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Preface

The world is currently assuming the form of a close-knit
communication platform with or without access to electric-
ity in several parts. Mobile telephony is fast spreading its
wings far and wide, with those hooked on to it finding one
channel or another to charge a mobile phone, for instance.
Incidentally, there are several villages in India where electric-
ity is unavailable, but happy phone users commute to adjacent
areas to charge their phones. This raises the pertinent ques-
tion of whether one can continue to live without electricity
but not without a mobile phone. Of course, securing electric-
ity access far outweighs other considerations, but it is simply
unavoidable to align with modern-day transformations. This
brings into focus the role of clean, safe and reliable green
technologies such as solar photovoltaics (PV). Today, the role
of PV technology is far more etched in several ways than
ever before. Rooftops are fast becoming the agents of new
change in terms of accommodating solar PV panels along with
a mushrooming number of direct-to-home (DTH) dishes for
viewing TV programmes. The list of end users taking an early
recourse to PV system adoption grows by the day. Now, ‘solar’
is no longer an alien word, but the real issue hovers around its
long-term reliable use.

It is worth mentioning here the repeatedly talked about
number of ill-performing PV systems for various end-use
applications, including lighting, water pumping, battery
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charging (for multiple uses) and, most importantly, power gen-
eration. We should also keep in view the fact that non-solar
appliances malfunction at times. So solar is no exception on
this front. The fact is that PV systems have now become more
reliable than ever before, even though it still makes sense to
keep monitoring their performance under actual field operat-
ing conditions.

Proper selection of a solar-worthy site from all possible
considerations is fast becoming a norm rather than a choosy
affair. A majority of PV systems now rely on the use of simu-
lation software, for example, to determine power generation.
Site resource assessment is now an important activity preced-
ing the actual system sizing procedure. Several PV simulation
softwares are currently available in the marketplace with dif-
ferent degrees of actual utilization across the world. However,
the underlying logic is to first gain familiarity of the key fac-
tors prior to undertaking a system simulation exercise. The
moot question is whether manual system sizing procedures
are better than simulated procedures any day. Well, the latter
techniques offer a plethora of benefits due to the embedded
nature of checks and balances within the software.

A larger issue is the capability to utilize the simulation
software available in the market today. In a country like India,
obtaining an individual licence to softwares is mostly out of
the question due to their high costs. However, there are sev-
eral softwares with identical purposes available for free down-
load most of the time. This brings into the realm of immediate
discussion the curiosity of getting the most accurate results
while dealing with PV systems under actual field operating
conditions. Several parametric considerations delve deeply
into the relevant scheme of things so as to suggest that a
system simulation activity is not a cakewalk. It needs to be
performed with the best of system design and engineering
capabilities so as to romp home with a good enough harvest
of the expected energy generation. The real need is to devise
a true synergy amongst all the factored-in values of actual
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importance in the system size estimation and the accompa-
nying values of the expected system performance. Capacity
building, vis-a-vis these modern-day tools and procedures, is
an important activity of the whole charter, failing which not
much can be accomplished on this important front.

According to the market analysis made by GTM Research,
global solar PV installations for 2015 touched a high of 59 GW.
This marks an increase of around 34% over the total installed
PV capacity achieved in 2014. Further, there is an expected
cumulative realisation of worldwide PV capacity of about 321
GW by the end of 2016. Geographically, the largest markets,
yet again, are China, Japan and the United States as per the
available market estimates of a well-known PV market infor-
mation company with diverse interest in several core areas
including energy (.e. IHS). Grid-connected PV energy storage
installations grew in 2015, though not appreciably. Likewise,
PV systems up to 100 kWp accounted for as much as 20-30%
of global installations. Monocrystalline silicon cell technol-
ogy is gradually inching forward to retrieve its lost ground to
the currently-in-vogue polycrystalline technology. India has
recently upscaled its PV installation target to around 1,00,000
MW by 2022, which seems to be a gigantic target by any
means. The sunrise technology sector in India is set to gain
expanded horizons of use across the diverse sectors of energy
economy. This really signals a heightened impetus for spread-
ing awareness about PV simulation tools and procedures in no
uncertain terms.

