE),  low-performance ratio  and negatively  impacting  the  battery  EoL

cycle.

Figure 31: Mmasemouse BS solar PV array currents before and after optimization

Figure 32: Mmasemouse BS solar PV-battery system voltage before and after
optimization

Figure  32 shows  the  solar  PV  system  voltage  (Usys)  before  and  after  configurations

optimization. The solar PV chargers were initially configured to fast-charge the batteries for

the first four hours depending on the location’s radiation until it reaches the configured float
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voltage limit of 55.0 V as opposed to the recommended 53.2 V as per supplier 2V/1500 Ah

Shoto lead  acid  specifications.  It  can be noted from  Figure 32 and Appendix H that  the

system voltage is slightly higher than before with a peak voltage increase of 2% at 55.9 V

after  enabling  both  float  charge  and  boost  charge  voltage.  The  obtained  results  from

reconfiguration show improvements in the battery's  state  of charge as well  as the overall

energy regenerated. The system voltages dropped to a minimum voltage of 48.8 V which is

above the 48 V needed to power the BS. The voltage increases as the radiations increase and

maintain the peak value as a result of the extended boost charge voltage to twelve hours. 

4.6.3 Base Station Solar PV Power 
This section compares and discusses the Mmasemouse BS solar PV generator output power

before and after the solar-PV Battery optimization as shown in Figure 33 and other BSs in

Appendix J. The solar PV generator gives a maximum power of 5.54 kW at 10H00 compared

to 6.69 kW at 11H00 after optimization, showing an energy yield increase of 21%. It should

be  put  forth  that  the  optimized  solar  PV battery  maintains  the  maximum  power  for  an

extended duration, resulting in a 39.484 kWh/day generated energy compared to 32.907 kWh

showing an increase of 17%. As it has already been discussed, the rewired and optimized

solar PV-Battery system follows the lead acid charging curve characteristics not the radiation

pattern as in other standalone solar plants without backup batteries. 

Figure 33: Mmasemouse BS solar PV power before and after optimization 
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These noticeable improvements in KPIs were not only obtained in May with fewer radiation

levels but also at a reduced cost since there were no additional resources added to increase

capacity, rather some solar PV chargers and modules were recovered after solar rewiring and

faulty  components  replacement.  It  should  also  be  recalled  that  before  this  research

experiment, only two BSs (Mmasemouse and Malimong) were meeting the targets of 100%

overall  system reliability  without DG except for Ha Tlhoro as it  has a standby DG. The

Makebe BS failed due to poor design and solar panels mismatch while the Kolo BS failed due

to poor design. 

4.7 Base Stations Performance Ratio
This  subsection  discusses  and  compares  the  before-optimization  and  after-optimization

performance ratios (PRs) of five selected solar-powered BS. The four selected BSs namely;

Makebe, Malimong, Kolo, and Mmasemouse have lead-acid backup batteries while Tlhoro

has Lithium-ion batteries as shown in Table 5. The performance ratio was calculated using the

actual solar PV power (Ppvc) from the historical data and the calculated PV power on the

tilted angle using ……………………………………………… ………………….. (2 from the literature based on the

BS  location  meteorological  data.  The  month  of  January  before  changes  and  May  after

optimizations are used for comparison. The hourly averages are used with the average PR

calculated from 08H00 to 16H00 for both months. 

Figure 34: Mmasemouse BS performance ratio before optimization
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Figure 34 shows the PR for the Mmasemouse BS before solar array rewiring and parameter

optimizations and other BS’s PRs are summarised in Appendix L. The planned and installed

solar array capacity for the Mmasemouse BS solar plant was 11.3 kW. The solar array was

composed of  36 solar  PV modules,  each  rated  at  315 Wp and covering  a  1.9 m2 cross-

sectional area. The solar array was made up of 6 strings connected in parallel and each string

was made up of 6 solar panels connected in series. Mmasemouse BS solar PV-battery plant

shows  a  PR  of  46.07%  on  average  using

……………………………………………………………….……………….

………....................... (12 and a peak of 65.89% around 10H00 which is less than the 75%

recommended value. It should be noted that this peak does not correlate with radiation peaks

which  normally  occur  at  12H00.  It  can  safely  be  concluded  that  the  actual  power

consumption  does  not  follow the  radiation  pattern  leading  to  poor  PR or  overall  system

efficiency. 

Figure 35 shows the PR for the Mmasemouse BS after rewiring and parameter optimization.

