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DESMGHNING GRID-CONNECTED PV SYSTEMS

String fuse protection: When is it required and when not?

Example:
Modube: Sunshine Model 5185
s 5.5A

Maximum series fuse rating™  15A

Case One: 2 Parallel Modules : One is shaded or faulty
5.54

Maximierm Taiilt
current 5.54.

Conclusion:
Mo faull protachon
resquired.

1A

RMaximum faul
curent 114,

Conclusion:
Nao fault protection
required.

Mazimum fault
currenl 16.54,

Conclusion:
Faull protaction
reguired

Themslore: array muost be prolecied in each siring because of the unknown posioen of faull.
* Maodulz Reverse Curreni Rating is also known as Maxamum Senes Fuse Raling
# Azgume OA current output

Figure 8.3 Exampie of when string protection isfien't required by Australian Codes
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Introduction to Solar Power

Almost every aspect of modern life is dependent on electricity. As technology
improves, almost evervthing we use, from cooking and cleaning appliances to
sports and entertainment cquipment, has been updated to nclude clectronic
circuitry. However, society's dependence on electricnty 1s increasingly problemanc:
as conventional fossil fuel reserves diminish and the danger of climare change
materializes, the need for alternative energy sources is unprecedented. Solar
power, thar is elecericity generared using energy from the sun, 1s an atrracuve
way to olfset our reliance on elecrricity generated by burning fossil tuels.

This book explores how solar energy is converted into electricity that can
be used to power our homes and cities. It begins with a description of the solar
resource, which is the sun’s energy himting the Earth's surface, and goes on to
deseribe warvs in which this resource can be quantified and captured by solar
power systems, [t explores different technologies used to convert sunlight into
electricity and details how a grid<connected photovoltaie system s designed,
installed and commissiened at the residennal level.

Why solar power?

Since the industrial revolution, developed nations have been burning fossil fuels
in ever increasing quantities. However, m the past decade two major problems
with this have come to light. The first relates both o the scarcity of fossil fuel
resources and the notion of energy security. The oil reserves that the world
currently depends on are accepted as being a limited resource, and iv is
acknowledged that demand for oil will only increase as countries such as India
and China increase their levels of industrialization and burgeoning middle
classes demand more power. This growth will create an enormous demand on
fimite resources. Moreover, these resources are generally found in areas
charactenized by conflict, such as cthe Middle East, and prices can be highly
variable. Interest in renewable energy technologies like solar power is driven by
the need to meet these increasing needs and a desire for independence from ever
increasing o1l prices. The beauty of solar power 15 that it has very few runnming
costs: once the capital investment has been made the energy is effectively free,
while fossil fuels must be purchased continuously and all indications are that
prices will continue o rise,

The second problem is that of human-induced climate change (also known
as global warming), the widely accepted theory that burning fossil fuels releases
greenhouse gases (GHGs) such as carbon dioxide and methane into the
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10 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

and create steam which can be vsed to drive a steam turbine and generate
electricity. CSP systems are most economical when deploved on a large scale
and normally act as a power plant; feeding the electricity produced back nto
the grid. This technology has been in use for many years in the Mojave Desert,
Califorma, and is now emerging in other regions such as Spamn.

There is a great deal of international interest in CSP rechnology and a new trend
tor substituting, water with molten salts as a storage medium is emerging. One of
the main problems with solar power is that electricity storage is very expensive;
however, molten salts are able to store the energy produced by a CSP system as heat
tor several hours so electriaty can still be produced at night time when the sun no
longer supplies energy. This form of storage is signibicantly less expensive than the
batterics normally used to store energy produced by photovoleacs.,

Passive solar design

Passive solar design refers to designing a building in order to unlize the sun's
energy as much as possible, It varies significantly throughour the world, the
hasic idea being to keep the sun’s rays out of the house in the summer and to
trap the sun’ rays inside the house during winter and so to minimize the need
tor artificial cooling and/or heaning.

*  Deciduous trees and vines are useful because if planted in a location exposed
to direct sunlight, they will shade the area in summer, but in winter they lose
their leaves allowing the sun’s rays to come i angd warm the area,

*  FEaves and pergolas can be designed to shade windows during the summer
{when the sun is high in the sky) but allow sunshine in during wincer {when
the sun s low in the sky) 10 warm the building. The eaves should also be
lightly coloured so they will reflect the sun’s rays in summer If they are a
dark colour the marerial will absorb the sun’s rays and heat up.

Sismerneer sum: B5°
Jufi - Aug
Winkiy syn: 12 gt ladion
Oct - Feb Laasvrisd wert
Light cokoured rood maienals
) il sackirgg & irnsusalion
Vel F‘hrm .
Seasannl shading s
‘ 10 souih wall glazing Sy
Figure 1.15 A variaty of ' bresces
technigues used to caplure the Pemgola
power af passive solar: some g =
are very simple while others _ |
need 10 be incomporated nka Courtyarnd
the busiding’s design fram the
very baginning |
Spurca: Global Sustainable Energy Desiducis planing  MasEmum JIazng Thesrmal mase Scraen plantag against
SeHutiarG bor Ecithy il fioaing WntET winds
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INTRODUCTION TO SoLAR Power 11

e SUTIMET SUN

Winter Sun

Figure 1.16 When comrectiy
designed eaves can pravant
sUrMIMmEr sun enterdng the
window but allew winter sun fo
warm the building

Soerce: Global Sustainable Energy
SOl S

*  Windows allow for cooling breezes in summer and can be closed in the
wanter tooseal in warm air, These should be positioned according to loeal
wind direction, i.e, if summer winds commonly blow fram the northeast,
windows should be placed on the north side of the building and on the east
side of the building to capture the breeze.

*  Thermal mass and insulation is important for maintaining the building at a
comfortable temperature despite fluctuanons in outside temperature. This
can be as simple as closing curtains in winter to stop heat escaping through
the windows.

All these techniques can be vsed to reduce the need for artificial heating or
cooling and reduce the propeny’s energy consumption. They are an excellent
complement to a solar electric system as energy-ethcient houscholds will use
less electricity and so export more solar electricity to the grid,

How to use this book

Geetting involved with the solar industry can be daunting, This book provides a
clear ntroduction ta the termimology and technology used n grid-connected PV
systems, For homeowners and property developers looking to purchase a system,
this book gives a clear outline of whar ro expect during the design and installation
processes. For builders and electricians looking to work in the solar industry, it
serves as an introduction. It should not, however, be used as a substtuee for an
accredited rraining course. Grid-connected PV systems should only be designed
and installed by professionals accredited in the country of installation; in all cases
local codes and national standards must be consulted. The following chapters
outhne topics relevant to grid-connecred solar electric systems.

Solar Resource and Radiation (Chapter 2)

Before the sun's power can be harnessed by PV devices it is important to
establish how much solar energy is available at a given location. This chapter
outlines the basics of solar resource dara: where it can be acquired and how i
15 used. Solar resource varies significantly dependmg on the time of day,
lescation and time of year. All these factors must be taken into account when
designing a PV svsrem.

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

12 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

PV Industry and Technology (Chapter 3)

What are PV devices and how are they manufactured? This chaprer explores
the basic science of PV rechnology and the many different varieties of PV
technology available, including their strengths and weaknesses. It also includes
important information about buving modules, such as which standards and
certifications to look for and what to expect from a PV module warranty.

PV Cells, Modules and Arrays (Chapter 4)

In order o design and install a PV array a sound knowledge of the elecirical
characteristics of PV cells is required. This chapter explores how PV cells are
connected to make modules and the different ways in whach these modules can
be connected to create arrays. Sample calcularions demonstrate how the voltage
and current outpurs of a solar array are determined,

Inverters and Other System Components (Chapter 5)

Az well as the PV array there are many other components required to make a PV
system. The inverter converts the DO power produced by the PY array o AC
power appropriate to be fed into the grid. Many different tvpes are available and
their different uses are discussed. This chapter also discusses the cabling used to
connect the components, PV combiner boxes and module junction boxes which
are used to bring together wires and cables. Protecoon and disconnect devices
thae ensure the safery of the system, lightning proteceion, the meter through whach
electricity flows into the grid and moniroring equipment that provides system
ewners with uselul mformation regarding power output are also covered.

Mounting Systems (Chapter 6)

Mounting systems are used to secure the PV array to a surface: both roof and
ground mounting systems are discussed n Chapeer 6. There are many ditferent
wavs to mount a PV array and the final decision on which system to use 15 often
based on a compromise bertween performance and aestheoics. This chaprer
describes the different systems and explores these trade-offs.

Site Assessment (Chapter 7)

Once a property owner deaides to purchase a PV system the next step should
be a thorough site assessment. The designer will assess importang physical
features of the site such as size and solar resource in order to determune the
optimal system design.

Designing Grid-connected PV Systems (Chapter 8)

Following a successful site assessment the svstem must be designed, Ths
chapter explores important design processes such as responding to the design
brief and choosing system components by referring to local codes, caleulation,
software and analysis of local conditions.
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INTRODUCTION TO SOLAR POWER 1.3

aizing a PV System (Chapter 9)

This chapter demonstrares the calculations required o match the mverter and
arrav and ensure they operate safely together. It also shows how ro calculate the
PV system’s yield, accounting for typical system losses. Twa sample caleulations
show the complete process.

Installing Grid-connected PV Systems (Chapter 10)

The mstallation of PV systems is deseribed with reference to each imdividual
component and the chapter concludes with a discussion of the requirements
related o connecting a PY system to the grid.

System Commissioning (Chapter 11)

This chapter describes the process of turnimg the PY system on and feeding
electricity into the grid, Safety 1s paramount to this process, which mvolves a
thorough visual inspection of the PV system followed by electncal tests and
finally the commissioning of the system ({rhat is its connecrion o the grid). The
process s heavily dictated by local codes. However, a rough description of the
inspections and reses thar mayv be required is given.

System Operation and Maintenance (Chapter 12)

Afrer commissioning, many PV systems operate without trouble for decades.
However, regular maintenance checks are important to ensure the svstem
always operates ar s best. This chaprer cutlines common maingenance
pracoices and who they should be completed by. It a problem does occur,
troubleshooting will be required; this can be difficalt and should alwavs be
done by an accredited professional.

Marketing and Economics of Grid-connected PV Systems
(Chapter 13)

In addition to the technical details of PV systems, familiarity with the economics
of PV systems 1s an important part of any solar protessional’s job, This chaprer
outlines the rvpes of hnancial incentves available theoughour the world o PV
system onwners and where further information on them may be found. It also
demonstrates how to calculate the payback time of a PV svstem using this
mformation.

Case Studies (Chapter 14)

Chapter 14 offers case studies of a vanety of grid-connecred PV systems
throvghout the world, demonstrating how the principles outhned here are
implemented in real life.
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4  GRID-CONNECTED SOLAR ELECTRIC SYSTEMS
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armosphere, causing the planet’s climate to change and alter weather parrerns,
Scientists predict more extreme weather events such as floods and droughts will
occur as a result of climare change and thar the average global remperarure will
rise. Maturally this atfects the plants and animals that inhabit the Earth. Many
species are predicred to suffer extincrion if urgent action is not undertaken.
Human-induced chimate change has been acknowledged by all levels of
government 1n developed and developing countries as needing urgent
international action to mitigate its effects. This acnon will include measures to
reduce the use of fossil fuels, so reducing the release of GHGs. A major
contribution to the success of this action will be substituting tossil fuels with
cleaner, low-emission technologies, Renewable energy technologies that make
use of wand and solar power will therefore play an important role m reducing
global GHG emissions and are likely to represent a large portion of the worlds
energy production in the future.
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INTRODUCTION TO SOLAR POWER 3

What is a solar electric system?

Solar energy is harnessed by wsing solar electric systems, also known as
photovoltaic (PV] systems. The word phetovoltaic is derived from the Larin
words phora (light) and voltaie (energy). PV devices capture the energy in
sunlight and convert it into electricity — that is, they use light energy. Solar
electric svstems should not be confused with solar thermal systems which use
the sun’s energy to heat a substance (typically water). Electric and thermal
systems are very different in appearance and operation, as Figure 1.3 shows.
There are several ditferent trpes of solar electric systems, discussed below. This
book focuses on solar electric systems that feed electrniaty back into the grid
(grid-connected solar electric systems).

Off-grid systems

An off-grid or stand-alone solar elecrric system is designed o replace or supplement
conventional mams power supply. They are most commonly vsed in rural or
remote areas where mains power is not available due to the high cost of gnid
extension. Off-grid systems use solar power to charge barteries thar store the
power until it is needed for use. The bawery power is then used to operate
appliances (e.g. lighting, pumps, refrigeration etc.) either directly from the batteries
as low-voltage equipment (e.g. 12V DC lights) or from a power inverter, which is
connected to the batteries and converts the battery voltage to mains equivalent for
wse n regular AC equipment [e.g, computer, television, radio ete,).

Off-grid svstems can range in size from a simgle PV module, battery and
controller to very expensive large systems incorporating sophisticared control
equipment and large back-up generating sets. Further reading abour off-grid
systems can be found in Chapter 15.

Figure 1.3 An
glecincian installing

a solar system that
includes both a solar
heat waler system {lefl)
and a zolar elecing
system {right

Sowrce: Global

Sueisnabla Energy
e
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Figure 1.5 Small off-grid solar
glecing systems arg oftgn the
mist convenient and cost-
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Sahara, where this system 5
localed

Sourea: Global Sustananle By
Eolitions

Figure 1.6 Batteries in a stand-along
sodar edeciric system
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INTRODUCTION T SOLAR POWER 3

Grid-connected systems

Gind-connected or utility-interactve solar electnic systems are the focus of this
book. Unlike off-prid systems they are nor designed 1o be a substiture for grid
power. Grid-connected svstems are normally found in urban areas thar have
readilv available mains supply and instead of storing the electricity penerared
by the PY system in batteries, the power is fed back into the gnd. In this way
the grid acts as a kind of storage medium and when power is needed in the
building it can be imported from the grid. One of the key benetits of this is that
the system does not have to supply enough electriciey to cover the property’s
PY system, the electricity grid or a combination of the two, meaning thar the
system can be as small or large as the owner desires. Excess power generated
by the PV system will be exported to the power grid and in many areas the
system owner is paid for the exported power.

The major components of a grid-connected PV system include the PY array,
inverter and the mEtering system. In addition to these MAjor components are
the necessary cables, combiner boxes, protection devices, switches, hightming
protection and signage.

Figure 1.7 Grid-connected PV systems are bacoming more commaon in urban sreas
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Figure 1.8 Typical small grid-
conmected PV sysiem (as set up for
gross meterng). A gid-connecied
PV systemn uses the sunlght that
strikes the PV array o generate DC
pawer, This DG power is convarted
to AC power via the inverter and the
AC powar is suppliad (or Ted) into
the lectnicity gnd via the meter

Sourca: Global Sustainable Ervegy
CHutineres

Central grid-connected PV systems

The existing electricity system typically consists of central power stations using
a variery of fuel sources such as coal, gas, warer (hvdro) or diesel that provide
power to end-users via transmission lines and a distribunon system. The power
stations directly connect to the rransmission lines and the power produced by
the power stations 15 consumed by end-users at their actual location in Factories,
businesses and homes.,

A central grid-connecred PV system operates in the same way. A large PV array
is directly connected to the rransmission lines, Grid-connected central PV systems
can be as small as 50kWp, while systems as large as 80MWp have been installed
in recent years in Europe. There are also companies planning grid-connected PV
power plants over 1GWp, with many plants to be completed in the near future.

Figure 1.9 Alicants,
Spain, 5.6MWDP central PV
Sy Stem

Sourca: ShA Sofar
Technokegy Al
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Distributed grid-connected PV systems

As the name suggests, these grid-connected PV systerns are distributed
threughour the elecrricity grid. This is the most common rvpe of PV system and
hence the focus of this book. There are typically rwo types of system:
commercial and residenrial.

Commercial systems are generally greater than 10kWp and are located on
buildings such as factories, commercial businesses, office blocks and shopping
centres. The power generated by these systems 1s typically consumed by the loads
within the building, so no excess power is exported to the electricity grid.

Resudenral systems refer to those installed on homes and are penerally smaller
than commercial systems, typically between 1 and SkWp. The power generated
by these svsitems 15 birst consumed by anv loads operating in the house during the
day; excess power is fed into the grid providing electricity to nearby buildings.

Figure 1.10 A 40kWp
commeanial grid-connected
PV system locatad in

San Diego, Galdormia.

The modules have baen
mounted verically because
tha roof space s used as a
car park

cowce: Global Sustainable
Erergy Sohdicns

Figuré 1.11 A residential PV systaem
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Figure 1.12 This systam
inciudes a solar electnic
systemn (back) and flal plale

sdar ol walar sysiem with a

starage tank (Irond)

Sovrear Gresn Solar Group

Other solar technology

Solar electric systems are just one of many echnologies currently being
deploved to harness the sun's power, The other main technologies are described
below. It is important to understand that although they all use a Form of solar
power, each is very different in its operation, design and installation.

Solar thermal power

Rather than using sunlight, solar thermal power wses the sun's hear in a variety
of different wavs. Solar thermal power is becoming very prominent in both
small- and large-scale applications as it 15 becoming cost-compentive with
conventional generaton in some applicaions.

Solar hot water

Solar hor warer s one of the most i;nr:‘l'm:jnl}r used forms of salar POWET Solar power
is used o hear warer in what is often referred to as a ‘solar collecror’, Solar collectors
are housed on the roof and may also include a roofrop storape tank for the hot
water; they should not be confused with solar modules which produce electricity,

There are two mamn tvpes of solar hot water collectors., The most common
collector is the flat plate; a large dark plate collects heat while water flows
through rubing beneach. Hear is rransferred from the dark plare ro the water
that, when sufficiently hot, rises to the tank as steam.

Recently, evacuated rubing (a different sivle of collector] has become
popular; this collector uses cvlindrical tubing through which water passes. The
tubing has an inner and an outer tube and the space berween them is a vacuum
in order to provide insulation and reduce heat losses from the water to the
surroundings. For further reading on solar hor warter systems, see Chaprer 15.
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Figure 1.13 A solar hot waler syatem with
an evacuated Wwod collechor

S Giabal Sustanable Energy Solulions

Concentrated solar power (CSP)

CSP 5 a large-scale form of solar thermal power. However, rather than
producing hot water, it produces electricity and 15 effectively a power plant that
feeds into the grid. CSP uses large mirrors to concentrate the sun's rays rowards
a central point (normally a tube). This concentrated energy is used to boil water

Figura 1.14 A C5P irstallabon

in the Mevada Desaent, Parabolic
FINITOrS concantrale sunkignt 1o
heat tha water nenning through the
thin tLbes in front of the mirmrs
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Installing Grid-connected
PV Systems

Crundelines for the imstallation of PV systems vary by country, as there are
different standards and regulations to apply in vanous regions. The specific
permirts, requirements, metering policies, interconnection standards, installer
authorizations and other country-specific codes and regulations will determine
the procedures undertaken when installing a PV svstem. The manufacturer’s
instructions should alse be caretully followed durmg the installation. The mamn
issues  discussed below include inseallation of svstem components and
requirements for connecting a PV system to the unbity gnd.

PV array installation

It 15 highly advisable that PV installers take time to carchully plan the precise
lescation of the array before deciding on the installacion methodology, This is
commonly done by measuring the available installanion area and marking the
boundaries of the arrav(s) as well as the location of the mounting system’s
attachment points on the installagon area, i.e. the roof, using a string or chalk
line. The next step 15 to install cthe attachment hardware (array mounting
structure) to secure the mounting system to the roof. If mounting on a roofrop,
care should be taken to ensure that attachment screws are securely embedded
into the rafrers or other structural supporting members to provide maximum
attachment strength,

Once the artachment points are secured, the mounting svarem should be
assembled. Several types of mounting systems for PV modules are available and
the choice depends on the specific application. The main vpes of mountng
systems and their installation are explained in Chapter 6. Once the mounting
system is fully assembled, the process of installing PV modules can begin, Many
proprietary monnting systems rely on a compression clamp to secure the
miodule frame to the mounting raals Ivis imperative that the module clamps are
fully comparible swith the mounting system being installed.

DC wiring
Typically, PV modules imtended for use in grnd-connected systems are supplied
complete with the interconnection cables wired from a sealed junction box with
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Sowad: Glotal Susamnabls
Energy Solutions

In order to connect a PV system to the wtlity grid an interconnection
agreement contract 15 typically required. Given that utility grad systems vary
according to country of mstallation, so do interconnection agreements and
policies. Often the agreement depends not only on local standards and
regulations but also on the utility, which must agree o import the electricity
produced by the PV system. Some local laws require utilities to buy the power
produced by PV svstems (as in the UK}, However, elsewhere it is letr to urilities
to decide. Electricity providers worldwide have difterent regulations concerning
safery issues that arise from connecting the grid to multiple power generators.
Some of these safery issues are current overload and islanding (see Chapter 5,
when electricity is fed to the grid during a power outage, which could represent
a serious harzard for electricians working with power lines. Inverters are now
built to prevent islanding and they should turn themselves off when the grid is
down. It 1s not uncommon for the local utility to insist an its own mspection of
the system before 1ts mitial activation,

Required information for installation

In order to install a PV system, drawings and diagrams are usually required by
the local autherity thar authorizes the PV system installation. These drawings
llustrate the on-site location of the squipment components, as well as the

elecrrical configuracion of the svsrem. Some examples ol the drawings that
should be completed for each system follow:

¢  Electrical diagram: A simplified diagram showing the PV array configuration,
wiring system, over-current protection, inverter, disconnects, required signs
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Figure 10.13 Exampla
od an glectrical diagram
Source: Brooks

Engineenng, wwns
SO DG Or g iimilfir

and AC connection to bulding. The wiring diagram should have sufticient
derail to identify the elecrrical components, the wire types and sizes,
number of conductors and conduit type (if needed). Tt should also include
electrical information about PV modules and inverter(s). In adedition, it
should include informanon about unlity disconnecting means (required by
many utilicies),

Site plan: An architectural diagram showing the location of major
components on the property. Major components of the PV svstem could
include the array, inverter, isolation/disconnect switches, point of connection
tar the utility service panel, It s good practice to include major builldings/
structures on the nstallation site, as well as property boundaries. This
drawing need not be exactly to scale, but it should represent the relative
location of components on the installanon site (see Chapter 7).
Calculation sheet: Includes relevant calculations and notes related to the PV
array design such as remperature-corrected maximum power and open-
circuit voltage, maximum rated power, maximum power and short-circuait
current. It should also list informarion relatsed to the inverter such as
voltage, current and power ratings, as well as calculations related to over-
current protection devices,

In addition to these drawings, a permit application package should also include
data sheets and installation manuals (if available) for all manufactured
components including, but not limited ro, PV modules, inverter(s), PV combiner
box, wsolation/disconnects and mounting syvstem, Local codes and national
standard will specify the documentation required and should be followed.
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Safety

Installing PV systems is a risky activity, so appropriate safety measures are
crucial. The main risks associated with installing PV systems are:

*  Electric shock: Given that PV devices generate electricity as long as light
falls on them, they should always be considered electncally live and treated
with due caution, In many PV systems, the array is in excess of 120V DC;
voltages above this are considered deadly, for this reason local codes and
mational standards may require the array strings to be isolated into sections,
where each section has a V__ no greater than 120V DC. This is extra low
voltage segmentation and is discussed in Chapter §. Even voltages below
120V are considered very dangerous, because even if the shock does not kill
the victim it mav cause them to lose concentration or balance and fall off
the roof if insutficiently restrained. It is very imporrant that steps are taken
to mtigate the risks of working at heights and such steps are often outlined
in national safery standards or regulavons. Protective clothing including
gloves can be worn to protect the PV installer in case the PV array and
framing is subject to an electrical faule. Potential electrical faults should be
categorized and included as part of the risk assessment carried out for the
specific installaton,

*  Working at heights: There is a high risk of falling oft the roof, although it
proper safety measures are in place this s greatly minimized, Each region
will have its own standards for working at heghrs, Normally standards
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require the use of safety harnesses or scatfolding when working at heights,
Ladders are often used to access roofs and they should be secured.
Consideration should also be given to what type of ladder 15 used, local
codes and guidelines should be consulted as they may advise against using
certain materials such as metal ladders due to their conductivaty.

s Manual handling injuries: These commonly occur when people Lift and
carry objects that are either too heavy or using incorrect technique. It is
important to bend at the knees rather than the waist when lifting or setting
down an object; group lifting should also be used when reguired.

s Falling objects: Injuries from objects falling off the roof are also common;
these can be minimized by keeping the workspace on the roof tidy and
keeping tools attached to the installer at all times, Le, by using a tool belt.
If working ar heights, installers may also consider restricting access to the
area where they are working. For a small home installation this is generally
easy because the mstallation only takes a few hours; however, for a large
installation that will take several days this may not be possible, It 15 also
good practice to keep any work site clean and ridy 1w avoid injury,

*  Environment: Working outdeors for long hours (particularly during
summer) can be physically exhausting. Installers should make a conscious
effort to stay hydrated by drinking plenty of water and resting in the shade
when needed. Sunsereen, hats and long-sleeved shirts are important to
avoid sunburn. Gloves should alse be worn when handling modules that
have a tendency to heat up in the sun,

Before installing a PV system a risk assessment should be undertaken as parr of
the site assessment: risks need to identified and classified as low, medium, high
or extreme depending on likelihood and severiry. Risk control measures need 1o
be identified and implemented. Advice on minimizing risks and avoiding
injuries is available from the local government authority, i.e. Health and Safery
Executive in the UK (www.hse.govouk), the Occupational Safety and Health
Administration in the US (www.osha.gov), the European Agency for Safery and
Health ar Work (www.osha.europa.cu) and Workcover in each Australian
Slate.
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plug and receptacle connectors at the end of each cable length. A string of
maodules is formed by connecting adjacent modules together in series (positive
to negative or negative to positive]. Onee the desired number of modules is
connected in series and that string 15 formed, the indwvidual circuir needs to be
brought to a central location, typically a PY combmer box, where it will be
connected in parallel with any addinonal series strings. Any module string
tusing will also be installed in the PV combmer box. DC wiring is a very
important component of the PV system and there are several key factors that
must be considered during design and installagion.

Cabling routes and required lengths

Once the locaton of all equipment has been decided, the cable route must be
determined. The main cabling routes are shown in the Figure 10.1. For any
installation, installers should seek 1o minimize the length of these cable routes,
As discussed later in thas chapter, the cable length and cross-section determines
the volrage and power losses sustained.

Additionally when planning cable routes, the PV array wiring should be
installed in such a way to mmimize any conductive loops. Reducing conductive

P Combiner Box P Furray Frams

Ll L S —

Switchboard —.

Import EXport MELSE  Crig.incaractive Inverter

Figure 10.1 Tha main cabling routes are shown in red; if the installation does not includs a PV
cambiner box then the cable will run directly from the PV array 1o the inverier. This diagram
showes a pat-metening arangsment; diferent matering armangements ane introduced in Chaptar
& and discussed laker in this chapter

Sowrce, Global Sustainabie Energy Solwions
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Flgure 10.2 Example of comect PY wiring where
conductive loops have been redeced

Source: Gicbal Sustanable Ensigy Solutions
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Figure 10.3 Example of incomect PV wiring whera the
wiring &5 & conductive loop

Saxvirce: Global Susiainable Energy Solutions

Flgure 10.4 Photograph of a conductive loap
Sourcs, Gichal Sustaimabe Energy Solutions
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loops will lower the nisk of lightning induced over-voltages in the array wiring,
as well as reducing interference to AM/FM radio signals.

The cable route from the PV array to the inverter (via the PV combiner box)
15 DC and a cable rated at the appropriate DC voltage and current should be
used. Local regulations and cowntry-specific standards will derermine the
required current-carrying capacity and voltage rating of cabling used. Copper
conductors are generally preferred to aluminium and are available in single- or
multi-strands. All cabling is insulated to protect the wire from the surrounding
environment and to protect people and equipment. Cable insulation varies
based on ratings for temperature, sunlight, oil or water resistance and location
{dry, wet). The colour of the insulation indicates the polarity of the conductor
and is generally governed by nanonal electrical codesfstandards, The standards
for cable insulation colour differ greatly from one country o the next. In many
patts of the world brown insulation indicares a positive conductor and blue or
grey insulatton indicates a neganve conductor. However, red (posicive) and
black (negative) 15 also a very common colour combimaton. Green and vellow
insulation rypically indicates a grounded/earthed conducror, bur this is not the
case everywhere. It i1s imperative that the colouring given in local wiring codes
15 followed during installation,

Cable sizing

When selecting any cable for a system (i.e. sizing the cable) both current-
carrying capacity (CCC) and the expected voltage drop must be considered, i.e.
how much current the conductor is able to carry and the power losses sustained
due to the conductor’s mternal resistance.

Cables are classified by their rated CCC at certain operating temperatures,
The CCC indicares the amount of current that can pass through the wire or
cable betore it sustains damage. CCC s determined by: wire rype (copper or
aluminium), wire sizefgauge, insulation rating (wet rating for ourdoors), highest
insulation temperature and location (free air, conduit or buried), CCC decreases
with increasing temperarture.

Voltage drop is a crucial issue in PV systems. Yoltage drop increases with
increasing current and decreasing conductor size (i.e. the smaller the cross-
sectional area of the cable or ware, the higher the internal resistance of the
conductor, hence the larger the voltage drop). The sizes and resistances of
termunations, fuses and disconnectfisolator devices may also contribute to
voltage drop. For grid-connecred PV systems, it is common practice for cables
to be sized so that there is no more than a 1 per cent voltage drop through
either DC or AC conductors, Most national codes specify a maximum allowable
voltage drop and should be consulied; in Germany, for instance, codes specity
a maximum voltage drop of 1 per cent, but in Australia a 5 per cent voltage
drop is currently permissible. As voltage drop represents a reduction in system
power cutput, reducing voltage drop in cabling as much as possible is
recommended. [t is often cheaper to purchase larger cable than to purchase
additional modules to compensate for the loss of output, If voltage drop is not
properly accounted for, it may atfect the operanon of the inverter sensing
CITeLiEs.
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Box 10.1 Voitage drop calculation

The length of cabling routz is 15m from the PV armay to invener; copper cabling
{resistivity of copper is 0.0 B3{ym/mime) is used with & cross-sectional area of
2.5mm? and it must carmy a current of 5A. According to Ohm's law, voltage drop
is calculated as: i

Voltage drop = 2 x langth = currant x resistance (2 accounts for 2 cables, 1
+vg and 1 —ve)

Here resistance = rasistivity/area, so

Voltage drop = (2 = length [in metres] = current [in amps] = resistivily
[in L¥mdmme])/area [in mmé

Voltage drop = (2 = 16m = 5A = 0.01830/m/mm?2)/2.5mmy*
Voltage drop = 1.098Y

If the voltage at the maximum power i known, then the vollage drop as a
percentage can be calculated, if the vollage al maximum power i5 known 1o be
155V then the voltage drop is calculated as follows:

Voltage drop (%) = Voltage dropfvoltage at maximum power = 100% ]
Vaoltage drop (%o) = 1.088V/155V = 100%
Voltage drop (%) = L7 1%

Therafore if this woltage drop is sustained in a “IGI-{'I:‘.I' installation, the power loss
sustained will be 71Wp, meaning the installation haﬁ affectively been reduced
10 9.9239kWp PV installed before any other system de-ratings amre applied (seea
Chapter 9 for system de-ratings).

LS installers ofien deal
with American wire gauge Table 18.1 LS wire gauge conversion table
(AWGE) cable sizes. It is

. _ AWG Size In mm®
necessary to convert these
gauges into the eguivalent 14 200
mim* value for use inthe above  4p 3,31 i
f?rmu!a, Conversions are 10 & &R
given in Table 10.1
8 i
6 13.30
4 #1.15
2 S3.E2
1 42 41
f 53.50 :
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Figure 10.5 Example of
an array cable kel loose
and unsupported

Sovirme Gilohal Sestainable
ErvEry Solulicns

PV array cables should also be rated for use in wet conditions, be UV
stabilized, have suitable insulation for protecrion from the elements, and be rared
tor the maximum system output voltage and current in accordance with local
electrical standards. Many companies are now manufacturing cable labelled
“solar cable’ specihically for use in PY systems. Solar cable is designed to ensure
safery in the outdoor environment, providing high resistance to UV and double
insulation (also known as double sheathing). Solar cable is designed to carey DC
current and voltage and many local standards require it to be marked so tha it
can easily be disunguished from other power cables. It is available in many sizes
allowing system designers flexibility in ensuring that voleage drop is minimized.
Solar cable is often flexible, so it is easier to mstall. It s good practice whenever
pussible for cables to be installed out of direct sunbght and secured so that they
are not fixed directly on the roof and cannot move around in the wind. Mechanical
protection greatly reduces the risk of cabling being damaged and possibly causing
a ground/earth fault or even a fire. Cables should always be secured and conduir
may be used to protect them. As well as deteriorating under adverse weather
conditions, cables are also ar risk of amack by animals such as possums or
ravdents; laying cable in conduir can provide protection from all these problems.

PV combiner box

PV combiner bowes (discussed in Chapter 5) are used to combine multiple PPV
strings into fewer parallel circuits in order to reduce the amount of wiring
required. The PV combiner box enclosure must be the correct size, so it adequately
howses the correct amount of cables without any risk of crushing them. The cables
imside the combiner box should be appropriately coloured and labelled and the
box must be rated suitable for use in the environment in which it is mstalled.
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_ Figure 10.6 An alactrician
N installs a small white PY
combiner box naxt o the aray

It. ."|
,;ﬂ Sowvce Global Sustainable
e Engrgy Sculions

system grounding/earthing

Grounding, also referred to as earthing, 15 used to ensure that the exposed
conductive parts (i.e. the array frame) of a system are equipotential, which
means there i1s no voltage difference between the componenis and the ground.
The metal frames and metal mounting structure of PY panels can be grounded
so that the voltage in these surfaces does not reach dangerous levels. This
ensures that a porson touching a conductive component will not receive an
electric shock. It is important o remember that people coming in conract with
the PV arrav, i.e. the system owner cleaning the modules, may have very little
experience with elecirical systems and ensuring their safery is paramount. The
grounding/earthing rules and standards vary widely between countries, and the
system and individual components should be earthed as per the standard in thar
country. Certain module types will require earthing to ensure maximum
performance of the modules (eg. SunPower module range) and this is a
requirement aof the module manufacturer. The installer should ensure that the
inverter and module manufacturers” instructions are followed as well ag
national codes. See Figure 10.7.

Inverter installation

The inverter should be installed as close as possible to the modules in order 1o
minimize DO cable lenprhs (longer cables lead 1o larper power losses). [nverters
should be located in a shady, sheltered and well-ventilated area. They should
not be exposed o temperatures outside the range specified on their data sheet
lnormally =25°C o 60°C). Additionally, the wall on which the inverter is
installed must be able to support its load. Over-current protection and
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Figure 10.7 It k= common praciice to ground each componen of the PV sysiem saparately

so thal if one is removed the others will remain grounded, | e. the earth of the amay is not
connecied to the eardhing wire from the inverier. The technigue shown in this diagram s
compliant with Ausiralian Mational Standards. Techniques vary so local standards should

always be consulted

Sowrca: Clean Energy Ciouncd (Awsiralia)

disconnection switches should be installed in close proximity to the inverter.
The myerter can be installed at any point 10 the system installation process; it
may be mstalled ar the same dme as the mounting svstem if desired.

Installation checklist

Installers should ensure thar all weols and relevant equipment are ready and
available for the mstallabion. Below 15 an example of a checklist for PV

mstallapons.

Table 10.2 Example of an installation chacklisi
ftem ne  Type of tem Quantity required Details OK
1 PV module miodel X'YZ-50
2 FY maunting structure
3 Hardwara kor connecling module to

mounting structurs
4 Hardware tar connecling mounting
shruciers o rool
5 Hardware kor ensuring rocl is waleright
& Cable betwesn module & PY combiner

box (il one axisls)
Conduit if required
Faslening hasdwarea for this cable/

conduit

& FY combines boax (if one axisis)

10 Hardware tor faglening PY combines
box to wall
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Table 10.2 Exampla of an installalion chackist (Confd]

ltem e Type of item Quantity required Details OK

i1 Fain DC array disconnect switch
batweean solar array and nverter

12 Cathe from disconnect o invarter

13 Conduit # required

i4 Fastaning hardwara for this cable’
conouii

15 Irwnariar micdel

16 Fagtening hardware for inverar

17 Cable behveen inverter and
gwilchboard

14 Conduit if requirad

18 Fastening hardware for this cable
conduit

20 PY AG maln switch

21 Required signage

22 installation Tools (recommend
technician prapares a list)

Interconnection with the utility grid

The system in which small-scale power generators {such as rooftop PV systems
or small wind turbines) are connected to the grid is referred to as interactive
distributed generation.

The consumer uses electricity from both sources (PY system and unility gricl) as
required (as opposed o a stand-alone system where they can only use electricity
proxduced by the PV array). This varies slightly depending on the metering
arrangement (see Chaprer 5 for details): when ner metering is used, electriciry
produced by the PV system is used at thar poinr of amachment, any excess is
exported back to the grid and additional electricity is purchased from the grid
when the PY system is not producing enough. If gross metering is used, all
electricity is exported to the grid and the electricity required by the load is imported
from the grid so that no electricity flows directly from the PV system to the load.

Figure 10.8 In grid-interactive systems, the PV amray s connecied to the inverter, which is
ihan connecied o the switchboard and than the gnd; national codes and regulations cover the
spacifics and should always be folloveead
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System Commissioning

The process of testing a PV system to confirm char it is producing electricity and
interacrng correctly with the electricity grid is known as system commissioning.
Before an installer leaves the system to the customer it should be tested and
inspected to ensure that the system 1s compliant with national and local
standards and regulanons, thar all components have been safely installed and
that all components are funetioning as expected. Many urilities have rules or
procedures thar must be followed during the svstem commissioning process and
in some cases the utility may wish to conduct a commissioning mspection.
These requirements should already have been discussed with the utility when
the interconnection agreement is made {see Chapter 10).

The procedures for inspecting, testing and commissioning, as well as the
training requirements For the personnel who undertake these procedures, are
governed by local codes and regulations, An overview of these procedures is
provided i the following pages.

Box 11.1 National standards for commissioning
PV sysiems

Commissioning proceduras wary widely throughout the word and are largely
dictated by nalional codes and standards.

« US: Article 620 of the National Elactric Code (NEC) outlines inspection and
testing requirements for PV systems. The Institute for Electrical and
Electronics Engineers (IEEE) standard s also used: |IEEE 1547 Standand for
intarconnacting distributed resources with elecinic power systams.

+ International Electrotechnical Commission: The IEC provides intemational
sltandards, IEC 82446 Grid-connected photovoltaic systems — Minimum
requirements for system documentation, commissioning tests and inspection.
This standard is intended to provide a templaie for electricians.

= LUK: BS 7671 iz the British wiring regulation and PV systems including
inspaction and tasting reguirements are coverad in Section 712, The local
distrbution network operior (DNO) may also require varous fesis and
documentation.

¢ Australia and Mew Zealand: The Australia and Mew Zealand Standards
(ASMZIS) cover the commissioning of photovollaic systems in ASMNZISAT TV
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system documentation

Ar the completion of the installation the owner should be supplied with a
system manual thar includes information on the system. Local codes generally
specify the documentation that should be provided; however, a general guide i3
given below.

List of equipment supphed: the system manual should melude a full
wemized list of all the components chat have been installed including PV
modules, inverters, array frames, PV combiner boxes, string isolators, fuses
or circuit breakers and the DC and AC main disconnecrsfisolators. The list
should include the quantities of equipment items used.

System diagrams: a basic circuir diagram and a wiring diagram should be
included in the manual. Architectural drawings or the site plan showing the
major components are also useful,

System performance estimate: the manual should include the expected yield
of the system as calculared by the designer. It may alse include informarnon
on local financial incentives (see Chapter 13} and what these mean for the
system in terms of income and/or savings on electricity bills. It is also
important to emphasize that this is purely an estimate and some varnanon
trom year to year is common,

Operanng mstructions for the system and i3 components: the manual
should include a brief overview of the system, the function of each of the
main components and how the system operares. Any information important
to that particular system should be included in the manual. It is important
to explain to the owner that the system will turn off when the grid fails, 1.e.
when there is no power available from the grid.