This book lays down a preparatory framework on the
diverse aspects of PV technology, applications and programmes
from a variety of end-use considerations. It is expected to serve
as a basis for realizing expected gains from PV systems while
taking recourse to simulation activity. There are eight chap-
ters in the book with clearly spelt-out objectives and expected
outcomes. Chapter 1 touches upon the role of renewable
energy technologies in a holistic energy scenario in terms of
several projected demand and supply scenarios and underlying
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solutions. Chapter 2 makes a clear categorization of off-grid
and on-grid PV applications while drawing upon the relative
advantages and limitations. Chapter 3 highlights the signifi-
cant promise of solar radiation availability on Earth in terms
of vital dependencies on several processes, phenomena and
cyclic variations of several elemental considerations. Chapter 4
takes up the issues related to on-site-specific considerations.
It is crucial to gain a clear understanding of the issues which
may impact the operation and smooth running of PV facilities
in one way or another. Chapter 5 involves a basic treatment of
the system design considerations from a variety of parametric
aspects and site-specific prevalence of the important issues.
Chapter 6 introduces PV system sizing procedures via the
modern use of simulation software. The specific objective is
to draw out clear advantages of basing a system design on the
resultant outcome of a simulation activity from a variety of end-
use considerations. Each of these softwares holds out relative
merits and demerits in terms of its applicability to a given field
situation. Chapter 7 presents an analysis of actual PV power
plant sites when designed via the use of simulation software.
It goes on to determine the weak links in a PV system design-
cum-engineering chain, for instance, in terms of the assessed
number of failures as attributed to that from real-time moni-
toring of the systems. Finally, Chapter 8 brings out the clear
importance of capacity-making initiatives vis-a-vis the available
range of PV simulation software, tools and, most importantly,
procedures at large. It takes up a few case-specific examples
of education, training and awareness generation activities of a
selective few organizations from a practical perspective.
Overall, this book attempts to familiarize interested readers
with solar PV technology and its key attributes, end-use appli-
cations, system design requirements, influence on climatic and
site-specific parameters, utilization of simulation procedures
and expected performance levels in an easy-to-understand
manner.



Acknowledgements

I am very grateful for the support of various stakeholders
who are involved in the overall development of the solar PV
programme in India. Without their help, it would have been
quite difficult to put this book together. It is not possible for
me to acknowledge each source of information individually.
However, I extend my sincere thanks to all of them.

I owe my profound sense of gratitude to CRC Press, who
motivated me and Dr. Om. P. Nangia (ex-BHEL) to take up this
topic from an Indian perspective. Although Dr. Nangia could
not continue being part of this project, I thank him for his
help at the initial stages of the preparation of this book.

Finally, I dedicate this book to the cherished memory of my
late father, Sh. Brij Nath Deambi. My affectionate thanks also
go to my wife, Neeru Bhat Deambi, and daughter, Tammana
Deambi, for their patience and support throughout the stages
of the book preparation.

xxiii






About the Author

Suneel Deambi, PhD, is a solar energy specialist with practical
experience of about 25 years in the renewable energy (RE)
sector. His active areas of interest are RE policy, planning,
technology, financing, programme implementation, perfor-
mance evaluation and capacity building initiatives. He is a
prolific writer on energy—environment issues with three books
to his credit plus a large number of published articles/features/
reviews etc. in the leading media of information dissemination.



R, 75 ZE S BEPDRIE U5 M) : www. ertongbook. com



Contents

LiSt Of FAIGUIES .........ovuiiiiiiiiiiiicceeiineiciniinceecreecneesnnaesssssininn xiii
LISE OF TADIES . :.u5m0m0musmisanmimonronnan sessnsassasesmuernssmussssassnsmnssos XV
Preface.........c.cccoeviiiiiiiiiiiiiiiiiiiicccciiiiii Xix
Acknowledgements..............ccoevviiiiiiiiiiiiinininiinneneseenaiinnnes xxiii
About the AUuthor ...........ccoooviiiiiiiiiiiiiiiiii e XXV