The optimised  solar  PV-battery plant  now shows an average PR of 53.46%, showing an

increase of 7.39% compared to 46.07% obtained before improvement initiatives as shown in

Figure 34. The obtained PR peaks at 77.03% at 11H00 slightly above the recommended value

of 75%. It should be noted that this peak does not correlate with the radiation that peaks at

12H00 for May as per  ……………………………………………… …………………..  (2 described in  Figure 35

using radiation data from Meteornorm, indicating that further optimization can be considered.

It is also significant to emphasize that the improved PR is due to the increased charging time

and charging currents as well as the improved output power from the PV chargers as a result

of optimum solar array rewiring.
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Figure 35: Mmasemouse BS performance ratio after optimization

4.8 The Base Station Solar PV-Battery System Reliability 
Having designed and optimized the selected solar hybrid systems, the last step is to compare

their  simulated  annual  performance  before  doing  any  optimization,  and  their  annual

performance after optimization.  Figure 36 shows the annual performance for Mmasemouse

BS before doing any optimization and indicates that the BS was stable and had an excess of

0.11 kW in June for a 1.1 kW load. On average, for over 12 months, the solar-PV battery

system had a 2.1 kW hourly solar  contribution  leading to a 0.95 kW surplus before any

optimization. 

Figure 36: 11.34 kW Mmasemouse BS’s simulated annual performance before optimization
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Figure 37: 11.02 kW Mmasemouse BS’s simulated annual performance after optimization

Figure 37 shows the current performance of the Mmasemouse BS after it was optimally sized

with an 11.02 kW solar PV array and an installed 1500 Ah backup battery capacity. Using the

lowest PSH from Table 6 which can also be defined as the average daily energy production

from the given system measured in kWh/d, the results show that the planned solar plant will

meet the demand for the whole year. The month of June with the lowest PSH is used as the

design month,  and the plant  will  only dump 0.08 kW in June compared to the 0.11 kW

dumped before optimization. It is worth noting that the maximum solar contributions are to

be expected in November with 2.34 kW, December with 2.44 kW, and January with 2.28 kW,

resulting in excesses of 1.24 kW, 1.34 kW and 1.18 kW respectively for a 1.1 kW load BS.

On average,  the  currently  designed solar-PV battery  system has  a  1.99  kW hourly  solar

contribution leading to a 0.89 kW surplus after optimization compared to 0.95 kW before

optimization. 

Although most of the results showed positive results. There were some challenges meet, to 

mention but few: Allocation of budget to implement the recommendations that need capital 

investment for better results, lack of long duration historical data at least for twelve months 

for detailed analysis as opposed to four months’ data and lastly no standard solar controller 

configurations resulting is different results for sites with similar power and radio 

configurations. 
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5 CONCLUSION AND RECOMMENDATIONS

The solar PV resource and high altitudes in Lesotho are among the best and highest in the

world. Recently, MNOs in Lesotho have seen an increase in the deployment of solar PV-

powered  base  stations  in  rural  areas  to  improve  network  coverage  for  the  mostly

compromised communities. This justifies the need to model and design an optimal solar PV-

battery system to power telecom base stations operating in high-speed technologies that meet

both the MNO and regulator targets. Historical data from five solar-powered and one grid-

connected  BS  was  used  to  assess  the  BS’s  performance  and  calculate  their  solar  array

performance ratios. 

The meteorological assessment results for the Mmasemouse BS showed the maximum global

horizontal radiation of 249 kWh/m2 in December and averages at 182 kWh/m2 with 21.7°C

ambient temperature in January and the lowest PSH being 2.57 hrs in June which is used as

the  design  month.  It  was  observed  that  all  the  selected  BSs  have  favourable  ambient

temperatures and high radiation levels as well as the highest PSHs in summer starting in

November to March, but very low clearness indices due to the highest levels of precipitation

compared to winter starting in April to July having high clearness indices but low radiation

levels  and smallest  PSHs. Based on these results,  the maximum PR is  expected  between

August  and  October  due  to  favourable  radiation  levels,  clearness  index,  fewer  levels  of

precipitation and average PSH compared to other months. 

The daily energy balance method and time step method were used for load determination

using  the  equipment’s  technical  specifications  as  well  the  historical  data.  The  time  step

method is highly recommended as it relies on the historical data for load profiles; it was used

to  determine  the  normalized  load  coefficients  that  can  be  extrapolated  to  new  BS

deployments with similar radio configurations integrated with DEBM. The TSM resulted in a

0.4  kW  load  requirement  for  Makebe  BS,  0.9  kW  for  Malimong  BS,  1.1  kW  for

Mmasemouse BS, 1.5 kW for Tlhoro BS, 1.9 kW for Kolo BS, and 2.2 kW load for Scout BS

respectively.