Shutdown and isolation procedures for emergency and maintenance: the
manual should include procedures for mameenance and emergency.
Depending on the size of the system, maintenance procedures might not
involve the complete shutdown of the system.

Muaintenance procedure and timerable: Chaprer 12 details the maintenance
requirements for a prid-connected PV system, including rables thar should
be included in maintenance logbooks, This information should be
incorporated into the system manual.

Installation and commissioning records: these should be all signed and
ncluded in the svstem manual,

Maonitoring of systene: a section of the manual should advise the system
owner how to monitor the system to ensure that it is operating correctly.
Many inverters have monitoring capabilities. If the inverter includes these
features, instructions on how to use them should be provided. If a separate
monitoring unit has been supplied with the svstem, the manual must
include information on its operation,

Warranty informanon: a gnd-connected PV system comprises individual
products connected together by a system installer o create the system.
There are tour types of warranties applicable to such a system, these are:

1 product warranties covering defects in manufacture;

2  product warranties related to output performance over time;
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3 system warranties relating to proper operation of the installed system
OVEr time;

4 energy pertormance warranties relating to the guaranteed energy output of
the grid-connectad PV system over a period of time, typically one year (see
Chaprer 3].

The first two warranties in this list are the responsibiliy of the equipment

manufacturer, but a svstem owner could contace the installer for help if a

warranty claim is required. The last two warranties are provided by the

system installation company. Details of all the warrannies offered should be
included in the svstem manual.

*  Equipment manufacturers’ documentanon and handbooks: all product
manuals provided by the vanous manufacturers should be included in the
system manual. Examples include inverter manuals, PY module data sheets
and technical information on any balance of svstem (BOS) equipment.
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Grid connection of energy systams via inverters and AS/MNZ55033 Installation
of photovoltaic (PY) arrays.

= (Canada: The Canada Standards Association covers commissioning in CS5A
C22.2 no, 107.1-01 (R2008) — General use power supplles,

* Singapore: CP 5: 1998 - Elecfrical installations and Amendment no. 1 to CP
5 1998

Final inspection of system installation

Before the PV svstem is commissioned, a final inspecrion should be undertaken
to ensure the system is ready to be tested. If any issues are identitied they should
be addressed before any part of the system is switched on andfor rested. The
equipment and installation should be checked to ensure that:

*  Egquipment and components are not damaged.

* The system matrches the design documents and all equipment has been
corfectly connected according ro the wiring diagrams.

o  Egquipment and components comply with local satery standards and are
suitable for use in a urility-interactive PV system.

*  The site has been left clean and tidy and presents no hazards for the general
public,

»  The sipns and warnmg labels required by local codes are presens.

The array and array frame should be inspecred to ensure thar they have been
installed correctly and are suitable for the location. This includes checking that
the frame is sturdy, is appropriately rared for local wind and snow condirions,
and has been installed so that any roof penetrations are properly sealed and
weatherproofed (see Chaprer 6),

The inverter should be inspected prior to commissioning to ensure that i is
securely mounted and all elecerical connections it and out of the unit are firm.
The location of the inverter should alsa be considered during this inspection to
ensure thar i is accessible for maintenance and emergency disconnection, has
been appropriately weatherproofed, and that allowances have been made to
ensure sufficient ventilation, Weatherproohng can be verified by checking the
IP or NEMA rating of the inverter (see Chapter 8 for further information about
this), Ventilation should alse be checked against the manufacturer’s
recommendations.

The wiring and elecrrical components should also be inspecred. The
inspection should ensure thar all wiring and components are securely installed
and adequately protected against mechanical and environmental damage. It
should be ensured that they are tully operational, are correctly sized and
installed in accordance with standards and regulations, All disconnectsiisolators
must be easily accessible 1n case of an emergency.

This inspection process should be documented and a copy ol the
documentation should be left with the customer for their records,
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Box 11.2 System installation and
pre-commissioning checklist

PV array

hountad flat on roof l
Building integrated

W

Mounted on tilted array frame

PV array tilt .

PV array Dnmtalﬂn

Solar array is se&uraly ﬁxe-d I‘i Damus
Mo dissimilar metals are in contact with the array framea or wppe:rrm

Hoof penetrations are suitably sealed and weatherproofed

Wiring is protected from UV and mechanical damaga

oono!

Inverter

I recquired by local code, isolating device s mounted close to the inverer
It reqquired by local code. iselating device is mourted on owtput of inverder
Inverter is housed in weathamproot enclosure or inside building
Adequate space and venitilation for inverer

[ 0030

Low voltage DC cabling

Is clearly identified in accardance local guidelines =

Signage (white on red)

Mole: The lollowing examples are from Australian and Mew Zealand Standards
(ASINZS 4777.1: 2008 Grid connection of energy systems via inverlers —
Installafion requirements and AS/NZS 5033: 2005 Installation of Photovoltaic
(PV) arrays)

The following sign is permanently fixed on the switchboard L

WARNING

DUAL SUPPLY

ISOLATE BOTH MORMAL AND SDLAR SUPPLIES BEFORE
WORKING DN THIS 5¥WI TCHEOARD:
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The following sign is permanently fixed to main disconnectfisolator O
Normal Supply
MAIN SWITCH
The following sign is fixed adjacent to the PV array main disconnectisolator in
switchboard R =
1 PV ARRAY
MAIN SWITCH

If the solar system is connected to a distribution board, then a system-specific
firg emergendcy information sign (such as the following) s located on main
switchboard and all intermediate distribution boards O

S0LAR ARRAY ON ROOF
Open-circuil voltage: 220V

Shor-circuil current: 204

If the solar system is connected to a distribution board, then following sign is
located on main swilchboard and all intermediate distibulion Boards O

WARNING

DUAL SUPPLY

I=ELATE SOLAR EUPPLY AT DIETRIBLUTION BOWAD

The following is permanently fixed on PV combiner boxes O

SOLAR DC

A detailed, system-specific, shutdown procedure (such as the following) is

permanantly fixed on the main switchboard O

SHUTDOWN PROCEDURE
1. Tum off the inverter AC Main Switch located next to the output
terminal of the inverer.

2. Tum off the PY Array Main switch |ocatad next to the input terminals
of the inverter.

WARMNING: Do not open plug and socke! connectars ar PV string isolators
under load.

PV Array open-circuit voltage: 220V
PV Array short-circuit currant: 204
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verify that the following system has been installed to the standard indicated by
these guidelines and complies with the relevant standards.

MName of the person for whom the system was installed

Lﬂcmimﬁfﬂyamm ..... Camin s .......... .................... ......... |

3 S R S

Testing

Following a wvisual mspection of the system, testing should be undertaken in
accordance with the prevailing natonal codes. Mational codes mav require
installers to ensure that the following points are compliant prior to system testing:

o There is no voltage at the output of the PV array (and at the output of each
string If there is more than one). This may be achieved by leaving one of
the module’s interconnects disconnected/unplugged.

*  Any fuses have been removed and all circmt breakers are in the ‘off
positien,

*  The AC and DC main disconnectsfisolators are in the ‘off” posinong local
coles may also require them to be tagged or locked for the duration of the
resting procedure,

*  All components, i.e. the inverter, are switched off.

After the safety requirements outlined in the local codes have been fulfilled,
testing may be undertaken. Each component is switched on and each solator
closed indivadually, beginming at the arrav and ending at the loads (i.e.
apphances). Testing s done in this order for safetv; it reduces the risk of
hazards and equipment damage should any problems oceur. At each step the
system is tested by measuring the system parameters uwsing meters and the
displays on various components (1.e. the inverter display will show important
data abour the svstem). It ar any stage the svstem begins to operate outside the
expected parameters then elecericians must identify the problem and address it
before testing can continue, Common parameters thar are tested includes

* contnuity berween adjacent system components;

* resistance of cable insulation;

*  measurcment of array and siring open-circuit voltage {a large difference n
the open-circuit voltage of identical strings or an open-circuit voltage very
different to that expecred may indicate a problem;

*  measurement of array and string short-arcuit current (hazardous - see box
b Do b
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Figure 11.1 An electrician checks
the apen-circuit voltage and podarity
of an aray cable enfering the
invarier

sorsl Global Sueslanable Evergy
Eolutiarg

s  measurement of voltage drop across string fuses;
verification of polarity of installed components;

¢ grounding/earthing of the system, often including impedance loop test or
ground electrode test for which a ground rester 15 required,

Box 11.3 Measuring short-circuit currents of
strings and array

WARNING: The following procedures, which are extremely hazardous if
not carried out correctly, should only ba conducted by suitably gualified
personnel. The procedures describe how to measure short-circuit currents.
Voltages can be very high and if the procedures are not followed, then
arcing and damage to components could accur.

Mote: In some prsjects, shorl-circuit currents are required 1o be recorded as
part of the contractual commigsioning. If it is not necessary to know the short-
circuit current for the system, then recording the opearating current of each string
is sufficient. This can be done by using the meter on the inverter or by using a
clamp mgter when tha system s in oparation,

A: Where short-circuit currents are required

1 Ensure each string fuse (if installed) is not connectad or that LY amays arg
&till broken into ELY segments.

2 Leave the solar array cable connected to the PV array DC isolator,
3 Remove the cable from the PV array DG isolator to the inverter.
4 With the DC isolator off, put a link or small cable batween the positive and

nagative outputs of the PV array DC isolator.

5 Install the string fuse or raconnect the ELY segments for Stang 1. Tum on
the PV array DC isolator. Use a DT damp meler to measure the DC short-
circuit current for String 1.
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Turn off PV array DC isolator. Disconnect string fuse for String 1.

Repeat step 5 for each individual string.

After the DC shor-circuit current for each string has been individually
maasurad, chack thal the PV array DC isolator is off, and then install all siring
fuses or connec! the ELY sagments in each string. Turm on the DG awilch and
megsure the DT amay current using a clamp meter. Tum off switch and
remove link in output of PV aray DC isolator.

=] I

B: Where short-circuit currents are not required

1 Wait until the system is connecied and the inverer is operating. If there is only
one string in the array, record the operating current of that string.

2 If thera is marg than ana string, tum off the inverter, the inverer AC isolator
and PV array DO isolator. Isolate all the slrings by elther removing fuses,
turning off the circuit breaker or using a disconnaction device.

3 With one string connected at a time tum the system back on and record the
operating current of that string.

Mote: These tests should be performed on a braght, sunny day with no cloud. This
is to awoid vanable readings due to cloud cover. Ensura that all occupational hiealth
and safety precautions are taken when carying oul these tests; paricularly for
working at height, in bright sunlight, on a hat surface in hot and sunny conditions,

Box 11.4 Pre-commissioning test sheet
PV array

There is no voltage on input side of PY combiner box
There is no vollage on output side of PV combiner box

mN

Continuity between strings and the PV combiner box

atring 1 +ve
String 1 -wva
String 2 +ve
atring 2 —we
String 3 +ve
String 3 —we

O 0O 0O0 O

Correct polarity between strings and PV combiner box

String 1 [
String 2 O
String 3 [
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WARNING: If polarity of one string |s reversed it may cause a fire in the PV
combiner box,

Open-circuit voltages
String 1 v
String 2 v
String 3 v

Continuity between PV combiner box and DC main disconnectiisolator
Array +ve L]
Array -ve ]

Correct polarity batween PV combiner box and DC main disconnectisolator [

Short-circuit currents (if required)

String 1
atring 2
String 3
Array

BB B

Continuity between DC main disconnectfisolator and inverter

Open-circuit voltage at input of DC main disconnactisolator WV

Array +ve —
Array =vea -

Correct polarity between PV array DC isclator and invverder O

Inverter

Continuity between inverter and KWh meter

Line |
Meulral 4

Correct polarity between inverter and KWh metear ]

Continuity between kKWh meter and AC main disconnectiisolator

Line
Neulral

oo
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Correct polarity between kWwh meter and AC main disconnectfisolator i
Cornect polanty at output of AC main disconnectisolator L]
Voltage at output of AC main disconnaslisolaiar W

Initial reading of kKWwh meter

Commissioning

Commissioning will be the first ime the complete system is switched on and
able to feed electricity into the grid. As already mentioned rthis process is
normally covered in great detail by national codes and standards, with which
any clectrician undertaking PV svstem commissioning should be very familiax
The following table outlines the necessary post-Commissioning tests to ensure
the system is functioning with the grid and operating as expected. I is
particularly important that the PY system disconnects and reconnects to the
grid in accordance with local srandards. This is required to ensure thar an
islanding situation does not occur (see Chapter 5).

Box 11.5 Commissioning test sheet

Hefer to system manual for the inverter and follow start-up procedure
Systam connects 1o grid O

When inverter, AC main disconnectisolator and DC main disconnectiisolator
have been fumed on and inverer slaf-up procedurs lolowead:

Voltage at DG input of inverter W

L]

Voltage within operating limits of inverter
Voltage at AC output of invertar

Input power of the invarear (if availabls)
Dutput power of the inverter [if available)

Owutput power as expecied

0 o =2 =2 <

System disconnects from grid when invenar AC isolator turned of
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PV System Operation
and Maintenance

System maintenance

This chapter outlines the maintenance required for a grid-connected PV system.
This information is of a general nature, and it is imporrane o follow the system
owner’s manual and the manufacturer’s recommendations for maintenance of
the equipment. Some simple maintenance tasks may be undertaken by the
owner, but most should be performed by a quabihed PY techmician, Many
regions require testing of elecerical installations (such as a PV system) every few
years and the installer should be familiar with local regulations.

A maintenance contract is often included in an installation package: the
company will return once or twice a year ro inspect and test the system in order
to ensure it 15 functioning properly, Results of these inspections are recorded in
a maintenance schedule and equipment logbook that should have been provided
tor the system owner before commissioning the system. In addition the
matntenance contractors should keep a record of service and repair work, a
copyv of which must also be retained by the svstem owner. Good record keeping
i5 egsennal in the PV industry because the products used are covered by very
long warrantics. Logbooks can be particularly usetul because this historical
informaton can show changes over nme, as well as variatons from the norm,
indicating a problem or one in the making.

The most important aspect of system maintenance is performance monitorng,
which will ensure thar when a problem arnises it can be identibied and correcred
before serious damage occurs (shadmg causing hot spot heating, for example).
It will also give the user records of year-round system performance, which will
help performance comparison in the future.

PV array maintenance

PY arrays have no moving parts and therefore operate for many years, often
without issues. However, regular maintenance is stll important to ensure a PV
array is operating salely and efficiently. Comumon maintenance tasks include
cleaning the modules and mechanical and electrical checks. It 15 recommended
that PY modules are maintained only by suitably trained service personnel.
PV modules are generally seli-cleaning; rain washes away any dirg, but a
build-up of dirt. bird droppings or leaves needs to be dealt with. Solvent should
never be used to clean a PV array; fresh water with a small amount of soap is
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sutticient. Snow on arrays is usually not a problem as long as the modules
comply with the relevane standards (see Chapter 3); however, if much snow is
present for long perinds of ime the owner may wish to consider clearing it as
it will shade the array and aftect pertormance. System owners should be aware
of and account for the dangers of working at heights before attempting to clean
the array themselves.

It is also important to check thar the array is not being shaded by any trees
that may have grown since the system was installed; frequent pruning may be
required. Trees on neighbouring properties may also shade the array. Some
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regions have laws to protect solar access, but many do not and it i1s important
o discuss chis issue with neighbours before the svstem is even installed,

The maintenance undertaken by a qualitied PV technician will normally
include an inspection of the mounting structure for signs of corrosion that may
lead to mechanical failure and the points of attachment to the roof should be
inspected to ensure they are stll watertight, The cabling and wiring should also
be inspected to check it is mechanically sound and weatherproof.

It is also common practice to monitor PV systems. Although it is normal for
power output to degrade over time, a large difference berween measured and
expected values indicates a problem to be tackled, The most common form of
monitoring 1s checking electrical parameters such as output voltage and current,
which can be compared with whart 15 expected from the design and what was
measured dunng the commissioning process, to determine whether there is a
problem or not. Many medern inverters include monitoring functions, o
external monitoring equipment may be used (see Chapter 31. In some cases the
environment may also be measured (temperature), as this helps designers see a
correlation  between environmental conditions and svstem  vields. The
temperature of the modules may be monitored to ensure it is within the
designed system range {see Chapter 9).

In order to be mterpreted, monmitoring data must be somehow displayed.
Basic monitoring systems may mvelve a small LED display and indicavor highes
on the component, to be checked against that component’s user manual. Most
modern inverters have small display screens with measured values and many
have wireless connections to a remote display {(such as a computer or iPhone).
Monitoring information can then be recorded to show trends over time, which
15 often of great interest to the customer who likes to know how much the
system 15 producing and how much they are saving (or making if a feed-in tariff
15 present).

An array maintenance sheet should be included in the logboak.

Table 121 Recommendad maintenance for PY array

Activity * Frequency
Claan modules As requirad
Chack mechanical security of the array stnucturs Annialty
Chick all cabling for mechanical damage Annually

Chock oulpul vollage and currem of aach siring of the arsay and compare 1o
the expectad oulpul under existing conditions

Chack electrical wiring for loose connections A By

Check the operation of the PV DC main disconnectisclator (only after AC An
maln disconnectisclator has been switched aff) ity

Armualhy
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Table 12.2 Exampls of a PV array logshaal

Date Cleaned Array Array cabling: Array Quitput Qutput PV DC main Comments
modules structure  mechanical cabling: voltage currert  disconnect!
OK electrical isolator
a m a BT LA [
| m (| T LA O
a O o i ol O

Box 12.1 Example of maintenance instructions from
Suntech Power

Suntech recommends the following maintenance in order to ensure opiimum
performance of the module:

* Clean the glass surface of the module as necessary. Always use water and a
soft sponge or cloth for cleaning. A mild, non-abragive cleaning agant can ba
used to remove stubbom dirt.

» Check the electrical and mechanical connections every six months to verfy
that they ame clean, secure and undamaged.

= |If any problem arises, have it investigated by a compatent specialisL

= Observe the mantenances instructions for all components usad in the system,
such as support frames, charging regulators, inverters, batteries etc.

Module manutfacturers will also have their own maintenance instructions, and
these should be the first thing consulied as non-compliance may void warranues.

Inverter maintenance

Inverter maintenance generally involves:

*  keeping the unit clean: the housing and any air vents should be cleaned
when required;

* ensuring the unic is not invaded by insects and spiders;
ensuring all electrical connections are clean and tight;
checking the operation of the inverrer

Inverter maintenance operations and basic repair instructions are likely to be
lizsted in the manual. If any maintenance is undertaken on the inverte, it should
be recorded in the system logbook. Inverter maintenance (aside from cleaning)
and repairs should only be carried out by a suitably qualified technician: system
OWIICTS Are not to attempt this,

System integrity

The above maintenance checks relate o the individual components of a svstem.
For them to work as a system they need to be interconnected by cables. It is
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therefore essential during any equipment maintenance that the whole system
should be visually checked to ensare thar there is no potendal threar o ics
performance andfor safe operation. This involves inspecting and testing {where
appropriate ) every component including isolators, circut breakers, PV combiner
boxes and wiring.

Troubleshooting

A well-designed and well-installed PY grid-connected system should have fault-
free operation For many years, but problems can occur. If the svstem 18 not
working, it is usually due to one of two reasons: either a piece of equipment is
faulty or there mayv be a grid problem. The cause of the problem must be
discovered and fixed. Troubleshooting should only be undertaken by a suitably
qualified PV technician as it can involve risks such as working at height and
high voltage, This section discusses fauli-bnding and problem-solving in some
COomMmon situations,

ldentifying the problem

By monitoring system performance, a system owner will notice that the system
is not working or underperforming. If the problem is not immediatelv obvious
from a wisual inspection, i.e. shading of the array, then the owner should
contact the inssaller, who should visit the sire,

The troubleshooting visit should oceur duning davhight hours, preferably
with enough sunshine to be able to test the output of modules and with
sufficient daylight hours to allow a full investigarion. The first thing ro check is
that neither the array DC main disconnectfisolator nor the array AC main
disconnect/isolator has been switched off.

It all the disconnectsfisolators are on, then a visual check of the inverter
should be undertaken, If it has failed, it is usually cansed by failure in the
electronics, This might be accompanied by an error message or other displayed
message. If the inverter has failed then a decision will need 1o be made about
whether it can be repared at the site or returned to the manufaceurer. If the
inverter 1s not on, but the problem i1s not immediately obvious, L.e. there are no
error messages, it is normally necessary to determine whether there is AC
power at the inverter and then whether there 1s DC power at the inverter. If
there is no AC power from the grid, then the system must be systematically
checked all the way back to the point of supply to find the fault. This will
invirllve measuring whether AC voltage 1s present:

at the meters; then

on the inverter side;

followed by the supply side of the array AC mamm disconnectfisolator;
then

4 at the point of attachment to the grd supply.

M e =

If there appears to be no fault at the inverter and the AC power is connected to
the inverter, then the array should be investigated.
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Troubleshooting PV arrays

This process vanes depending on the conhguration of the system. The process
described here assumes there is a PV combiner box berween the array and the
DC main disconnectfisolator. If the faule appears to be on the DC side of
the inverter (that is on the PV array side) the probable cause is thar either the
inverter is not receiving sutficient power from the array and so has switched otf
or that the system is underperforming because the array is not producing the
expected energy, Any electncal service or maintenance work carried out on PV
arrays must be done by suitably qualified personnel.

[f ir appears thar there 1s a faule on the DC side of the inverter, the first task
is to measure the PV array open-circuit voltage at the inpur terminals of the
inverter and confirm that DC power is reaching the inverter. If there 1s no DC
power at the inverter, then the technician should systematically check each
component and connection {by measuring if DC voltage is present) in order,
starting at the mverter and endimmg at the PV array,

If there is no DC voltage at the inverter it is common practice first to check
whether the DC mam disconnectisolator 5 operating and that the circunt
breakers or fuses (if present) are closed and operational. If there is no DC
voltage at the PV combiner box, then the fault is within the array. This generally
indicates that one {or all) the array strings have failed. Possible causes of string
malfunction include:

» cable disconnection or plug fatllure [if plugs are used);
a loose connection within the PV combiner box;
* 4 failed or broken module.

The actual fault may only be found by physically checking the cables and
individual modules and raking current and voltage measurements. Zero current
indicates a fault,

Troubleshooting underperforming systems

Troubleshooting is also required when the system is operating but
underperforming. If the system is underperforming, the following steps should
be undertaken:

o visual inspection of the system w check for shading or other immediately
obvious faults such as a damaged module;
*  measurement of the current from the array using a clamp meter,

If there is no shading problem, burt the current 1s lower than expected, the array
should be tested by taking measurements. It there are multiple strings, each one
should be turned off systematically. If one of the strings is not providing power,
then there will be no change in the current when that string is turned off. Once
the faulty string has been identified, the circuit breakers or fuses should be
checked for failure. If they have not failled, the steps outlined i the previous
section should be followed,
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Box 12.2 Undertaking fault-finding on the PV array
It is important to have a basic understanding of how the module pedarms:

=  Tha gpen-circuit veltage and short-circuit cumant ¢an be measured onky when
there is no lead on the modules.

* The medules produce close to open-circuit voltage even when the solar
irradiance is low and the short-circuit current is proportional to the available
solar irradiance.

= A shaded module will produce aither no current or reduced current depending
on the shading.

* [f one module in a long string s shaded, the operaling current of the siring
might ned change due 10 the bypass diodes operaling, bul the open-gircuit
voltage will be reduced, See Chapter 4 for operafion of bypass diodes,

Troubleshooting inverters

If there are DC voltage and AC voltage ar the inverter terminal (and the PV
array ourput 15 sufficient) ver the inverter is not operating, then the inverter has
possibly failled. Most manufacturers include in the manwal a troubleshooting
section that should be consulted, In many cases the inverter will display Fault
lights or error messages to indicate the problem; the manoal should be used tw
identify and address these errors. Some common prablems are:

¢«  Grd voltage 15 too high or oo low: this indicates a faule with the gnd and
50 the electricity distributor should be contacted,

»  (rid frequency is our of range: this indicares a fault with the grid and so
the elecenicity distributor should be contacred.

» D wvoltage from the array s too low: the array may require
traubleshooting.

» D voltage is too high: the array should be immediarely disconnected as it
may damage the inverter

o Line mimpedance is too high: the connections on the AC side should be
checked as they may be loose. If the problem persists, it may have something
o do with the grid and so the electeicity distriburor should be conracred.

*  Farth leakage current is too high (for rranstormer-less inverters enly).

Other commeon problems

Creher common problems with PV arravs outside these rechnical caregories
include, Ffirst, a cliemt’s unrealistic expectation of their system’s performance.
Untorrunarely little can be done to rectity this, so it is important to have good
communication with the client so they understand the svstem capabilities
betore installation. This problem can also occur when the system designer has
made an error and not approprately accounted for all the svstem losses; hence
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overcstimated the system’s output (see Chapter 9). Such calculations should
alwaysheundertakenconservatively and thereasons for systemunderpertormance
should be clearly explained to the client.

Poor system design is also a major cause of PV system Failure, This often
happens when the PV array has not been correctly sized for the inverter used
{see Chapter 9) and so frequently the PV array produces voltages or currents
outside its input windows, forcing the inverter to shut down or disconnect from
the grid. In these cases the fault in the system design must be corrected, which
may involve the purchase of replacement components and the services of an
installation team. If the voleage falls below the inverter's voltage window it i3
likely that high temperatures have cavsed a reduction in voltage which is larger
than expected {see Chapter 4). If the array 13 not well-ventilared this can be
rectified by modifying the mounong swructure (see Chapter &) to allow For
convective cooling behind the modules. This will lower the modules” operating
temperature and decrease the reduction in voliage that occurs ar high
temperatures. The other option 15 to add more PV modules in serics to cach
string: care must be taken when doing this to ensure thar the sysrem volrage will
not then exceed the maximum inverter input voltage on very cold days (see
Chaprer 9}, If the fault is caused by over-volrage then it may be necessary 1o
remove modules from the string or strings i order to reduce overall system
voltage. Over-voleage is a serious Faule thar can damage inverters. The inverter
manufacturer will specify the voltage operating window for their inverrer and
some inverter data sheets will also show a *maximum DC voltage® figure thar
is higher than the maximum operating voltage figure. The inverter and PV
module array specitications must be confirmed ahead of time to aveid this,

Unstable grids may also cause system failure. These problems wsually only
last for a short time and are ditficult to identfy without the help of the utility,
Flucruarions in grid veltage andfor frequency may mean the grid operates
outside the inverter’s AC voltage andfor frequency windows, so the inverter
shuts itself off. Most metropolitan grids are fairly stable, but people living in
rural areas at the end of long transmission and distribution lines may experience
grid fatlures more frequentdy. The elecenicity weilicy managing the local grid
should be contacted in this case,
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Marketing and Economics of
Grid-connected PV Systems

Solar radiation is free, but it can be expensive to set up a PV svstem capable of
taking advantage of this free energy source. Conversely, energy from fossil fuels
is not free (i.e. vou need w continually buy fuel) bur the systems using these
energy sources are already well established. so ar this point in ome it s less
expensive o contnue using fossil fuels than vo build new infrastructure 1o
integrate renewable energy generators into the grid.

Despire this, people continue to invest in grid-connected renewable energy
for a variety of reasons and one of these 18 economics. This chapter discusses
the economics of PV systems and demonstrates how to calculate payback
time {i.¢. the number of vears the system will take to pav itself off). Like any
emerging technology, PV requires support in gerting off the ground; with
every system installed the industry is learning and creating a compentive and
innovative market thar will drive prices down. The support currently
available to PV 15 often i the form of Imancial incentives available from
governments and vtilities. These greatly decrease the pavback time and can
make owning a PV system a profitable and secure investment, Common types
of financial incentive available are discussed in this chaprer. Marketing PV
systermns 15 also covered, including the unique advanrages of PV systems,
common barriers to the widespread use of PV and ways in which these are
being overcome.

Ultimately the PV industry is aiming For grid parity; grid parity occurs when
the cost of elecericity from a PV system is equal to the cost of electricity from the
grid toe the final consumer. Grid panty 1s highly dependent on local factors such
as the cost of PV svsrems and installanon, local solar radiation and local
elecimicity prices, and so will occur ar different tmes in different countries;
however, it is expected ro occur in many developed nations within the nexr
decade.

As the financial benefits of installing a system are a priority for many
people, it is very important that the designer is familiar with local PV
system incentives and able to give the customer an accurate assessment of
system pavback. A list of sites contaiming information about the hinancial
incentives offered for PV in major English-speaking nations is given in
Chapter 15.
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of the economics of PV, as well as the environmental benefits will be useful
here,

Grid-connected PY is the largest and most rapidly growing application of
PV, This rapid increase 15 principally due to the financial incentives already
discussed in this chaprer. Financial incentives are a major marketng point for
PV, The public often will not understand the limitations and extent o which
these incentives will benefit them; it is the prerogative of the installer to explain
the incentives to potential clients. The vast majority of systems will benefit from
the FiTs, and installers should be very familiar with local legislation regarding
these — it will be invaluable. Keeping up to date on any changes to legislation
15 also important,

The green image which PV imparts s also a major selhing point = meaning
clients may want their PV in a highly visible posinon at the expense of system
performance. They may also want an amractive module, as opposed 1o an
efficient one. Installers need 1o make the repercussions of these decisions
absolutely clear to clients.

PV has many unique features among electricitv-generating rechnologies thar
contribute to its popularity today:

» PV is reliable and low-maintenance; it contains no moving parts and the
modules are robust, often coming with a 20-25 vear guarantee.

¢ PV is good for the environment. Some people may suggest that a PV system
cannot generate enough energy in its lifenme o equate to the amount of
energy required mn its production: thes 15 not accurate, The energy required
15 retrieved in 2-7 vears, depending on the system components, design,
installation and its location. In addition this energy is clean and renewable,
and will further reduce greenhouse gas emissions. PY modules are also
recyelable.,

o Grid-connected PV svstems are easy and quick to install. PV's modular
nature also makes it very easy to work with, imstallations can be of any size
without any major manufacuring changes and modules can usually be
added or removed during the lifetime of the installation,

AR
kel T A

Figure 13.5 Graph showing the global cumulative installed PY capacity up to 3008 On-grid
conneclions have increase dramalically over the last lew years whila off-grid has remained guite
sieaty

Spuree; Global Sustainabin Erergy Solgliors

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



NHCNINP A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

MARKETING AND ECONOMICS OF GRID-CONNECTEDD PV 5YSTEMS

* PV can represent a good investment: a system can add value to the building
where it is installed and many of the financial incentives available such as
FiTs are legislated for a certain period of time.

* PV s useful as a public demonstration of commitment to sustainability and
reducing greenhouse gas emissions. This may be desirable For a company
marketing itself as green because PV is an easy and highly visible way to
make a statement and reduce a company’s carbon footprint.

Despite these positive attributes there are still some strong barriers o PV
technology, these include:

*  High capital costs: the high capital cost of a system can be a major deterrent
for investment or render a PV system unattainable for some people. Rebates
and green loan programmes are attempring 1o address this,

» Lack of pubbc knowledge and advernsimg: there are many myths
surrcunding PV such as it being too expensive o even consider putting on
a home and that the amount of energy produced by the system is less than
the energy consumed in s manufacture. The PV indusery needs 1o be
proactive about education to dispel these myths.

» Lack of industry: The grid-connect PV industry is still very much in irs
infancy in most parts of the world. There are a limited number of companies
providing trainmg and installanion, and standards and regulations are sall
being developed.

o Lack of planning: As already discussed the amount of solar radiation a
module receives is strongly affected by irs orientation, but the installation
is often governed by the orientation of the roof, When many towns were
planned and built the roof orientation was not considered with respect to
future PV installations.

»  Utlity regulations based on mains supply: Most electricity markets are
unaccustomed to dealing with distributed generation, ie. small-scale PV,
Sometimes people seeking to mstall a small roofrop PV system have been
required o complete the same paperwork as those planmng to connect a
large-scale coal-fired power stanon 1o the gnd. Over time unlices are
becoming more accustomed to dealing with distributed generarion and
streamlining the process of interconnection.

*  Well-integrated fossil fuels: Well-established svstems that favour tossil fuels
are a key barrier to PV, Despite PV's numerous advantages, fossi] fuels remain
a more cost-effective option. Policies that put a price on the environmental
damage of fossil Fuels, such as emissions trading schemes and carbon taxes
intend to drive up the price of fossil-fuel-generared electricity, making PV and
other renewable energy sources more competitive,

Insurance
As with any major investment, PV arraye should be insured. As they are

exposed o the open air they are vulnerable to lighining, hail, excessive wind
and vandalism. A well-designed system may be able to handle the first three,
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bt unft.:-:rrunfltchr' there 1s no guarantec a;z,aim:-:t the fourth. Insurance costs need

to be considered when determining the operating costs of the arrav. Local PV
industry associations should be able to advise on insurance options.

Figure 13.& Severg winds can cause damags 1o poorly anchorad arrays

Sowrce: Tarry Cady
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Solarstromaniagen seit 2006 um 40 % billiger

Figure 13.1 The price of PV
syshems |5 declining rapidly,
making tham a more attractive
investment. The cost of small-
scala PV syslams has been
reduced by 40 per cent in the
last fodar vears

Sourner weanw Bnlarairtachall.oe

Figure 13.2 PV is expected 1o
achieve grid parity in Germany
within five years. Contributing
factors nclude the strengtin
and competitiveness of the
loscel Imestallation indusiry and
the selativaly high electricily
prices

Soume: weerw eclaredrtachal.os

PV system costing

The costs associated with the individual components of the PV system need to
be analvsed in order to estimate the full cost of the system. Svstem costs wall
vary signihcantly depending on the area and the local PY market (larger
markets with many ditferent companies operating tend to offer lower prices
due to high competition). The main costs associated with a PV system are as
tollows:
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PV System Cost Targets

Figure 13.3 Global average FY
sysiem capital cosis per KWp
mstalled and thedr expected
decrease over the next four
decades

Sourze: Intermational Erergy Agency
(1ER)

Eant In um_ |
_EEEEEEE

«  Capital costs: The upfront purchase of all system equipment including PV
modules and balance of system equipment makes up approximately 50 per
cent of total svstem coses, The modules are the most expensive item by far,
but mwerters can still be costly; grid-interactive imverters range from
US$S00/W ro USS2000/kW. Smaller inverters generally used in residential
applications are in the more expensive end of the spectrum because thev are
smaller. In areas where urtilities are obliged ro offer free net metering {as is
the case in most US states} to customers with a PV system a new meter can
be acquired free of charge, but in areas where the policy does not exist (i.e.
Australia) it 15 often necessary to purchase a new meter with the svstem,
The remaining 20 per cent of system <ost is for the actual installation
(excluding a small ongoing maintenance cost).

* Maintenance costs: 1 per cent of system cost is comprised of maintenance
costs. Maintenance should be undertaken every 6-12 months; if the
modules and inverter have been installed correctly then maintenance costs
should be minimal. The array should last at least 20 vears, and most
madules are covered by a 2025 year warranty so if premature falure does
oceur it is ofren possible to replace or repair the modules free of charge, The
inverter 15 likely to require repair during its liferime; mverters generally
carry a 3=10 year warranty with an option 1o extend the warranty a further
5-11) years.

» Replacement costs: PV modules are expected ro last at least 25 yvears and
most system components are expected to lase at least 20 years. Some system
components may not last as long as the panels and will require replacement.
Inverters have warranties that commonly last 5-10 years but can maostly be
repaired should they fail beyond this periad. Terminal farlure of a correctly
nstalled and properly sized wwerter 15 uncommon, but possible, The
designer should ask the manufacrurer about the expected life of the inverter
they are installing in the system. If it is less than the expecred life of a
system, then a replacement should be accounted for in costing. Other
components may require replacement: monitoring equipment, bypass
dicdes, cable, plugsisockets ete, Protection from the elements and wildlife
will increase the lifetime of this equipment and hence reduce these cosis,
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Valuing a PV system

Viluing a PV system is an importamt process that allows for comparison across
systems, The preferred method for assessing the capital cost of a PV system is
in dollars per ware (3/W) and as such looks only ar the upfront cosr of the
system. To calculate $/'W the following formula is used:

‘;:-‘;/ Upfront cost of the PV system (§)
~ Rared Peak Power of the PV System (W)
This method is only used for upfront costs. Currently it is the standard method

of comparing system and eguipment costs in Ewrope and is becoming
increasingly commaon around the rest of the world,

Simple payback and financial incentives

PY systems are an investment and it 15 often desirable to calculate the payback
time, i.e., the number of vears a system will take to pay itselt off. This section
will outline how to calculate payback period and the hinancial incentives that
can improve the pavback time,

Simple payback

The simplest method for examining the economics of PV grid-connecred systems
1s the simple payvback method. People are often interested in the payback period
of the mstallation, This is calculated using the following formula:

Capirtal cost (%)

Time (vears) =
Savings from avoided electricity purchase ($)
Example:

A 1kWp grid-connected system produces abour 1200kWh per vear. The system
costs currently $6,000.00. The average projected costs for residential electricity
is $0.15/kWh, therefore the savings per vear will be $180 (1200 x 0,15),

$6000
5 180

The simple payback time is: 7 = = 33 years

Feed-in tariffs

A Feed-in tariff IFIT) is a monetary reward for feeding electricity generated by
PV into the grnid. It can either be equal 1o the retml electricity rate or greater
than this rate (known as an enhanced FiT). Fi'ls are usually financed by a levy
added to all elecinicity balls, Small-scale PV 18 generally most successtul in
locations that have FiTs, such as Germany; however, it is important for these
FiTs 10 be stable in order to encourage sustainable growth in the induscry. In
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Decreasing Payback Time with
Increasing Electricity Prices

i3
0 -
25 |
20
15 |
10 | =

Paytuck {pears

- Figure 13.4 Payback
times will decrease with the
inavita bl rise in electricity

£ .29 245 $0.32 w2.2% 5040 2048 prices even if Py system

prices do not deciease

both Spam and Australia there have been recent cases where an FiT was
introduced by the government but removed within a vear. FiTs can be structured
in two different ways:

* Gross FiT: All elecericity generated, regardless of whether it i used in the
customer's house or not, receives the FiT,
LEIR

«  Met FiT: Only electricity that is exported to the grid receives the FiT. Some
net FiTs are time-of-use FiTs, e, if the customer is away from home during
the day while the PV system s producing electnicity, then the customer
receives the FiT feven if they use more energy at night than they produced
during the day). Other net Fils go by the total amount of energy produced
vg, the amount consumed: e, when it was consumed 15 irrelevant,

Box 13.1 Calculating payback time for PV systems receiving an FiT
Example:
The following table contains  ~ Capacity Tarifl level for new installations in period Tarit!
details about the LK gross  installed {EWWh}) lifetime
FiT known as the Clean Year 1 Yoar 2 Year 3
EHNY LS Ak e 1 April 201010 1 April 2001 to 1 April 2012 fo

e pr _ A pril £0 . : :

- @?ﬁ;ﬁf&ﬂﬁﬁ 31 March 2011 31 March 2012 31 March 2013
& new building in the UK in @88 than 4k £0.36 £0.36 T0.33 25
July 2011 is calculated: (the /O Buldng)
system is expected fto  Less ihan 4kW £0.41 £0.41 £0.38 25
produce 2700kWhiyear and  (Fetromt)
the retail price of electricty  4-10kW £0.36 £0.36 £0.33 25
i5 £0.13/Wh) 10-100kW £0.31 £0.31 £0.29 25

Purchase price of .. .. s . . :
system: £15,000 100kW-5KIW £0.29 £(1.28 £0.27 25
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o £15.000

Savings per year: 2700kWhiyear = £E0.13/kWh = £351
Income from FiT: 2700kWhivear = £0.36%Wh = £372

£(351 + 972)

After 11 years the owner will bagin to make a profit on their system and this will be guaranteed for the
following 14 yvears (bacause the FIT lifstime is 25 years),

=11.3 years

Box 13.2 Important features of FiTs

* Hale: some FiTs such as the UK FiT shown above give generators a fixed
price for electricity, butl other FiTs may vary as the relall price of slectncity
varies so they are always paying the same pramium on the retal siectncity
price.

= Lifetime: FiTs are usually guaranteed for a certain number of years. It is
important to chack that the system will actually pay itsalf off in that time period
before investing in a PY system, Lifetimes may vary from as little as 7 years
to as long as 25 years.