1 Role of Renewable Energy Technologies in the
Overall Energy Scenario at a Global Level .............. 1
1.1 IOTOOMICHON v o encmmmmen asiiiosmninai iniiadio nin s saoninin s imamaginsivs 1
1.2 Global Energy-Use Status..........cceeveerveenerieriveivrarnennne 3
1.2.1 Role of PAVALE SECIOL. . .cuuuesrnrcs consssmnsnssruirianaase 3
1.3 RESOUIEE MIX i isinneress sssaswossvsrnnnmsesass s sesessinisnupssminions 4

1.3.1 Various Policies to Match Energy Supply
and Demand ..........ccceveevievieeiieiiieee e 6
1.3.2 Country-Specific Examples in Brief ................ 6
1.3.3 Security of Energy Supply .......ccccooovvvviriiririnnns 7
1.3.4 Share of Fossil PUELS umwassssismsersimisissomssonmiiss 9
1.3.5 Role of Low-Carbon Technologies .................. 9
1.3.6 Environmental Advantage .................ccccoveee. 10
1.3.7 Energy as an Enabler......................occoooi 11
1.3.8 Briel ARGIYSIS.......ccoimmmismssmsmsonins ssvs s somonssmssias 13

1.3.9 Assessment of the Available Energy

TechnolOGIesS ......c.cuvveiiiiiiiiiiiiiiiiiicciiiei 14
1.3.9.1 Importance of ‘Net Energy’................ 14



iv ® Contents

1.3.9.2 Nuclear Energy........cc.ccovvvveviveiiivviernens 15
1.3.9.3 Other Energy Sources ...........cc...cov... 15

1.4 Existing Investment Climate for Renewable
Energy Technologies ..., 16
1.4.1 Introducing Solar Energy Technologies.......... 17
1.4.1.1 Dye-Sensitized Solar Cells.................. 17
1.4.2 Concentrated Solar Power Technology .......... 18
1.4.3 Grid Parity.....cccccovvrererireeiiieciireccoiieessinveeeenns 18
1.4.3.1 Taking the Challenge Head-On......... 19
1.4.3.2 Fast-Declining SPV Price Regime....... 19

1.5 Projected Worldwide Goals for the Development

and Deployment of Solar Technology...................... 20
1.5.1 Solar Photovoltaic Leading from the Front.....21
1.5.2 Emerging Demand in MEA Region................ 23
1.6 Key Challenges and Opportunities..................cc...... 26
1.6.1 Primary Global Issues at Present ................... 26

1.6.2 Markets and Policy Makers Both Play
Crucial ROIES ........ccoveviiiiiiiiiiiiciicei, 28
1.6.3 Five Key National Areas for Action................ 29
1.6.3.1 Policy Measures............cccceveevvveenen. 29
1.7 Summary of Latest Indian Energy Scenario.............30
1.7.1 Energy Issues and Challenges....................... 33
1.7.2 Financial and Fiscal Incentives...............ccc..... 35
REFEICNCES ...ivvviiiiiiieiit e e e 35
2 Off-Grid and On-Grid PV Applications.......cccccceuen. 37
21 TOtrOTOOHON ovemsmmsonsmsmmssmmssesssises s A 37
2.2 Commonly Used Off-Grid PV Products ................... 39
2.2.1 Solar Lantern ....cccevvvvvviiiiiriiiieeeiiinresiinneeseennns 39
2.2.2 Solar Home-Lighting System.................ccccuu.... 41
2.2.3 Solar Street-Lighting System.................c...c..... 42
2.2.4 Solar FanS....ccccovvvviiiiiiiiiiiciins e 44
2.2.5 Solar Garden LightS ...........ooooeeiviiiiiiiiieeenen. 45
2.2.6 Solar Chargers........ccccoovvioiiiiiieieiiiiiiieeenineens 46

2.2.7 SOIAT INVEILCT ccveeeeeeee e e ecees e e e e s s e raeennes 47



2.3

2.4

2.6

Contents n

2.2.7.1 Off-Grid Mode............ccoovevnrieiinnnnnn.
2.2.7.2 On-Grid Mode..........covvvvveniriiiniinnn
2.2.8 SPV Water Pumping System ...............ccccvvunnns
2.2.8.1 Key Solar Water Pumping
Technologies.........coocovvvieiiiiiciniininn,
Grid-Connected Rooftop Solar Power Plant.............
2.3.1 Role of State Governments.................c..covvree.
2.3.1.1 Institutional Arrangements.................
2.3.2 Brief Outlook on Global PV Rooftop
NEATIBE ..o oo ot e ARS8