Based on the determined load requirements, the solar PV-battery system components were

audited and optimally resized to meet the highest reliability  which will not only assist in

protecting  the  MNO’s  revenue  and  meeting  the  MNO and  regulator  targets,  but  also  in

maintaining a good customer experience. The optimized system sizing results and solar PV-
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battery’s major KPIs were analysed and compared with the results prior to optimization. The

results show that the power consumption follows the actual traffic and is not as constant as

other researchers revealed,  it  however does not go below the typical power consumption,

hence a recommendation for power-saving features activation to conserve more energy. 

The optimized results show an increase of 6% in SoC from 86% to 91% in January and May

for the Mmasemouse BS while other BSs were found not configured to measure the SoC. The

rewiring and solar PV charger/MPPT controller optimization resulted in a 20% increase in

the solar PV generator current for Mmasemouse BS, an improvement of 34% in charging

current, and a 17% increase in solar PV power resulting in a 7.4% performance ratio increase

from 46% to 53.5% with only 0.08 kW surplus in June. The only recommendation for the

Mmasemouse BS is to increase the backup capacity from a 1500 Ah lead acid battery to a

1700 Ah battery to meet 2.5 days of autonomy time.

There is no noticeable improvement from the Makebe BS; a recommendation is therefore

made to replace the existing mismatching solar PV panels, increase the tilt angle from 5° to

30°, and backup storage from 400 Ah to 700 Ah so as to improve the PR from 35%. The solar

PV output current for Malimomg increased by 12%, the battery charging current by 23%,

solar PV power by 11%, and the PR by 3.5% from 31% to 34.5%. To further improve the

Malimong BS’s PR, it is highly recommended to downgrade the solar plant from a 10.8 kW

capacity to 8.4 kW or introduce new technologies, thus increasing the BS load and generating

more revenue with the current surplus that is being dumped.

After replacing faulty backup batteries at Ha Tlhoro BS, the following improvements were

noticed: a solar PV generator current increased by 90%, charging current by 60%, solar PV

power by 46%, and PR by 27% from 20% to 47%. The recommendation for Ha Tlhoro BS is

to replace the existing solar panels that have reached EoL with a 15.8 kW solar array and a

2300 Ah battery without the backup DG. After integrating the two standalone solar arrays

into one, rewiring the solar panels, increasing the charging current limitation and replacing

faulty batteries  for a high-capacity  solar-powered BS in Kolo,  the following results  were

obtained: solar PV generator current increased by 7%, battery charging current by 19% while

solar PV power improved by 40%, and PR by 59% from 34% to 53.2% peaking at 90%. It is

worth mentioning that, the installed lithium batteries were then managed directly from the

battery management  system (BMS) leading to 100% SoC at  15H00. To achieve  close to

100% reliability for the Kolo BS, it is recommended to increase the current 14.7 kW solar
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array to 17.6 kW and storage from 1200 Ah to 2900 Ah for 2.5 days of autonomy. It can be

deduced from this  research that  the  backup battery  health  status,  BS load,  and solar  PV

charge controller  configuration, solar PV array wiring have a direct impact on the overall

solar PV array performance ratio.

As  a  result  of  the  optimal  redesign,  there  was  a  significant  improvement  in  the  BSs’

performance ratios as well as the system reliability, implying MNO revenue protection and

good customer experience. The same procedure can be used by other local MNOs, solar PV-

battery  systems,  and  mini-grid  developers  to  improve  their  system  efficiencies.  The

determined BS’s  normalized  load  profile  coefficients  summarized  in  Appendix N can be

extrapolated to new BS deployments using the supplier's technical specifications. 

Although  there  are  visible  improvements,  some  challenges  were  encountered  while

conducting  this  research.  These  challenges  and  limitations  include  access  to  prolonged

historical  data  (as  most  of  the  Delta  Orion  charge  controllers  can  only  keep  data  for  a

maximum of four months), inconsistent configurations throughout the network, limited time,

and restrictive budget to optimize the solar PV collector's tilt  angles to improve PR. It is

therefore recommended that old charge controllers should be replaced with new versions,

standardized  configurations  be  implemented  and  the  BS’s  plants  information  or  data

collection  be  connected  to  the  cloud  for  end-to-end  monitoring  and  data  processing.  A

proposition is therefore made for further studies in the telecom industry with a direct focus on

the techno-economic analysis between solar-powered and grid-powered BS, determination of

the optimal backup batteries autonomy time   as well as energy management principles to

control operational costs while reducing carbon emissions as well.
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