» Conditions: there may be conditions attached to receiving the FiT, e.g. the
generator may be required 1o surrender their Renewable Energy Credits
(explained later in this chapter) 1o the utility purchasing their electricty.

*»  PFrogramme end date: FiTs make PV systems highly profitable. But as they
can also be costly schemes, most Fils are regularly reviewed by the
governing body after a certain time period or when a certain amount of PY has
bean installed under the schame. It is important to make sure the scheme is
still available before buying a system.

Rebates

Rebates are a financial incentive intended to reduce the upfront cost of a PV
system and are uswally a one-off payment, This type of meennve 15 usually
available to smaller systems such as those on houses or urban buildings, A
rebate can sigmificantly reduce the pavback time of a system, but they are often
enly available for a short time, so it 15 imporane to check thar the rebate 15 sull
available before installing the system. This informaton should be available
from the vutility, local, stare or federal povernment,

Rebates generally reward capacity installed, the rebate is calculated from a
SW installed price. An example is the Tennessee Solar Institute Solar Installation
Grant Program; a table of the rebate prices available for PV systems i1s given
below, The programme has a US$% mallion budger and will end when funding
is exhausted, it also has a maximuom incentive size of US3245 000,
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Box 13.3 Calculating payback time for a PV system
receiving rebates

Example:
Using the first example’s system, calculate the  Capacity instalied  Rebate
paybacktime for a system located in Tennessee  {_aqew 0 W

under the state rebate programme:
The system is TkWp, so the value of the S 51 O
rebate would be: 1000W x $2 00W = §2000.  _B0-Z00kW bl
Subtract this from he capital cost of the
gystam (H6000) and the net cost is $4000,
Divide this by the money saved due to reduced electricity usage, calculated
in the first example to be $1680%ear

4000
Time = $— = 22 years
5180

This rebate reduced the payback time of the system from 33 years to 22 yvears,
howewvear, that is still significantly fonger than the payback time for systems in
areas with FiTs.

Box 13.4 Important features of rebate schemes

When planning to claim a rebate it is important to fook for several key pieces of
information:

=  Programme and date: all rebate programmes eventually draw to a close, A
programme will generally end at either a spacific predetermined date, when a
cerain goal of capacily nstalled is achieved or when the budget allocated to
the programme is used up. It is important to be aware of these factors and
ensurg the rebate has been applied for before the programme closas.

= Size constraints: ensure the system is within the size Iimit of the rebate
programme; many rebate programmes will also have a lower incentive for
larger systams.

= Conditions: other conditions may be presenl, e, the system may nead 1o be
installed by an accredited electrcian to be sligible for the rebate,

Tax incentives

In some areas (particularly the US) tax incentives are available; these include
tax credirs and tax exemptions and can be awarded based on the costs of
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investment {the costs of the system andfor installation) or on the electricity
generated by the system. Tax incentives may relate to a variety of different taxes
including property tax, sales or goods and services tax (GST), personal rax,
import tax and corporate tax. Tax incentives may be a set amount, a percentage
of the total cost, or an amount per unit of energy production.

Loans

Mo or low-interest loans are available from a variery of institutions for the
purchase of a PV system; these are sometimes referred to as green loans, The
primary cost of a PV system is in the upfront purchase and loans programmes
are designed to make owning a PV system possible for those without the
capital. As well as being available from governments, loans are often available
from banks and utilities. Loans are used in maost parts of the world, including
in developing counitries,

Renewable porttolio standards and renewable energy certificates

Fenewable portfolio standard (RPS) schemes are a common government
policy intended to increase investment in renewable energy, particularly on a
large scale. In an RPS scheme the government sets a target for renewabls
energy production, normally in the form of a certain percentage of electricity
produced from renewable energy by a certain date, e.g. the Californian RPS
targets 33 per cent renewable energy by 2020. In most schemes the large
electricity urilities are required to comply and to prove they have done so
they must surrender Renewable Energy Certificates (RECs), one REC
typically representing IMWh of electricity produced from renewable sources,
REC is the term most commonly used in the US srate-based RPS schemes, in
the UK Renewable Obligation Certificares (ROCs) are used and in Australia
Large-scale Generanon Certificates (LGCs) and Small-scale Technology
Certificates (STCs) are generated: which type of certificate is dependent on
the size of the renewable encrgy system and the RPS scheme has separate
quatas for LGCOs and STCs. The utilities are required to surrender a sufficient
number of RECs 1o cover the electricity from renewable sources required in
that year. Under some US schemes, RECs can be traded on the open market
and are known as Tradable Eenewable Energy Certificates (TRECs), there
may be a limit on the amount of TRECs a utility can surrender. Other
schemes, i.e. Australia, make no such distinetion and all LGCs and STCs can
be traded on the open market. Some schemes also allow RECs to be banked
for yse in later years, A PV system will generare RECs and if the owner is nor
requireed to surrender RECs under the RPS scheme then they can sell ther
RECs to a utility, Sometimes these are referred to as S5olar Renewable Energy
Credits {SRECs). Small-scale PV systems will only penerare a couple of RECs
a year, bur for a large-scale centralized PV system, selling RECs 15 a very
important part of ensuring the system’s prohitability. REC prices Huctuate on
the open market and the higher the REC price the more economically
tavourable the investment.
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Box 13.5 Important features of RPS schemes

« Targeis: RPS schemes are very widely used, but targeis vary significantly as
shown n Table 13.1.

» Banking: In some schemes excess RECS are bankable, l.e. a REC may be
generated in 2008 but not surrendered until 2010, Schemes vary widely;
banking may be allowed but limited to a cartain number of years or unlimitad,
and In some a RECs deficit can even be camed forward and paid off in
subsequent vears,

¢« 'Bundled’ and ‘unbundled” RECs: ‘Bundled” RECs are sold alongside the
electricity, i.e. a system owner salls both the electricity from their system and
tha RECs generated 1o the ulility, ‘Unbundied’ RECs can be sold separately,
i.e. a ulility has a surplus of RECs and so sells some fo ancther wtility;
sometimes these are referred to as Tradable Renawable Energy Certificates
(TRECs). Some APS schemes have limits on the amount of TRECs thal can
be surrenderad.

«  Prices: In many BPS schemes the REC price is left to the market; however,
some schemes incorporate upper andfor lowsr limits to guarantee some
certainty to investors.

* Penalties: Penalties for non-compliance ara ganarally per KWh; there is also
often a limit to the amount of penalty a ulility can incur within a year,

* Technology portfolios: Some RPS schemes have separate technology
portfolies o encourage the different technologies: e.g. Japan aims to have
installed 14GW of PV by 2020. Technology porifolics are fally uncommon
and 50 wind and hydro energy tend to dominate in BPS schemes as they are
the least expensive reanewable energy technologies.

Table 13.1 Renawable energy targets by location

Location Target

Australia 205 Dy 2020
Califormia, US ¥ by 2020
China 157 by 2020
Conmeciicut, LS 279 by 2020
Gefmany 18% Dy 2020
Spain 208 by 2020
Swaden 4 5% by 2020
Tokya, Japan 20% by 2020
LK 18% by 2020
Washingion, US 15% Dy 2020

Marketing

Installers of PY may need to ‘sell’ PV systems. Often the installer will only be
approached once the decision o install a system has been made, but sometimes
installers mav need to convince potential clients of the benefits of PV, Knowledge
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Case Studies

Case study A
Reference: RENAC Renewables Academy
Location: Berlin, Germany, latitude 53° north

Average annual solar irradiacion: 1100k Whim*vear on a plane tileed ar 307,
orientated south. The average annual wrradiation on a horizontal plane s
approximartely 930kWh/m*/year

Average davtime module temperature range: —10°C to 70°0

System

Three 1kWp arravs, each wsing different module types. RENAC 15 a training
centre and has installed three different array tvpes because they wanted two
demonstrate and monitor the performance of three ditferent rechnologies. Each
array is connected to its own inverter (SMA Sunny Boy 1100). Arrays and
inverters were matched using SMA design sottware. The system 1s monitored in
the RENAC office several floors below the PV arravs. The system was installed
in 207140,

PV Array 1

2R0Wp consisting of 7 x 140%Wp Sunset TWIN thin film modules connected in
series, The array’s projected annual output is 850kWh,

PV array 2
1200Wp consisting of 6 x 200Wp Solon Blue polyerystalline silicon modules
connected in series. The array’s projected annual outpur is 1000kWh.

PV array 3

L1530Wp consisting of 5 parallel strings, each string comprising 2 x 115%Wp
Inventux thin flm silicon modules. This array also expenences partial shading
from structures on the roof which could not be moved, especially in winter
when the sun is low in the skyv. This is the reason the thin Hlm modules, which
are less sensitive 1o shading, were chosen for this part of the roof racher than
the crystalline ones. Projected annual owtput: 1000kWhiyear — though the
partial shading will reduce this to some degree,
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Figure 14.13 The DO conductors am housed inside & metalke conduit as par the guidelings

in the MNational Electric Code (NEC). The 2008 MNEC states thal conduit in direct contact with a8
eoof under full sundight will experience an intemal lemperature of 33°C [B0°F} above ambient
wahibe Sondull (hal iz mounted betwasen 0.5 and 3.5 inchas above 1he rood (a8 i this system) will
exparience an intemal temperatire of 225C (40°F) above ambiant, It is for this reason that the
rstafiers have mounted the condull sovaral inches aDowvs the surlace of 1he rood

Sowrce: Giobal Sustainabés Energy Solulions

Figure 14.14 The
- . mounting rails have bean
s nstallad with perodsc
gaps betwesn adjacent
rails allowing the meial
ralts to thermsally expand
wiitholit damaging the
mounting struciure

Sourcer Giobsel Sustanabia
Erehgyy ki
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Rack mounts are used for the module on the flat roof. This 15 a foam-
sprayed rolled asphalt composition roof surface, In order to create well-sealed
and watertight roof penetrations tor the mounting system, the installers used
an aluminium flashing around the standoff mount before applying a roof parch.
The primary mounting svstem was designed around the ProSolar XD
commercial rail. This high-strength rail 15 capable of supporting an 8-foot gap
berween adjacent support points, making it ideal for large systems.

Economics

The total system cost was USS305,000, On completion of the project the PV
system recerved a rebate of USS70,968 under the Califormia Solar Instiative
{CS1). After rebate the net cost of the system was US$234.032 and the owner
received a 30 per cent Federal Tax Credit on the ner system cost (USS70,210).
The hinal system cost was US8163,822, which 15 roughly 54 per cent of the
initial system cost. The pavback period of this system 1s estimated to be between
tive and seven years, depending on how quickly electricity rates increase in the
local area.

i = z - i
g - 4 e —

-~ e =5 : '.'_

Figure 14.15 The Prosolar XD Suppori Rail holds tha modula while tha ProSolar FastJack® il
levelling suppon iz adusiable, This suppon height can be changed to madify the tilt angle of the
Py module and ensure all the rails are on the same plane

Souvea; Global Suslanabie Energy Solmions
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Case study D

Reference: Residennal rooftop system

Location: Hinchinbrook, Mew South Wales, Australia, latinde =34° north or

347 south

Average annual solar irradiation: The average annual insolation on a horizental

plane 15 approximately 16 50kWh/m®fvear

.'!li-‘d';:l‘:,lgl:i' da }!'tir'i'u:' module LErperature range: =707

Monthly Averaged Insolation Incident on a
Horizontal surface (kWh/m?/'day or PSH)

7
i L
& b L
i = .y
i | L
2 - o=
1 - e
0 _. . , _
Jar | Feb |Mar | Apr | May|Jun | Jul | Aug | Sap | O | Nev | Des
Average PSH | 83 |5.51|4.76| 387|281 |246)| 2.68| 3.5 | d.61|562 |6.09| 657
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Figure 14.16 Elecincal
diagram of the PV
system

Figure 14,17 Avarage
solar insolabon in PSH
or KéWhim*'day by month
for Hinchinbrook, Rew
South Wales

AR M0,
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Figure 14.18 The PV
array blands in with the
prodile of the rocl and is
agsthetically plaasing
while allowing some
coolirg air flow beneath
the modules

Sonrre Gesen Soler Group

System
A 2.22kWp system was installed in February 2010, The system wuses a SMA
Sunny Boy 2500 inverter.

P\ array

The PV array consists of 12 Suntech 1E5Wp PV modules connected in series to
form one string.

Mounting structures

The modules are mounted using standoffs and tollow the bl and orentation of
the roof,

Economics

The capital cost of the system was AUDS19.680, on which the owners received
a discount of AUDS960 from the installers. The owners received AUDS5100
under the Australian Government's Solar Credits Scheme so the net system cost
was AUDS13,620. This svstem was also eligible for the Mew South Wales Stare
Government’s gross feed-in tanff which pays AUDS0.60/Wh (see Chapter 13
for further information on feed-in tariffs),
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Earid Supgphy
Solar Modules
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2R ETECH

TP IR A

Az

-
ki (A

[T pm e —ew

EaE. (M

Figura 14.19 Diagram

ey B M g SREUC o bwene e ACNOer oy Sl o wwhbes BB Gwseesy  Of the system installed
by Green Solar Group
Case study E

Reference: Residential rooftop svstem
Location: Ramona, California, lattude 32° north

Average annual solar irradiation: The average irradiarion on a horizontal plane

is 5.8PSH/day, which is 1400kWh/m?*vear.

Average davtime module temperature range: 0°C-60°C

System
This 7.65kWp system consists of 34 PV modules and 34 Enphase Energy

M-120 micro-imverters. The system was designed with 8 modules on the cast-
facing roof at a 116% azimuth, 8 modules on the west-facing roof at a 2107
azimurh, and 18 modules on the south-facing roof ar a 1647 azimuth. Micro-
inverters were chosen because a PV system with a centrabized inverter would
have required art least 11 modules in a series string to face the same orentaton
and there was simply not enough roof space available tor this. Using micro-
inverters allowed the svstem designers to place any number of PV modules on
each roof face. At this installation site, the south-facing roof also expenenced
some shading. If the svstem designers had chosen a cenrralized inverter, they
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Figure 14.20 This flat tile residential roctep presented some comman design challenges for a
twpecal PV system wsing a centralized inverter; there are sevoral different roof onanfations with
suitabde solar access (South, west and &ast). In addition therg is not encugh available spacs on
eaich roof faca to moun a compdete seres sirng, maaning that madules within tha same senas
string would have to be mounted facing different orientations. Modulas facing different directons
wiould recaive different amounis of solar radiation (see Chaplers 7 and 9) and Rence havae
different power oulputs. As discuseed in Chapter 4, it is not desirable to connact PV modules
with wery different ouwputs in series and thie 1013l power outpd of the system wousd sufier

Sowvce: BMC Solar

wonild have had ro install a specific minimum number of moduoles on each roof
face. Caven the lmited suitable roof space, wsing the Enphase micro-inverters
they were able o install modules in those roof areas least prone to shading,

PV array

34 high-efficiency back-contact monocrvstalline silicon SunPower 225Wp
modules were used. These modules have a module efficiency of 18.1 per cent
and a manufacturer’s tolerance of +3/-3 per cent (sec Chapter 9).

Mounting structure

The mounting system used for this installation is SunFrame by Unirac.
SunFrame is a low-profile, shared-rail mounting system that holds the module
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Flgure 14.21 In order to avercome the challenges presented by this residential roof, the system
daskanar decided (o lorgo the radiional central invertar syslem architeciune and (nstall mscro-
inverters on each solar madule. The micro-inverters are mounted on o the rails directly banesath
thr modules and convart the DG current from the PV moedula into AC currenl. Each individual
micra-inverier has its own MPP tracking system so that the performance of each PY madule is
completely indeperdeant of its nesghbours. The AG oulpals are connected in paralial and then
fead diractly inte Ihe rasidential mam sanice panel

Sourcd: B Soler

Figure 14.22 In accordance with the Nailonal Electric Code [NEC), all metallic parts of the

PY amay which could potentially become axposed o live curmant are mechanically bondad ta
the earth (grounded/earthed) using either bare copper or green cables. This includes the PY
madule frames. mownting system and conduit as well as the individual micro-inverters as shown
above

Sowarce BAMG Solar
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Figure 14.23 The mounting
systam achieves a good
balance batwean assthatics
and peromance. It is
elevated slighly above the
rood 1o alow for cocling
ventilation but still retains a
lewe profile and blends in with
the roof face

G BN Slar

Figure 14.24 The completed
sysbern lakes advaniage

of the available roof space

in the most efficient way
possibla. The sleek, all biack
PV modules and low-profila
racking ara considered
agsthetcally atiractive

Sovce: BMC Solar

in place around the perimeter of the module’s frame. Modules are supported in
between SunFrame rails, not on top of them. Modules are slid into the
SunFrame channel and are held firmly in place by the cap strip of the SunFrame
mounting system.

Economics

The total svstem cost UUS$E49,%68 and upon completion of the project, the system
owner received a rebate of USS4680 under the Califormia Solar Inigatve (CSI),
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Figure 14.25 A wiring diagram af tha system installed by BMC Salar

leaving a net system cost of USH45,288, They received a 30 per cent Federal Tax
Credit on the net system cost, which equated w US§13,586. Following these
financial incentives the net system cost was US531,702, which is approximarely
#3 per cent of the inmial cost. The pavback period is estumated 1o be 8-10 years.

Case study F
Reference: Residential rooftop system
Location: Cumnock, New South Wales, Australia, lattude —33° north or 33° south

Average annual solar irradiation: The average irradianion on a horizontal plane

is approximately 5.1 1PSH/day or 1850k'Wh/m?*/vear
Average dayoime module temperature range; 0°C-70°C

System

This 15 a 9. 84k Wp system installed on a propecty m rural Australia. The system
uses 2 Aurora Powerone PVI-500 outdoor inverters each connected to 24
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Figure 14.26 The
system included an
uinde rgground cable man,
1&mm? S0 cable was
used

S Geen Solar
Graup

Figure 14.27 The digital
metar

sl Gt SOl Lardah

modules (there are 48 modules in total). Each inverter contains two Maximum
Power Point Trackers. The system uses a digital meter locared far from the
array and inverter (it is common in large rural properties for the switchboard/f
chistribution board and meter to be located ar the front gate, which 15 some
dhstance from the mstallation) which rtr__lL]iT-t'f:{i a ﬁ.ﬁr’t'l-lf;l'l[-:; L]l‘:ujrrgrnur‘iﬂ cable
Tin.
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Figure 14.1 Three invertens ang used, ong fof each aray

amice. Alberto Galksgo

INFLUT
3 phase AC
from SMA
nverters on
the roof

QUTPUT
4 phase AC
1o building
grid

Figure 14.2 A special threg-phase expan meter locatad in the basement of the builkling
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Figure 14.28 A diagram of the PV syslems showing the two separals arrays installed by Green Scdar Group



A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

210 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Figure 14.29 In this
prcdograph the meatal
railz that make up the
MEoLUnEng Siructune ang
clearty visibla

s Caran SOl (ardap

PV array

There are two identical 4.92kWp PV arrays connected to two separate inverters.
Each PV array consists of 24 x 205%p polvcrystalline Suntech modules connecred
in 2 series strings (each of 12 modules), which are connected in parallel.

Mounting structure

The modules were mounted using standoff mounts. Formunately the roof faces
due north and is rilted at 30°, which is ideal for the PV array. It does, however,
experience some shading (~5% ).

Economics

The capital cost of the svstem was AUDS66,073, including a cost of AUDS32S for
the underground cable run. The system received AULNST 3,120 under the Australian
Covernment's Solar Credirs Scheme so the net system cost was AUDS52 925 Thas
system was also eligible for the New South Wales State Government’s gross feed-in
tarift (FiT), which pays AUD$0.60/&Wh, and is expecred to receive AUDSE, 560
per annum in FiT payments. The system is expected to pay itself off in six to seven
vears and save an estmated 16,120kg COy, per annum,
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Case study G
Reference: Stanton House
Location: Pembury, Kent, UK, latitude 517 nerth

Average annual solar irradiation: Approximately 1150kWh/m*fyear on a plane
tilted at 30° orientated south. The average annual irradiation on a horizontal
plane is approximately 1000kWh/m*/vear

Average da viime module temperature range: =50

Figure 14.30 The PY array
5 ground-mouaniad in tha
owner's garden

Sounce Paul Baressl|

Figure 14.31 The inverter
is kocated in the pood shed
behind the PY array; the
inverter s connected 1o &
generation medar which
measures the PY amay's
powar culpul, than W

a lockable double pole
wolating swich ardd then
diractly into onea of the
miniature circut brepkers
kcaled on a chelribution
board in the shed

Sl Pl Bireal
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System

This 15 a 5.04kWp syseem installed on a large residential property in the UK.
The house has an east/west facing roof so the installer (who was also the system
owner) decided to mount the modules on the ground, which meant they could
face due south ar a rile of 30°, Aesthetics were important to the svstem owner
so the modules were mounted at the edge of the garden, which has since been
landscaped so that they cannot be seen from the house or the road. The
modules are connected to an SMA Mini Central Inverter which is located in the
pool shed behind the arrav. The svsrem also includes an SMA Sunny Beam
display and wireless pigpyback moniroring system.

PV array

The array comprises 24 Sanve heterojunction with intrinsic thin laver (HIT)
maodules (see Chapter 3), which were chasen becavse the syvstem owner valued
reliability over expense and Sanyoe have an excellent reputanon, These are
installed i two rows of 12 modules; however, elecerically they are connected in
three strings of 8 modules per string. Each series string has 4 modules from the
front row and 4 modules from the back. The SMA website (www.sma.de) was
used to size the array and marwch it ro the inverter. The PV arrav does
occasionally experience shading; the front row of modules shades the back in
the middle of winter and surrounding trees shade the PV array at the beginning
and end of the day in early and late summer. In summer (May) the array is often
able to generare around 34kWhiday, bur in winter array output decreases to
about 10 per cent of that expenenced in summer.

Figure 14.32 The PV amay iz surrounded by trees and occasionally expariences shading

sl Pl Birassl
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Mounting structure

The modules are ground-mounted; the installer wsed 16 preservative-treated
(Tanalised®) oak railway sleepers as a base, laid across fHatr ground on a
weedproot sheet that was later covered with gravel for aesthetic reasons. The

Figure 14.34
Constraction of the
mirtng stricting, e
wioaden A-frames and
Lnéstrut strip (along

the 150 can b soen
Anciher sirip of Linistrut
CAN D& S4a0 O e
grass; it will be attached
along the bottom of the
A-frames

Sovimer Paul Berassl

Figun! 14.35 The
mounting structure
viewead from the cide

Syt Pagl Baraeadl
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Figure 14.36 Conergy
clamps are used i
sacure the modules 1o
the Linistrus

Sored Paul Baresl|

railway sleepers were chosen for their durability; preservative pressure-injected
woid 15 expected o Last ar least 25 years. Sixteen Tanalised® wood A-frames
were constructed and screwed onto the sleepers. Two
strips of Umstrot hot-dipped galvanized steel were
joined to the top and bottom of the A-frames and the
modules were fixed o the Unistrur using Conergy
clamps.

Economics

The total system cost was £20,900, which included
£15.700 for the PV moduales and £2.200 for the
inverter. The system feeds electricicy into the grid and
earns £0.16/kWh generated under a gross feed-in
tariff paid by the system owner's udlity (Ecotricity
Led). In its first vear of operation the PV system
generated 4200kWh, which equares to an earning of
£672. The pavback period 15 estimated to be 17 vears;
however, if the system were installed now (January
2011} it would receive a gross feed-in tarift of £0.41/
kKWh under the UK Government's Clean Energy Cash
Back scheme (as in case study B}, which wounld reduce
the pavback period to approximately 7 years.

Figure 14.37 The PV array is cleverly hidden in the garden so
that it does not affect the appearance of thiz beautiful propary

ool Faul Baraall
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Sunsat TWIN 140 140 Wp Modules
Figure 14.3 PV array 1

aclWrce Frank Jackson

Solon Blue 230/7 200 Wp Modules

Figure 14.4 PV array 2

Sourcs! Frank Jackson
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Figure 14.5 PV armay 3

Souca; Frank Jaskson

Figure 14.8 Concrels
bOcks are used as
ballast to waigh the

SR ST GOWN 10 GREung
it will ot he affected by
winds — the roof surface
did not need to be
punciured

e Frare JSckEnn

Modules

Mounting structures

All the arrays are tlied ar an angle of 30° using rack mounts on the tat roof,
The structure is secured to the roof by concrete blocks (a technique known as
ballast rack mounting).

Economics

Installed cost was €10,000 (excluding tax). BENAC is paid €0,39 for each k'Wh
produced under the German renewable encrgy feed-in lemslation.

Sk
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Ph 1
| oh 2
& Ph 3 Figure 14.7 A block diggram of the
Grid REMAC system

Case study B

Reference: Residential property
Location: Welwyn, Hertfordshire, UK, latitude 52% north

Average annual solar irradiation: Approximately 970kWh/m*/year on a
horizontal plane,

Average daytime module temperature range: 0°C-50°C

System

One 3.08kWp array linked to a 6kW inverter, the inverter s oversized to allow
for future expansion of the PV arrayv. The system has been sized to meert the
electricity demands of the household and it is expected thar annual electricity
production from the PV svstem will meet annual electricity consumption, [t was
commissioned on 20 February 2010 and as of 20 Januwary 2011 has generated
3113k Wh of electricity with 2897Wh being metered at the distribution board.

PV array

The array comprises 14 Sharp ND220 polycrystalline silicon modules that are
13.4 per cent cfficient. Array output varies sigmhcanty over the year: in the
third week of June 2010 the system exported an average 17.2kWh/day, but it
only exported 1.34kWh/day in the third week of December 20110 when the PV
modules were covered by snow for part of the week.
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Figure 14.8 Tha inverer is
manuiactured by Fronius and located
indoors, under the stairsell within 1m
of the distribulion board

sivaee 1omy J AlMGnd, Flanel Energy
Solutiona, Wetwyn, LIK

Figure 14.8 In arder

ta rrieel the househokd
energy demands 14 PY
medilas and 3 solar
thermal collectors have
been installed

Source Torry J. Almond,
Fianet Enengy Solutions,
Wit UK

Mounting structure

Standoff mounts have been used to allow some ventilation benearh the array.
The roof faces south so the array could be mstalled ar the ule and orentation
of the roof.

Economics

As of April 2010 the systrem owner receives £0.41/kWh onder the UK
Covernment’s Clean Energy Cash Back scheme, a gross feed-in tanift (FiT). The
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P Panels

m:i E' ]WWD& CierpimiabEan
Bl L | OC Swach 1 AL Switch Mietar
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12 RE: : . :
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EriRGER High DC & AC voltage
Enlane paneic Batnn woiing om PV oemee
Fadleck AL swibt i OFF b werking Sn wirmg

Figure 14.10 A wiring diagram of the PY system installed by Solar UK for Planet Energy
Sciutiens, www planatenergy. oo uk

Spurca: Tony J. Almond, Plasnet Energy Solutens, Welayn, UK

income earned from this scheme (including the feed-in tariff and savings in
eleciricity balls) 15 expected o amount to L1674 vear, while 1t reduces CO,
emissions by 1643kegive. From June 2011 the UK Government’s Renewable Heat
Incentive (RHI), a similar scheme o the FiT, will pay £0.18kWh for the zero
carbon heat generated by the solar thermal heating system, which at 20 January
2011 had generated 1774kWh of heat. The FiT and RHI incentive schemes mean
that capital recovery will be less than 10 yvears for both systems.

Case study C

Reference: Commercial roofiop system
Location: San Diego, California, latimde 32° north

Average annual solar rradianon: Approxamately 1400k Whim®fycar on a
horizontal plane

Average ambient daytime module temperature range: 0°C-60°C

Figure 14.11 The greatest dagign challange for this installation gite was the imited svailable
ronf space, To overcome this the designer mounted modules facing south an the tile roof In
addition 1o modulas tilkted souwth an tha fiat roof

e Glesal Hustamatle Erergy Solutions
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System

This 57.12kWp system consists of 272 PY modules and 9 inverters. The
designer of rhis system chose o use mulriple small-scale inverters rather than a
single commercial-scale inverter in order to reduce the effects of system
downrime due o a potential inverter failure,

PV array

272 high-efficiency polverystalline silicon Kvacera 210W modules were used.
These modules have a +5/—0 per cent manufacturers tolerance (see Chapter 9)
guaranteeing their high performance.

Mounting structures

Two different mounting structures are used 10 this system. The moduoles on the
tilted roof are mounted using standoffs, the small gap between the modules and
the roof allows for coohing ventlation, which 15 very important in a warm
climate such as California’s.

[ i

N

il £

1 SMA Suriy Boy S000-US inverter

P

f 2 SMA Sunny Boy 8000-US Inverters §

—y p
==

il e o v Wring Gutter Box

Py {ombirer Box

T,

Figure 14.12 The SMA inverders are mounted vardically on the south end of the building's
paarapet wall i imit thesr exposune o dingct sunlight. These SMA Inverters have an integrated
DT disconnect switch (also known as a ulility external disconnect swifch) kocated just below the
main body of the inverter a3 is commen for PV aystems in the US [see Chapler 5)

Sowrce. Global Sustanable Energy Solutions
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Grid-connected PV and Solar
Energy Resources

PV and renewable energy news
Home Power Magazine

This bimonthly magazine is available in the U5 and provides information
regarding installation practices. It s rargeted ar all levels, from beginner o
proftessional; www homepowercom,

Sun and Wind Energy Magazine

This magazine includes good general information on current developments in
renewable energy; www.sunwindenergy.com.

PVTECH

An industry-sponsored websire featuring interesting arnicles on the larest
developments in PV technology; www.pv-rech.org.

Semiconductor Today

This website features news on the latest developments in the electronics industry
including photovoltaics: www.semiconductor-today.com,

Greentech Media

This website features news and discussion on current and emerging green

technologies including photovaltaics; www.greentechmedia.com.

Renewable Energy World

A magazine focused on a wide range of topics relevant to renewable energy,
including company and product information, job advertisements, blogs,
podeasts and news on global developments within the industry. Borch print and
PDF versions are available; www.renewableennergyworld.com.
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PV Magazine

A monthly trade publicanon for the mternational PV community, it has
independent, rechnology-focused reporting, concentrating on the larest PV
news, topical rechnological trends and worldwide market developments; wwnw.
pY-magazine, com.

Further reading on PV technologies
Buried contact solar cells

Buried contact solar cells were developed ar the University of New South Wales
{Australia) and further information can be found on their website; www.pwv.
unsw.edu.an/into-about/research-5.

Mational Renewable Energy Laboratory (NREL)

NREL 15 the primary laboratory for renewable energy and energy ethaency
research and development in the US, The website offers information regarding
current and emerging renewable energy technologies; aimed at a wide audience,
it is an excellent site for anvone interested in learning more; www.nrel.gov.,

US Department of Energy Efficiency and Renewable Energy

An excellent resource for those seeking basic information regarding renewable
energy and energy ethaency measures such as low-energy building design. This
website also includes information regarding government policy and incentives
for renewable energy; www.eere.energy.gov.

The books listed in Table 1352 are only a few of those published by Earthscan
on the topic of solar energy. They have provided invaluable research material
in the writing of this book.

Table 15.1 Resources for emerging PY technologies

————wwT T T R T T e e ET =

Technology Website
Dye-sansitized solar calls  Dyesol (manufacturer); www dyesal.com
Sliver celis Transform Solar (manufacturer); www.transfommaolar.com

tech_sliver.php and Australian National University (research);
hitp:/ieses. any edu aw'docs/Slivers. pdf

HIT PV calls Sanyo (manufactuer); hitps/Solar sampa.combit. himl

H-Y semicenducions Spectrolab (manulactuser); www.spectrolab.com and Emcang
(manulacturer); ww.emoors .com
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Table 15.2 Earlhscan publications

Title

Dascription

Phatovollaics for Professionals

Apntiad Fholovallaics

Flamning and fnstaling Phofovaiale

Solgr Domesic Waier Heating
(Exparn Saries)

Stahd-alone Solar Eleciiac Systems
(Expart Sarieg)

Targetad et professionals in the PY indusiry
(elacincians, bulders, aschilasls and anginsars),
this book gives an in-depth descrnption of tha
design and nstallalicn procossos, covaring
mainky grid-tied PV sysiams

Exgential reforanss matenal Ioe anmy angnoar
working in the fiald of pholowollaics, this Book
covers semiconductons and p-n junctions, cell
proparties and module fabricalion, in addition o
stand-alone pholovoliaic systems, grid-connacied
phoipvolias sysiems and photovoliaic water
pumping system componants and design

A thorough Quide 1o every aspact of grid-
connecied photovoltaic sysieme, Planming and
fnsfaiiing Fhatovoltale Sysfams is an invaluable
respirce for installers, archiiecis and engingers
working in the fisld of photovoliaics

A fully iusirated and easy-io-follow guide
introducing all aspects of solar domastic waler
healing sysiems, including their operation and
insiallaton

A practical guide to the design and installation of
stand-alone PV systams, written for alectric
technicians and dasigners, developmeant workers
and the DY enthustasi

PV in major English-speaking nations

International

*  |neernational Solar Energy Society; www.ises.org
s  The Renewable Energy and Energy Efficiency Partnership: www.reeep.org

Australia

s Australian PV Association: www.apya.org.au

*  Australian Solar Encrgy Society; www.anses.org.an

o Clean Energy Council (Australia): www.cleanenergveouncil.org.au

#  Department of Climate Change and Energy Efficiency; www.climatechange.

gOV.AL

*  (lobal Sustainable Energy Solutions (GSES), wraining provider; www.gses.

COHTh. AR

Canada

=  Canadian Solar Industries Associabion; www.Cansia.ca
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Republic of Ireland

Diepartment of Communicanions, Energy and Natural Besources; www,
decenr gov.ie/Energy/Sustainable sand + Renewable+Energy+ Division

South Africa

UK

= & & ®

us

o

& # & @

Mational Energy Regulator of Southern Africa: www.nersa.org.za
Sustainable Energy Socicty of Southern Africa; www.sessa.org.za

Centre tor Alernative Technology (Wales), training provider; www.cat.org. uk
Department of Energy and Climate Change; www.decc.gov.uk

CGreen Dragon Energy, training provider; www.greendragonenergy.co.uk
UK Salar Energy Society; www.uk-1se¢s.org

American Solar Energy Society; Www.ases.0rg

Contractors License Reference Sitey hrepefcontractors-license, org

Council of Amerncan Building Officials and Code Administrators; waw,
bocai.org

Database of State Incentives for Renewable Energy and Energy Efficiency,
informanon on federal, state, local and unlity incentives for renewable
energy; www.dsireusa.org

Florida Solar Energy Couneil; www.lsec.ucf.edu/en

Illinois Solar Association; wew.illinoissolar.org

Interstate Renewable Energy Council (IREC); www.irecusa org

Midwest Renewable Energy Association, traming provider; www.the-mrea.org
North Amerncan Board of Certified Energy Practitioners (NABCEP): www,
nahcep.org

Oregon Solar Association; Www.Ose1a.0rg

Solar Energy Internauonal, raining provider; waww.solarenergy.org

Solar Living Institute, training provider; www.solarliving.org

Standards and certification for PV modules
and system components

Underwriters” Laboratory (UL); hepdful.comiglobalieng/pagesofferings/
industriesfenergy/renewable/photovoltaics

TUV; www.tuv-pyv-cert.defenscertificates-of-py-modules. htm!

PV Resources; www.pvresources.com/en/standards.php

European Solar Test Installation (ESTI): httpafre, inceueuropa.enfestifindex
en.htm

International Electrotechnical Commission (IECEH www.iec.chitenewables/
standardizaton. hom

Solar Raring and Certification Corporation; www.sclar-rating. org
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Installation codes and guidelines
International Electrotechnical Commission [IEC] standards

s [EC 61215 Crysralline silicon rerrestrial photovelawe (PV) modules -
Dresign qualification and tvpe approval

¢ JEC 61345 UV test for photovoltaic (PV) modules

» [EC 61646 Thin-hlm terresmrial phowvolic (PV) moduoles - Design
qualification and tvpe approval

o JEC 61701 Sale mist corrosion testing of photovoleaie (PV) modules

« |EC 61730-1 Photovoltaic (PY) module safety qualificaton Part 1:
Requirements for construction

» [EC 61730-2 Photovoltaic (PV) module safety qualificatdon Part 2
Reguirements bor testing

»  |EC 61829 Crystalline silicon photovoltaic (PY) array = On-site measureme nt
of I-V characteristics

¢ [EC 62108 Concentrator photovoltaie (CPV) modules and assemblies —
Dresign qualification and type approval

* [EC 62446 Grid-connected PY systems = Minimum requirements for
system documentation, commissioning tests and inspection

Australia and New Zealand

*  Australian/™New Zealand Standard 4777 - Grid Connection of Energy
Svstemns via Inverters

o Australian™ew Zealand Standard 5033 — Installation of Photovoltaic
Arrays

*  Grid-Connected PV Systems Design and Installation, 7th Aunstralian edn,
Stapleton, (., Garrerr, 5., Meill, 5 and Mclean, B. (2010), Global
Sustainable Energy Solutions, Svdnev

Singapore

o (Code of Practice for Electrical Installations, CP 43: 1998 - FElectrical
[nstallations

*  Singapore Standard 555:2000 = Code of Practice for Protection against
Lightning

* Sinpapore Standard 371:1998 — Specifications of Uninterruptible Power
Stipplies

LIK

* British Engineering Standard Commirtee; www.hsigroup.com

*  British Standard 476 Fire tests on building materials and structures
British Standard 3535 Specification for safety isolating transformers for
irdiestrial and domestic parposes

* British Standard 3858 Specification for binding and identification slecves
for wse on dlectric cables and wives
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¢ Brtish Standard 7671 Requirements for electrical imstallations, IEE Wiring
Regulations

¢ FBritish Standard 60947 Specification for low-voltage sistehgear and controlgear

s  Engineering Recommendation GE3/1 (2003) - Recommendations for the
connection of small-scale embedded generators {up to 16A per phase] in
parallel with public low-voltage distribution neeworks

¢ [EE Guidance MNote 7 to BS 7671 = Special Locations, Section 12 Solar
Photoveltaic (PY) Power Supply Systems (200 3)

¢  Photovoltaics in Bulldings: Guide to the Installation of PV Systesms 2nd edn,
Department for Enterprise UK, DTFPub URN 02788; www.bre.co.uk!
filelibrary/pdflrpts’Guide_to_the_installation_of_PV_systems_2nd_Edition. pdf

Us

A Guide to Photovoltate System Design and Installation, Bill Brooks,

Califormia Energy Commussion Consultant Report 500-01-020, June

2001; www.energy.ca.govreports/ 2001-09-04_500-01-020.P1DF

»  Connecting to the Grid: A Guide to Distributed Generation Interconnection
Issues, Interstate Renewable Energy Counal (IREC): irecusa.org/fileadmin/
user_upload/ConnectDocsConnecting_to_the_Grad_Guide_6th_edimon-1. pedf

s MNorth American Board of Certified Energy Practitioners (NABCEP), Solar
PV Reterences; www.nabcep.org/resonrces

o PV Codes and Standards Website, John Wiles, Southwest Technology

Development; www.nmsu.edw~tdiPhotovoltaics/Codes-Stds/Codes-Stds_ heml

The 2001 1 National Electric Code

Wind loading codes and guidelines
International

*  Draft International Standard (local standards take precedence): ISODIS
435420007

 EN 1991-Part 1-4: 200%, Eurocode 1: Actions on structurcs: Part 1-4;
Wind actons

Australia and New Zealand
*  Ausrralian/MNew Zealand Standard 1170.2 — Wind Loading

Singapore
s Singapore National Annex to Singapore Standard EN 1991-1-4:2009

Sauth Africa

¢  South African Mational Standard 10160 — Basis of Structural Design and
Acuons for Buildings and Industrial Seructures
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UK

»  RRE - Digese 489 Wind loads on roof-based photovoliaic svstems
*» BRE - Digest 495 Mechanical installation of roof-mounted photovoltaic
SYSIEMS

* British Standard 6399 Loading for bufldings: Code of practice

us

o Amercan Sociery of Civil Engineers (ASCE) Standard 7-035: Minimum
Design Loads for Builldings and Other Structures

Solar resource data and simulation software

*  PYVGIS EU Joint Research Centre provides meteorological data for Europe
and Africa and an online simulation tool; httpeffre.jre.ec.europa.cu/prgis

= PV*50L: Design and sizing software commonly used in the PV indusiry, a
demo version of PYV*S0L can be downloaded free; www.ovalentin.de

* P¥sysi: This programme can be used for the design and simulation of both
grid-connected and stand-alone systems, it 15 incredibly useful for sizing (see
Chapter 9). A demo version can be downloaded free; www.pvsyst.com

= MNASA Surface Metcorology and Solar Energy Dara Set, solar radianon data
lon a horizontal plane) for all locations; hopaeosweb.larc.nasa.gov/isse

*  Solar Radiation Dara Manual for Flac-Plate and Concentrating Collectors,
MNarional Renewable Energy Laboratwory (NREL, US); rrede.nrel govisolar!
pubsiredbook

e Sunny Design: Sizing software for use with SMA inverters, free to download;
warw.sma.de
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AC (electricity): Alrernating current. An electric current in which the direction
of current flow alternates at frequent intervals. Mains/grid electricity is AC; in
Europe the direcoon of mains current alternates 100 tomes per second [at a
frequency of 30Hz], while in Australia and the US it alternates 120 nimes per
second (ar a frequency of 60Hz),

Air mass: Air mass relates to the distance that solar radiation must travel
through the atmeosphere. An air mass of 1 means that the sun is directly
overhead and must travel through a thickness of 1 armaosphere to reach a poimt
on the Earths surface. This value varnes throughour the day for any given
lscation and is calculated using trigonometry and the solar altitude angle.