2.3.2.1 Rooftop System Description...............

2.3.2.2 Identification and Traceability ...........
Solar Net-Meteting ..o wimssasusmmsmssammisssissmssion
240 Cost ARAlYEIS . esmmswnmmminmigimmsissawgpams
2.4.2 Key Objectives of the PV Rooftop

PIOGIAMME......cuveeviiiiriciieeieeiie et
Electricity Bill with Solar Net-Metering — A Few

Case-Specific EXamples.....c...ccoceeevvviiiinieiiiiciieiiinenn
2.5.1 Getting a Solar Net-Metering Connection
— Five Convenient StEPS .........cocovvvivviiiiiiiennnn.
2.5.2 Safety Requirements for Grid-Connected
PV SYBIELIS, ... 8.5 503165 550,455 o0 e 555 658 FR0AAA 8 8
2.5.3 Technical Standards for Connectivity.............
2.5.3.1 Classification of Projects Based
on Grid Connectivity........cocvvveevverinnns
2.5.4 Business Models for Grid-Connected
Rooftop and Small Solar Power Plants..........
Estimated Rooftop Potential for Central
Government Buildings ...........cccceevvvviiiiiiiiieeaiieeenen.
2.6.1 Current Status of PV Rooftop
Deployment in India............cccoovvvieviieeeeiinnnnnn
2.6.1.1 Fiscal and Financial Incentives
for ROOIOD PV ssssommsssemsmasaves
2.6.2 A Few Selective Large-Capacity PV
Rooftop Installations...............ccocveeeveeeeneenn...

\%



vi

m Contents

2.6.3 Case Study for an 80 kWp PV Rooftop

System at Hero Honda..........ccceeeviiinininnnnnn, 72
2.7 Status of Large-Capacity Grid-Connected
Power Generation..........c.ccccoviviiunnneeeneenenniin, 77
2.7.1 Capacity Addition under Various Schemes.....78
REFEICNCES ..o 82
Solar Radiation Availability on Earth........c....cc...... 83
3.1 INrodUCHON ......ooivviviiiiiiiriiiie e 83
3.2 About the Earth..........co..oooviviiiiiiiiiiic 84
3.2.1 Key Outcome of Earth’s Rotation................... 85
3.2.2 Energy Balance..........ccccoevvviiiniiiiiiiiniiininnn, 85
3.3 Radiation EMiSSIONS.............cocveveerviiieiiniiiiininiinnnn, 86
3.4 Solar Radiation Terminology..............ccccceevvvien.... 88
3.4.1 Solar Radiation on Different Sources............ 90
3.5 Sun-Earth Geometric Relationship.............c....ccoe..e. 92
3.5.1 Sun’s Trajectories during Different Seasons......94
3.5.2 Key Factors on Which Insolation Depends......95
3.5.3 Quantity of Radiation (Absorbed)................. 96
3.5.4 Radiation on a Tilted Surface ....................... 98
3.5.5 Concept of In-Plane Radiation ..................... 08
3.5.5.1 Case-Specific Example .................... 99
3.5.5.2 Empirical Estimation of Solar
Radiation.......cccevvvviiiiiiiiiniiieiiccnn 99
3.6 Radiation Measurement Techniques...................... 100
3.6.1 Different Types of Sensors .........ccccvvvivveennn 103
3.6.2 Different Types of Pyranometers ................. 104
3.6.3 Measurement of Direct Radiation................. 105
3.6.3.1 Broad Classifications of
Pyrheliometers..........c..ccoeeviviiiniennnn, 106
3.6.4 Sunshine Recorder.............cccoovvviiiiiniiniin. 107
3.0.4.1 Albedometer........cccoovvrviiieiviiinnninn, 108
3.6.5 Measurement Accuracy of Solar Radiation..... 108
3.7 Overview of Solar Radiation Measurement