Albedo: The amount of solar radiation reflected from the Earth® sorface at a
given location.

Altitude angle (solar): The angle between the sun’s position in the sky and the
horizon ar a given tme.

Ambient temperature: The temperature of the surrounding environment.
Ampere (amp ot A): The unit of measurement for elecerical current,

Amorphous (siicon): A non-crystalline substance. Amorphous solids lack order
and structure in their molecular composition., Glass 18 as example of an amorphous
sodid; so 18 amorphous silicon, which 1s used in some thin Bilm PV cells,

Azimuth: The angle between north and the point on the compass where the sun
is positioned. The anmuth s measured clockwise from true north along the
horizontal plane (along the ground),

Balance of system (BoS) equipment: Referning to the components of a PV
system excluding the PV modules and inverter, BobS equipment includes the
mounting structure, cabling, disconnects/isolarors, module joncrion boxes, PY
combiner boxes, groundingfearthing equipment and meters,

Bypass diode: A solid state electrical component able to pass current in one
direction only and which will allow current to bypass a shaded or damaged cell
a0 that it does not hinder the outpur of the other cells.

Circuit breaker: A device designed to automartically imterrupe the How of
current when an electrical fault occurs. This device usually includes a method
of extinguishing an electrical arc if ir forms.
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226 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Concentrated Solar Power (CSP): This is a large-scale form of solar thermal
techrology that creares electricity by using mirrors o concentrare the sun's
rays. In most applications the suns rays are then wsed to hear water and create
steam to drive a steam furbime and generate electricity,

Current (1): The tlow of electrons around a circuit. Conventional current flows
trom positive to negative. The 51 unit of current is the ampere (A).

DC (clectricity): Direct current. An electric current that does not vary
pericdically in magnitude, but rather flows steadily in one direction. PV cells

produce DC,
Deciduous: Refers to trees that lose their leaves during wineer.

Direct radiation: Solar radiation thar arrives at the Earch’ surface directly from
the sun.

Ditfuse radiaton: Solar radiation rthar s scartered or absorbed by clouds and
gases within the armosphere and then re-emurted before reaching the Earth’s
surface.

Dye-sensitized solar cells: An emerging technology that uses coloured dyes and
titanium dioxide to produce electricity.

Efficiency = PV Cells: A measurement of the power output (electricity)
comparcd to the power input (solar radiation), efficiency 15 often used when
comparing PY cells,

Electromagnetic radiation (EMR): Energy that travels through space as a wave,
Sunlight 15 an example of EMRE,

Fuse: A device that prorects electrical systems from damage by cutting off the
electriaity supply 1n the event of a short circunt or current overload.

Grid-connected system: A PV system thar can export power directly 1o an
electrified grid. Typically there is no storage (i.e. batteries) in a grid-connected
SVSICM.

Ingor (silicon): A block of pure silicon trom which PV cells are cut. The ingor
may be either multicrystafline or a single large crystal (monocrystalline),
depending on the casting method.

Insolation: The amount of solar radiation incident on a surface over a davy,
measured in peak sun hours (PSH) or kWh/m?*/day.

Inverter: A device that converts DC electrical power into AC, the inverter is an
essential component in grid-connected phorovoltaic systems,

Irradiance: The amount of solar radiation incident on a surface at any one time,
measured in Wm' or KWim*,

Irradiation: The roral quantity of solar energy per unit area received over a
given period, eg. daily, monthly or annually. Irradiation s typically measured
in Wim*time period. Annual irradiation 15 commonly given for a site and 15
measured in kWhim'/vear. The term insolation refers to irradiation measured
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over a day. Irradiation is a cumulanive measurement rather than an instantaneous
measurement; it is the sum of irradiance over a period of time,

I-V curve: A graph used o plot the outpur characterisoics of a PV cell. The plot
shows E’t]l[:-]g,f ¥EOsUs current -E.l]'ld dan I:B'E' USE‘{i o l:lEtE‘.r[Tl.iﬂE' panver r|'.J'I]t|:'ﬂ.l1: ﬂﬁd
efficiency.

kWh: Kilowatt-hour, a common unir for measuring energy.

Load: Refers to the amount of power baing consumed at any given time andfor
devices that consume power.

Low voltage (IV): The IEC defines low voltage as any voltage range between
S0 and 1000V AC or 120 and 1500V npple-frec DC, See walt (V).

Magnetie dechnation/vamation: The difference between true geographical
north and magnetic north (as on a compass), this value varies siznificantly
depending on locatnon,

Maximum power point (MPP): The point on the I-V curve at which the most
power is extracted from the photoveltaie module.

Maamum power point tracker (MPPT): A device which medifies the load on a
photovoltaic array to allow the system to operate at its maxirnen power point,

Monocrystalline: Refers ro a silicon wafer made up of a single crystal. This is
typically produced from a silicon ‘seed’ crystal which is placed in a crucible of
molten silicon and drawn out slowly while rotating.

Muldcrysialline: Also known as polyerystalline, mulucrvsialline PV cells are
made from silicon wafers composed of many crystals. Typically these are
produced by block casting molwen silicon, which allows many small silicon
crystals to form.

MNominal operating cell temperature (NOCT): The temperature at which the
cells in a PV module will operate under the following conditions: 800W/m*
irradiance, 20°C ambient temperature and a wind speed of 1m/s.

Muclear fusions The reaction taking place within the sun, where atoms combine
or fuse to produce an atom of a different element, i.e. two hydrogen aroms
combing to form a helium atom.

Off-grid system: Also known as stand-alone potwer svstem, Off-grid systems are
not connected to the mains power supply, and tvpically store power in barteries
tor later use.

Ohm (£2): The 51 unit for elecirical resistance,

Open-circuit voltage (V_): The voltage produced across a PV cell or module in
direct sunlight when no corrent is flowing, ie. the maximum volrage a PV cell
may produce. V_ is given on manufacturers’ data sheers and is measured in
ralts (V).

Passive solar design: Refers ro the design of buildings o utilize the sun’s energy
eftfectively, typically to increase thermal comfort and reduce heanng and cooling
loads.
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2R GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Peak power: The maximum amount of a power a PV cell, module or array is
expected 1o produce under standard test conditions, Peak power is tvpically
given in watts-peak (Wp), kilowartts-peak (kWp) or megawatts-peak (MWp).

Peak sun hours (PSH): A common unit of measurement for insolation or daily
grradiation, The number of PSH for the day 15 the number of hours during
which power at the rate of 1000%W/m’ is delivered; therefore it gives an
equivalent amount of energy to the total energy for thar day, i.e. it is the daily
irradiation in W/mYday divided by 1000,

Photoelectric effect: The process by which electrons are emitted from a
substance due to its absorption of electiromagnetic radiation. See electromagnetic
radiation,

Photosynthesis: The process by which sunlight, carbon dioxide and water are
converted to carbohyvdrates. Photosynthesis is the means by which plants
SUrVIVE.

Photovoltaic (PY): Refers to devices thar produce electricity from  direct
sunlight.

Photovoltaic array: Solad/PV modules are physically and elecerically connected
to form an arrav.

Photoveltaic cell: A single semiconductor device that generares an electric
current when sunlight is incident on its surface; also known as a solar cell.

Photovoltaic module: Photovoltaic cells are phyvsically and electrically connected
to form a module. The cells are tvpically held together by a frame and
encapsularted in a protecrive substance (otten glass).

I’ijl'jrcryitﬂlline: See multicrystalline.

Potential difference (electricity): The difference in potential energy berween two
points. IF these points are connected by a conducror, current will How. The 51
unit of electrical potential difference is the volt (V).

Resistance: The measure of a material’s capacity to oppose the flow of dectric
current. The S1 unit of resistance i1s the ohm ((3).

Semiconductors: A tvpe of material from which PV cells and many electrical
components are manufactured. Semiconductors have properties of both
insulators and conductors: silicon and germanium are examples,

Short-circuit current {I_): The current flowing through a PV cell under short-
circuir conditions, i, when there is no load or resistance, This is the maximum
current a PY cell may produce and 15 measured in amps {A).

Silicon: A semiconductor material commonly used to make PV cells.

Solar concentrators: Devices which increase the intensity of light himing a solar
cell; they are typically lenses or reflective troughs. They can be used to increase
the power output of a PY cell by increasing the solar energy incident on the cell.

Solar constant: This is the peak irradiance value of solar radiation arnving ar
the Earth's armosphere (136 7W/m?).
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Solar clectnic system: Systems that convert the sun's energy directly into
electricity. Photovoltaic (PV) systems are the main technology in chis caregory,

Solar thermal technology: Systems that caprure the sun’s heat, such as solar hot
Waler or Eﬂ?‘i‘-fﬁﬂifﬂh"‘d .Sﬂrﬂi" PUHZL'EI’.

Stand-alone power system: See off-grid system.

Standard test condmons (STC) A set of standard conditions under which PV
cells are rested so that they can be compared, These conditions are 1000W /m?
irradiance, air mass of 1.5 and a cell temperature of 25°C.

S1 umit: Abbreviated form of Systeme International d'unités (International
System of Umts), a series of units that allows for easy engineering calenlations,
This group includes the watr, joule and merre, as well as most other units wsed
in this publicarion.

Thermal mass: Describes a building’s resistance to fluctuanons in external
temperature. A material with high thermal mass s described as one which
absorbs and re-emits thermal energy slowly, e g. concrere. A material with low
thermal mass is one which absorbs and re-emits thermal energy quickly, e.g.
pa per.

Thin film solar cells: Solar cells made from materials that are suitable for
deposition on large area materials. They are known as *thin film® because the

layer of semiconductor material is signiticantly thinner than the regular wafter
used in mono- or multi-crystalline solar cells.

Tracking systems: Mounting systems that include mechanical devices which can
alter the orientation axis and/or tilt axis of the PV array in order to optimize
the exposure of the array o the sun and caprure more solar radiation,

Volt (V): The unit of measurement for voltage or electrical porential difference.
See potential difference felectricity).

Voltage drop: The loss of veltage (and therefore power) due mainly o the
resistance of cables

Wartt (W) The 51 unit of measurement for power, It 1s common for PV systems
to be described in kalowatts (KW), equal to 10008, or megawatts (MW, equal
o 1,000,008,

Watt-hour {Wh): A unit of measurement of energy. An appliance using 1 watt
of power for 1 hour will use 1Wh of energy. The same device operatng for 6
minures will use 0.1Wh, Kilowart-hours (kWh), equal to 1000%Wh, are also
commuonly used.

Wart-peak (Wp): The ourpur of a PV cell under optimum conditions, usually
standard rest conditions. Kilowart-peak (k'Wp) and megawarr-peak |[MWp) are
commaonly used to describe the outpur of a PV array. see sramdard rest
couditions (STC).
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Mechanical protection

As PV arrays are often locared as high as possible to prevent shading and
interference from exrernal agenrs, they are often subject to high levels of wind
loading. As such, the support structure for these arrays should conform to the
local building code and anv natonal standards or regulations regarding wind
loading. Wind loading is covered in Chapter 6.

Array protection

Array protection s dependent on local codes and varies by country. As there
are no other sources of DO current (i.e. no batteries are connected), array faule-
curreni protection 15 noi typically required in gnd-connected PV svstems
without batteries. Mational codes do, however, normally require the installation
of a load-breaking disconnection device berween the array and the inverter.
This 1s called the PV array main disconnect/isolator. [t 15 normally located near
the mverter and 15 typically required o be lockable so when mamtenance 15
being carried out the array can be safely disabled. This disconnectfisolator must
be rated for DC; a disconnect/isolator rated only for equivalent AC use is
unsafe. Sate voltage and current parameters, as well as whether the switch must
disconnect one DC line or both, are specified in the relevant code; for example,
Australian/New Zealand Standard ASNZS 5033: 2005 requires a lockable
switch that disconnects both lines (double-pole) and has a rating of 1.2 2V _to
be installed.,

Sub-array protection

Arrays may be divided into sub-arrays for several reasons, e.g. if two parts of
the array are installed in separate areas. If this is the case, sub-array protection
may be required by local codes, which will specify the rated trip current
required for over-current protection for the sub-array, normally related to the
sub-array’s short-circuir current {1 ). Local codes may also require the sub-
array to have a load-breaking disconnection device to isolate it from the rest of
the sysrem.

Exira low voltage (ELV) segmentation

Another reason for dividing arravs into sub-arravs may be so thar the module
string can be broken down into ELV segmentation. Most PV arrays operate
with their volrage in the range 120-300V DC. It may be desirable to spliv the
array into ELV sub-arrays with V_ of less than 1200 in order to make the array
safer and reduce the risk of electrocution, National codes generally address ELV
segmentation; for instance in Australian/New Zealand Standard 5033: 2005,
ELV arrays do not require fault-current protection or disconnection devices on
individual strings, whereas LV arrays must have a suoitable method of
disconnection into ELV segments,
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Solar Resource and Radiation

Throughout history humankind has held a strong relationship with the sun.
Many prehistoric cultures worshipped the sun as a deity and modern scientific
thinking confirms that the sun and its energy are essential to life on Earth. Solar
power has often been a topic of saence fiction and fantasy: Isaac Asimov’s
short story “The Last Question” (1956) envisaged all the Earth’s power being
supplied by a small one-mile wide solar collector orbiting the Earth, launched
in 2k 1, while other stories have explored the use of solar power for long-range
space travel. Advances in modern solar technology are bringing such fanrasies
closer to reality and future technology may only be limived by imagination.

Solar resources

The sun 15 the source of almost all energy on our planet, either directly as
sunlight or indirectly as wind and waves. Even the coal reserves we mine today
were once living plants thar gained their energy from photosynthesis: the process
by which sunlight, carbon dioxide and water are converted to carbohydrates.
The sun’s seemingly endless enerpy supply is driven by a process known as
nuclear fusion, where atoms of hydrogen combine 1o form an atom of helivm
releasing a large amount of energy in the process. The helium atom may then
combine with other helinm or hydrogen atoms to release even more energy.

The energy produced in the heart of rthe sun is emirted as electromagnetic
radiation. Electromagnetic radiation 1s emitted in many useful forms including
microwaves (as used in microwave cooking), radio waves (used in
telecommunicanons) and visible light. Solar cell designers focus on captunng
the energy carried in visible light,

Box 2.1 Power and energy

Tha unit of alectric power is the wan (W). Power in watts is aqual to the product
of wolts (V) x amperas (amps).

Power {(walls) = voltage (valts) + current {amps) P=¥xI

Kilowants (kW) 5 the term used for lange amounts of power; Le. 1000 walts = 1TkW
Energy is defined as the capacity to do work, or power, over time.
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Figure 2.15 Saolar rasourca
varies during the day dua to
Earth's mdation on its own
axis and during the year dusa
to Earth's orbit around the
SUn

Sourne Global Sustainable
Erargy Soluliong

Sun geometry

Because of the Earth’s orbit and rotation, the position of the sun relative to a
solar array is constantly changing. Diesigners use several peometrical technigues
o design an array thar will caprure the most solar enerpy possible. The locarion
of the sun is specified by two angles which vary both daily and annually.

Box 2.4 Sun angles

Solar altitude: The angle betwean the sun and the horizon; the altitude is always
Betwaen 0° and B0°,

Azimuth: The angle betwesn north and the point an the compass whears tha
sun is positioned. The azimuth angle varies as the sun moves from east to west
across the sky through the day. In general, the azimuth is measured clockwise
going from 0° {true north) to 335°,

Figure 2.16 The sun's altitude |s
shown i blue while ks azimuth is

represented by green

Sovirme Gilohal Sestainable
Eririyy Sohaliding

Azimuth
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In the northern hemisphere solar arrays are normally installed to face south
as the sun is always in the sourhern sky and in the southern hemisphere solar
arrays normally face north. In regions between the Tropic of Cancer and the
Tropic of Capricorn this 15 not always the case, at certain times of year the sun
will be in the southern sky for those in the southern hemisphere and in the
northern sky for those in the northern hemisphere. In summer the sun will
always be higher in the sky than in winter due to the natural tilt of the Earth.

The longest and shortest days of the year are known respectively as the
summer and winter solstices and usually fall around 21 June and 21 December.
The sun's altitude is highest on the summer solstice and lowest on the winter
solstice. The midpoints between the two solstices are known as the equinoxes,
normally falling around 20 March and 23 September. Many prehistorie cultures
learned to identify and predict the solstices and equinoxes, these dates being
useful in planning harvests and religious celebrations.

Flgure 2.17 NGt anly
does the sun s position
vary during the day, if
also varies throughowt
the year and this is an
imporiant conssderation
when choosing the
orentation and titt of an
array

Bourcs: Gioksal Sustanablo
Energy Sodutionz

Figure 2.18 Al sunrise
on the summer solsiica
the sun can be sean to
align with the stanas al
Stanshenge in the UK

Soearce Andrews Dunn
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The sun's path in the sky for any particular location can be depicted on a
rwo-dimensional surface in a sunpath diagram. This diagram can be wsed o
determine the position of the sun in the sky at any time of the day, for any day
of the vear, From this information the nimes ar which an area is shaded can be
determined, which in turn allows the yearly msolation to be calculated.
Practical use of the sunpath diagram is covered in Chaprer 7,

The sunpath diagram is composed of:

= ammuth angles, represented on the arcumference of the diagram;
= altitade angles, represented by concentric circles;

*  sunpath lines from east to west for different dates i the vear;

o time of day lines crossing the sunpath lines;

* location information that refers o latitude.

Sunpath diagrams may look entirely different for other areas. Directly on the
equator, the sunpath would range equally north and south, Ourside the ropics,
sunpath diagrams generally look like the one below, though in the northern
hemisphere they will be inverted. Nore the seasonal variation 1n the path of the
sun. Qutside the tropics, the sun only rises to a low altirude in winter and is
always north or south (depending on the hemisphere) of the observer. During
summer, the sun rises to a higher altitude. The sun will always be farthest north
or south ar the solstices in all locarions, norch in June, south in December.

Figure 2.19 Sunpath diagram of Sydney has been used to find the precise locaton of the

sun on 1 Decambaer al 10am. 1 Decamber i highlighted on tha right of the crcla, this line is
then fcllowed acrogs unlil it correspends with the line for 10am (which follows a figure of eight
shapa), at the point of imersection the altitude can be found, To determine tha azimuth a ling
! e drawn from e cantre of the circlo, passing through the intersection Datwean dale and
time ard out 10 the parimetar; hera the azimath iz 71°, Blook lines correspond 19 dates on the
lef-hand side and dotied lines comegpond o daies on the right

Sowrcs. Global Sustaingbls Energy Solutions
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Geometry for installing solar arrays

-
-

The position of a solar module s reterred to as g orientation. This orlentation
of the solar array 15 very important as ir aftects the amounr of sunlight hitnng
the array and hence the amount of power produced. The orientarion generally
includes the direction the solar module is facing (i.e. due south] and the tilt
angle, which is the angle between the base of the solar module and the
horizontal. The amount of sunlight hitting, the array also vanes with the time

of day because of the sun's movement across the sky.

It then becomes apparent that if the sun is overbead and the solar panel 15 laid
flat on the ground, it wall capture all the sun’s ravs, as shown in the mage below,

Collactor A recaving

Incoming 12 rays from the sun all 12 rays

Tilt angle of
.~ collector &

Imcoming 12 rays from the sun

Collectar A
receiving

anly 8 IH.}FE
sun's althtude -
angle y R '

Incoming 12 rays from the sun

Collector A
receiving
all 12 rays
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Flgure 2.20 Imagne a 1m?
solar pansl, tited as shown.
At & speciflc e thens angs
12 ol tha sUn'S rays coming
from the sun and hitting the
solar pane|

Souce: Giobal Susiesmablke
Erergy Sokdions

Figura 2.21 If the sama
collector is laid honzontally
an the Earth's surface at the
same time as in the image
above, the collector anly
caplires 9 rays

Soure: Giohal Sustanabke
Enengy Soketions

Figure 2.22 A solar array
harzantal ta the ground will
recaive the mogt radiation at
solar noon when the sun is
cractly pvarnead

Sfverce [Flabhal Seskainahia
Energy Sclulions
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Solar modules should be installed so that as much radiation as possible 15
collected. To achieve this, the solar modules should be installed facing eicher
true south {northern hemisphere locarionj or true north (southern hemisphere
locatnion ). There will be some exceptions for installanon depending on the local
environment (i.e. arravs installed in a valley i the southern hemisphere may
not necessarily Face north), To point a8 module directly towards the sun ar all
times would require a solar tracking frame to be mstalled. This can be
expensive, so it is not common practice for most PV applications. However, it
will be discussed in further detail in Chaprer 6.

Box 2.5 Magnetic declination

When installing a photovoltaic system it is important to consider the magnetic declination of a location (also
known as magnetic variation). Magnetic declination is the difference between true north (the direction of
the north pole) and magnetic north (the direction inwhich a compass will point). A solar system should face
true north or true south and so the magnetic declination angle of the location shoukd be considered,

In Hew Oreans magnetic declination is approximately 07 and so0 the compass would point fo true north.
In Seatile, however, the magnetic declination angle is approximately 17" east, so when the compass points
to 17 east it s In fact facing true north or thue north is 17° wast, A PV system in Seattle should be instalied
facing 197° east (or 163° west) 30 as to face true south,

Trug naorth
b Magnatic norh

Magnetic variation

Wesi East

Figure 2.23 Magnetic declination is the bearing between true
north and maognelic norh

Source; Giobel Sustanabés Enargy Solutions Figure m In Seatile magnetic norh is
always 17 east of true north

Soerce: Global Sustainable Energy Solutions

MNote

1 The Svstem Intermational (51) unic for energy 15 the joule (). A joule 15 a relatively
small quantity so large cnergy guantitics such as solar radiation are often expressed
i megajoules (M]) 18] s equivalent o 1,000,000 joules. The conversion factor for
M and k'Wh as:
1k'Wh = 3.6M] or 1M] = 1/3.6kWh.

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

16 GRID-CONNECTED S0OLAR ELECTRIC SYSTEMS

Enemy (watt-hours) = power (watts) « time (hours)] E=Px t

Large amounis of electrical work or energy are expressed in Kilowatt-hours', that
I5 simply tha amount of power multiplied by the time it is used. The solar radiation
data unit commonly used s kWhim®. This is the amount of solar energy received
by & square metre exposed to full sun (1000W of solar radiation) for a period of
ane hour.

The difference between power and energy is an impodant concepl as enargy
usage s the basis for determining the oulpul of renewable energy systems for a
given penod.

Example

A B0 waft light globe is left on for 12 hours. This light bulb will consume 720Wh
ar 0.720kWh of enargy:

60 watts x 12 hours = T20Wh

Figure 2.1 The [KARDS [Interplanatany
Kite-craft Accelerated by Radiaion OF the
Swun) missicn was launched on 21 May
2010 This selar powered cafl features a
large membrane (or sailp of salar cells that
produces alactricity and receives addilional

propulsion from solar radiation

Sowrce: Japan Sercspace Exploration Agency

(JaXa)

Figure 2.Z The sun releases vasi
amounts of electromagretic radiakion -
phiofovolialc devices provide an
efficient means of converting this

power into electricity

Sovvme Global Sustainable
Erviriyy SOl
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SOLAR RESOURCE AND RADIATION 17

Figure 2.3 White visile ight can be
dwided inle many Colours, aach ray
of colour has a different wavelsngih’
frequency and engngy conlenl.
Vialat light has the most energy
while red hag the least

Quantifying solar radiation

Although radiation emitted from the sun is fairly consistent there is significant
variation in the radiaton received at the Earth’s surtace. This is caused by the
Earth’s orbit {responsible for the scasons), rotation on its own axis (responsible
tor night and day) and the albedo (covered later) of cerrain areas. Solar array

Average Insolation (PSH) for Boston

.
-
s
¢ . T i

] - 5 = T
d k [EE s Lpr By fuim Jul Aug  ep figk el e

L

i~
s

Lo
5

=

I Pk

Figure 2.4 Average annual insolation for Boston, MA on a horizontal plane measured in peak
aun hours (FEH}). Insolatan vares widely thrsughout the yaar and doubdes in summer months
g0 2alar module outpul power greally incraases in summer. This data is for tha insolation on

& horizontal plane, which i8 not ideal in 8 city so far from the equator. Inclining 2 plana to a tilt
gqual i the angle of latilude ensures thal the plane faces the sun more directly and receives
mre insolation — opfimum angles for PV modules are dealt with in Chapters 7 and 9

SOUrCE: AIMOSENens Soanoe Dalh Cantds, MAGLA
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18 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

designers need to be able to quantify how much solar radiation a given site will
receive throughour the year, The amount of solar energy received by an area over
a day is reterred to as insolation and can be measured in kWhim¥day or peak
sun hours (PSH), which are explained below, It is important o note that most
PN arravs are tileed at a certain angle above the horirontal and the insolation on
the horizontal plane will differ from the insolation on the rilred plane of the
array; data is often available for both the horizontal and various tilt angles.

Daily Irradiance Variation, London

a0 —
LTI
5-4:‘1& :
% ap |
=
Figure 2.5 Dally iradiance for TR
London, UK, on a hornzanial E
plane measurad in Wm* and i 4
varying with time of day and
month. Solar energy vanes g .
throughout the day and peaks in 42r WA €Sr BEF Sih IEYS LSE T I AT 4% s 1A
the maddie al b ﬂéa!'l Al O REE O ARBY O AET AR RPN AN PRI PR M1 PRI PNl PRA
et B GIE € Burogean Ehd AVl mAsrldw il BOckebar [WiRdl W ienusey MR

Communites, S001-20085

Box 2.2 Solar radiation terminology

Faak sun hours {(FPSH): Daily irradiabon 15 mediesce

commaonly referred to as dally PSH {or full sun "« Sur's palh during the day
hours), The number of PSH for the day is the e e
number of hours for which power at the rate of E /f’ e
1kWim® would give an equivalent amount of 1 Km ¥, S,

energy to the total energy for that day. The terms f,r-"' i s
peak sunlight hours and peak sunshine hours "
may alsa be used.

Irradiation: The total quantity of radiant sclar
enargy per unit area received ower a given
period, &g, daily, monthly or annually.

Insalation; Ancther term for irradiation. The
amount of solar radiation incident on a surface  Figure 2.6 Peak sun hours are very useful in system vield
over a pariod of time. Peak sun hours (KWh/m?'  cakculations {see Chapter 9); ong PSH represents 1 howr
daﬂ are g measurament of d’ﬁ“‘f insalation. of radiation a8 1kWmE. Because the sun doas not shina

irradiance: The solar radiation incident on g S@neistently all day the numbaer of peak sun heurs will &ways

surface at any particular point in time measured b less than the number of Rours In a day
in Wime. couree: Global Sustainable Enengy Soutions

7.00 men 10,00 8m Z0pm Sibhpm
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SOLAR HESOURCE AND RADIATION 19

Example

If sunlight is received at an irradiance of 1000W/m? far 2 hours, BOOWmM? for 1.5 hours and 200Wim?® for
1 haur, the total radiation received that day is 3.1PSH:

T000WIm* = 2 hours + B00OW/M® = 1.5 hours + 2000W/m*° = 1 hour = 3100Wnriday

S100W/m/day + 1000Wim*/day = 3.1PSH

The eftect of the Earth’s atmosphere
on solar radiation

The Earth's atmosphere reflects a large amount of the radiation received from
the sun — without this protection life could not be sustained on the planet.
When solar radiation arrives at the top of the Earth's atmosphere it has a peak
irradiance value of L367W/m? (this 15 known as the solar constant). By the time
solar radianion reaches the Earth’s surface ir has a peak irradiance value of
approximately 1000W/n?®, The difference between the solar constant and the
peak irradiance value ar the Earth’s surface 15 due to the Earth's albedo = the
amount of solar energy retlected from a surface on the Earth at that specific
location. Lighe is retlecred from Earth in a variety of ways:

. Radiation 1s reflected off the Ht:ﬁt‘;iphtrc back into Space.
*  Radiation is reflected off clouds in the stratosphere,
# The Earth's surface iself reflects sunlight.

The average portion ot sunlight reflected trom the Earth (the Earth’s albedn) is
30 per cent, Polar regions have very high albedo as the ice and snow reflect
most sunlight, while ocean areas have a low albedo because dark seawater
absorbs a lot of sunlight,

Box 2.3 Key terminology

Direct radiation: Solar radiation that passes directly to the Eadh’s surface,
Diftuse radiation: Solar radiation that is scattered or absorbed by clouds and
gases within the atmosphers and then re-emitted - diffuse radiation is less
powerful than direct radiation,
Air mass: The distance that radiation must travel through the atmosphere to
reach a point on the surface. This value varies throughout the day for a location.
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20 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Dineci solas radialion
Samn Diffusa salar mdiation
,."'J’ Rirlheipng Lol o dlion

L T Refected sofr radiation
| s [athada] from Simoesphare
,.-". Solar radiation at
1op of Mmosphere
Gy = 1,367 Wim'

Upper atraspheane

Salar radiation 3l sea . d l
w 3= Im‘m’@ A 1

Figure 2.7 Solar radiation comprises direct and diffuse radiation

sourpe: iobal Susiainabie Energy Soluions

[rradiance is a combination of direct and diffuse radiation and will depend
on the albedo (reflected solar radiation) of thar particular location.

That proportion of solar radiation which is scattered, absorbed or re-emitted
in the atmosphere 15 diffuse radiation. Understandably on a sunny day, this
seattered diffuse radiation will contribute only to 10 per cent of visible hight, but
on a cloudy day there will be much more scattering of the solar radiation
reaching the Earth’s surface which means the amount of diffuse radiation will
be much greater. Air mass will also altect the irradiance ar a location. The

bainly Dhfusion Hadialion Masnly Dirac! Radiatan

) 200 400 BOD ‘BOD 1000
Irradiation W/m?®

Figure 2.8 The more clouds in the gky the less iradiation there will be and the larger the diffuse
radiation componeant

Sl Daubsiie: (sl fin Sonmerd i ges o (DGESE)
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SOLAR RESOURCE AND RADIATION 21

greater the awr mass, the higher the chance of light being reflected or scattered,
meaning there will be less solar radiation reaching the Earth’s surface,

Air mass of 1.5 15 the standard condition at which solar modules are rated.
Air mass zero refers to air mass in space; air mass one corresponds to conditions
when the sun s directly overhead. Regions outside the rropics wall never
experience air mass one, as the sun is never directly overhead.

ALTITUIDE ANGLE
f
— - |
i AMID |'
¥ :F.-_;! : g - —hl-
_;»i:m LAMAS r

& " & iy *_.

N, N
= M-E.l"!

Figure 2.9 From the surlace of the Earh, air
MAsE is directly rolated 1o tha altilede of e Sun

Souarcd: Global Suslainalla Ernssgy Soliaions

Flgure 2,10 Al sunsal e Sun & oW n e sky and therefore air mass 8 veny high. Light is
scathared o much that tha whita light i separated into it differant codourz. Most of the colours
scatter so that thay are not visible but red Bght scaners the least, which iz why we s2a red
sunsets on cloudy days, Blue light is scatiered the most, which (2 why the sky is blue when
suniight passes through the least amount of atmosphena (during the dag)

oot 0] Sustanabad By Shlulofg
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22 GRID-CONMECTED SOLAR ELECTRIC SYSTEMS

Insolation vares widely depending on location (and time of year) and when
designing a system it is very important to consider the solar radiation
characteristics tor the specitic location where the solar array will be installed.
For instance, a solar array powering a household in a German city would have
to be significantly larger than a solar array powering a household with the same
energy consumption in the Australian deserr.

Locations far from the equator such as Poland receive a large amount of
irradiation during long summer days but very little during winter when the days
are very short,

Average Insolation [PSH), Krakow, Mairobi and
Melbourne

P
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w Ermors, Paland (PR = FileBenmne . Ly wh 0]

Figure 2.11 Average annugl insolation for Krakow, Poland (northemn hemisphere), Nakobi,
Kamya (naar the equator) and Melbowrme, Australia (southem hemisphera) an a bosizontal
planea. This figura shows that areas around the equator (Kerva} receive significantly mone solar
radkation than areas closer to the poles (Poland and Australia). Areas far from the equator also
exparisnce a larger vanation in tha amount of radiation thay recaive

Sowvce. PVEIS £ Eurcpsan Comimunities. 200H-2008
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Figure 2.12 This image ysetED staTEs B
shows average solar insolation W
acrass the US, Gemmany and I T

Spam. Power outpul will be

significanily higher in areas with
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Energy Solulicns.
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Solar radiation data is often availlable from the national meteorological
burcau or may be supplied by the solar module supplier. NASA provides web
data for most of the world and the Evropean Commission Joint Research
Centre provides a free web tool, Phatovoltaic Geographical Information System
(PVGIS), that estimates the daily output of a solar array in any location in
Europe or Africa (see Chaprer 15 for details of these websires),

Average Daily Electricity Production (kWh],

Parisvs Dakar

4%
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Figure 2.13 Graphad data from PVGIS showing the power oulput (in PSH) far fwo identical
1EWp systems, one installed in Dakar, Morgood and the othar in Parig, France, Each installation
s instaliad at tha eptimum tilt angle {347 from the horizontal for Pans and 17 from he horizontal
for Dakar). Tha installation in Dakar produces more electricity because the solar resouncs is
belier

Soursa: FYGIS @ Europasn Commmanites, 2001 -2008

Phetovoltaic Solsr Emciricity Potential in Eurapean Countriss
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Figure 2.14 This image shows
tha wariation in insolation across
Europe: the southern paris of

Europe recebve significantly mone
: sunlight. Solar systems in these
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PV Industry and Technology

Solar cells, also known as photovoltaic (PV) cells, are devices that produce
electricity when exposed to sunlight, In 1921 Albert Einstein won the Nobel
Prize in Physics for his discovery of the photoelectric effect that is the sciennfic
basis tor solar cells. Solar cells were first developed 1n the 1950s for use in space
exploration, They are ideal for this application because they are reliable, need
little maintenance (having no moving parts) and require only sunlighe, which
for this use is in almost limitless supplyv. In the 21st century solar cells are an
increasingly  arttracnive energy source considering the problems posed by
greenhouse gas emissions and dwindling fossil fuel energy reserves. They are
also popular because they are very versatile and can be used on a small scale,
i.2. on homes or to power a single device such as a remore relecommunications
repeater station, as well as for large-scale power use,

The potential for photovoltaics has attracted significant investment from
governments and buosinesses all over the world. Globally laboratories are
working to improve solar cell efficiencies and o create more powerful cells by
further developing existing technologies and by using new materials and
manufacturing methods. This chapter explores some solar technologies
available today and explains the operanion of a PV array.

Semiconductor devices

Solar cells are made trom semiconducting materials. Semiconductors are matenals
that conduct electriciey under certain conditions, so they are neither insulators
nor conductors. The most common semiconductor material is silicon. To improve
its conductivity, it 15 often combined with other elements in a process known as
doping. Semiconductors are used frequently in elecrronics, including PV cells,
hght-emittimg diodes (LEDs) and microchips such as those used in computers.

Mainstream technologies

Silicon 15 the most widely used material in solar cell production; most commercial
solar cells are made of silicon. Silicon s extracted from silicon dioxide {also
known as quartzite ); quarizite crystals are quarried and refined o extract silicon
for solar cell manufacture. Quarizite crystals are also a major component of
sand; however, regular sand is too impure to be used in this process,

Silicon is a versarile material: a meralloid, it exhibits many of the properties
of metals (Le. it 15 lustrous and solid at room temperature] but also exhibits
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AR GRIDCONNECTED SOLAR ELECTRIC SYSTEMS

with the manufacturer that all warranties are handled by the manufacturer
directly or, in some countries, the importer is deemed to be the manufacturer,
sa all warranties rese with them.

PV modules are extremely reliable and stable products, but w is sall
;ﬂia‘ii;ﬂjlt [y I'iij el 'l_|‘|:': w;&rr’;}]ri[}‘ Eﬁn'n.-‘i!i.i:“;u'ui. af .,*il'l}' [flr::ldu-l__'l I_1u_-_'_-jn§; l;:{}nﬁilj-::"rt;'.t]
bor purchase and installation,

Emerging technologies

Besides well-established mamstream technologies many new technologies are
emerging. Some build on existing knowledge and research while others
incorporate innovative new materials and rechniques,

Dye-sensitized solar cells

Dve solar cells are still technologically immature. At the atomic level they
aperate very differently from other solar cells and do not use siheon. Dve solar
cells use ttamum diexide (also used in toothpasee) and coloured dyes; they can
be manufactured atr a much lower cost than other solar cells and work better in
lovw light. Dve solar cells are transparent and can be produced in many different
colours, making them ideal for architectural applications as windows, Dye
solar cells also have potential in military applications as they can be made in
camouflage patterns,

Figure 3.10 Dvye solar calle ara available
in a rangea of atiractive colours and are
trameparent so ihey can be integrated nio
the tacade of B building

Sovroe: Dypes
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Figure 3.11 Dye solar osfl

Source: Dyesnd

Currently the highest cell efticiency achieved in a laberatory is 12 per cent
and cells with an ethiciency of 7 per cent are in producton.

Sliver cells

Sliver cells were developed at the Australian National University and are very
thin monocrystalline silicon solar cells. They are unique as silicon cells because
they are bifacial {they can absorb light from both directions). Sliver rechnology
has achieved cell efhiciencies of over 19 per cent and module efficiencies of 13.8
per cent, The technology is in its carly stages of commercialization but shows
a lot of potential for applications in bailding-mtegrated photovoltacs,

Figure 3.12 Sliver calis
are also transparent and
flaxibila

Hounme Beriralizn Maional
Lireversily (ANLE
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Figure 3.13 Muon
Salar Team from the
Netherdands races lis
sodar car Nunas in thea
Suzuka Dream Cup
20110, a track race held
in Japan

Soviree: Hans Peter van
A e L

Heterojunction with intrinsic thin layer (HIT) photovoltaic cells

HIT modules use both crystalline silicon solar ¢ells and amorphous silicon thin
film rechnology and have achieved module efficiencies of 17 per cent and cell
efficiencies of 22 per cent.

lll-¥ Semiconductors

M-V or extrinsic semiconductor solar cells use an clement from group 111 of the
periodic table and an element from group V (as opposed to silicon which is a
group [V element), such as galliom arsenide which s commonly used in space
grade solar cells. These solar cells are commonly mulu-junction so they are in
fact many lavers of solar cells, which will collect different colours of visible light.
They also frequently use advanced solar concentrator technology to maximize
incoming solar radiation. Extrinsic semiconductor multi-juncrion solar cells are
the most efficient and most expensive technology on the market. The highest
recorded laboratory efficiency is 41.6 per cent and is held by Spectrolab Ing in
the US. Due to their high cost, HI-Y semiconductor cells are normally used for
space applications such as sarellites or other big-budget, high-performance, solar-
powered devices such as solar planes and solar racing cars (see Figure 3.13).

Solar concentrators

Solar concentrators are used to increase the intensity of light hitting the cell so
that it will generate more electricity (the output power produced by a solar cell
is dependent on the intensity of lighe hirming thart cell). There are many different
kinds of solar concentrators available for a variety of applications, but the most
commaon are lenses or reflective troughs vsed ro focus light.

Solar concentrators are advantageous because they increase the power
output so that the system requires fewer solar cells (solar cells are alwavs the
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largest cost when installing a system). Many of these cells require a cooling
systemn to perform well, as cell cemperatures can ger very high. Challenges to
this technology involve developing concentrators that are sturdy and rehiable
encough to survive decades in solar installations, sometimes in harsh conditions
such as desert, and to keep costs a5 low as possible.

Figura 3.13 The mirrers either side of the module are used to concentrale light and increase
POWEr GUtput

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



NHCNINP A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

30 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Figure 3.1 Semiconductors are used in
many abectrical components

Box 3.1 Solar cell efficiency

Efficiency is a unitless measuramen! used to indicate how well a device changes one farm of energy (i.e.
heat, movement, electncity elc.) into ancther. Efficiency is mentioned a great deal in connection with solar
calls, so0 it is important to understand what is maant by it and what it actually antails in ralation to tha
oparation of the cell. Many different forms of efficlency are used to describe the operation of a solar cell:

» Call efficiency: The amount of elacirical power coming out of the cell per amount of light energy that
hits the cell, Usually this is measured al slandard test conditions (5TC): 25°C ambient tempearature and
1000W/m*® light intensity, A cell will rarely experience STC in the fisld 5o it will rarely perform at its rated
efficiency. Efficiency and power oulput are related as follows:

Efficiency = Power OUT/Power IN

The standard value for power in (iradiance) is 1000W/m®. |1 the cell's efficiency is 22 per cent and it has
an area of 0.2m" thern:

Power OUT = Efficiency x Power IN
Power OUT = 0.22 x 1000W/m? x 0.2m*
Power OUT = 44W

»  Module efficiency: The efficency of a8 module is measured the same way as thal of a cell, the diference
being the inclusion of losses from reflection and shading of the glass as well as a few other minor
logses.

Purchasers should always be wary when considering efficiency figures; it is important o find out what the
test condiions were and 1o undarstand how the performance will change when the array is installed, the
environment is never at standard test conditions and vanation in temperalure, wind and insolation will
strongly affect the array's performance. Efficiency ratings given at STC are generally best for comparing
calls/maodules, rather than calculating system yields (coverad in Chapter 8), as cell tamparaturas in the field
change throughout the day and may never achieve 25°C. The efficiencies achieved for a PV cell in &
lakroratory are genemlly significantly higher than the efficiency of a readily available PV module, because
many techniques usad in laboratories are not yet economically viable for use in mass production.
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some properties of non-metals. There are several different types of silicon solar
cell: monocrystalline, polverystalline and amorphous silicon will be discussed
in this chapter.

Monocrystalline silicon

These solar cells are produced from a single silicon seed crystal placed in a
crucible of molten silicon and drawn out slowly while rotating. In this manner
it 1s possible to produce a larger pure crvetalline silicon ingot, which is then
sliced into thinner wafers. Monocrystalline silicon solar cells are the maost
efficient and generally the most expensive, although the higher initial cost may
be qustificd by their increased power output as they are highly efficient
compared to other silicon rechnologies. The highest recorded efhoiency for

Figure 3.2 A single-crystal
silicon ingod s deaven Tram
the moltan slicon

Fouce: Sillex

Figura 3.3 As well a3 being used in rooftop and grid-connected applications, 22 per cent
efficient monocrystaliing PV cells were used by Sunswill IV, the winning silioon solar car ai the
2000 World Solar Challenge held in Australia

ol Fhgla; Lanul Foddmban
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monocrystalline silicon solar cells 1s 25 per cent; commercially available solar
cells are now being produced with efficiencies of 22.5 per cent and finished
modules with ethiciencies of 19 per cent.

Multicrystalline/polycrystalline silicon

Multierystalline or polycrystalline silicon solar cells are manutacrured by block
casting molten silicon, so they are not made from a single crystal ingot bur
rather from one composed of many small crystals, which grow in random
orientations as the molten marerial solidifies. This produces lower ethiciencies
than monocrystalline cells; however, it is still a very popular technigue because
it 15 easter and less expensive, Multicrystalline and monocrystalline sibicon solar
cells are those most commonly used in PV arrays, and commercially available
multicrystalline solar cells can now reach lahoratory efficiencies over 18 per
cent, with the record for module efficiency being 17.84 per cent.

Thin film solar cells

Thin film solar cells are made from marerials suitable for deposition over large
areas. They need only be about one macron thick, hence the name thin film (a
dot such as *. covers 615 microns and multicrvstalline and monoeceystalline
silicon solar cells are normally about 300 microns thick).

[ncreasing marterial prices and high worldwide demand for affordable
photovoltaics have led to increasing interest in thin film solar cells. They are
less expensive to manutacture than crystalline solar cells and a lot of research
has been directed towards increasing efficiencies, the current laboratory record
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for thin film solar cell efficiency being 20.1 per cent. However, commercially
available thin film modules are berween 6 and 12 per cent efficient, Thin film
cells are being used more and more frequently in buildings and are otten used
for gadgets such as solar-powered watches and caleulators,

The most commeon matenals are amorphous sihcon (a<51, still silicon but
a ditferent form), cadmium rellunde (CdTe) and copper indium (gallium)
diselenide (CIS or CIGS). In amorphous silicon the molecales are randomly
aligned instead of having a fixed crystalline structure as seen in mono- and
poly-silicon. CATE, CIS and CIGS are all polverystalline marterials, their
internal structure being similar to that of polyerystalline silicon: however, they
are very different materials. Thin film solar cells are well suited to high volume
manufacturing; they are made vsing the chemical vapour deposinon (CVDY)
process, where the material 15 deposired onto large area martenials, e.g. coared
glass, Hexible plastic or stainless steel sheet.

Figure 3.5 aAmorphous gilicon modules are easilly digtinguiched from eryslaling modules by
thair dark and uniform colour but they alsa ook like non-siicone thin film modules

Table 3.1 Comparison of diferent solar technologies

Call material Module elliciency Surface area réeguired  Surface area
for 1kWp in metres reguirad for 1kWp
squaned in squane feat
Maonocrysialline silicon 1420 a—7me 5477 i
Polyeryetaliine silicon 13-15% 6.5-8.5m* 7o-Bans
Amarphous silicon B-9% 11-18.5m 110179
iy filrm
CdTe thin film —-11% g-1 1m¢ 28-110#°
CISHGIGS thin Rm 10-12% B.5—10m" 01066
Source: [EA
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The size of the array required is largely dependent on the efficiency of the
misdule, although the most efficient module may not always be the most desirable,
Less efficient modules are generally less expensive and may be most cost-ettective
in areas where the amount of space available for the array 15 not 3 constraint,

Contacts

For either PV cells or modules to work, they need electrical connections. A
solar cell has elecerical connections provided by metal conducting strips that
collect electrons produced in the cell and allow this current to fow through the
circuits. These metal strips are known as contacts and there are several different
contact technologies currently in use,

The most common way to manufacture solar cells s by screen printing,
where the metal is simply printed onto the cell. This method is verv reliable and
is typically applied to solar cells producing efficiencies of abour 12=15 per cent.
Several tactors need to be balanced when using screen printing;:

»  IF there s too much space between the contacts, the cell will be less efficient,

* [f the area covered by the contaces 1s oo large, the cell will receive less
sunlight and produce less power,

¢  For the contacts to be effective, the top of the cell often needs to be treated
in such a way that its absorbance of high-energy blue light is reduced.

Another method vsed by manufacturers to achieve solar cell efficiencies over 20
per cent is rear or back conracts. This technology increases the working cell
area, allows a simplified automared production and the cell wiring is hidden
from view. The most efficient commercially available silicon solar cells use rear
contacts (18-23 per cent). There is no metal on the front of the cell, which
means the whole cell is producing electricity.

The highest efficiency silicon cells (25 per cent laboratory efficiency) derive
front another method known as buried contact solar cells (BCSC). This method
uses small laser grooves which are cut in the cell and the metal is inserted into

Figure 3.6 The metal contacts on This paelyerystalline cell are cloarly visible
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Figure 3.F Front and back of SunPower rear iback] contact monoorystaliine silicon solar cell
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Figure 3.8 BOSE technology is used 1o

manulfacture sclar cells with much Mgher

efficiencies than those that use screen
R I printing, Howawver, screen prinkng is sl the

cxce gl W o dominant farm of cenast manulactunng

s because of ita technical simplicity and cost
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Soivee: School of Phodovollaic and Renswakle
Emergy Enginearing, Universdy of Mew South

meetal
Screen Prinfed Solar Cell Buriad Conlact Salar Call Eae

the groove, Buried comtact and rear contact technologies are advantageous
because they solve many of the problems associated with screen printing.
Buried contacts cover very little surface area because most of the contact 15
inside the groove. This means they don’t block as much sunlight and the
contacts can be very close rogether because they are so thin, The sides of the
grooves are treated instead of cthe top, so the PY cell’s absorpoon of blue light
15 not affected, Rear contaces also ehmmate many of these problems, becayse
they are located at the back of the cell, they do not shade the cell and so the
number of these cell contaces can be increased to improve cell efhiciency.

Buying solar modules

Many diffcrent PV modules are available worldwide, It can, however, be
difficult to determine whether the products and suppliers are reliable. Ir is
imporant to be able to ensure that the PV modules and the electrical installation
are safe and of good qualicy, Poor practice and sub-gquality products pose
serious risks to the safety and financial viability of this investment. Outlined
below are factors to consider when purchasing a PV system, bearing in mind
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that a good system should not only physically last for the duration of the
warranty bur also work effecrively during thar time. This means char the
modules, additional equipment {discussed in Chapter §), mounting frame
{discussed in Chapter 6) and roof muest all last as long as the modules or be
replaced during that time.

Solar modules are sold with a lengthy manefacturer’s warranty, eg. 25
vears for 80 per cent of outpur. While the guaranteed output must be included
in any system output estimates, the buver needs to understand rthat if they are
installing a product with such a potentially long warranty, the strucrture (e.g.
the building and roof itself) and other system components need to last a similar
length of time, For some equipment, i.e. the inverter, a replacement may be
planned over the life of the PV system.

Standards

The PV industry is growing rapidly, resulting in many new manufacturers
producing PV medules. It is important thar only gualiey modules are installed
and standards do exist. The most common standards applicable to PV modules
are:

» JEC 61215 Cryscalline silicon terrestrial photovoltaic (PV) modules -
Design qualification and tyvpe approval.

* [EC 61646 Crystalline thin-blm terreserial photovoltaic (PV) modules -
Design qualification and type approval.

* [EC 61730 Photovoltaic (PY) module safery quabification = Reguirements
for construction and requirements for testing.

These standards originate from the International Electrotechnical Commission:
www.iec.ch, In many countries a PV module must evidence compliance with
either IEC 61215 or 1EC 61646 {depending on whether it is thin film or
crystalline silicon rechnology) and IEC 61730,

Certifications

Cuality modules should comply with the 1EC standards but may also adhere to
local standards. Certifications generally ensure that modules adhere to all
relevant standards in addinon mo the specific photovoltaics standards; examples
range from wind loading o salt mist corrosion resistance (IEC 61707). The two
most common certifications ares

*  {E marking: The CE mark stands for conformité curopéenne. By using this
mark the manufacturer is declaring that their module complies with the
essential reguirements of the relevant European Union health, safety and
environmental protection legislation. The CE marking 15 mandarory on
modules sold and installed 1n the EU.

*  Underwriters Laboratory (UL): The Underwriters Laboratory is a US-based
testing facility. Modules beaning a UL mark have been tested for compliance
to IEC standards and local standards (depending on the country code next
to the UL mark). Further informartion can be found in Chaprer 15,
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Warranties

PV modules are typically supplied with three levels of product warranty:

1 1-, 2- or 3-yvear warranty on the physical manufacrure of the module itself,
l.e. the frame, encapsulant, glass, module juncrion box etc.;

2 10-12 vear warranty that the module will produce 90 per cent of its rated
OUTPUL;

3 20-25 vear warranty that the module will produce B0 per cent of its rated
output,

If any of these conditions are not met, the question of a warranty claim will
depend on the manufacturer’s published warranty and/or the commercial laws
of the country where the module was purchased. For example, if someone buys
a module from overseas and imports it for sale or their own use, then it is
assumed that they understand thar they have to send the module back o where
they purchased it to claim warranty.

[f an imported module 1s purchased from a “reseller’ of the product, i.e. not
the manufacturer isell or their agent, the reseller might have an arrangement
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PV Cells, Modules and Arrays

In the previous chapter the many different evpes of PV cells and manufacturing
techniques were discussed. This chaprer explores how IV cells are used 1o
create PV modules that can then be used to create a PV array, which s the
principle component of a grid-connected PV system.,

Box 4.1 Electrical basics

A basic knowladge of electrical terminolcgy is essenftial to understanding the
operation of a PV cell.

Current: represented by the symbal 1, it is measurad in ampearas (A or amps).
Currant is producead by the flow of alectrans; the higher the currant the higher tha
rate of flow. There are two types of cumrent:

AL: Alternating currant is so namad bacause tha diraction of the alactron flow
changes: elactrons first flow one way and then the other — this swilching continuas
al a constant freguency. Mains power usas AC current,

DC: Direct current does not switch but rather flows steadily in one direction.
PV cells produce DC current.

Vollage: Always measured across two points, it is the change in potential
enargy per unit charge between thosa two paints. It is reprasented by the symbol
V and it is measured in volts (V).

Energy: Enargy is measured in watt-hours (Wh) or joulas (J) and is a
measure of the ability to do work, A person eating a biscuit gains from that food
energy thal they can expend in doing work, &.0. walking up a fight of stairs.
Killowatt-haurs (KWh) are commaonly used o describe electrical energy produced
by a PV system.

Power: Power is measurad in wats (W) or joules/second (J's) and & the rate
at which energy is supplied. 1 wall 5 equivalent 1o 1 jsule per sacand. Power i5
the product of current (1) and voltage (V):

FP=lxV

Circuit: A circuit i= the system of wires and electrical components (including
PV modules) through which current flows, Current can only flow through a closed
circuit.

Senes connection; Two elements of a circult are connected in series whean
they are connected one atter the other. such that the current travels through them
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Strimg 1 Stneng 2
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Flgure 4.16 Ta calkculate the poweer output of an array, first calculate the cutput of each sining (as explaingd
pravicushly] and then real tha strings as though they were modubes and calculate the power output by
acding them in paraliel

Sourpe: Global Sustainable Energy Solutons

Irradiance

The amount of selar radiation {sunlight) hitting the cell will largely determine
1t5 power outpuat.

The output of 3 PV areay can be estimared using performance data provided
by the manufacturer on the data sheet. All arrays have a rared peak power
output, 1.e. an array can be described as a 1.5kWp array - meaning that PV i3
installed to provide a 1.5kW peak of power. This output has been determined
by the manufacturer using standard test conditions. Using this information and
local solar insolation data (see Chapter 2, it is possible to estimate the output
of an array.

Example

On a clear sunny day a 2kWp PV array received 6 peak sun hours: the 6 peak
sun hours equate to an energy input of 6000W/m? per dav. Expected output can
be determined as follows:

peak power output x peak sun hours = expected outpur

2kW x 6PSH = 12kWh
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Current (A)

1.25 KWim*

1.00 kW/m’

0.75 KW/m’

0.50 k'W/m?*

0.25 kW/m’

Flgura 4.17 The IV curves for 8 coll oparating at diffeérant Irradiance values show e InGreass
i power oulput with rradiance

Voltage (V)

Srnarce Dokl Bustarabe Eneigy Solulonsg

The PV array produced 125Wh for that day (before any power loss factors
are accounted for). There will be varying insolation data available on a monehly
basis, s0 the whole vear’s output from the PV array can be estimated from the
monthly darta. However it is important to note thar this rechnique is never used
in practice because a PV system will rarely experience STC. Chapter 9
demonstrates how designers account for the power losses that occur when the
maodules are not operating at STC.

Table 4.1 Monthly peak sun hodirs for Sydnay, Australia

Maonth Average peak sun
- hours (31 LK) per day

January 508
Fabruary 511

March 484

April 4.42

Kay 3.B7

Juis 3.80

Juily 4.0
Auguet 4 68
September 5.33
Dciober 551
Mowvember 5.44
Dacember B.57
Average 4,84
Sowce: NASA

Annual average: 4.84 peak sun hours/day
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Figure 4.18 As power =
current x woltage (1 x V}, as
vollage decreases, powar

deCraasas

Souned: Gebal Sustanalbio

Ensrgy Soklions

Figure 4.19 In areas thai
exparence extremely cold
temperatures, the voltage
mncraasas as the ambsant

temperature decreases

Sowrse Gichal Susianatia

Errgyy Solilemg

A 2kWp PV array would produce an average of 2k'W x 4.84P5H/day =
968k Wh/day. This results in an average of 9.68Whiday = 365daysivear
3533.2kWhivear.

IE

Temperature

Mot only does the solar radiation hitting the modules produce electricity, it also
heats up the modules. It is not uncommon for a PV module to reach 70°C on
a sunny day in a temperate climate, As temperature increases, the open-circuit
voltage decreases rapidly while the short-circuit current increases slowly, Power
output is voltage multiplied by current and so will decrease as well. When
designing  systems, engincers will often use the following approximation
{dependimmg on local design codes and guidelines):

cell remperature = ambient temperature + 25°C
As hor temperatures adversely affect power outpur, output from a PV arrav has

to be calculated taking the temperature effects into consideration, 1.e. derating
an array’s outpur based on the operating remperature conditions. Likewise, as

Current {A)

Decreasing maximum = |
power point, Piys

Vaoltaga (V)

Current (A)

| InCreasing maximum
power point. P, | -75°C
\ o -50°C

| L 28

- Voltage (V)
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Figure 4.20 PY modules perorm well in cold and sunny areas. They are offen used as a power
source in Anfarchica during the summer, However, because thene is o ke light In winler, desel
ganeratons ane typically used as back-up

Sowrce: public domain/Wikipedia’Us Antarctic Exped(ticn

cold temperatures can increase the power output due to the voltage increase,
the maximum voltage threshold of the system needs to be accurately calculated
vy ensure thar this voltage cannot exceed the mverter’s ratings. These technigues
are discussed in Chaprer 9.

The installation of a PV array can directly affect the operating temperature of
the array itself. One contributing Factor is when an array is installed flush e a roof
surface — meaning that there 15 mited air flow across the back of the modules 1o
moderate the module temperature. This can have a doubly negative affect because
the roof ieself will grve off heat, 1.‘:::;’Lﬂ.i£:u|;'§r]i.‘ a [in 1'[‘1-1;':11:_1 and the module will retam

Figura 4.21 Vagetaton,
chimneys, buildings, dirt
and enocw ¢an all shade a
P moduls

b2 01l ) et e e P e
Erergy sohdicns
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heat on the underside, so forced ventilation across the roof surface and behind the
modules is often necessary, If the installation cannot include borth methods of
ventilation, the output of the array will have to be derated to reflect negative
aspects of the installation, Ventilation s discussed i more detail in Chapter 6.

Shading
PV cells require sunlight in order to produce electricity. If a cell receives no
sunlight due to shading it will not produce any power {even a small area of cell

Figure 4.22 Even this small shadow can reduce the amount of electricity a module produces =
a small shaded area can, under certain circumstances reduce module owiput by BO-30 per cent
as well as affecting the rest of the array

Savea: Global Sustanshia Energy sohsfiors

Figure 4.23 Tha discolourad cell in this array was caused by hot spot haating

S GIOES Sustamable Erdrdy SHhaliors
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shading can result in a large reduction in power output). Cells in modules are
normally connected in series, so when one or several cells are shaded, the
current output of the module will be reduced. If the module is part of an array,
then the current output of the array will also be reduced. This will alse occur
if a cell is damaged and unable to produce power.

Shading of the array can lead to irreversible damage. Hot spot heating
occurs when a cell is shaded such that its power output is reduced and maost of
the current being produced by the other (unshaded) cells is torced through that
one cell causing it to heat up. This often leads to cell damage {cracking) and
can also damage the glass encapsulation,

It s difficult to prevent shading. However, diodes can be used to mitigate
termporary shading (e, leaves that may have fallen on the array), When a cell
is shaded or damaged, a diode can be used o give current another path o
follow. It will skip the damaged or shaded cell completely and have minimum
impact on the power output of the array. This kind of diode is referred 1o as a
bypass diode and manutacturers typically install one, two or three bypass
diodes per module.
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equally, while the voltage is divided batwean them (the largest voltage will occur
across the largest resistance).

R, R, R,

Figure 4.1 Resistors ponnected in senes
Bourea- Global Sustanable Enasgy Solulions

Parallel connection: Two elements of a circuit are connected in paraliel when they
are connected across the same potential difference (i.e. the same voltage), and
tha current is divided between them.

R,
| WH- |

Figure 4.2 Resistors connected in paraiiel
source: Global Sustanabis Enargy Solufions

Characteristics of PV cells

Each type of PV cell 1= unique and has its own individual characteristics; it is
very important to be aware of this when designing an array as the characteristics
of the cells in one type of module can affect the power output of the other
modules connecred o it.

Box 4.2 Key terminology

Cpen circuit: A circult is broken and no current can flow.

Short circuit: There is a connection across two terminals of a power source,
so current can flow freely between therm: this is usually due to a faull in the circuit.
Voltage in short-circuit conditions is zero.

Open-circuit voltage V_: The voltage measured across a PV cell under open-
circuit conditions, current is zero.
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Flgure 4.3 Measuring the open-circuit voltage of & module using a mullimeter

Lource: Frank Jeckeson

Short-circuit current ﬂﬁ: The current measured across a PV cell under short-
circuit conditions, voltage is zero.
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Figure 4.4 Beasuring the shor-circult curent of 8 module using a multimeter
Source. Frank Jackson

Maximum power point: The theoretical maximum power oulput of a PV cell, The
maximum power paint (F__) is the product of the maximum power point vollage

W.,ﬁli and the maximum powear point current [IW]I.
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Figure 4.5 V__ and

|, are the xand y
intercepts respectively.
Ideally the PV cell
oparalas around ths
knee of the curve, where
the MaxImum povesr

Graphic representations of PV cell performance

It 15 very common for the features of a PY cell to be represented graphically as
a current-voltage (or I-V) curve. An IV curve tracks the PV cell’s performance
and highlights key features such as ¥V, 1_and P__. A PV cell will always
operate along this curve, ie. ar a given voltage; the current produced will
always have the same value and vice versa.

A power curve is used to find the maximum power point. A power curve
plots the voltage along the horizontal axis and the power {current multiphed by
valeage] along the vertical axis. When this is superimposed on the -V curve for
the same cell, it is very clear where the maximum power point lies,

The I-¥ and power curves are important because it 15 necessary to know the
characteristics of each individual cell when designing a module. Connecting
cells with dramarically different characteristics together will have a large
{generally negative) effect on the power ourpur of the PV module.

Current (A)

T

paint i% located
S (Global Sustaingbhe "H'tﬂ“aﬂﬂ {v]’
Energy Sclulions \.ﬂ;.,;

Current [A) Power (W)

Figure 4.6 P__Ia
the highast point on I
the power curde; by #G
Exirapokating back 1o |
the x-axis, V__ can be

found. ¥V __ I8 also on

the 1=V cunve and so the
cormesponding current

can be found for ihis
parficular voltage (1_)

Sowreg; Glokal Susiamakbis

Erargy Sedyticns Voltage (V) Ve Vior
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Photovoltaic modules and arrays

Figure 4.7 Single photowoltaic module; the
module’s 36 cells can be seen arrangad in a
4 % 9 grid

Source: Giobal sudiaimable Energy Solulions

Figure 4.8 View beneaih a PV array

Snurca; Giobal Sustanable Energy Solutions

Figure 4.9 PV array composed of
maonacrysialine moduies

il GIoEEl Sustanatis Endrdy Soluirs
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Figure 4.10 Sample

data shaet. Dala sheels
inciude important technical
information such as
gtecingal and machanical
charagtonstics. All
manufactusers’ data shaels
are specific 1o thelr producis
and when sSccessing ary
solar module specifications
fim eliher sofl or hard copy)
the manuiacturer should be
contacied 1o confirm that
thesir published matenal is
current

Sovirme Gilohal Sestainable
Eririyy Sohaliding
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Connecting PV cells to create a module

PV cells of identical characteristics are wired together in series to create a
maodule, In series, their voltages will add while the current remains constant, i.e.
the current of the module is equal to the current of one cell. Power losses occur
when a cell is underperforming. It may be damaged or more commonly shaded
and this will be discussed later in this chapter.

The characteristics of cells are given on the manufacturer’s data sheet, freely
available on the manutacturer’s website; these are used w design a PV armray.
Designers should always contact the manufacturer to make sure the data sheer
on their website 15 current.

Specification sheets

PV modules purchased from reputable manufacturers should come with
spectiication sheets (also known as data sheets). A data sheet includes important
technical information required o design and install a PV array. It may alsoe be
useful for a consumer to look at the data sheet when comparing different
modules as it provides basic informarion abour efficiency, rated power and
physical size.
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Box 4.3 Standard test conditions (STC)

Thesa are defined as the conditions under which all modules are tested and
specifications given so that comparson between different cells and modules is
possible, Thase ara;

e Cell temperature 25°C
= |radiance 1000W/m*
* Airmass 1.5

Creating a string of modules

A string comprises a number of PY modules connected in series. The electrical
characteristics of PV modules connected in series wo form a string are the same
as PV cells connected in series to form a module: meaning the output voltage
of the string will be the sum of the output volrages of all the modules and the

4%

output current of the string will be the lowest ourput current of any module.
Modules can also be connecred in parallel. In this case the current ourpur of
the modules will add instead of the voltage. The outpur voltage is thar of a

single module,

Ymp= 55V ¥rmip = 554 Wiryp = 55V
Imp = 54 Imp = 5A Imp = 54
Prax = 275%W Frax = 275W Fmax = 275W

B T T N -

Figung 4.11 When thres identical modiules arng
connecled in serhes o form a string thedr vollagos

] T{ﬂﬂ[ o 3 =
Impp-=-"f,h Thea power SUlpu! of The $Ifng i caiculated using
B _ F=IxY
FPmax = 813W ~
: Sowved Global Suslainable Erargy Sokibions
Vi = 55 Vimp =40V Vg = 55V
Imip = 3A Imp = 44 Imp = 54
Prnax = 3754 Proax = 160W P = 2756

I

A O S S o

P T S

Total

! Wimp = 1500 (55V + 40V + 55V)
Imp =
Fmax = 6003w

A8
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Figure 4.12 When non-idenfical modulas are
connectad in seres the vellages will still adag;
howsover, tha current of the string will be the kowest
curment of any single module (in this case 44). The
power output of the siring is then calculaled using
F=IixV

g Giobkal Susianable Efrgy Solilkres
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Imp = SA Total
Imip = 15A
Hﬂ'@sﬁ 55V " i
= SA Pmax = 825W
Pmiax = 275W
Vmp = 55V "E?
Imip = 5A .
Pmax=275W
.

(=)
S

Figure 4,13 Three identical modules are connactad in paralled; tha tatal current i the sum of
each ndividual currant, whils the o1al veltage is he vollags of 3 singla modula. Tha powar is
once again calculated using P =Ix V

Fote: Tha power has the same velue as for thee dendica modules connected In sertes.

Snevece: Global Sustainabie Energy Soludions

Vmp = 55V
mp= A Total
Pmax = 275W Umﬁ — A0V
. Imp=14A{5+4 + 5)
i = A0¢ Pmax = 560W
Imp =4A
Pmax = 160W
Vmnp = 55V f_‘!':-‘
Imp = 5A -
Priax = 275W
-
o

Figure 4.14 When non-identical modules are connected in paralle!l tha currents add while the
output voltage is equal ko the lowest single module voltage. The power cutput of the modules is
then calculated using P =1 x Y

Rioha: This configuration produces even lass power than o the =ame free moduss warg connecied m
EETEE.

Sidicd; Globsal Sustanabie Enerdy Sohalions

Creating an array

Array designers will connecr PV modules wsing a combination of series and
parallel to produce the output current and voltage suitable to a market
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PV Module String
PV cells connected Modules in series

in series : =
: String is set up to match the

grid connect inverter (o be used

In some small systems, the String
s the Array

Cell o i
0.5V 5A = . -
Eiwlaus Py 8 §

: ,

-.+ . .p.'r. .-r. .+ <ol

s

Module
=38 cells

36 cell modules = 12V
nominal (Vmp 18V approx)

e e

72 cell modules = 24V Array
nominal (Wmp 36V approx) Strings in parallel

Figure 4.15 The process of making an aray, starting from celie, modules sre created, then
connectad in series 1o form strings and finally strings are connected in paralksl to maks an array

Sourcs: Giobal Sustamabes Erergy Solulions

apphication, Modules are typically connected in series to form a string and thesc
strings are connected in parallel to form an array,

As discussed earlier in the chaprer, PV arrays produce DC power while the
mains require AC power. An inverter 15 required to convert the DC solar power
to AL power and the array is wired in such a way that the maximum power
point voltage of the array lies within the range of the grid interacrive inverter
|inverters are discussed further in Chapter 5).

Photovoltaic array performance

The performance of a PV array is affected by a variety of Factors: the most
significant of these (temperarure, irradiance and shading) are discussed here,
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Inverters and Other System

Components

In addition to the PV modules, a PV system requires other components in order
to interact effectively and safelv with the power grid. This chapter discusses
inverters, PV combiner boxes and merering (net and gross), PV arrays are
covered in Chapter 4 and the PV array frame is discussed in Chapter 6.

st At MR S e ersrtive Enveror
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Figure 5.1 The primary sysiem
components ane shown i this diagram
[ofher configurations are possible). This
is & net-metering arrangament where the
electricily genarated by the PY aray and
converted ta AC by the grid-interactive
inverter is gither used on site or exporiad
b e grid

o BéDal Bustainabls Energy Solulions

Figure 5.2 Altermnative PV systam using
& gross-matenng arrangemaent whara all
tha power genaratad by the PV array is
axparted to the grid and all the power
reguired by the koads is impored from
the grid

Sourder Eohal Busmea by Engry Solulitng
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Modular inverters

Modular inverters (also known as mucro-inverters) are small transformer-less
inverters (some will have an solaung ransformer o mimimize DC mpecnon
currents) designed to be mounted on the back of the 'V madule.

Chn"ET Thf‘ VEARs T]IEFE’ hﬂ"ifE bE’E]l - ﬂl.ll.’!lth le H'Iﬂl.'illlﬂf il!lr'EI’tEFE flnﬂﬂLIfHCtLLf'Ed
in the range 100-300%. This product has re-emerged during 2009 for the grid-
connect PV market, Two main advantages of the modular inverrer are that they
remove the requirement for DO cabling from the array as each module has an
AC ourpur and these AC cables can be paralleled at each module and then
connected to the grid at the appropriate location. These inverters are also small
and easy to handle, and they have the advantage of being modular (juse like PV
modules), which means thar more modules and inverters can be added 1o the
system in future at minimum cost,

In the past, modular inverters were generally more expensive, Le. the cost
per unit of power (& per W) was higher than other inverters: but the latest
modular inverters on the markert are a similar cost $fwartt 1o installing a single
inverter for a PV installation,

The disadvantages of modular inverters are related to the face thar they are
installed on the back of PV modules. If the inverter fails, repairing or replacing
it involves removing the modules from the arrav o access the inverter behind
it. In addition, designers may be wary of using modular inverters in hot
climares. As discussed in Chaprer 4, PV modules hear up considerably during

Figure 5.18 Micro-invenar altlached 1o the back of Figure 5.17 Micro-imverier avallable on the US
a module market
Sourcer Global Suslainable Erergy Soltons Fource: BML Salar
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the day, so the inverter will operate at a higher temperature than it would be if
it were locared on a shaded wall or indoors, increasing the risk of inverrer
tailure. The operating characteristics of modular inverters under high
temperatures should be provided by the manufacturer,

These Fatest macro-inverters offer similar data logging and communications
Features as other inverters on the market either via the AC power system at the
location or via a website.

Table 5.1 Inverter types and characteristics

Imverter type Modular String Muiti-string Central

Powar range 1 00-300W TOO-11, 000 2OCO-17,000W  10,000-300,000W

MPPT Yes Yes Ml bpls Mullipls

Typical afficiency  85% Y3-97% 97 % 7%

Advantages Mo DC cabling; easy to Readily available  Muitiple MPPTs; Lower 30 cost one location for
add mora modules readily available mainfenance

Digadvantages Feplacing a faulty mvener Only one MPFT o redundancy if imverter fais
can ba difficult

Inverter protection systems

Grid-connected inverters will only work if the AC grid is functioning and is
within the grid’s predetermined operating conditions, If these conditions are not
met, the grid-connected mverter will disconmect and will not output any power
from the PV array at all. The inverter is set up to mirror the function of the grid
itself. The MPPT sofrware in these inverters allows the PV ourput to be
optimized to best match the grid specifications at the time of power output.
Grid-interactive inverters will rypically incorporate two types of protection:
active and passive. Both forms have the inverter switch off on overfunder
frequency or overfunder voltage. This protection is intended as self-protection
for the inverter if extreme conditions occur and protection for the grid itself, so
the mverter will disconnect if it cannot see the grid, e.g. if there 15 a blackout,

Self-protection

Inverters incorporate protection mechanisms for a variery of problems:

¢ Incorrect connection: if an inverter is incorrectly connected to the PV array
le.g. with reverse polarity) it will not work and will in most cases be
damaged. Even though some inverters protect against incorrect connection,
the warranty for most inverters does not cover such damage.

»  Temperature: inverters are sensifive to temperature variation and
manufacturers will specify a temperature range within which they must
operare. Some mverters reduce ther POWET OULPUL T turn themselves off
when temperature increases past the manufacturer’s operating Hpe-:.:fn:ﬂmm-
Although the inverter might have overscemperature protection, it is
important that the mverter has sufhcient ventilation and cooling; over-
temperature can cause damage to the inverter.
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Figure 5.18 Tha front panel
of an irverer will commonly
dizplay array faults

wrvirce Glohial Sestainabie
Energy Solulions

s  DC voltage too high: all grid-connected inverters will have a specified
voltage range within which they operate correctly. Some imverters switch
off to protect their electronics if the maximum DC voltage they can tolerate
is exceeded, but the inverter could still be damaged; other inverters have no
such protection,

Grid protection

Grid-interactive inverters must be able to disconnect from the grid if the supply
from the grid 15 disrupted or the grd atself s operating outside the preset
paramerers (e.g. underover voluage, underfover frequency), In both these cases,
the inverter disconnects to avoid continuing to output power to the grid when
the grid irself is nor operating.

There has always been concern that, if there were a sufficient number of
inverters connected to the grid in an area and the grid supply to thar area failed
{e.g. a car hatting pole and cables breaking], the inverters would interace with
gach other, meaning that the voltage and frequency will become a reference to
each other {i.e. an inverter would sull think the gnd was ‘on” and continue
exporting electricity to the grid). In this circomstance the passive protection,
which switches the inverter off when the gnd is operating outside the required
voltage and frequency, may not operate, and power would continue to be
exporied onto a grid that s not operating. This phenomenon 15 known as
‘islanding”. Therefore active as well as passive protection is required. ‘Islanding’
15 a serious safety concern for electricity unlioes, e.g. if the grid shuts down and
techmicans are working on it, there must be certannty that all grid-connected
PV systems are also disconnecred from the grid, Islanding obviously poses a

kyawnaingl25 - kyawnaingl 25(@yahoo.com.au - 147762
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significant nisk of electrocution to workers trying to repair power lines and may
damage transmission rquipmﬂnt.

The ‘islanding” issue is met by the inverter’s active and passive protection.
Many standards require grid-interactive mverters to have both these features.
Passive protection is provided by the mverter’s ability to detect the grid’s voltage
and frequency, e, if the inverter detecrs thar the grid is either over or under
voltage and over or under frequency, it will shut down. Active protection is
provided by the inverter detecting any frequency instability, frequency shifr or
power variation that would vary the voltage that the inverter detecis. The inverter
will shut down via this active protection if it detects any of these conditions,

When the condition that caused the protection device 1o activate is removed
and the inverter synchromzes again with the grid, the mverter will reconnect to
the grid after a period of ume, e.g. 1n general ar least one minute. Some
countries require mverters sold in their rervitory to have a minimuom time delay
berween the inverter detecting a stable grid and the inverter reconnecting. This
time delay 15 generally programmable within the inverter

Balance of system equipment: System equipment
excluding the PV array and inverter

In addition o the PV arrav and inverter, a system requires a variery of other
components in order to function. These are known collecavely as the balance
of system eguipment (BoS) and often must comply with logal andfor national
codes and regulations. The BoS equipment s composed of the components
required to connect and protect the PY array and the inverter. This equipment
includes cabling, disconnects/isolators, protection deviees and monitoring
equipment. The key balance of systems components are given below, and are
described in further derail:

IMer-array  power Grid
%, i::.‘;a_l;aling l

AC ﬂaﬁlng

'

DG Cabling="| " ‘ I—

Junction Box —

Figure 5.18 Koy balance
of systemn components

Switchbpard
Solar ATy Afain Swilch shown exciudsng grounding’
HeEor Inverter  Solar Supply __M_—  garthing
____,—1—-_’_
T — ———— Source: Global Susisnabile

S Ermwdny Sokdens

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



o |
=

A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

= DC cabling inclading the mter-array cabling {cabling used to connect the
various modules and strings together o form a PV array), the cable from
the PV array to the PV combiner box {if required) and the cable from the
PV combiner box to the inverter.

= PV comhiner box, normally only required when the PY arrav has more
than one parallel sermg (see Chapter 4) and is located berween the PV array
and inverter.

*  Module junction boxes located at the back of each module; they normally
bring together the wires used to connect the PV cells to form a module.

*  Protection and disconnect devices, such as the DC and AC main disconnects/
isolators, are often required by many local standards and codes,
Lightning and surge protection,
Metering: the building will already have an electricity meter used o measure
electricity flows in and out of the building. Installers may incorporate this
meter into the new PV syvstem or install a new meter, depending on whether
the current meter meets the requirements of the system. Meters are either
gross or net; the differences are important and are discussed below,

*  AC cabling connecting the inverter to the meter, and the meter to the utility
grid. “
Grounding/earthing cables for the array.
Moniroring: most PV systems mcorporate some kind of monitonng so that
the owner is able to see the outputs of their system and any problems, such
as a decrease in power output, can be guickly identified.

Cabling

Duaring the 1990s, with increasing interest in grid-connected PY systems, ways
to the make the installation time shorter and easier were investigated. A number
of manufacturers developed plug and socket connections thar are now very
commonly used.

These have a positive and negative plug which minimize the risk of
incorrecily interconnecting modules in series. They will tvpically have a locking
mechanism so that they are not easily disconnected by pulling on the cable.

Many module manufacturers now supply their modules with the cables and
plugs already comnected into the junction box (see below) on the back of the

Figure 5.20 Example of solar cable plugs Figure 5.21 Ancther exampie of solar cable pligs

s Al iEgnadt

il Muliconds
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PV module. The cable and the plugs can also be individually purchased so that
the cables can be made to a length w suit the actal installation; longer cables
are often required for certain installations.

[t 15 important to select a cable thar meets the output current and output
voltage of the PV array and mimmizes voltage drop. Tvpical cable sizes
available include: 2. 5mm®, dmm® and émm®. These sizes are suitable for the
majority of installations. Selecting cable sizes is discussed in Chapter 10. The
AC and earthing cables used for small-scale grid-connected photovoltaics are
the same as those typically vsed in buildings.

PV combiner box

If the arrav is composed of a number of parallel strings, then the cables from
the array strings may be interconnected in a PV combiner box, sometimes
called an array junction box or DC combiner box, Even if the array has only
one string, PV combiner boxes can be used to interconnect the output cables
from the array to the array cable to the inverter, particularly if the array cables
are larger in diameter than those vsed for interconnecting the actual modules
within the arrav.

[f there are mulnple parallel strings then the PV combiner box will fFacilitare
the combining {connection) of the positive and negatve cables from the
ditferent strings on links {or similar) allowing only one positive and negative
array cable to interconnect with the inverter (via the DC main disconnect/
isol ator).