Activity in India.........cccovvvveeiiiiiiiiiiiiiiiiieee i 109



Contents B vii

3.7.1 Salient Features of SRRA ........ccccoevvirrenrnn. 111
3.7.1.1 Data Acquisition System.................. 112
3.7.2 Institutional Collaboration............ccoeivvvennnn 113
R TN s st st e A DRSS 114
On-Site-Specific Considerations .........c..cceeennennens 115
4.1 INEOAUEHION . conwsmmamissos sy e 115
4.2 Efforts at Preliminary Siting of PV Power Plants..., 117
4.2.1 Strategic Approach for SHNE ..o svssesms s 119
4.2.2 Solar Insolation Determination .................... 121
4.3 Solar PV Selection Model in GIS Environment ...... 124
4.3.1 Criteria Identification ..........cccoeceeevvivveeeinnnnn, 124
4.3.2 Geographic Data-Specific Software ............. 126
4.3.2.1 Generation of Maps for the Site....... 127
4.3.3 Exclusion Criteria .........ccovverireiirniieiinennnnn, 128
4.3.4 Assigned ChOICE.........cccovuvveeeeeiriiiierinriernnninnns 129
4.3.5 Simple Concept of a Sun Path Diagram....... 131
4.4 Role of Geotechnical Investigation in Solar PV
POWET PIANLS ...vvviiiiiiiicciiesiie e 131
4.4.1 Case-Specific Example.............c.oocooccinnnnnen, 133
4.4.1.1 Standard Penetration Test................. 134
4.4.1.2 Measurement of Water Table ........... 134
4.4,1.3 Summing Up the Geotechnical
ISSUES .ot 134
4.5 Overview of Risks in Solar Projects Prior to
Their COMMISSIONING ....ccvvveriiririiieiiieiiiireciiir e 135
PR CTEINCER ..o s oo 585 A AR R A 137
PV System Design Considerations......cccccieeecencnnas 139
5.1 INrodUCtON .....vviviiiiiieieeeeeeeece e 139
5.2 Key Attributes of Solar Modules....................c....... 141
5.2.1 Design and Structure Concept ...........coovvven. 142
5.2.2 Industry Ratings of Solar Modules............... 143
5.2.2.1 Effect of Solar Irradiation................. 144
5.2.2.2 Effect of Temperature....................... 144

5.2.2.3 Mismatch in Solar Cell/Module........ 144



viii

m Contents

5.2.2.4 Mismatch of Series-Connected
0 2 OL<] |
5.2.2.5 Occurrence of Hotspots in Solar

7 (e 11 RO —
5.3 Current-Voltage Characteristics.........ocvvrvvivirivrinnn
5.3.1 Availability of Solar Energy ............c.cc..ovv...

5.3.2 Cost of the System ..........cccceeeviiiiiiiiiniinnnnn.
5.4 Additional Attributes of a Solar PV System ...........
5.5 System Design-Specific Considerations ................
5.6 Balance of SYstem ..........ccccovuivemienevieiiiiiicieeien

5.6.1 Matching Issues with System Components....

5.6.2 Key Design Characteristcs ........c..cocevvvvrennn.
5.6.3 Underlying Attributes of an MPPT
Controller Technology .......c.cccccoevvvieiiiiennnne.
5.7 Sizing of PV SysStem........ccccovvnimminicniiiiiiiinninnin
5.7.1 Manual Procedures for System Sizing.........
5.7.1.1 Determine the Total Load Current
and Operational Time...................
5.7.1.2 Add System LOSSES ...........ccoeririrrnn.
5.7.1.3 Determine the Solar Irradiation in
Daily Equivalent Sun Hours............
5.7.1.4 Case-Specific Example...................
5.7.2 Determine Total Solar Array Current
REGUITEIEILS 1ion v ivavmsvnssnsnavssas snmasnvn svssineninnio
5.7.2.1 Determine Optimum Module
Arrangement for Solar Array...........
5.2.3 Case-Specific EXAMPIe......oumusisumsssmmssssssss
5.7.3.1 Determine Battery Size ...................
5.8 Cost Of @ PV SYSIEM ....covveviviieiieeiieeenieceniesiiineenne
5.8.1 Cost of the Balance of System.....................

Introduction to PV System Sizing Procedures
via Simulation Software.........ccceeeieiiininininecninnnns
6.1 INOAUCHON ....ovvviiiiiecii it
6.2 Trends on Advanced Simulation Software
Development for PV Installation............cc.ccccuvennnee.