Figure 5.22 PV
combiner box with
ower-cLment protection
dewces, in this case
circUit breakers.
Btounting them in

tha PV combiner box
provides aagy access
Source: Global
Sumimingble Energy
e B g
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Figure 5.23 PV combinar box
showing strng fusing provesion

Soviree DHEH Austirala

Module junction box

In some standard PV modules the wiring connections are enclosed m a module
junction box attached to the back of the modules. These boxes include knock-
outs where either cable or conduir glands can be installed. Cables can then be
directly installed into the rerminals of the junction box. In some PV modules,
the module junetion box is permanently sealed in the back,

Figure 5.24 Module
junction boxes on the
back of modiles ina PV
Array

Sovirme Gilohal Sestainable
ErvEry Solulicns
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Circuit breakers and fuses

Fuses and circuir breakers are commonly used as over-current protecnon m PY
systems. MNational codes should specify over-current protection requirements.
MNormally either DC Fuses or DU circuit breakers are used on the arrav side of
the inverter and AC fuses or AC circuit breakers on the grid side. DC fuses may
be required by codes in PV systems and they are very different from the AC
fuses used in regular appliances. It is much more difficult to break a direct
current, so it 1s important to make sure that any fuses used tor DC apphcations
are DC-raved. Most DC-rated fuses can be used in AC applicanons {manufacturers
will generally stare this), bur DC fuses are more expensive. Likewise, AC circuit
breakers are not compatible with DC circunts and vice versa. It is also important
to note that DC fuses and DC circmit breakers 1o a PV svstem operate very
differently to AC fuses and AC circuit breakers in AC systems, because PV is a
current-limited source (i.e. the maximum current an array will produce is its
short-circut current 1) In an AC system, fuses and arcmr breakers will blow/
open very quickly because the current produced under fault conditions s very
large, whereas in PV systems the current produced under fault conditions (1]
is not much higher than the normal operating current ilmr} and o may not be
interrupted by the string fuses and circuir breakers. It is imperative that those
installing a PV system are qualified to work with elecirical systems (specifically
PV systems) and are familiar with local codes governing the choice of over-
current protection and its installation,

A tuse is a device fitted to protect agamst excessive current flows that could
damage conductars in a circuity and to reduce the risk of fire due to overheating
of conductors. This will commonly consist of a short section of conductor of
sufficient size to carry the load current mounted in an insulating enclosure; under
fault conditions the fuse will open the circuit. Fuses may be either rewireable or
a cartridge high rupture capacity (HRC) style. Rewireable fuses are no longer
considered suthcient to protect a winng svstem, so cartridge fuses should be used
at all nmes, Fuses normally feature a current rating, 1.¢, the amount of current
that ¢can pass through the fuse before it meles. Circuir breakers are mechanical
devices that wall open the ciremt under fault conditions and the switch can be
manually flipped o close the circuit and restore current flow when the fault has
been removed. Currents in excess of the buse or circuit breaker raung will cause
the device to operate {open) and prevent any current from flowing.
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Figure 5.26 Circuit breakers in & grid-fied PV
sy sbarm

Sovvoe Global Sestainable Erengy Solutons

PV array
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Fuses and circuit breakers may be used, not only as fault
(excessi-current protection, bur alse as disconnect devices,
as explained below. Faule-current protection 15 found on
the DC side of the system {arrays, sub-arravs and strings),
as well as on the AC side of the system (there 15 usually a
circuit breaker on the utlity side of 2 PV installation).
Owver-current protection requirements and ratings vary by
country so it is important to check national codes.

PV main disconnects/isolators

A disconnect/isolator solates equipment from electriaty and
povwer sources and allows the power in a circuit o be shur
down. Disconnectsfisolators should be installed on both the
D jrypically DC circuie breakers are used) and AC sides of
the inverter as shown in Figures 5.27, 5.28 and 5.29.

BC Main
Disconnecl |solator

AC Main
Disconnectiscéaior

Figure 5,27 Locations of DC
and AC disconnecis/isclalors

Soerer Glohal Sustalnable
Energy Scluticns

Meler

B Discant/
wach iring

= ﬁ#mmﬂﬂmﬁhr livrerter AL Dincomnecd Tsalator

Figure 5.28 Diagram of
a theee-string PV system
showing protaction
davices including AC
and DO disconnects)
isodators and over-
CLTEnt protection

o — ==
— e e
er Cumment !}_' C rremd
e e O Piaiec taan
fiox eachy e tha BV
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sxavre Globhal Sestainable
Energy Solubicns
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Figure 5.29 Schematic showing main disconnectfisolators and over-current protection. ELV segmeantation is explained
in Chapter 8

Source: Giohal Sustainabee Enengy Salutions

Box 5.2 Utility external disconnect switch (UEDS)

Inverters sold in the US normally have a unility external disconnect swirch (UEDS) as a means w
disconnect the system on the AC side of the inverter from the grid when required, in addition to
the AC circuit breaker in the switchboard. The UEDS is typically incorporated into or installed
near the inverter, which is in a location easily accessible o utility personnel should they need
switch off the system for routine or emergency maintenance on the local grid. UEDSs were
previously mandarory, bur are no longer required by all uriliries and states for small svstems; they
are not widely used outside the US. Local and national codes and regulations should be checked
to determine if UEDSs are recognized as an approved AC isolator by urilities and regulators,
Bemember a properly Funcnioning mverter will not operate when the grid 15 down, which is why
many solar professionals consider these swirches to be largelv redundant.

Figure 5.30 These imverters are designed for the
LIS markel ard incorporate a lange UEDS baneath
the inverter

Sawe: Clobal Sustainable Exeroy Soluions
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Inverters

Photovaoltaic arrays produce DO, while the typical electricity grid 15 AC and
maost electrical devices operare on AC power. To ensure that the power produced
by a PV arcay will flow into the grid, it is necessary for an inverter to convert
the DC power produced by the PV array to AC power.

The circuit design of inverters makes this conversion possible: the alternating
current is created by the inverter’s switching mechanisms, which rapidly open
and close the ¢circuit. Transformers, discussed later in the chapter, are then used
to increase the voltage to the level required by the grid.

There are two main types of mverters: battery or power inverters, whach use
batteries as their power source, and grid-interactive inverters, which are used
in grid-connected PV svstems.

Battery inverters

Many people are familiar with wsing an inverter when operatng standard AC
appliances from DC power sources, such as a car barery or larger storage
batteries. The inverter takes the DC bartery power and converts it to AC For
use in AC circuits and loads. These inverters are usually referred to as bartcery
inverters or power inverters. Battery inverters have a wide range of applications
and are used in stand-alone PV systems; they are very different from the type
of inverter wsed in grid-connected systems (see Chapter 1), Normally these
inverters range from 1kKW to SkW continuous output,

There are also mverter-charger products that are vsed in off-grid and back-
up power systems and these are able o be connected 1o the grid and can
funcrion in a number of different ways: (1) can feed the PV power to charge
batteries; (2) can feed power via the inverter to AC loads or to the grid; (3) can
teed power from the batteries through the inverter to supply AC power; etc.
The various operating options tor these inverter-chargers are determined by the
individual product and the specifications should be checked closely wo confirm
this type of product’s suitability.

Grid-interactive inverters

This type of inverter, also known as a grid-tied inverter, is used in grid-connected
systems and many difterent models are currentdy available. They receive the DC
input from the array and match it to the AC output required by the atlity grid.
The inverter will only function when the grid 15 present and 15 working within
a specific voleage and frequency range. Whether an inverter-charger feeds
power back ro the grid will be determined by the operaring specifications of the
unit itself, e.g. a US manufacturer of inverter-chargers has one model which is
used only with mains or DC power inpur and cannot export to the grid and
another model which has a software change to allow the inverted AC power to
be exported to the grid.
All grid interactive inverters perform these basic functions:
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Lightning and surge protection

Lightning and surge protection may or may not be required, depending on the
system and local codes, If it is required then the devices mav be required on
hoth the DC side of the inverter (protecting from strikes on the array) and on
the AC side of the inverter (protecting from strikes on the AC power grid).
The exact positioning of these protection devices must be in accordance
with the protection device manufacturers’ recommendations. It is common for

Figure 5.31 Thase minjature
circuit breakars (MCBs)
provida ovar-currant
prodection fos the Inverier

Srgroae Glohal Seeetalngbila
Energy Solubionzs

Figure 5.32 Svyatem instaltation
layout showing lightning
profection and commorn
grounding'earthing point as

per Australian national codes;
methods may vary by location
and the national codes should
always be followed

Sovirme Gilohal Sestainable
Eririyy Sohaliding
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them to be located in the PY combiner box as the array wires are already
required o be ¢lose to each other In addition, if remote monitoring of che
inverter is possible through a modem, then protection devices should be
connected to the telephone line on the Line side of the modem.

System monitoring

PV installations may use a data logger to measure and record information
about the performance of a system. The informartion recorded mayv include the
time, power, voltage and temperature of a system. This information might then
I._-lf: sent o a [.TE:TETJ._E]! Wrbﬁ-itﬁf ]-!.U';itﬁfli EJ”_,F fhl‘: i_ﬂ"-*'f."l._l.".'-l' ﬂ"]ﬂﬁl.lfﬂ"."““ﬂ'ﬂ l:“'.f ‘J]l'lplﬁ 1f|:-"'.!
on a school or company website, or on a display somewhere,

Metering

An electnoty meter records the electrical energy in kWh consumed by the loads
within the building where the meter is connected. The meter records the
number of units of energy consumed and a umit is typically 1kWh, The
electricity consumer is then charged for this dlectricity based on the price set for
that consumer. Electricity distributors will often have different rates for
residential homes, industrial and/or commercial consumers.,

A

IMEOAAIKONA SLARK URVECAITY AR

e A L

Figure 5.33 Example of a software data logger

aouree: Giobal Susianabe Enengy Solutions
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Figure 5.34 Bolating bamel style meter, here shown Flgure 5.35 A more complex digital meter also
accompantad by signage for a PV installatian Krown 48 & Srand meler: many govemments
Sovece: Global Sustainable Erergy Solusions and ulillies have steried o introduce smart

mabars, which are expectad 1o be very widely
used in future

Figure 5,36 The single . ' W
rotating disc in the centre of ' . ]
this el mealar is dearly visible,
when alectrigity is consumed
iby Inads within the busidng)

it retates farwards and when
gheciricity is produced (by

the PV gysiam) il rdates
backwards

Figure 537 An electricity meter commaoaniy
uged in the L3
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The simplest meter 1s a mechanical deviee with a calibrated rotating disc
that spins when electricity is being consumed, as shown in Figure 5.36. A more
complicated digital meter like the one in Figure 5.35 can record the time of day
that the energy 15 consumed, This type of meter 15 used when electncnty prices
vary according to the nme of day. The type of merer mstalled with a grid-
conpected PV system will depend on the electricity provider and the region.

Net metering

Mer metering is a method by which a unlity measures the difference berween
the consumption of a site and the generation at the site. In a typical residential
system the electricity produced by the system will be exported o the grid during
peak sunlight hours {usually 10.00am to 3.00 or 4.00pm) and the consumer
will imporr electricity from the grid for use in the evening. If the generated
energy 1s less than the consumed energy, then there is no net export and the
customer pays the utility tor the ditference. If the generated energy is more than
the consumed energy there is a net excess generation (NEG), the unlity may pay
the customer for their NEG or roll it over 1o offset the next month’s bill. Net
metering, 15 widely used and 15 very common in the US where many stares
utilities must make net metering available to customers with grid-connected PV
E}’EtEHIEu

The simplest metering method to achieve the net-metering etfect is to allow
the mechanical meter to operate in both directions. In this arrangement,
electricity produced by the PV system either provides power directly to the
loads or 15 exported o the grid, making the meter rotare backwards, reduang
the actual number of units consumed as counted by the meter. In the evening,
as the electricity for the loads is provided by the grid, the meter will rotate
forwards, thereby increasing the number of units consumed as counted by the
meter. In this arrangement the meter is effectively a net import meter and the
customer is only charged fFor the units that are imported and thereby recorded
on the merer.

The disadvantage of this metering arrangement s that it neither informs the
wser of the exact quantity (in kWh) that the PV system has produced nor the exact
quantity that they have consumed. There is no record of the amount of electricity
that is supplied directly from the PV system to the loads within the building,

[t is recommended that if the local distributor requires this metering
arrangement, then an installer should install a separate meter (if not included
with mverter) that records the exact guantity of electricity produced by the PV
system, This will allesw analysis of system performance and companson with
the figures on the export meter (if used) to determine how much electricity has
supplied loads directly within the building,.

Met import

e
meter g i Generator(s)
- S Figure 5.38 Diagram of a nel impor
Grid | meter able to run in both directions
e, LEI'EIQE{LE} Soevce’ Global Sustainable

Ervirdy solulicns
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Impard  Expor .
MERr  msr - Generaton(s)

= 5,
' - Loadss)

Figure 5.39 Diagram of a nel import metar using two mebars = one io measure impor and the
other to measure expart. The NEG can be calculaled simpdy by subtracting the number an the
export maler from the number on the import metar

Sowvce, Global Sustanable Energy Salulions

Gross metering

Gross merering is a method vused by utilities to measure the enrire solar energy
production and elecericity consumption separately for a site. This method is
common in places such as Europe and Australia where gross feed-in taritfs are
available {see Chapter 13), Gross meters either have two spinning discs (one for
consumption and one for production) or two mechanical meters installed,
which only operate (or rotate) in one direction. The export meter records the
amount of electricity generated by the PV systems exported to the grd during
the day, while the import meter records the exact amount of electricity
consumed from the grid.

In this arrangement the amount exported can be deducted from the import
meter and the customer will be charged for the net imported (net metering) or
exports and imports may be differentially priced, allowing the customer o
make a profit. Gross metering can also be achieved by using a dual electronic
import and export meter.

Figure 5.40 Two metering devices, one measuring the power generated and one measuring
the power used

Smdfd GO Susiamahie Erergy Sokalirs
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Generation

meter

Generator(s)
Grid ——
Laads(s)
T
Consumption
meter

Figure $.41 Diagram of a gross-malanng Sysiem

Sowrcs: okl Sustarabie Enengy Solubong

Figure 5.42 Multiple meters are common, aften tor off and on peak demand metering and large
appliances like ductad airconditioneng

o Dokl Sustanabée Ensigy Solions
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* Convert the DC power from the PV array mto AC power that can be used
by appliances on site or fed back into the grid via the meter. Withour a grid-
interactive inverter it is impossible to export the electricity produced by a
PV system into the grid,

*  Ensure that the power being fed into the grid is at the appropriate frequency
and volrage. If the inverter is unable to convert the DC power to match the
grid’s appropriate frequency and voltage, it will not release electricity to the
grid.

*  Use ‘maximum power point tracking’ (MPPT) to ensure that the inverter is
finding the maximum power available from the PV array to convert o AC,

*  The mverter has inbuile active and passive safety protections to ensure that
the inverter shuts itselt down when the grid 15 not operating withmn
accepiable volrage and frequency tolerances. This is discussed here in the
SECLion On Inverter protection Systems,

Grid interactive inverters may be different in a number of ways depending on:

whether or not the inverter has a transformer;

the switching frequency of the transtormer used:

how the PV arrav and inverter interface with each other;

the inverter’s rated capacity;

whether the inverter has a single string or mulaple string PV power
Inputs;

»  whether the inverter s designed for single phase or multiple phase power
supplies.

Transformers

Transformers are devices that use magnetic fields 1o increase or decrease the
voltage of a power source. Traditionally all grid-interactive inverters incorporate

Figure 5.3 An slecinician lests
a grid-interactive imerter
Sowee: Glokal Sustainable Energy
sohalichg
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Figure 5.4 A ranslormerdass 1
inverier is generally smalier,

transformers of varying types, e.g. high- or low-frequency switching. As
electronics have improved rapidly, many transformer-less inverter models are
now available. Although not widely used in the US, they are becoming popular
in Europe and Australia. Transformer-less inverters offer the advantages of
bewng hghter and having a higher efficiency than the tradinonal product. A
transformer, however, can provide electrical isolation because the circuits are
connected by a magnetic field (often referred to as *galvanic isolanion”) rather
than by physical wires as in transformer-less inverters. The disadvantage of
transformer-less inverters is that they may inject a small amount of DC power
into the grid due to the lack of elecerical 1solation, Sometimes a small 1solating
transformer is used to prevent DO injection.

Transformers wsed in inverters are either low frequency or high frequency,
High-frequency transformers are more efficient and lighter than low-frequency
transformers but are also more complicated ro manufacture.
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-
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ighier ard mone sfficient than an

irvarier of the same size (in KW)

with & transtammer

Source: A Solar Technoiogy AG

Figure 5.5 inverters wih
transformars are still tha

dominant techrology in marny
locations; in the US they are used

in almost all PV systams

Souiece: SMA Soiar Teehiogy AG
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Mainstream inverter technologies

Here are the general categories of grid-interactive mverters. Within each
category there are numerous inverter brands and models available in varyving
s1zes and features. It s very imporgant to use the correct inverter, as discussed
in Chapter 9,
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The maximum power point tracker (MPPT) uses electronics so that the PV array operates 10 produce the
maximum amount of power possible. The MPPT is not a mechanical tracking system, but an electronics-
based system that can vary the electrical operating point of the modules to ensure optimum performance
and therefore maximum output.

The MPPT tracks the maximum power point (P_} of the array at regular intarvals throughout the day
{i.e. because of differing rradiance condilions or shading). The sophisticated elecironics of the inverter
then convert the maximum power from the array infto 220V AC,

Box 5.1 Maximum power point trackers

Cuerant (5) Povear (W) Currand (4]
vers | P

be ]
buse

voiage (Vi M Vac Valtage (V)
Figure 5.7 I-V curva with the power curve Figure 5.8 The maximum power paint falling as
superimposed to find | and V_ femparature increases
Source- Gilobal Sustainable Energy Solutions Source: (Gobal Sustanably Energy Sohutions

String inverters

String mverters are used in small systems ranging from 1kWp to 11kWp. Siring
inverters will all have one maximum power point tracker (MPPT) and the DC
input voltages could vary from extra low volrage (ELV) right up 1000 volts DC
{lover voltage, LV}, String inverters can be connected in a varicty of ways as
shown in Figures 5.9, 5.10 and 5.11.

i

Siitehisaan
Gtring ivvertes g :

==

Figure 5.9 String imverer connaected across one siring of P modulas. The PV armay comprises
twre paraliel strings with a single input 1o the imverter, which means the invertar is only receiving
power from the one combined PY string; this (s a more stable sel-up as there is no potential for
interference fram other strings

e Gkl Suslamats Endrgy Soluliirs
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Gl

Swailchboand

StrinGg inverTer
= Figure 5.10 It is possible to connact

muliiple sirings across the same

sfring inverter, but if one slring has

a lowar ouiput idue to shading ar

damage) it will alfect the output af

ihe entira array

| souroe Goon Susiainabdée Energy

—_— == Saktions

Sering inverter

Seritchboard |

SEring inverter

Figure 5.11 Mulliple iwverters can be used

to increase the reliability of the aystem; if one
inverter mafunclions, the others will still work
and the system can Continud & eXpoi power

S — Sovirpe: Global Sustainabie Energy Solutions

Multi-string inverter

A multi-string inverter is a single inverter appliance, but it has a number of
MPPT inputs. Therefore the PV array can be divided into multiple strings and
a suitable combination of strings connects to each one of the inverter’s MPPT
Inpurs.

These inverters have the advantage that if the modules are facing different
directions then the array could be divided into strings so that modules in the
same string are all facing the same direction. These individual strings then
connect to a dedicared MPPT so thart the energy vield from the system will be

kyawnaingl25 - kyawnaingl 25 (@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



NHCNINP A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

Bbh  GRIDFCONMNECTED SOLAR ELECTRIC SYSTEMS

Figure 5.12 Multi-string mverars installed by
Solgen Ensrgy on Cockatoo |sland for Sydney
Harbour Fedemfion Trust

Sowee: Solgen Energy

greater than if the strings were connected to an inverter with only one MPFT.
A multi-string inverter is generally cheaper than wsing a number of individual
inverters and can offer the advantage of higher energy outpur for arrayvs where
parts of the array face different direcnions or experience different levels of
shading.

I ] swilchboard

v Muiti Steing Inverter

<
o {wppr

MEPT

Figure 5.13 Two sirings are each connecled o different MPFPTs so that if one is shaded il wil
ot redusce the output of the other

Smdfd GO Susiamahie Erergy Sokalirs
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Central inverter

A central inverter 1s very similar to the serimg inverter with multple strings - the
difference 15 thatr central inverters are generally wsed for a large system
[>=10kWp). In these systems the array could be divided into a number of sub-
arrays, each comprising a number of sirings.

In some systems there is just one large inverter suitable for the whole array
or the single central inverter mighr be a single enclosure housing several smaller
multi-string inverters combiming to represent a single, electrical output. In
others there will be a number of inverters, for example 5 x 20kW inverters for
a 100kW sysrem.

Some manufacturers of these large central inverters have rationalized their
design: e.g. a central inverter can comprise multiples of smaller inverters that can
operate selectively depending on the amount of power that can be produced from
the available sunlight. This configuration improves the operating ethiciency of the
central inverter unit, especially when required to operate at less than peak load.

Grid

Switchboard

Central inverter

Figure 5.14 Connadcling
multiple strings 1o a
cantral Inverar

Source Giobe Sustanabis
Energy Solutions

a4
I

Figura 5.15 For vary lange
instaliations a whola room of
ceniral invarters may be required.
These are SMA Sunny Min
Caantral imarars

sowie S Soldr Tedindlogy Al
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Mounting Systems

This chapter discusses different techniques used to mount PY arrays. Firse, roof
mounting svstems are explored; these are commonly used in small-scale urban
imstallaons and four different techniques are covered. Second, two different
technigques for ground mounting systems are explamed; ground-mounted
systems are generally used for very large installations but may also be used for
small insrallations on large properties where space 5 plentiful, such as farms.
sun-rracking systems thar turn PY modules o follow the path of the sun and
capture a larger amount of solar radiation are also explained. The chaprer
concludes with a discussion of the satery issues surrounding mounting
5}'5!(’.!']15_

It is imporrant that installers familiarize themselves with the local
requirements for the installacion of a PV array. Some regions require that an
approval process be met betore the installation is allowed. It is important that
the manuvfacturer’s installation guidelines are followed so thar the product
warranty is not compromised and any structural certification remains valid.
Always ensure that the mounting system is compatible with the PV modules to
be installed.

Roof mounting systems

For homes or businesses using a grid-connecred PV ateay, the most common
installation s the rooftop mounting system. Its most important role is to
securcly and safely arcach the solar array to the root, Aside from satety there
are three other imporiant factors to constder when choosing a roof mountng
systerm: the amount of solar radiation the module will receave in that position,
ventilation of the module and the overall aestherics of the PV system.

The amount of solar radianon the module receives (the modules solar
access) will directly affect the power it produces and therefore should be
optimized by using a mounting svstem thar secures the array at optimal
orientation and it angle for thar location, In cases where attaching modules at
the angle and direction of the roof will not yield this result, installers may
consicler wsing a mounting svstem that can elevare the modules to face the
optimum tile angle and onentation and so improve the modules” power
ourput.

[deally a mounting svstem should allow for as much clearance as possible
above the roof in order to increase the flow of air around the modules, This
ventilation provides convective cooling and can reduce the temperature the
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Figure 8.13 Large grownd-rack

mourded installation
Sovirme Gilohal Sestainable
Eririyy Sohaliding

Ground mounting systems

Ground-mounted PV svstems have owo main applications; they are commonly
used on residential or commercial properties where rooftop mounting is not a
viable option and there is plenty of free ground space, or for very large-scale PV
installations. Ground-mounted systems have many advantages: first the rilt angle
and orientation is not constrained by the slope or direction of a roof or tacade
and so the array can be installed at the optimum nlt angle and orientation; they
offer the installer the ease of constructing a system at ground level, and avoiding
work at heights, Working without ladders and lifes saves time for an installation
o somé cases, although ground-mounted svstems may also reguire civil
engineering, trenching and storm water management. The additional costs of
material, labour and engineering associated with ground-mounted PV arravs
might not be cconomical for many small- or medinm-sized grid-connect systems,

Lacal bunlding laws and planning regulations should be adhered to, and this
may include a planning application with the local authority, The sysrem should
be situated away from site boundaries and a surveyor may be needed for this.
It is also important o avord underground warer services and electrical and
telecommunications cables. These can be wdentified by contacting local water
and electrical urilivies and acquiring a map showing possible hazards. Many
locations alse have services such as ‘Dial Betore You Dig’ set up for these
purpases and for use by the construction industry.

Drepending on local codes, a fence may be required to prevent unauthonzed
persons From accessing the arrav, Fencing is generally recommended for high
visibility ground-mouvnted arrays to help discourage theft and vandalism.
Large-scale systems may even include security cameras, motion sensors and
advanced monitoring equipment to reduce the likelihond of theft.

Ground rack mounts

Similar to roof-rack mounts, ground-rack mounts allow flexability in orientaton
and tilt, Ground-rack mounts are a hxed lt mounting system and often use a
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Flgure 6.14 The grass 5
B reow, bt il 8 grows high
enough it could shade the
anay

Snuree: Gilehal St pinakbke
Erergy Sokidions

pre-engineered steel or aluminium array frame to securely hold the modules in place.
Muodules are normally clamped or bolred onto the frame, which is fixed in a concrete
foundation, Where the mstallation site wind conditions and soil are suitable, earth
screws or driven piers may be suitable replacements for a concrete foundation.

Large ground-rack mounted PY systems normally require the PY arrays to
be mstalled in rows in order to fir o the piven space. A drawback of this
method is thar arrays may shade the rows behind them and as discussed in
Chaprter 3 even a lirtle shading on a PV module dramarically reduces its outpur,
especially very early or late in the day when the sun is low in the sky and the
arravs cast long shadows. An installer must choose a row spacing to avoid
shading throughout most of the vear; this can be calculated using trigonometry,
or g general rule of thumb for most installation locations outside the tropics is
that the mimimum distance between rows should be three tmes the height of
the mounting structure. Providers of mounting hardware often provide software
for the necessary calculations. Closer to the tropics, it might be possible to
decrease the spacing between rows. But since shading is a major concern, a
thorough shade analvsis should be conducted before installing the system.
Ground-rack mounted systems may also have to take into account maimtenance
requirements, for example, if an array is installed in a field grass-curting must
be considered as an ongoing mamntenance cost.

Pole mounts

Pole mounts are popular for systems requiring fewer modules. The main
advantage of these svsrems is thar they are an inexpensive option because they
do not require many installation matenals and they are wvsually adjustable so
the installers can change the tilt angle seasonally to keep the array ar the
optimum tilt angle for a larger part of the vear,
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Figure 6.15 Pyramid-atyla poie mount, which
algo uses a sun-tracking sysiem

Sourre Global Sumtainable BErangy Solutons

Sun-tracking systems

Sun-tracking systems are mechanisms thar turn the array to ensure it is always
facing the sun and thereby operate the solar modules at peak power for a longer
period of time each day. These systems are much more expensive. However,
where space is limited or the value of the increased energy harvest is high, the
additional cost of the tracking system may be justified over the hife of the
project.

Most tracking systems use sun-seeking sensors or a computer (o calculare
the position of the sun and move the array accordingly using movors and gears.
There are rwo main types: single-axas rrackers and dual-axas trackers. A single-
axis tracking svstem moves the solar modules through one axis from east 1o
west to follow the sun path over the course of the day, whereas a dual-axis
tracking system follows the suns path along two axes: like the single-axis
tracking svstem it will follow the sun’s path throughout the day, and it also
makes adjustments in eilr angle to account For changes in the sun’s aleitude over
the year (i.e. m winter the sun is much lower in the sky so the modules will be
tilted ar a steeper angle).

The disadvantage of sun-trracking svstems 15 that they have many moving
parts, which increases maintenance costs over the life of the system. There is
also a higher risk of mechanical failure than in fixed tilt systems because of
these additional moving parts. The calculanions to show the increased power
output from anv PV array using a single- or dual-axis tracker should be done
s that the financial gain from the tracking svstem can be offset against any
additional marerial, mstallation and maintenance cosis. Tracking sysems can
also utilize concentrators to maximize the benefir of rracking. These systems are
highly irregular ourside utility and academic installations.
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Figure 6.16 Sun-fracking systam:
the amrays rotate throughout the
day 1o face the sun

Figure 6.17 The tracking hardware can ba
seen on the back of this array

Souwrse: Frank Jacksoen

Wind loading

Wind loading describes the wind forces experienced by a solar module,
including a suction or uplitt force on the module when the wind blows across
the array and downward or lateral stresses on the module caused by strong
winds, A PV array is not mounted safely unless it can withstand the wind
loading forces expected ar the site. Wind speeds vary widely throughour the
world and so it is important to ensure that the module and mounting svstem
selected are suitable for use at the site. The module’s installation manual or data
sheet specifies the module’s maximum load rating and should be consulted
before final module selecrion,
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Warranty fafarmotion 18 years
S rorndords ond Complience B0 5 3E04-1955
BRNTS 117023007

powersmart S olor L

Figure 6.18 Exampid ol a moaunting system information sheed, displaving compliance 1o
Australian and New Zealand wind loading standarde

Seweng; Prravestsmart Sodar

The effect of wind loading will also greatly depend on the height and il
angle of the PV array and the exposure of the module. In order to minimize
wind loads, solar panels should be installed parallel to the prevailing wind
direction and if roof-mounted, away from corners and roof edges. The array
structure must be designed and installed to meet the site’s wind speed
requirements so that the array will never be Lilied or blown off the roof. This
will be highly dependent on local standards (see resources section), which
reflect local design condirions.,

[n general, an array frame or structure is designed by the manutacturer’s or
supplier’s structural engineer to meet the specific wind loadings for the complete
array’s installation in the conditions of the countryflocal area where it is sold,
The design should ensure that the metal vsed in the frame is sutficiently strong
to withstand the wind loading forces, so calculating the wind loading of the
structure 15 usually nor a problem. However the critical factor 18 the point of
attachment of the mounting structure to the roof. A crtical design consideration
15 to ascertain the strength of the point of attachment and from there, calculate
how many attachments are reguired to securely fix the mounting structure to
the roof. Manufacwurers generally sell mounting systems as a kit containing the
ranls and a quantity of fixing brackets required for the regon where the array
is 1o be installed, For example; in tropical areas more roof fixings and mounrting
brackets are required due to possible hurnicane, eyelone or typhoon conditions.
A mounting strucrure should be compliant with local wind exposure codes and
it may be necessary to use the services of a qualified engineer and obtain a
structural certificate to ensure thar it meets the relevant requirements.

Lightning protection

Module frames and mounting structures are almost alwavs metallic and
theretfore good conductors of electricity. The mounting stroucture generally
needs to be grounded [or earthed), although it 1s important to check the
relevant national electrical codes and standards as such regulations differ
widely from country to country. Incorrect lightning protection may increase the
risk of injury or damage to the 'V array or building in the event of a lighming
strike. Lightming protection 1s discussed in more detaill in Chapter 5.
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maodules heat up to during the day. As discussed in Chapter 3, modules perform
berter ar cooler temperatures and ventilation can improve the performance of
the array, while not allowing any ventilation behind the modules is likely to
decrease the modules” output.

Figure 6.1 This
PRGURTING scheme
gliowes good vantilation.
Mournting paneis closes
o the roof increases
operaling temperaine
and thereby lowers
systam performance
e Calohal
SUSBLENARE Enirgy
Solubons

Figure 6.2 This
mcuntng schame will not
permit good airflow

Sovirme Gilohal Sestainable
Eririyy Sohaliding

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



NHCNINP A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

MOUNTING SYSTEMS 87

The aesthetics of the PV system is often a priority for homeowners. Systems
discreetly installed close to the roof, blending with the archirecrure, are often
considered more aesthetically pleasing. This visual appeal comes at a cost,
particularly to ventilation. When modules are installed close to the roof, heat
will have less chance of escaping from undermeath the array than if the modules
were elevated above the roof. Thus, low-profile mounting means the PV
modules will probably operate at higher temperatires, with reduced power
output as a result. Additionally a system installed close to the roof will follow
the tilt angle and orentation of the roof; if these are not optimal then it will
adversely affect the power output of the PV array.

The balance between these trade-offs is complex and the installer should
provide the customer with mformation regarding the trade-offs and expected
performance of the system using each mounting system so that the customer
can make an informed decision. The different tyvpes of roof mounting systems
are outlined below. All these are fixed systems, which do not move and, as
explained, each has its own unigque benefits,

Pitched roof mounts

Pitched root mounts are the most common rook-mounted system because they
are versatile, easy to install and relatively inexpensive. These systems are
typically mounted just above the roof surface ar the same orientation and tilt
angle as the roof. Pitched roof mounts are normally artached to the root’s
structural members, e.g. the rafters, through the use of lag bolts or fixing
brackets.

A horizontal railing system is then attached to these brackets and modules
are secured to the railing through the use of module clamps, In this way the
railing elevares the modules above the roof surface and allows for increased air
circulation under the array. Pirched roof mounts are popular because they allow
for some ventilation around the module while sall keeping a fairly low profile
and are thus considered an exvellent balance between aesthetics and ventilation,
Commonly used materials in pitched roof mounting svstems include aluminium,
stainless and galvanized steel.

Lolar Panal
Fane! AMowuntin a Beam

Mounting Bracket —

Figure 6.3 Fitched roaf or
standolf mounis are nommally
attached 1o rafters

Swroe Gilobhal Susininabie
Erwegy Soldiing

kyawnaingl25 - kyawnaingl 25(@yahoo.com.au - 147762

ahé; IEACMEE Lo E~CEadpa<ééi AZNTRVOU



NHCNINP A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

B8 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Figure 6.4 Example of

a pitched roof mounting
gystem clearly showing the
module clamp

Sowrre Global Suslainsble
Encargy Eolulicng

Pitched roof mounts for tiled roofs

Installing a PV svstem on a tled roof can rake longer than on a metal roof
because of the tme-consuming process of removing and replacinge tiles around
the areas where the mounting svstem 15 connected to the roof (astachment
points). Installers often use a roof hook thar artaches fHush to the rafters
underneath the tiles. The hook has a goose neck design and a protruding arm
tor the attachment of a rail mounting system. Ditferent manufactures have
varying designs to connect to the top or the side of the rafter, designed for
different tile rypes.

Figure 8.5 Tile hook for
lateral rail connection

Sovirme Gilohal Sestainable
Eririyy Sohaliding

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



NHCNINP A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

MOUNTING SYATEMS B9

When planning an installation on a tiled roof it 1s also important to consider
tile replacement. Tiles are easily broken by installers walking on the roof and any
cracked or damaged tiles must be repaired or replaced. It is good practice to find
out about the availability of spare roof tiles before beginning an installation.

Pitched roof mounts for metal roofs

Working on a metal roof poses safery risks due 1o the conducrivity of metal, Care
should always be taken when working on a metal roof that the bare ends of any
acrive cables do nor come inte contacr with the roof. Dissimilar merals muse not
come into contact as this could cause galvame corrosion, damage the roohng
material and mounting system, and pose a significant safery risk 1o occupants of
the building. Galvanic corrasion can be prevented by inserting a rubber separator
berween dissimilar metals, a technique known as galvanic isolation (also referred
to as galvanic insulation). For this reason, manufacturers usually list approved
fasteners with their panels and using these fasteners is advised.

Certain types of meral roofs can also use mounting techmgues thar do not
require the system o penetrate the roof material. These techniques are
particularly popular in locanions where there is frequent rainfall and the roof
must be absolutely watertight.

Be aware of a hot chmarte’s effect on metal roofs. In some areas metal roofs
can become very hot, requiring extra ventilation to maintain reasonable panel
operating temperatures, Seeking information from local trade associations and
experienced industry operators can give nsight mto potential temperature
effects m vour area and how best to address them,

Figure 6.6 Corrugated
miefal roof nstaliation
Source: Ghooal

Sustainable Energy
LA K
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Figure 6.7 Raked
mounting system

Sovvme Global Sustainable
Erviriyy SOl

Rack mounts

Rack mounts (also referred o as olt-ups) are used when the roof slope or
orientation is far from rhe best; they are most commonly used on flat or low-
angle roofs. Rack mounts uvtilize most of the same mounting hardware as
pitched roof mounts, bur differ chietlvy in thar they include a triangular-shaped
support structure to elevate the array and increase its nle angle. If installed on
a tlat roof, there is often ne need for scaffelding and in some circumstances no
need for a harness {check local working-at-heights legislanion), Despite ease of
installation, this mounting opuon tvpically involves extra engineering costs
because of the addinonal weight of the structure on the roof as well as che
greater exposure to wind loading forces (discussed later in this chaprer). An
installer should consult with their local authority or councail to find the local
wind speed design requirement as well as any other special design cases that
must be considered before installing a rack-mounted solar array. Usually such
informanon can be found in the relevant local codesfregulations. Determining
which codes/regulations apply can be guite difficult and consulong local
industry operators can help.

[n most locarions the rack-mounted svstem is required to be approved by a
structural engineer to ensure it is appropriately designed for wind loading.
Belore choosing this option these addinonal coses, calcularions and aestheric
impacts should be offset against the value of the increased energy vield (from
using the optimum orientation and tilt angle).

Providers of complete array mounting systems often provide a set of
installation inscructions, which, if followed, will mean the insgalled array will
meet wind ]u-jlidh’lg standards. A certilicatefstatement to show the installation’s
compliance should be included with the system loghook to prove its conformiry
to standards, if required by system inspectors.

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU



NHCNINP A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

Direct mounts

MOUNTING SYSTEMS 91

Figure 6.8 This PV system
has been designed to
dizcreetly blend in with the
architeciure through ihe use
of 8 curved direct moniing
SyShEm

Ewvoee Gilohel Susiainahls
Erergy Solulibns

A direct mount (also known as flush mount) 15 3 PV mounting method where
modules are installed directly on the surface of the roof, so there is very little
space between the module and the roof surtace. While this mounting method
offers superior aestheuc appeal, the lack of venunlation beneath the array is
likely to reduce the arrav’s power output when compared to pitched roof or
rack mounted svstem,

Building-integrated systems

Building-integrated photovolraics (BIPFV) are becoming increasingly popular as
they are considered more aesthetically pleasing than the traditional roof mounting
gystems. BIPY has caught on with eco-minded architects because of its ability to
be seamlessly integrated mto a bulding, either as a part of the roof, mtegrated
imto skylights or windows, or ssmply mounted directly on the bulding’s facade.

Wiﬂdﬂw—%: "

..
e, o
l‘{

Building Facade
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Figure 6.11 Example
o sodar tiles as par of
complete roof

Sovirce: PMu-lok Solar and
Bayricis ERCInGal

BIPY projects tend to be highly customized and are generally much more
complex than standard roof installations, BIPV often requires architecrs and
engineers to work closely rogether to ensure that a system is safe and waterproot
while blending mto the architectural features of the building,

Solar tiles and shingles are a form of BIPY which is becoming more commaon
in new home construction because they can be used in place of traditional roof
tifes. Unlike traditional PV mounting, BIPYV tiles are not elevated above the
roof, which creates a more aesthetically pleasing system.

Figure 6.10 BIFY awnings developed by Sumie and integrated into 8 car park; this 1. 15MWp
installation is located in 51 Auneés, France

Soureg; SURKD, WY, SR Bl
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Amorphous laminate modules are also available. These are long, narrow
and flexible modules with an adhesive layer on the back surface thar can be
used to secure the module onto the roof. Amorphous laminates can be used on
several different types of wide-pan, metal roohing sheets and other marenals
such as membrane roofing matenals. This form of BIPY is especially good for
buildings i areas thar are hkely to experience very high wind speeds as they
pose very lietle resistance to airflow.

Concluding the discussion on roof-mounted PV systems, it is important to
note that some mountng systems may not be compartble with certain solar
modules, so it is critical to check the installation instructions provided by the
solar module manufacturer before selecting a mounting syvstem. Manufacturers
will have preseribed the installation requirements for therr PY modules, such as
where clamps should be artached and where support rails are needed.

Most mounting systems will use two horizontal rails per row of modules. It
iz generally recommended that the rails be spaced far enough apart so that
50-74 per cent of the module 15 between the two rails, It 15 also important to
note thar if the rails run parallel 1o the rafrers (down the roof), the space
berween railings may be determined by the space between the rafrers thar they
must adjein and it is important to check thar this won’t prevent the system from
being installed as per the manufacturer’s recommendations,

Manufacturers also commonly recommend that modules be clamped on
their longer side as clamping on the shorter side may not allow for the structural
integrity of the module to withstand strong suction forces caused by wind
blowing over a module, which can cause buckling of the module and cracks in
the glass, Clamps should be used that do not shade any cells in a module and
only extend over the module frame without coming into contact wath the glass,
as this could apply undue force onto the glass, cavsing the glass to crack,

Flgure 6.12 Amophous
laminales instaliad on
metal rocling in Australia

Envnse: Gichal Susimnahble
Erudrgyy Sl
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Site Assessment

Conducting a site assessment or site survey is an important step in the design
and installation of a system. During the site assessment the installer should
gollect all the necessary informanon required to optumize system design and
plan for a time-efficient and safe mstallation. A site assessment aims to
determine the location of the PV array, the roof specifications, the amount of
shading, the available area and other considerations.

Location of the PV array

In most urban areas the array is located on the roof of a buillding, or in cases
where there 15 a large, clear area of ground thar will not be shaded (by trees or
nearby buildings) it may be desirable to nse a ground-mounted system. Mountng
siructures are discussed in Chapter 6. There are many options available and
these often depend on the angle and orientation of the roof or ground.

Roof specifications

*  Orientanon: as discussed i Chapter 2, the ideal onientation is where a
module receives maximum sunlight (chis is true south for the northern
hemisphere or true norih tor the southern hemisphere). Unforiunately
when a PV array 15 installed on a roof 168 onentation 15 governed by the
direction of the roof. Using a compass and magnetic declination dara {as
discussed in Chapter 2) installers should determine the onentarion thar the
roof 15 facing and s bearing from the ideal orientation. The orientation of
the roof will be the same as the orientation of the modules and will be
required for energy vield calculations,

o Tilt angle: in most systems the eile of the modules will follow the tilt angle
(or pitch) of the roof, The nle angle should be measured using an
inclinometer or an angle Hinder; it may also be available on architectural
drawings of the building. The optimum tilt for a svstem is equal o the
laritude of that location. In cases where the pitch of the roof is not equal 1o
the optimum tilt angle che PV arrav’s energy vield will be affecred.

Oince the nlt and orientation angles of the PY array have been determined, the
designer may want to calculate their effect on energy vield. This 15 normally
done using dara tables rather than by hand: m the L%, dara cables are available
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108 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Portrait installation

Tradivonally PV modules were mounted in portrait, with mounting rails
installed across the roof. Fiest, the number of rows rhar can be installed must
be calculated by dividing the width of the root by the length of the module. The
edge zone must be facrored in and deducted trom the width of the roof before
the calculation takes place.

The number of columns can then be caleulated by dividing the length of the
roof minus the edge zones by the wadth of the module,

The number of rows and columns must then be multiplied to obrain the
maximum number of modules for thar roof area.

Landscape installation

Many mounting svstems can now be used o mount modules in landscape.
First, the number of rows that can be installed must be calculated by dvviding
the width of the roof by the width of the module. Remember to deduct the edge
zome from the width of the roof,

The root length should be reduced by the edge zone size and then the
number of columns is calculared by dividing the length of the roof by the length
of the module. The number of modules along the length and the width are then
multiplied to determine the total.
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Figure 7.15 Example of
calcilating the number of rows

for a portrait installation Figure 7.16 Example of calculating the number of columns in a portrail instaliation
Source: Global Sustainable Enengy Socree: Global Seslainatle Enargy Sokions
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Ml Flgure 7.18 Length of rool minus edge zones
i saurea Global sustanable Enesgy Solutiong
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Figure 7.17 Width of roof minus edge zones

Sowrce: Gobal Susrsinabe Ensngy Solutions

§. While the total number of PV modules that can be mounted on an available
roof space is important to consider, there are other constraints. The final
number will depend on the choice of myverter and the specific number of
modules that can be connecred in series and parallel ro that inverter, as
discussed in Chaper 9.

Energy efficiency initiatives

The designer should provide the system owner wath a hse of recommendations
to reduce their energy usage so that the proposed grid-connecred PV system can
meet all or a larger portion ol their daily elecrrical energy requirements.

Health, safety and environment (HSE) risks

There are several kev risks associated with PV mstallations; these include
working at heights, manual handling (lifting and moving heavy objects) and
risks trom working with electnicity. Installers should conduct a risk assessment
of each site and determine the sire-specific risks in their site assessment. They
should review this work before commencing the msrallation.

Local environment

.!!m}' fearures of the local environmenr thar will affect equjpmﬁ nt selecrion must
be identified: these may include:

*  Local temperature range: equipment will only operate within a specified
temperate range, which is given on equipment data sheets. It s also

important to know the local temperature range when designing the PV
array (as discussed in Chapter 9).
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110 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Figure 7.1 Badly
Ieecated invartar; the
eyetam ownars will hgve
great difficully ascessing
information from this
(gt

Sourcer Global Susiaineble
Energy Scluticns

*  Corrosive conditions such as salt in the atmosphere: when a system 15 to be
installed in an environment exposed o salt, such as within 1km of the
coast, suitable sale-tested modules should be chosen that are certified to
IEC 61701 - Salt mist corrosion testing of photoveltaie (PV) modules,

*  Snow: in regions subject to heavy snow loads, the solar module to be
installed should be rared to withstand the increased downwards pressure
caused by the potential accumulated snow loads on the face of the PV
maodule. The higher load capacity rating of 5400Pa for PV modules to be

used in these areas is only an oprional compliance under IEC 61215,

Locating balance of system equipment

The location of the solar array has already been covered in this chapter. While
on site, the location of all other equipment must be determined. This includes
the location of:

= PV combiner box (if required);
s Inverter: the inverter should be locared somewhere where it 15 easily
accessible, protected trom direct sunlight and well ventilared.

The location of all equipment should be marked on an architectural/bulding
drawing if available; if thas 1s not available the person undertaking the sive visit
should prepare a site sketch. Digital photos of the site and the proposed
location of each piece of equipment should be taken as a record.

!
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Figure 7.20 Well-localed BoS componenis ang
proftected , wall-.ventilated and naatly instafied Figure 7.21 Example of site plan for a PV instaliation
Sopes Globial Siglainahle Evdndgy Sautons Source: Global Sustanatie Energy Solulions
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oite plan

Before installing the system, installers need to complete a site plan detailing any
huildings, solar obstructions, access pathwavs and rthe physical layour of the
sice. [t 15 necessary to overlay the designed svsrem onto this drawing, The site
plan should include dimensions such as roof lengths, cable lengrhs, position of
components and distances between buildings.

R R & P B [ e
Tuaed W e waau e i U ke e
rbdise oo rpaer pnks, PR ol

Figure 7.22 Exampls of &
sile plan

. . " Sowre: Gioksal Sustainabis
! Energy Solions
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Box 7.1 Grid-connect site assessment form

Type of installation:

Mew system Upgrade
td&tﬂjqﬁ}liillilI-'-'I.I-".-Ililln-llI-III.-I-l CERER R RS RR R BT SRR R R R R R B S R B R TR T S AR B

Array mounting specifications:

Type of mounting:
Roof Ground Pole Other
T B e S e M S S S e S s

Roof specifications:

Oriemtation: ... (580 886N on ofientation in this chapter)
Angle:................. (see section on angle in this chapter)

Approx area (m):.........

Is there shading of roct where aray (S e b installed? M Y
If there is shading, when?

| lﬁumlt'ld | = Qﬁnﬂing sl;nrl o Eﬁaﬁlﬁg I'hld'l i “’ﬁ%”ﬁr.rn}* ATEA
[
| (hhzmm) {hh:mm) shaded {max)

Jar

E |

;Mar

| Apr .I

- May

J LT

Al

[lﬁiu,g
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Grid connection specifications:

Existing service panal / switchboard (SB)

SB, Adequate Upgrade required
Location details:.......ow e

Sub-panel (if applicable) OK Upgrade required Dist. from SB: ...

Inverter molnting:

Timber Brick Stesl thar.................
Existing meter type:  Utility:
Mumber of modules:........coociiiiiienines

Layout (8.g. 4 x 2 Pm'ﬁanﬁ

Proposead array size (KW ...

Additional site information:

Mote any additonal information about the site that may affect the installation,

8.4.:
« Environmental factors, i.e. snow, high winds, salt

« Safely issues, Le uneven ground, accass to roof, limited working space;
« Any changes required, |.e, pruning trees,
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Figure 7.1 Modules may b laid
flat on the surface or tilted on tack
mounts, which are padicularty useful

tor Hat rools

Sovrcer Globial Sustainable Ererngy

Sniufions

froom Noethmibe |
Suen (7 (e ey :
Oiptimum orlen tation
is due Morth
Figuré 7.2 This image shows the
orientation of a module instafled
in the southern hemisphers; in the
noriherm hemisphere the optimal

orientalion is due north

Souree Gintal Sustainstie Energy ——

Serutores

Average Daily Electricity Production at
Various Tilt Angles

Figure 7.3 Avaerage daily elacnicity produchion for a PV systam inglalled in Stocknolm, Swedon,
This graph shows the effect of till angle on enangy weld. As can be seen the average daily
energy yield at the optimum angle is higher, Over the whole year this makes a significant
difference 1o the output

S PVGIS S Eurddian Communilins, 20012008
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from the Mational Renewable Energy Laboratory (NWREL), and the PVGIS
online tool can be used o calculare the effect of tilk and orientation on power
output for any location in Europe and Africa (see Chapter 15).

Is the site shade-free?

As explained in Chapter 3 shading on a PV array can significantly decrease its
output, Some sources of shading such as duse, dirt and bird droppimgs are
unavaidable and must be cleaned off regularly. Any permanent source of
shading needs to be identified during the site survey, Potential sources of
shading may include:

*  Trees and vegetation: it is important to bear in mind that trees that do not
shade the PV array at the time of the site assessment will grow and may
shade the PV array in a few vears, so this should be discussed with the
owner before installation. The owner may agree to prune the tree regularly
and ensure it does not shade the array. If this is not possible, for example,
if the tree 18 on 2 neighbouring property, another location should be
considered, or the neighbour may be consulred.

o  (ther buildings, including neighbouring properties or buildings on site. Be
aware that new bwmldmgs may be constructed, shading areas currently
suitable For arrays,

*  Components of the building on which the array is to be installed; chimneys,
TV aerials, satellite dishes and other secoions of roof could all shade the
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Figure 7.4 Poorly
chogan sie wheng
fress are shading the
P array

Source: Giooal
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EE e Wi



A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &

102 GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

Figure 7.5 In this
irstallation the
chimney is shading
thix aireay

v AL Bandar
fechnology AG (not an
Snde irstallation)

array if it is not locared properly. The user should be made aware rhar
future rooftop installations should not shade the array ar any time.

¢ The narural landscape: mountains or hills may shade a solar array,
particularly when the sun is low in the sky.

The PV array should be installed where it will nor be shaded during the day.
Shading will decrease power output and may damage the modules over theur
lifetime. Some shading may be acceptable very early or lare in the day; however,
this decision should be left to a qualified PV system designer.

[t is also important o consider local regularions regarding shading or ‘solar
access”, Many US states have enacted laws to prevent people from growing trees
or extending their houses in ways that would shade an existing PV system on a
neighbouring  property. Many locations have no such law, but good
communication between neighbours can help ro ensure that they do not make
changes to their property that will adversely affect the PV system.

Aside from observing the physical objects on site it is also important 1o
conduct a thorough shading analysis. The sun does not stay ar the same point
in the sky throughout the vear so even though an object may not be shading the
proposcd location on the dav of the site assessment does not mean it won't be
shading the location at some other fime,

There are a number of rools available o estimare shading on a site
throughout the vear. The following examples only require one visit to estimate
the solar resource for the entire vear:
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T

—3"_* S

Figure 7.6 Solar
Fathfindsr in use
Sarce Global

suslarabie Enorgy
Solutions

Solar Pathfinder

A Solar Pathhinder is used to determine the extent of shading ar the intended
PV installation site. It is used o identfy objects which will cause shading and
the times of year when shading will occur.

A Solar Pathfinder reguires a sunpath diagram for the lanrude of the
lecation, This diagram 15 then placed mside the Pathfinder, the diagram s
rotated so thar the white dor on the rim lines up with the magnetic declination
given bor that location and then the entire Pathlinder must be rotated so that
the needle at the base points to magneric north. The rransparent dome 15 then
placed over the top of the Pathhinder,

When the Pathfinder is placed ar a given location, the objects surrounding
it will cast a shadow on the dome (and the diagram inside) and the outline of
these shadows is then traced onto the sunpath diagram in wax pencil to
derermine when the array in that location will be shaded. I no shadow s cast
on the Solar Pathfinder the sive will be shade-free all vear,

[]'u‘: hurl ﬂ:ml.;ﬂ ArCs Tal'_‘}’!]"tj"-ut‘r‘ll,‘ EEH: ’lﬂ,l:[‘l [‘rafh ACROSS l]‘ll: H]-c} Enr q:jLH r‘mmth
of the vear. In Figure 7.8 the large tree to the north of the site will shade the
array at some point of the day in every month except tor November, December
and January. Vertical lines represent the hours of the day: throughout the vear
this array would be shaded betore 8.00am. Demonstration videos showing how
tor set up and use a Solar Pathfinder are available on www.solarpathfinder
comfvideo,

Though the Solar Pathiinder 5 an excellent tool, it canneot always be used
effecnively. If the building on which the solar array will be located has not vet
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Figure T.7 Solar Pathlinder, showing
trees 1o the north and to the right
shading 1 site

it Global Seslaingble Ergrgy SoUSns

Magmnetic declination

Months of the year

Time of day

Figure 7.8 Example of a
sunpath diagram with the
ghading raced on it; it ig
important to uss he correct
sUnpath diagram for the
latitude of the site

Sovvre Glohsl Sestainable
Energy Soluticns

been constructed, then the Solar Pathtinder cannot physically be located at the
same height as the proposed array, A full assessment of the effects of shadows
on the proposed array cannot be undertaken unril after the construction. Solar
Pathfinder software 15 also available: rather than tracing the shadows ontoe the
sunpath diagram, a photo can be raken of the shaded dome and uploaded 1o the
computer. This software is also able to adjust the shading analysis at ground
level for a given height — allowing the Selar Pathfinder to be used in circumstances
where it cannot be phvsically located at the same height as the proposed arraw.
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Solmetric Suneye

The Solmetric Suneve is a digital ool which s positioned fHar on the intended
installation site. The user must specify the latitude of the locarion. It takes a
picture using a fish-eye camera lens of the horizon and analyses the effect of
surrounding objecrs. Accessories, such as GPS unirg, can be purchased o
improve the accuracy of this analysis. The Suneye also has a level and
inclinometer function to measure roof angle and orientation, More information
is available at www.solmetnic.com/sosuhuml.

HORIcatcher

The HORIcaicher 15 another widely vsed digital twool. A digital camera is
mounted above a horizon mirror; the photos taken are then uploaded and used
with associated software to calculare the irradiation available ar the locarion.
More mformation can be found at swww meteorest.ch.

IFhone apps

There are also a number of iPhone applications that can be uploaded from
Apple Inc. and used ro trace the horizon and provide site analysis in a number
of different ways:

e The Solar Checker accesses a database to determine the solar radianion for
a given GPS locaton. The magnetic compass in the phone 1s then used 1o
measure the rools orientanon and ms inbule ole sensor (o determine the
angle. From these values the Solar Checker uses a mathemartical model to
estimate the annual energy vield.

Figure 7.9 Scimetnic Suneye Figure 7.10 HORIlcatcher in use

Sowrcs: Solmetric Corporation Souwrce Meteotest, Switzariand (wwer mateatsst ch
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Figure T.11 Screenshats of ihe
iFV app

Sourrer Sodmetnic Corporaion
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AR ELECTRIC 3YSTEMS

Solmetric 1PV Solar App is owned by the same company that manufactures
the Solmetric Su neve, While iT'iE‘HEﬁEJliik’t‘.., it s NOt as ]'![F'I.!.-'I‘:TEI.II as the Hllnt}’lf'
tool. The PV app i3 able to measure the orentation and angle of the roof,
estimate the solar radianon available and generate a site survey report.
Further information is available at www.solmetric.comfsolmetricipyv.html.

Software packages

Ay
Pre

well as software available with individual tools, there are other simulation
sgrams 0 analyse the effect of shadowing on the proposed array. To use

these effecrively, the physical dimensions of the object in relation to the location

af

the proposed array must be derermined. A 3D computer model of the site

and proposed array 15 built and then the program s able to simulate the
shadows cast by those objects. Examples of this type of software include:

Figure 7.12 Screenshot from

architechural softwang showing a 30

model of a house with PY array

Sovvme Global Sustainable
Erviriyy SOl

Shadow Analyzer: more information available at www.drbaumresearch.
com/prod 38.hem.

Ecotect: this architectural tool is alsa able to conduct thermal and energy
analysis of buildings; more mformation available at hop:/fusa.aurodesk,
comiadskiservier’pe/indextid=1260282 18csirelDD=123112.

PV*SOL: more information available at www.valentinde/produkte.
PVsysr: more information available at www pvsvst.com.
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Available area

The ftirst design constraint on the sysrem 5 how many modules can physically
fir into the shade-free location identified. In some cases the roof will obviously
be larger than the area required for the PV array. However, when a roof has
many smaller sections or protruding objects such as chimneys it may be
necessary to calculate the available area suitable for the PV installation. The
available area is very important in designing the array and choosing the module,
as discussed in Chapter 10,
To determine the available area, the following steps are taken:

1 Measure the available root space; measarements can be obtained using a
tape measure or from existing archirectural drawings of the building. In this
book the distance between the gutter (or bottom edge) of the roof and the
ridge is defined as the ‘width’ and the horizontal distance along the reof as
the “length’.

2 Determine the ‘edge zone'; depending on the mountng frames chosen, a
margin or ‘edge zone’ should be left around the perimeter to make sure that
the installarion and any further maintenance can be safely carried out. The
size of the “edge zone' is usually covered by local codes, i.e. in Australian
the “edge zone’ is recommended to be 20 per cent of the available area.

3 Determine the maximum number of PV modules that can fit in the available
area; the actual number of modules that can fir on a roof 5 limieed by the
length and widdh of the module compared with the length and width of the
available roof space. A module is generally rectangular in shape and has two
fixed dimensions, length and widih, Modules can be installed either mounted
in landscape (length parallel to the length of the roof) or in portrait (length
parallel to the width if the roof), as shown in Figures 7.13 and 7.14.

4 If space 15 an issue, the onentation allowing the mstallation of the most
moddules must be caleulated, If there are non-rectangular areas, they should
be broken down into rectangles, and then the caleulations use the following
methods, multiple nmes,

[
s
s
L g
-
i
s
.

11##1*#'1
o o o o

Figure 7.13 Lendscape crientation Figure 7.14 Porirait orientation
Sowcs: Gichal Sustanabie Enengy Solulions Socurce: Global Susiainable Energy Solulicns:
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Designing Grid-connected
PV Systems

Following a successiul site assessment at which all necessary information is
collected, the system can be designed. The selection and design of system
components are covered in this chapter. Most of the equipment described here
provides safety as well as guarantecing system longevity. It is important to note
that i most countries all major points of system design are covered by national
codes and standards, and designers need o familiarize themselves thoroughly
with these.

Design brief

Before any components are selected it 15 necessary to consule the client regarding
their needs and expectations from the system. The amount of money the client
is willing to pav for the system will affect the size of the system, as will the
metering svstem. Different metering systems are discussed in Chaprer 5: when
gross metering is used, the system installed is often as large as possible to
capitalize on the gross metering returns; when net metering is in place, the
consumer may choose a smaller system and decide to invest more money in
energy-ethiciency measures on site so as o minimize local electricity consumption
and maximize the energy exported.

Existing system evaluation

When designing a system, it can be useful to approach PV system awners and
installers in the area o see whart locanon-specific issues they have encountered,
if any, and how they have dealt with them. Some regions experience severe
weather, others may have destructive wildlife and sill others may have high
humidity throughout the year. These phenomena may affect the longeviry of
your system if they are not considered. Speaking with as many experienced
local technicians as passible helps designers ser ap a system that will perform
well under local conditions as well as complying with local codes and
standards,
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Mechanical protection

As PV arrays are often locared as high as possible to prevent shading and
interference from exrernal agenrs, they are often subject to high levels of wind
loading. As such, the support structure for these arrays should conform to the
local building code and anv natonal standards or regulations regarding wind
loading. Wind loading is covered in Chapter 6.

Array protection

Array protection s dependent on local codes and varies by country. As there
are no other sources of DO current (i.e. no batteries are connected), array faule-
curreni protection 15 noi typically required in gnd-connected PV svstems
without batteries. Mational codes do, however, normally require the installation
of a load-breaking disconnection device berween the array and the inverter.
This 1s called the PV array main disconnect/isolator. [t 15 normally located near
the mverter and 15 typically required o be lockable so when mamtenance 15
being carried out the array can be safely disabled. This disconnectfisolator must
be rated for DC; a disconnect/isolator rated only for equivalent AC use is
unsafe. Sate voltage and current parameters, as well as whether the switch must
disconnect one DC line or both, are specified in the relevant code; for example,
Australian/New Zealand Standard ASNZS 5033: 2005 requires a lockable
switch that disconnects both lines (double-pole) and has a rating of 1.2 2V _to
be installed.,

Sub-array protection

Arrays may be divided into sub-arrays for several reasons, e.g. if two parts of
the array are installed in separate areas. If this is the case, sub-array protection
may be required by local codes, which will specify the rated trip current
required for over-current protection for the sub-array, normally related to the
sub-array’s short-circuir current {1 ). Local codes may also require the sub-
array to have a load-breaking disconnection device to isolate it from the rest of
the sysrem.

Exira low voltage (ELV) segmentation

Another reason for dividing arravs into sub-arravs may be so thar the module
string can be broken down into ELV segmentation. Most PV arrays operate
with their volrage in the range 120-300V DC. It may be desirable to spliv the
array into ELV sub-arrays with V_ of less than 1200 in order to make the array
safer and reduce the risk of electrocution, National codes generally address ELV
segmentation; for instance in Australian/New Zealand Standard 5033: 2005,
ELV arrays do not require fault-current protection or disconnection devices on
individual strings, whereas LV arrays must have a suoitable method of
disconnection into ELV segments,
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Mechanical protection
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loading. As such, the support structure for these arrays should conform to the
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being carried out the array can be safely disabled. This disconnectfisolator must
be rated for DC; a disconnect/isolator rated only for equivalent AC use is
unsafe. Sate voltage and current parameters, as well as whether the switch must
disconnect one DC line or both, are specified in the relevant code; for example,
Australian/New Zealand Standard ASNZS 5033: 2005 requires a lockable
switch that disconnects both lines (double-pole) and has a rating of 1.2 2V _to
be installed.,

Sub-array protection

Arrays may be divided into sub-arrays for several reasons, e.g. if two parts of
the array are installed in separate areas. If this is the case, sub-array protection
may be required by local codes, which will specify the rated trip current
required for over-current protection for the sub-array, normally related to the
sub-array’s short-circuir current {1 ). Local codes may also require the sub-
array to have a load-breaking disconnection device to isolate it from the rest of
the sysrem.

Exira low voltage (ELV) segmentation

Another reason for dividing arravs into sub-arravs may be so thar the module
string can be broken down into ELV segmentation. Most PV arrays operate
with their volrage in the range 120-300V DC. It may be desirable to spliv the
array into ELV sub-arrays with V_ of less than 1200 in order to make the array
safer and reduce the risk of electrocution, National codes generally address ELV
segmentation; for instance in Australian/New Zealand Standard 5033: 2005,
ELV arrays do not require fault-current protection or disconnection devices on
individual strings, whereas LV arrays must have a suoitable method of
disconnection into ELV segments,
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Choosing system components

An imporrant part of svstem design is choosing components that are appropriate
for the system and environment. This chaprer lises important factors to consider
when choosing system components, while Chaprer 9 discusses marching the
array and inverter. Chapter & covers choice of mounting system.

Modules

Choosmg and ordering the appropriate modules is very important. They are
usually the most expensive part of the system and it can be a costly error if the
imncorrect product is chosen. This choice should not only be governed by the
performance, efficiency and cost of the module bur also by the conditions under
which it will operate. The factors affecting the choice of module are discussed
below, whale sizing the system 15 outlined in Chapter 9,

Particular environmental conditions thar will affecr module choice should
have been identified during the site assessment and are briefly summarized
below:

* Local temperature range: Installations in a hot climate require modules
with low temperature coefficients in order to minimize the decrease in
power output cavsed by an increase m temperature. PV modules” operating
temperature range 15 specified on the data sheet - it s important to ensure
that the installation location’s remperature range is wichin that of the PY
module selecred.

*  Atmospheric salt in coastal environmencs: Modules installed wathin Tkm of
the coast should comply with IEC 61701 - Salt mist corrosion testing of
phorovoltaic (FV) modules.

*  Heavy snow: For snowy areas it is important to mstall a module that has a
lorad capacity rating of 5400Pa; this will be specified on the dara sheer.

The aesthetics of the module may also be important to the system owner A
system with identical modules will generally look better. There often aren’t
many choices regarding colour, but new modules are being developed with
aesthetics i mind.

Finally, the national codes and standards may outhine requirements for PV
modules, e.g. a module should not be sald in the European Union unless it has
the mandatory CE performance mark.

Mounting structure

Once the system’s modules have been selecred, designers must derermine how
they will be mounted. This decision depends not only on the type of module
but also on the installation sire and the local environment. This information is
covered in Chaprer 6. Environmental characteristics such as frequency of heavy
rainfall, proximity to the coast (and hence corrosive environment) and local
wind-loading requirements play an important role in deciding what type of
mounting system to use, The designer may also have to consider the customer's
aesthetic requirements for the PV system.,
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Figure 8.1 Thers am several modules bvpas on the markel that are all (or mostly) black, B should
Ba kapl in mind that ervstalling macules with a black Backing shes! will Rava a higher eflechiva
cell temparaiure and thergfore Iower power output than the same moduds with & white backing
shoal

S BunPoeiei

Inverters

The main tvpes of inverters, as discussed in Chaprer 5, are: central, multi-sering,
string and modular When selecting an inverter it s important to consider the
following :

*  The peak rating of the PV array: the maximam PV array rated power an
inverter can handle will be given on the data sheer. As a rough guide, this
should be similar to the peak rating of the PV array, but more complex
calcularions are required o ensure safety and these are shown in Chaprer 9.

#  Whether all the PY modules have the same tilt angle and direction; if the
modules are to be at differene tilt angles or facing different directions, it is
y_,c_“lrt:r;_'iH:; betrer to divide the Sy ST into a number of diftferent '.-.aTriElH.'r- arid

use 4 mulb-string inverter or a single string inverter on each string. Typically
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it 1s more expensive to use scveral smaller inverters instead of one large
inverter, although the higher energy vield advantage may outweigh the
addiniomal capital costs.

s  The efficiency of the inverter; most modern inverters have simalar
efficiencies, but it may sway the system designer’s choice. Transformer-less
inverters are generally more efficient and are now widely used in Europe
and Australia. However, they are not as common in the US as they were not
permitted by the Mational Electric Code until 20035,

* Inverter location: the inverter's data sheet specifies an electronics protection
rating. Inverters that are to be installed outdoors should be impervious to
water and dust, an electronics protection rating of Ingress Protection 65
{IP65) or National Electrical Manufacturers Association 3R [NEMAJR) 15
evidence of this. An explanation of the different WNEMA rating can be found
at www.nema.org and the 1P ratings are outlined in 1EC 603529 Degrees of
protecuon provided by enclosares {IF Code) available at wwwiiec.ch. The
IP rating standard 1s mternanonally recognized and commonly wsed in
Europe and Australia while the NEMA standard is the most commonly
used in the US.

The capital costs of the different inverters.
The average annual expected energy vield.

The designer needs to determine the advantages and disadvantages of cach
solution with respect to capital costs and system performance. These
eonsiderations and the associated costs should be explained to the ¢hient and
the final decision made in consultation with them.

There is a variety of software available to assist in the design of PV systems.
Most of this sofrware stores and accesses informadon on real market producis
including PV modules and mverters, giving users hundreds of different options
regarding manufacrurer and model. Designers can use software o simulare
different systems using different products and compare their outputs in order
tor choose the system which best fits their design brief. The software can then
be wsed to sire the array to the mverter, saving designer’s nme which would
otherwise be spent doing complex calculations {see Chaprer 2. Most software
i5 able 1o access meteorological data and can therefore simulate output by
factoring in the svstem's location. Alternativelv users may be able to enter
information regarding local solar resource and shading. Examples of commonly
used software are PV *50L, PVsyst, SMA's Sunny Design and Homer, all readily
available on the web {see Chapter 15). Note that of the programs hsted, Sunny
Design 15 the only one that 15 free,

Cabling

Cabling is covered in further detail in Chaprer 10. It is important that the cable
chosen is appropriate for use in a PV system (1.e. UV-resistant for cutdoor use)
and appropriately sized for the expected currents and voltages of the system,
Cable sizing is covered extensively by local codes, which should always be
followved as there 15 a lof of vanation between different countries. The sizing of
the cable will often vary with its position {i.e. a string cable may be sized
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Figure 8.2 Screenshat from PYsyst

differently to an array cable). The cables in an installation must be sized
correctly to ensure that there 15 not an excessive voltage drop (power loss)
between the array and the inverter and that the cables are sufficiently large to
conduct the current {se¢ Chaprer 101 IF the current passing through the cables
is greater than the cables’ current-carrving capacity, the cable will overhear,

which can damage the circuit components. Cables should be kept as short as

possible and must also be rated for the temperature and environment (i.e. UV-
resistant) within which they will be installed,
Voltage sizing

Each cable will have a maximum voltage rating {(available from the manufacturer)
and this must never be exceeded; sizing standards varv berween countries.
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In Australia, DT cables should be rated for at least 1.2 ® ¥V of the component
{i.e. the string, sub-array or array),

Current sizing

Cables will also have a maximum current ratng which may not safely be
exceeded. For example, in the UK and Australian standards, DC cables in a PV
system must be rated to carry ar least 1.25 = I, This means thar string cables
must be rated to 1.25 = 1 of the module and the DC maimn array cable must be
rated to carry 1.25 = 1 of the array (I of the array = | of the module x
number of parallel strings in the array). In the US the standard 15 shightly
different and DC cables must have a minimum current rating of 1.5623 x I
i.e. the string cables will be rared at 1.5625 x 1 of the module and rhe DC main
array cable will be rated ar 1.56325 x [ of the array.

Monitoring

The choice of inverter might also include the possible monitoring options, such
as a wireless display thar the customer can use inside the home 10 monitor
system performance, or the ability o monitor electricity production and
consumption at a site using mulople mverters at a large facilice. Bluetooth is
also a feature that some customers are now requestng, allowing wircless
monitoring on a computer, PDA or mobile phone. Maonitoring is covered in

further detail in Chapter 12,

System protection

The design of the protection system is important to ensure the safe operation
of the PV system. There are many porential reasons for a PV system to fail.
Matural threats such as lightning, Hooding or strong winds can destroy
system components or cause dangerous svstem operation. Natenal codes
typically require many types of protection in PV systems for safery; over
current protection, lightning and sorge protection and a2 means of
disconnection are all common requirements. The details of what protection
measures are required are set out in national codes which should always be
tollowed. The hardware commonly used as system protection devices is
covered in Chapter 5.

Over-current protection

All circuir over-current protection, both AC and DC, is designed to protect the
components and cables in which it is installed from damage due to overload
currents or short circuits, The size of the over-current protection is determined
by the tvpe of device used and the maximum current which can be sately passed
through the circuit elements. National codes will outline how over-current
protection should be designed and sized. In the UK and Avstralia (and many
other parts of the world) all sizing is based on the short-circuit current of the
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array. The following points are key reasons why the short-circuit current of the
arrav is used:

* A PV module is a current-limited device, i.e. the highest current it can
produce is its [

#  The short-circuit current i1s the maximum current a FV module can produce
at a given temperature and irradiance,

*  The maximum current that an array can produce is the sum of the short-
circuit currents of cach string in the array.

Since the short-circuit current can vary depending on the temperature of the
solar modules and the irradiance, these two important facrors should be taken
into account when designing photovoltaic systems.

Fault-current protection

It is important to note that there 15 a himie to the amount of current that can
pass in eicher direction through a PV module without damaging it. This 1s
known as the ‘maximum series Fuse rating’, ‘“reverse current rating’ or “over-
current protection rating’ and is scated on the module dara sheer. If a fault
occurs within one string it is possible that the current from the other strings will
feed into the faulty string, If this current exceeds the maximum series fuse
rating the module 15 hkely o sufer damage. This is normally only a problem
for arrayvs with multiple strings, i.e. the sum of the carrents of all the non-faulty
strings exceeds the maximum series fuse rating. To prevent this occurring,
string fuses or miniature circuit breakers (MCBs) are often used, and these must
be rated for use in a DC PV system.

To determine whether fault-current protection is necessary, designers need
to know the short-circuit current of the array and the modules” maximum series
fuse rating, Natiomal codes normally specify whar is required and should
always be consulted. For example, in the UK string fuses are required whenever
the reverse current rating of the modules (1) is less than the combined short-
circuit current of all the serings minus one muluplied by 1,25, shown as follows:
I < {I_» (number of strings —1) ® 1.25]. As a rule of thumb, string fuses are
required in all arrays of four or more strings, and the fuses used must meet the
following requirements:

*  Fuses must be firted to both the positive and negative string cable.

*  Fuses must be rated for DC {see Chapter § regarding the difference berween
AC and DC fuses).

* Fuses must be rated: (V _ x number of modules in the string x 1.15].

*  Fuses must have a tripping current () of less than 2 % 1_ or less than 2 =
current-carryving capacity of the string cable {(whichever value is lowest
shiould be used).

¢ If the system does not have string fuses, then the siring cable should have a
minimum current rating of [ x {number of strings —1) x 125,

Martional codes and regulations must be consulted.
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Box 8.1 Fault-current protection example

Mational Australian Standards are slightly differant to those in the UK, In Australia
fautt-current protection is required when the combined short-gircuit current of all
strings in the array minus one is greater than the revarsa current rating of the
modules, l.e. | <1 = (number of strings —1).

Example: |5 fault-current protection required for an array with 5 strings, 2ach madule
has a short-circuit current of 5,634 and a maximum senes fuse rating of 1547

First calculate | x (number of strings —1) = 5.89 x (5— 1) = 22.76A

22.76A is larger than the maximum series fuse rating of 154, so faull-current
protection 13 reguired.

When the potential fault currant of the aray is |ess than the modules’ reverse
current rating, then over-current prodection is nof required, but the cables used
throughowt the array should be appropriately sized to handle the maximum
possible fault curment.

Lightning and surge protection

Lightning protection and surge protection requirements are usually included in
national codes and regulations, and can even differ from region o region
within a country. For example, in Australan/New Zealand Standard AS/NZS
1 768: 2007, surge arresters are required when the array feeds supply to crivcal
loads (e.g. relecommunication repeater stations) or if the PY array has a rated
capacity greater than 500 warns, A surge arrester is commonly found in
commercial PV inverters. In systems where this is not the case, protection is
recommended through the use of metal oxide varistors (MOVs). According to
AS1768, an MOV should be selected with a continuous operating voltage of
greater than 1.3 = V_ of the array and a maximum discharge current greater
than SkA. If a lightning protection system is in place the PY system may need
to be integrated into it = how this is done should be confirmed as consistent
with prevailing narional codes and regulations.

Grounding/earthing

Groundingfearthing systems are specified by local codes and standards, The
array mounting structure and the array itself are considered scparately.
Groundingfearthing the mountng structure 15 generally done for lighmning
protection and to provide a path for fault currents to flow, Whether an array
conductor is required to be grounded/earthed and in what manner 15 a more
complex matter. Following the recommendations of local standards and codes
is necessary,
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String fuse protection: When is it required and when not?

Example:
Modube: Sunshine Model 5185
s 5.5A

Maximum series fuse rating™  15A

Case One: 2 Parallel Modules : One is shaded or faulty
5.54

Maximierm Taiilt
current 5.54.

Conclusion:
Mo faull protachon
resquired.

1A

RMaximum faul
curent 114,

Conclusion:
Nao fault protection
required.

Mazimum fault
currenl 16.54,

Conclusion:
Faull protaction
reguired

Themslore: array muost be prolecied in each siring because of the unknown posioen of faull.
* Maodulz Reverse Curreni Rating is also known as Maxamum Senes Fuse Raling
# Azgume OA current output

Figure 8.3 Exampie of when string protection isfien't required by Australian Codes

srcancE Da0dl SUslanabes Erdendpy S0l g
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dizing a PV System

In Chapter 8 the choice of system components is discussed. While the client’s
requests and expectations of their system will give the designer a rough idea of
the system size, it is important (o carry out detailed sizing calculations vo ensure
that the array is matched to the inverter’s imput specifications and that all
system components are appropriately sized to suit the sire-specific conditions,
In general, an inverter should be chosen so that the maximum power output
from the designed PV array (given in Wp) matches the inverter’s maximum array
power input |given in Wp) Selecting an inverter with a power input that is
larger than the array’s ourpur is known as over-sizing the inverter and should be
avoided as it will reduce the inverter's operating etficiency and hence reduce
overall power output. The inverter’s actual operating efficiency should be as
high as possible and thas 1s described as thar point where the power of the PY
array is matched as closely as possible to the inverters rating in watts, The closer
these two factors are to each other, the lngher efficiency will be. It s not enough
that the inverter's operating efficiency is as high as possible; the designer needs
to ensure that the inverter and PV array march in terms of voltage, current and
power to ensure a safe and efficient PV system. System sizing is often done using
computer programs such as PYV*50L or PVsyst, but the basic calculations need
to be understood. This chapter outlines system sizing using two fictitious
examples: one in Berlin, Germany, and the other in Sydney, Australia. This
chapter discusses system losses and their pamary sources and concludes with
examples of system yield calculations factoring in array size, local solar resource
and system losses. The sizing and de-rating methodology in this chapter is
widely used, bur it is not the only method available and local standards and
codes should always be consulted as they may specify how these calculations
should be undertaken in order for the system to be comphiant in that locarion.

Matching voltage specifications

There are two volrage specitications that need to be met. The first is thar of the
module itself; most manufacturers specify a maximum system voltage on their
data sheer, A PY array’s voltage must nor exceed the maximum system voltage
for the modules it is using.

The second voltage figure is the maximum inpur voleage of the inverrer
which must not be exceeded: this Hgure is normally lower than the module’s
maximum system voltage and hence of pgreater concern. This ligure is
highlighted in the following extract from an mverter data sheer (Figure 9.3).
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Calculating the maximum number of modules in a string

First the maximum mverter input voltage
is multiplied by 0.95 to account tor the
5% safety margin

| 600V % 0.95 = 570V

The maximum inverter voltage should be
divided by the maximum module voliage
[as previously caleulated to determine the
maximum allowable modules in a string)

%.ﬁ‘?"ﬁi"ﬁ_‘ﬂ_ﬁd:'ﬁf = 16,84 modules |

This figure should always be rounded down tor satety and so the string can

only have 16 modules.

Calculating the minimum voltage

Minimum voltage will occur at a cell
temperature of 65°C and is calculated as

Foall s

The temperature coefhicient (V) per °C is

calculated for module ‘.«’Iml_.f"lr'

iEIL

—=0.00485 % 24V = —
0.1164V/C

Calculate the difference between the cell
temperature and 5TC

6370 = 25°C = 40°C

Then multiply this by the V_
coefficient

o

rem e rarure

40°C = —0.1164V/C = —4.68V

Take this last figure away from the rated
V., (minimum voltage figure is calculared
for maximum temperature conditions)

24Y — 466V = 19.34V

Calculating the minimum number of modules in a string

[1%a)

The minimum module voltage is multiplied by
the voltage drop expected across the DU cables | 1934V x 0,99 = 19,15V

e

margin required

The minimum inverter input voliage should be | 268V = 1.1 = 2948 V
multiphied by 1,1 to account for the 109 safery

minimum module voltage

Finally, the minimum number of modules in the _
string is calculared by dividing this figure by the | 294 . 8V/19.15V = 15.3%

This figure should be rounded up (because it a minimum) so at least 16 of
these modules must be connected in series to form a string,
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Figure 9.% Each string
must be 16 madules

Sourpe: Global Sustanabis
Emargy Soktions

Matching current specifications

Inverter manufacturers generally give the following ratings in terms of
current:

« Maximuam DO inpur current: maximum DO current that the inverter can
PrOCEess;

*  Maximum AC ourput current: maximum AC current that the inverter can
deliver.

The current of a PV module does not vary as dramatically as the voltage does.
Hewever, it does increase slightly as the temperature increases. Because this
increase 15 so small, PV array designers often do not account for it when sizing
the array to match the inverter, unless the array’s current output is very close to
the inverter's maximum current inpuc.

[t s important to remember rhat an array is normally several strings
connected in parallel and the input DO current will be the sum of the currents
of all the strings connected to the mverter. The short-circint carrent is used m
these calculations because it is the largest current the module will produce,

Examples: Both examples have the same number of strings as remperature
effects are not being considered:

12A/8 544 = 1.41 strings. Ths 1s rounded down o 1 string.

TOBID 9 SR SN ERY L0 RoTine: Sk

Technical data Sunny Boy 3000

Max input curmentiper string 12481 24
Mummber of MPP rackers/shings par MPP 1/3
bracker

Max output current 154,

SOUce: SA Sodar Technodoggy AG
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Figure 9.10 Extract from SMA imverter data sheel shown in Figure 9.4

Matching modules to the inverter's power rating

Most inverter manufacturers give a4 number of ratings for their inverters in
terms of power. Common rarings include:

Maximum PV array rated power: Maximum rated power of the PV array,
usually in KWp or Wp;

*  Maximum DC input power: Maximum amount of DO power that the
inverter can convert to AC (this 15 generally lower than the maximum PV
array power, because of losses in PV arrays);

o Maximum AC ourpur power: Maximum amount of AC power that the
inverter can produce.

For most inverters, the masimum allowable power (watts—peak) of the array 13
greater than the maximum AC ourpur of the inverter, The reasons for this are
losses in the svstem (Le. the array will not produce its rated power), as discussed
later

To calculare the total number of modules that can be connected to the
inverter, the inverter’s maximum PV array rated power is divided by the rated
power of the module. If the inverter’s maximum PV array rated power is not
given, then the maximum DC input power should be used. In some cases it may
not be possible to connect the maximum number of modules to the inverter as
the voltage or current characteristics may not allow it. An example of the
inverter’s maximum array power figure quoted is shown in Figure 9,10,

Example: The maximum DC power of the inverter is 3200%W, while the
maximum power of the module 15 185W, so 3200WV185W = 17.3.

The maximum number of moduales that can be connected to the inverter is 17,

Example 1: Sydney, Australia

Given that the voltage specifications of the inverter limit the string to 17
modules and the power specification of the inverter limits the whole svstem to

Sonace SAA Solar Technoiogy AG
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17 modules, the only option for this array is one string of 17 modules. The
overall rated power is calculared as 17 = 185Wp = 3145Wp,

Examiple 2: Berlin, Germany

Twao conhgurations are possible for the German system, one string of 16
modules. The overall rated power 15 calculated as 16 = 183Wp = 2960Wp,

Calculations need to be done for voltage, current and power when matching
a module to an inverter. If the rated power of the array is much less than the
inverter's, then the inverter's efficiency may decrease.

; ............... Fo EHI‘EJEWENEFUW‘IY E‘ﬂf-ﬁmrL A e el LT L Frai
- I | | |
i I?ﬁ _-q'- —.Z B o .“r;“:-':'“:-' :"-i = =
i ‘ J =5 ‘1
L o
E '?E =" = T - 1 L .
= iﬁ:ﬁilnﬂﬁ. - Sll_;rlg 3 651 d--.r__l_._,_,_.__..-r'
| & I ; E PAD: “____-.—"""F_
a8 — W, = 400 ¥ DT ,_.E. @55;’
= T 0
' Ly
ol » V= 200V DO V. [Vl

1000 2000 1000 4000 5000
P [w]

Figure 3.11 Inverters oparate ai highar efliceancies when thay ara connectad (o an array which
produces the ouipul they are designed o take. The inverter's efficiency increases against the
voltage figures shown

Source: SMA Solar Technology AG

Box 9.2 What happens if more modules are connected
to the inverter than it is rated for?

Sometimes designers install more modules than the inverter is rated for (i e.
installing 18 for the examples in this chapter), so that the array has the
approgriate number of modules 1o it voltage calculations. Another reason 10 add
extra modules is because system designers undersland that there will be
unavoldable lpsses (dif, temperature, cable losses el.) between the array and
the inverer, so the full rated power of the array is unlikely to reach the inverter,
Designers may therefore choose to install a slightly smaller {and generally
cheapar) inverer to a larger array (known as undargizing the inverter). In this
case, the system designer must ensure that the system de-ralings as oullined in
the following section hawve been properly calculated and the comect information
communicated to the cliant.
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Losses in utility-interactive PV systems

There are a vast number of factors that prevent PV svstems from working at
maximum efficiency and reaching their rared ourput. These factors are
accounted for through a process called de-rating. Caleculation of de-rating
tactors for the major sources of loss 13 outlined here and the next section
demonstrates how these factors are used in svstem vield calculations,

Temperature of the PV module

As already discussed (mamly in Chaprer 4), the temperature at which the PV
module operates has a large effect on is power output and high operating
temperatures lead to power losses, The effect of temperature on output varies
trom module to module and can be calculated vsing the temperature coefhicients
provided on the manufacturer’s data sheets. In order to make a more realistic
estimation of system ourput it is useful ro calculare the de-rating factor which
indicates the resultant efficiency when temperature has been raken into
SCCAILITIN.

Example 1: Sydney, Australia

The de-rating factor tor the Sharp modules {specifications given on page 131}
installed in Sydney (average ambient temperature 23°C (73.4°F)) is calculated
as follows:

Fram the ambient temiperature the cell 23°0C + 25°C = 48°C
remperature is calculated
The ditterence between the cell temperature | 48%C — 25°C = 23°C

and the standard testing conditions [STC,
25°C) is then be calculated

If the cemperature coetficient is given in 0.485%C = (.00485
%%/PC it must be converied to a decimal

Temperatore coefficient is multiplied by the | (LOO485 = 23 =0L11155
difference berween cell temperature and 5TC

To caleulate £ this hgure must be fo= 1= 001155 = 0.88845
subtracted from |
Therefore the resultant temperature

efficiency is 88.8%

Example 2: Berlin, Germany

The de-rating factor for the Sharp modules installed in Berlin [average ambient
temperature 9.8°C (49.64°F)) is calculared as follows:

From the ambient temperature the cell ' 9.8°C + 25°C = 34, 8°C
temperature is calculated |

The difference between the cell temperature and 534_%“{? - 25°C = 9.8°C
the standard testing conditions (3TC 23°C) |

The temperature coefficient 1s given in %™ C and | 0.485%/°C = 0.00485
converted to a decimal ’
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This number 1s then m u]riplied by the difference | (0.00485 x 9.8 = 0.04753
berween cell temperature and STC

To caleulare Fmpxhis; figure must be subtracred f  =1-—0.04753=
from 1 (.95247

Therefore the resultant temperature efficiency is

93.25%

From these rwo examples it can be seen that the temperature de-rating varies
significantly depending on location {examples given: for Svdney 888 per cent
and for Berlin 95,25 per cent) and that colder climates wall experience fewer
remperature-related losses. However, it is important to note that PV systems in
cold climates will not necessarily have a greater power output as warmer
climates are characrerized by good solar irradiation while colder climares rend
ta expenence shorrer days and less sunshine.

Dirt and soiling

Losses caused by the build-up of dirt on the modules are often known as
‘soiling’ losses, If dirt and debris (such as leaves) boild up on the surface of a PY
module, they will shade the module and reduce its power output. The reduction
in power output will depend largely on the site and the factors influencing
soiling such as the wle angle at which the modules are installed (when modules
are installed flag it is very difficult for the rain to wash away any accumulated
dirt), the dust levels on site, local pollunon that may form a film on the glass,
the frequency of rainfall and whether or not the environment is salty, i.e. close
to the coast. The de-rating facror due 1o soiling can only be estimared. It is fairly
commen practice to use t, = 0.90 {10 per cent output reduction due to soiling)
for very dirty sites and £, = (.95 (§ per cent output reduction due to soiling)
for relatively clean sites that experience regular ramfall, See Chapter 12 for
sodling losses which can be reduced by cleanming the modules,

Manufacturer's tolerance

The manufacturer’s tolerance accounts For the small output variations between
individual modules produced by the same manufacturer and is normally
specified on the module data sheet. If the manufacturer’s rolerance shows a
negative loss, i.e, =3 per cent, the peak power of the module may be 3 per cent
less than given on the data sheer, Le. the mimimum peak power from the
315 warr modules produced by thar manufacturer 15 305.55W (e, 315W
minus 3 per cent). Some manufacturers also give a positive manutacturer’s
tolerance, i.e. +5 per cent meaning some of the modules produced will have a
higher peak power than given on the data sheet (i.e. 315W plus 5 per cent =
330.75W for the example in Figure 9.12]).

Shading

Shading can be a major contributor to loss of system performance, for rwo
WAL FEASOTS:
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Figure 9.12 Sample
data sheel showing
manufacturars tolerance

S Global Sustaingbhe
Energy Solulions:

Electrical Data

Ao 38 STancland Tesl Conditions [STCE inadarse of 100040y, AW 1.5 bnd cell ermperatone 354

Paak Praweri_fﬁf'_f!b_i P IEW
Roted Voltage B v, s47V :
' Rated Current E 576 A

Open Circuit Valtage ! ENRY
 Shert Cirguit Current hye 6.14 A
 Maximum System Voltage UL 00V

Termperature Coefhcients

Power -0.38% /K
Voltage [V N766mY /K
Current {1 J.amhA /K
- HOCT 455 o 2
Series Fuse Rating 15 A

* Shading leads to a voltage drop and if enough of the PV array is shaded the
voltage may drop ourside the inverter’s voltage window causing the inverter
to turn off and the system will produce no power.

*  Where muluple strings are connecred in parallel, the shading on one string
mayv impact on the others. This is because current and voltage are directly
affected by the irradiadion received (Chapter 4) and when the module is
shaded, it does not recerve as much irradiation.

If a string 15 shaded it will generate a lower voltage than the other (unshaded)
strings. As discussed in Chapter 4, the voltage generated by the unshaded
strings connected in parallel will also be reduced so that all strings generate the
same voltage. One way to avoid this problem is to use a multi-string inverter
{see Chapter 3).

The best way to avoid these issues is to install the array in an area that does
not experience any shading, Some experienced PV array designers may be able
to design svstems around the problem of parcal shading, but in general this
practice is to be avoided or only used by experienced professionals.

Orientation and module tilt angle

The losses are caused by the orientation and tilt angle at which an array is
installed (see Chapter 7). In practice calculating the effect of these angles on
energy vield is done with tables based on experimental data; reference tools are
given in Chapter 15,
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Voltage drop

The calculation of voltage drop 1s discussed in Chaprer 0L In general, designers
try to minimize voltage drop by using larger cables as the cost of buving a large
cable is significantly less rhan the cost of adding additional modules to the
array to compensate for power loss: for example a 5 per cent voltage drop in a
J000Wp array is equivalent to the power output of one 105%Wp PV module
(voltage drop and power loss are directly related because P = IV), The maximum
voltage drop allowed wall be specitied by the codes: in Australia it is 5 per cent,
but the industey standard and many designers aim for voltage drops closer to 1
per cent for reasons explained. The US Nanonal Eleciric Code (NEC) has no
absolute requirement for voltage drop, but the NMorth American Board of
Cerntied Energy Practinoners (NABCEP) recommends that the overall svstem
voltage drop be limited to between 2 and 5 per cent of the circuit operating
voltage and thart the voltage drop in DC conductors be below 1 per cent. As
well as by increasing cable size, voltage drop can also be decreased by carefully
planning and minimizing the length of cable runs. When designing a system for
an arca with a feed-in tanff, any losses attributable o the system’ voleage drop
can be quantified and costed to see if it is financially advanrageous to increase
the cable sizing to avoid these power losses,

Inverter efficiency

Power losses occur within the inverter because of hear losses from the electronmics
and transformer (inverters that are transformer-less therefore tend o have
higher efficiencies). The losses are reflected by the wnverter efficiency given in
the manufacturer’s data sheet.

——==== == E=— ———————— ===

DC Input Dats Inverter 2000 | Invarter 3000 Inverter 2500-LV |
Recommanded PY power 1500 - 2500 W; 2500 — Z300 W 1800 - 3OO0 W: |
Maw. DC input voltage 500V 500V i 500V
Cperating DC voliage range 150 = 450V 150 — 450V 150 = 450V
Max. Usabde O inpat current 13.6A p - ol 7 T |
AC Dutput Data Invarter 2000 | Imesrter 3000 Inverter 2500-LV |
Mawimum outpul pevar @ 40°C 2000 W 4700 W 1350 W
Mominal AL sutput voltage W BV
Unility AC voltage range 213 = 264 W | 240V 700 -12%) 183 —-229V '
| Maximum AC current B.35 A 1 1125 & _ 11.25 & !
Blamimum utility back feed oA a0 A B0 A
E!lpuu'l:tri fraquency range 59.3 = 60.5 Hr [B0 Hr nom} |
Tatal Harmonic Distorticn THD < 5% ’
Poweer Factor (cos phi) 1 |
Ganeral Data Inverter 2000 | Inwertar 3000 Inverter 2500-LV |
Max. Efficlancy ﬁ | @-@ @ 455
Consumption in stamd-by = £ B.15 W [night) '
Consmmption during cperation W ]
Entlosure MEMA 37 | Figure 9.13 Sampla data
S {1 2w m i) 18.5 » 165 % .85 inche (370 = 418 x 273 MM] sheet showing data for three
Weight 26 Yos. (108 kg) - different inveriers and their
Ambient tempersture =5 to 12¥°F {-20 to «50°C) | sfficiencies
Conling Cartrolied forced wontilation _
inbegrated AC and DC Standard UL spproved DO and AC disconnects | Sourca. Gichal Sustainabie
discomnects ! E Pty S0l s
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The inverter efficiency will also vary depending on the actual input power,
as previously discussed, and the operating remperarure. It is important char the
inverter is installed in a cool, well-ventilated area and never imstalled in direct
sunlight. The wventlation requirements of the inverter are given in the
manulacturer’s installation recommend ations.

Calculating system yield

The PV system owner is generally most interested in the final system vield and
the installer should provide them with an estimate that takes into consideration
the size of the PV array, the amount of irradiation it will receive and the system
lovsses,

Example 1: Sydney, Australia

The size of the PV array was determined earlier in this chaprer to be one string
of 17 modules, so the PV array’s rated power 15 3145Wp.

The amount of irradiation received ar the site was calculated by consulting
the Australian Bureau of Meteorology; on average Sydney receives 4.5 peak sun
hours per day and this figure 15 multphed by 365 w determine the annual
irradiation {1643k Whim=/year).

The svstem losses must also be accounted for by using the de-ranng factors
outlined above. The array is to be installed flat on a roof using standotf mounts
and so must follow the orientation and tile of the root, which are 20° from true
north and 40° respectively. The resulting system efficiency is determined from
tables available on the Australian Clean Energy Councils website {(www,
cleanenergycouncil.orgz.aul,

The total de-rating factor due to system losses is calenlated by multplying
all the de-rating factors together, hence: 088845 x 0.9 1% 1 = (.98 x 0.95 =
(.95 = 0.71, meaning for the conditions specified, the system will be 71 per cent
efficient and system losses will be 29 per cent.

From this figure, the total system yield can be calculated:

1643k Wh/miyear x 3. 14.55:"@' x (.71 = 3669k Whivear

Hence the total system yield is Sﬁﬁﬂk‘ﬁ’h DET YEAL

ArENLMAL DL Y IRELADIAT ION O AN INCLINED PLANE EXPRESSED A% % OF MAXIMUN VALUE FOR

SYDNEY
_ - _ Plank Incington (degrees) _ _
Fiars Armuih (degress) A il 20 i L] S0 [£E] Tk ] ]
g | BTH: | 4% _ OB% | 100% | 0% | ©7% | G1% | BA% | T9% | 4%

10 | 875 | Sd% | BB% | T00M | 0O | DE% | BT | B4M | TSW | 84N
0 | BT | 83% | Ei% | oom M| 05w | D% | EWN | % | BN
30 BT | BN BE% | B8% | DT% | 4% | BB% | BI% | TI% | 6%
0 BT | 3% | 6S% | O8N | G | 01N | BEN | TOR | TIM | 3%
0 L BT | 81 D B4N | AN | B | BB% | BE% | TTH | 80 | @1%
B0 L BT | B0 | §% | BN | BOM | BES | BO% | TaW | BTW | 6%

Figure 9.14 Extract from Grd-Connect FI Spstems: Sysiem Design Guidelines for Accredited
Designars

S Ulean Erurgy Loancd [Asiraliag
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Tabke 9.3 Syslem loasas (Sydnay, Ausiralia)
Source of loss De-rating factor  Description

Temperatura 0. 88245 Ag caloulated in tha last saction

Ohirt'salling 0.8 Sydney is a coastal ared so losses due to soding
are assumed to be -10%

wtanufaciuns 10 Thiz waz not given on the dala sheal &0 cannal be

ioderance accouniad for

Shading 1.0 Assumae the aray & unshaded

Onantation and tilt (BREC] From tablas

angle

Voltags drop 0.85 Assume a voltage drop ol 5%

Irvverter efficiency (.95 Inverter efficiency 5 given on the data sheet 1o be
45%

Example 2: Berlin, Germany

The Berlin system 15 one string of 16 modules, therefore the PV array’s rated
power 15 2960Wp. The vield of this svstem can be calculated using the PVGIS
online tool (httpsfre.jrc.ec.europa.ea/pvgis) which requires several inputs. The
program requires the system losses {excluding orientation and rlr angle which
are optimized and temperature which the PVGIS svstem will caleulare), PYGIS
will also calculate losses due to angular reflectance effects. Figure %.135 shows
the mput into the PYGIS online tool,

The total de-rating factor due to system losses is 0,95 = 1 % 1 x 0.95 = 0,93
= ().8574, meaning for the conditions specified, the system will be <86 per cent
efticient,

The roral system losses as a percentage are calculated by subtracting the de-
rating factor from 1 and then multiplving the result by 100: 1 — 0.8574 =
(.1426. Therefore the total system losses are 14.26 per cent.

Table 8.4 System losses (Berdin, Germany)
Source of loss De-rating factor Description

Tempsaratura 4918 As calculated by PVGIS

Anguiar refleclanss 097 Ag calculated by PYGIS

Chrtzalling 1.95 Betlin Is an wban ares so l0s8Es are assumed
o be -5%

danufaciums s 1.0 This was not given on the dala sheel S0 cannod

toleranco be accountsed for

Shading 1.0 Assume the array s unshaded

Voltage drop {185 Assume a voltage drop of 5%

Irverier efficiency  0.95 Invarter efliciency i given on daia sheeat as
a5%
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Figure 9.15 Inpui inio
PV GIES online tool
Details on how 1o use
the ool are given on tha
website

Sovvmer PGS © Eropean
Commanites, 20012018

The temperature losses (not mcluded i the above calculation of system
losses) are caleulated by PVGIS based on the location of che system and the
varicty of P¥ module. In this case the PVGIS tool calculates the eemperature
losses to be 8.2 per cent based on remperature data for Berlin and the varety
of module {crystalline silicon in this case). This corresponds to a temperature
de-rating factor of (L918. This higure differs from the calculation on page 139
because two different methods for calculating temperature de-rating factor
have been used. These methods are based on different assumptions, for
example PVGIS vses data for a generic crystalline PV module whereas the
calculation in this book uses data specific to the Sharp module being used.

The PVGIS tool shows that the iradiation incident on the module is
approxmmately 1140k Whim*vear, Using this figure, the total system vield can
be calculared:

140k Whim*year = 2.960kWp »x (L7635 = 2576k Wh/vear

Toral system efficiency is 76%. The toral system vield is 2576kWh per year,
which s approximately 70 per cent of the vield of the system installed in
Sydney. The difference in irradiation berween the two locations is the primary
reason for the large difference in system yield.
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The maximum input voltage i1s the maximum DC voltage that the inverter
is designed to handle safely. If the array’s open-<circuit voltage exceeds the
maximum inpat voltage, it may damage the inverter’s electronics.

The vast majority of grid interactive inverters also have a maximum power
point trackmg (MPPT) range with specihed minimum and maximuom voltages.
Within this range, the mmverter tracks the maximum power point to ensure the
array performs as well as possible; outside this range the array is likely to
underperform. The upper limit of the MPPT range may be the same as the
maximum input voltage, or it may be specified as a lower volrage (i.e. the
inverter can handle a higher voltage than the maximum MPPT range voltage,
but will not track the MPP of the array to this higher limiz).

Box 9.1 Different terminology

Manufacturers do not always use the same terminology. Depending on the
manufacturer or reference material, the MPPT range may also be specified as
MPP range. inverer oparating window, oparating voltage window or similar.
Inverter manufaclurers may also quote a maximum input voltage, which
can akso be specified as maximum PY open-circuit *u*nlmga. maximum input
voltage, maximum DC voltage or similar. f a maximum input voltage is not
gpecified it is typically assumed 1o ba the upper limit of the MPPT range;
howewver, the manufacturer should be contacted to verfy this. This book usas
the termis ‘WMPPT rangs” and ‘maximum input wollage' to describe theses terms,

As discussed 1in Chaprer 4, a typical array consists of several modules
connected in series to form a string or several strings connected i parallel to
form an array. Assuming all modules are identical, the outpur voltage of the
array is that of a single string. The voltage of a string is determined by the
number of modules in that string and this section demonstrates how to calculare
the maximum number of modules allowed in a string. It is important that the
output voltage of the string is below the maximum system voltage and below
the maximum inverter input voltage; it is also desirable for it to be within the
MPPT range = these characteristics are quoted on the inverter’s data sheet. The
impaortance of the MPPT range 15 understood but the inverter’s minimun and
maximum mput voltages are of greater importance for the system designer as
they will impact on the system's performance (minimum input voltage) and the
inverter’s safety (maximum input voliage).

The first step 1s to acquire the maximum and minimum temperatures at the
installarion site, known as the maximum and minimum ambient temperatures;
from these the PV module cell temperatures can be caleulared. The PV cells will
operate at a much higher temperatre than the air temperature quoted in
weather reports. National codes should be consulted first as they may specify
the ambient or cell temperarures thar should be used in sizing calcularions, The
examples aited below use temperature data from Berlin, Germany, and Sydney,
Australia, These cities have been chosen o illustrare the difference in sizing
requirements between hot and cold chimates. In Australia, national standards
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Figure 8.4 The inverter featuras required for the sizing methodology used in this chapter can be found on the
irverter's data sheet

Souria GMA Solar Bcindiogy AG
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dictate that the maximum operating cell temperature 15 25°C above the ambient
remperature. This figure s often used in the US as well, although it is not
standardized. The minimom operating cell temperature is the same as the
minimum ambient temperature since the PV module will not have heated ap
when it starts generating electricity early in the morming.

Example 1: Sydney, Australia

In Sydney the ambient temperature can vary from 0°C to 50°C (32°F to 122°F),
so the maximum and minimum cell temperatures are as follows:

Ambient temperature 0°C = Mimimum cell temperature = =0*C

L Minimum ambient remperarure

Ambient temperatare 50 = | Maximum cell temperature = = 740
50°C + 25°C

Example 2: Berlin, Germany

In Beelin the ambient temperature can vary from —10°C to 30°C (14°F to $6°F),
50 the maximum and minimum cell temperatures are as follows:

Ambient temperature of —10°C = | Minimum cell temperature = = —10*C
minimum ambient temperature

Ambient temperature of 40°C = | Maximum cell temperature = = 63°C
40°C + 25°C

As discussed in Chapter 4 the temperature of the PV array affects its
performance. The next step 15 to work out how the expecred cell remperatures
as calculated above will affect the voltage output of the array. To do ths,
information from the PV module’s data sheet is required. This PV dara will
generally provide at least one voltage temperature coefficient, a specific rating
that describes the effect of remperature on the cell voltage. This is usually
expressed as a percentage or in volts per degree, whereas some manufacturers
only provide a P {maximum poewer} temperature coetficient thar can be used
as an approximation for the voltage temperature cocfficient,

Lising the voltage temperature coefficient dara, the PV arrays maximum
and minimum output voltages over the vear can be calculated to ensure that
they sit within the required operating voltage range for the inverter. The
maximum power point voltage (V) of the array should not fall below the
minimum operating voltage of the inverter. If the module string voltage falls
below the minimum operating voltage of the inverter, the inverter wall either
turn off (so the array will produce no power) or it will not operate at the array’s
maximurm possible outpur.

The PV modules used in these examples are monocrystalline silicon modules
produced by Sharp and the inverter 15 an SMA Sunny Boy 3000,

In order to calculare the module volage at a particular temperature, one of
the following formulas can be used:

If the temperature is higher than 25°C:

Voltage .. = Voltage , . — [}, %1T,..— T J
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Figure 8.5 Elacirical
charactenstics from moduks
data shaat

Sounss Sharp

Figure 8.6 Temparalura
coaficians from modus
data sheal

Soume: Sharp

-

N

Electrical Characteristics
48 Monocrystalline (155 55mm)’
Ceill Sharp sikcon solar calls
Me. of Cells and Connections 48 in series
Crpen Cirouit Voliage (V) @
Maximum Power Velage (V) @“__V}
Short Cilrcust Gurrant i1 8.544,
Maximum Power Current (1) T T1A
Maximum Power (pm)’ Typécal 185W
Encapsulated Solar Cell Effciency (nc) 15.9%
Module ERciency (nm) 14.1%,
Maximum Sysiem Veltage @E{iﬂ?
Series Fuse Raling 1548
Type of Chitput Teminal Lead Wire with M3 Connector
\\ '(STC) Standard Test Condiions: 25°C, 1kWim#, AM 1.5 //

F —
Temparatura Cosfficient
Temp. Cosfficientaf P__ < -0.485 4% G
Temp. Coefficient of V_ <0104 V(oG
Ternp. Coaficlent of | _ 0.053 e [0
. =

ar

If the temperature is lower than 257%C:

Voltage ... = Voltage, o + (%% (T — Tepel]

where:

Voltage ... = voltage at the specified temperature (X°C) in volis;
Voltage = voltage at STL, ke the rated voltage in vols;

ai ST

1y = voltage temperature coefficient in VPC (absolute value);

T

- " e A e
v = cell temperature in *C;
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T, = temperature at standard test conditions (Le. 25°C) m *C.
Mote: The second formula as stared is not serictly correct but is a
simplification of the concepts; however, it produces the correct answer for the

operating conditions specified.

Example 1: Sydney, Australia

Ambient temperature of 0°C = Corresponding module cell =0°C
femperature

= (°C

Ambient remperature of 50°C = Corresponding module cell = 73°C
[Emperarre

= 50°C + 25°C

Calculating maximum voltage

The module’s maximum voltage (V) 1s present at the minimum cell temperature
which in this case is 0°C; it is therefore important o use the open-circuit
voltage (V) and adjust this figure according to the temperature coethicient
when calculating the maximum voltage. From the daca sheert it can be seen that
the open-circuit voltage (V) at standard test conditions is 30.2V, theretore:

The difference between the cell temperature
and 25°C is calculated

This figure 15 then multiplied by the
remperature coefficient to calculare the
increase in voltage

00 =250 = —25"C

=25°C x =0 104VC =
.60V

302V + 2,60V = 3280V

Finally the maximum volrage can be
caleulared

Calculating minimum voltage

The module’s mimmum voltage will oceur when the cell 15 hottest, 1.e. at a cell
ternperature of 73°C. This figure is calculated using the maximum power
volage (V_ or V) and corresponding temperature coefficient. A remperature
coefficient is not given for maximum power voltage, so the remperature
coefficient for maximum power should be used as an approximation = this is
given in per cent®C on the dara sheet and s0 must be converted 1o V/°C:

Temperature Coefficient

5l

Temp. Coofficient of P__ . 0485
<,

- % [ °C

Wi

|

-.]

—
0.033

Temp. Coefficient of V|
Temp. Cosfficient of |

o

:

b

% 0
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The temperature coefficient should be converred
inte a decimal

—.485% = —=0.00485

The remperature coethaent {V) per *C is calculared
for module V_or 'V

g

={.00483 x 24V =
— 0. 1164VPC

Use this mformanon o caleulare che mimmum
'mllagﬁ- as tollows:

Calculate the difference between the cell
temperature and STC

73°0 = 25°C =500

Multiply this by the V_or V_ remperature
coefficient

S0°C x <1164V C
= —5 82V

The voltage de-rating is subtracted from the Vo =
minimum arrayv voltage

24V =582 V=
18,18V

Thus the minimum module voltage will be 18,18V, The maximum voltage (i.e.
32.8V) and minimum voltage (i.e. 18.18V) are used to calculate how many
modules are allowed in each string. It 1s also commoen practice to include a
safery margin in each of these figures, normally 10 per cent above the speafied
minimum voltage and 5 per cent below the maximum input voltage.

Calculating the minimum number of modules in a string

An ourline of vn-Et:;ge dmp calcularions is giFEn in Cha per 1ih.

The expected voltage drop across the DO cables
should be included in this calculation: 1% volrage
drop is assumed, so the minimum voltage should
be decreased by the assumed 1% voltage loss

(therefore the voltage figure is multiplied by 0.99)

1B.1BV = 0.99 =
17,99V

The minimum inverter input volage (from data
sheer) should be increased by the 10% safery
margin required (therefore the voltage figure is
multiplied by 1.1)

268V x 1.1 =2948Y

. ____ e

Finally, the minimum number of modules in the
string is calculared by dividing this figure by the
minimum module voltage

294 BV/17.99V =
16.39 modules

At least 17 modules must be connected in series
tir Form a string

Table 9.1 SMA Sunny Boy 3000 technical data

Technical data Sunny Boy 3000
Max DO power 2200w

Plax DC voltaps BODY

MPF voliage rangsa 2e8V-480Y

DC rymingl vollage As0v

Min DG vollaga'start voltage 2EBV/330V

Sowroe: SMA-Austraba
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First the maximum inverter mput voltage 15 reduced
to account for the 5% safetv margin (therefore the
maximum voltage figure is multiplied by 0.95)

GO0V x 0.95 = 570V

The maximum inverter virltage should be divided by
the maximum module voltage (as previously
calculared to determine the maximum allowable
modules in a string)

F70V/AI2BY = 17,38
ﬂ’l.{’:ﬂ]ulﬂﬁ

This figure should always be rounded down for safety reasons, so each

string must have 17 modules.

W e

Figure 9.8 Fouwr possible string lengths using the Sharmp modules. It can be seen that if thars
ant 16 or fower modules the vollage range of the string falls below the safety margin and the

inverter will burm off on very hol days whan the voltage drops below the MPPT ranga. If thare anrs

18 or more modules the voltage will exceed the inverter's maximum DC input voltage on cold

days, damaging the inverder
Sourca: Gickbal Susteinabée Energy Solutions

Example 2: Berlin, Germany

Using the same methodology for a location with a very different temperature
range (—10°C to 40°C), we wall now do the same caleulation. The maximum
voltage will occur at the minimum cell temperature of 10°C and can be caleulated

using the open-circuit voltage temperature coethicient {(=0.104VPC) as follows:

Calculating the maximum voltage

and 25°C is calculated

The difference between the cell temperature | —10°C =25°C = =35°C

This figure is then multiplied by the

femperature coefficient to calculare the =357 = —=L14V/0C = 3.64V
increase in volrage

Finally the maximum voltage can be ANV + 3164V = 33, 84V
calculared
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R s
RP5
S
SRECs
STC
TRECs
UEDS
UL
-
wh
W

Renewable Obhgation Certihicates
renewable portfolio standard

single core, double insulated (cable)
Solar Renewable Energy Credits
standard rest conditions

Tradable Renewable Energy Cernficares
utility external disconnect switch
Underwriters” Laboratory

voltage at maximum power point
open-circuit voltage

watt-hour

watt-peak
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Acronyms and Abbreviations

AC
ANLU
ASCE
BIPY
BCSC
Bobs
COC
CdTe
LGS
51
CSP
CVD
B
DMNO
ELV
E5TI
FiT
1HGs
GSES
H>E
HIT
IEC
IEEE

I""['

P
IREC
I"-d

LED
LV
MCE
MOV
MPPT
NABCEP
NEL
NEG
NEMA
NOCT
NREL
P, /P, MPP
PSH
PV
PVGIS
RECs
RHI
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alternating current

Auvstrahian Natonal Umiversity

American Society of Civil Engineers
building-integrated photovalraics

buried contact solar cells

balance of svstem

Current-carrving capacity

cadmium telluride
copper-indinm-gallium-diselenide
Califorma Solar Imanve

concentrated solar power

chemical vapour deposition

direct current

distribunon network operator

extra low voltage

Furopean Solar Test Inseallarion

feed-in cariff

greenhouse gas

Global Sustainable Energy Solutions
health, safery and environment
heterojunction with mtrinsic thin layer
International Electrotechnical Commission
Institute for Electrical and Electronics Engineers
cutrent al Maximumm power point

IEress protection

Interstate Renewable Energy Council
short-circuit current

light-emitting diode

low volrage

miriature circuit breaker

metal oxide varistor

maximum power point tracker

North American Board of Certified Energy Practitioners
MNational Electric Code

NEt XC0ss generation

MNational Electrical Manufacturers Association
nominal operating cell remperature
National Renewable Energy Laboratory
MaxXimnum power point

peak sun hours

photovolraic

Photovoltaic Geographical Informanion System
renewable energy certificates

Renewable Heat Incentive
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14.21 In order to overcome the challenges presented by this residential
roof, the system desipner decided to forgo the traditional central
inverter system architecture and install micro-inverters on each
solar module 205

14.22 In accordance with the Natonal Electric Code, all meralhc
parts of the PV array which could potentially become exposed to
live current are mechanically bonded ta the earth

14.23 The mounting system achieves a good balance between aesthetics and
performance
14.24 The completed svstem rakes advantage of the available roof space

in the most efficient way possible
14.25 A wiring diagram of the system installed by BMC Solar
14.26 The system included an underground cable run, Temm* SDI cable

wias used

14.27 The digiral meter

14.28 A diagram of the PV systems showing rhe two separate arrays
installed by Green Solar Group

14.29 In this photograph the metal rails that make up the mounting
structure are clearly visible

14.30 The PV array is ground-mounted in the owner’s garden

14.31 The inverter is located in the pool shed behind the PV array

14.32 The PV array is surrounded by trees and occasionally experiences
shading

14.33 A block diagram of the PV array installed by Paul Barwell

14,34 Construction of the mounting strocture, the wooden A-frames and
Unistrur strip (along the top)

14.35 The mounting structure viewed from the side

14.36 Conergy clamps are vsed o secure the modules to the Unistrut

14.37 The PV array is cleverly hidden in the garden so that it does not

affect the appearance of this beautiful property
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Measuring short-circuit currents of strings and array
Pre-commissioning test sheet

Commissioning rest sheet

Example of maintenance instructions from Suntech Power
Undertaking fault-finding on the PV array

Calculating pavback time for PV systems receiving an BT
Important features of Fils

Caleulating pavback time for a PV system receiving rebates
Imiportant features of rebare schemes

Important features of RPS schemes
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lllustrations

Figures
1.1 The cost of crude ol has been increasing over the last 30 years and is

expected to continue increasing indefinitely 2
1.2 The Earth receives maore than enough salar radiation each vear to meet

Its current energy consumption 1000 times z
1.3 An electnician installing a solar system that includes both a solar hot

water system and a solar electric svstem 3
1.4 Layout of an off-grid system L
1.5 Small off-grid solar electric systems are often the most convenient and

cost-effective option for those living in rural areas of the developing

world such as the West Sahara, where this system is locared |
1.6 Batteries in a stand-alone solar eleciric system 4
1.7 Grid-connected PY systems are becoming more commuon in urban areas )’
1.8 Typical small grid-connected PV system (as set up for gross metening) &
1.9 Alicante, Spain, 5.6MWp central PV system i
1.10) A 40kWp commercial grid-connected PV system located in San Diego,

California 7
1.11 A residential PV system 7
1.12 This system includes a solar elecrric system and flar plate solar

hot warter system with a storage rank 5
1.13 A solar hot warer system with an evacuwared tube collector 4
1.14 A CSF imsmallanion in the Nevada Desert ;)
1.15 A variety of techriques used to capture the power of passive solar 10
1.16 When correctly designed caves can prevent summer sun entering the

window but allow winter sun to warm the building i1
2:1 The IKAROS (Interplanetary Kire-cratt Accelerared by Radiation Of

the Sun) mission 16
2.2 The sun releases vast amounts of electromagnetic radiation - photovoltaic

devices provide an efficient means of converting this power into electricity 164
2.3 White visible light can be divided intoe many colours; each ray of colour

has a different wavelengthfrequency amd energy content 17
2.4 Average annual insolation for Boston, MA on a horizoneal plane

measured in peak sun hours (PSH) 17
2.5 Draily irradiance for London, UK, on a horizontal plane measured in

Wim* and warying with nime of day and month 18
2.6 Peak sun hours are very usetul in system vield calculations i8
g i) Solar radiation comprises direct and diffuse radiarion 20
1.8 The more clouds in the sky the less irradiadon there will be and the

larger the diffuse radianion component 20
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19
2.10
.11

2,12
2.13

2.14

2.15

.16

117

2.18

2159

2.2

1215
2.24
3.1

3.2
i3

o

3.4

3.5

3.7

From the sarface of the Earth, air mass is directly related to the
alticude of the sun

Ar sunset the sun 15 low in the sky and therefore air mass s very high
Average annual insolation for Krakow, Poland (northern hemisphere),
Nairobi, Kenya (near the equator) and Melbaurne, Australia
(southern hemisphere) on a horizontal plane

This image shows average solar insolation across the US, Germany and Span

Graphed data from PYGIS showing the power output for

rwo identical 1kWp svstems, one installed in Dakar, Morocco and
the other in Paris, France

This image shows the variation in insolation across Europe

Solar resource varies during the day due to Earth’s rotation on its
own axis and during the year due to Earth’s orbir around the sun
The sun's alritude is shown in blue while its azimuth is represented
by green

Not only does the sun’s position vary during the day, it also varies
throughout the year and this is an important consideration when
choosing the orientation and tilt of an array

At sunrise on the summer solstice the sun can be seen to align with
the stones ar Stonehenge in the UK

Sunparth diagram of Sydnev has been used to find the precise location
of the sun on 1 December at 10am

Imagine a 1m? solar panel, tilted as shown. Ar a specific time there
are 12 of the sun's ravs coming from the sun and hiring the solar panel
If the same collector is laid horizontally on the Earth's surface at the
same time as in the image above, the collector only caprures ¥ rays
A solar array horizonral 1o the ground will receive the most radiation
at salar noon when the sun is direcdy overhead

Magnetic declination s the bearing between true north and magnetic
north

In Seartle magnetic norch is always 177 east of true north
sermuconductors are used in many elecerical components

A single-crystal silicon igot 1s drawn from the maolten silicon

As well as being used n rooftop and grid-connected applicatnons,

22 per cent efficient monocrystalline PV cells were used by Sunswafe
IV, the winning silicon solar car at the 2009 World Solar Challenge
held in Australia

Multicrystalline cells are easily identifiable by their distinet grain
structure which gives a glittering effect in sunlight

Amorphous silicon modules are easily distinguished from

crystalline modules by their dark and uniform colour burt they

also look like non-silicone thin film modules

The metal contacts on this polverystalline cell are clearly visible
Front and back of SunPower rear {back) contact monocrystalline
silicon solar cell
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IELLISTHATIOMNS

BCSC technology is used to manufacture solar cells wath much higher
efficiencies than those that use screen printing

Sample data sheets showing information regarding the technical and
safery standards to which the sample module complies

Drve solar cells are available in a range of atractive colours and are
transparent so they can be integrated into the facade of a building
Dhve solar cell

Shver cells are also transparent and flexable

Nuon Solar Team from the Metherlands races its solar car Nunajd

in the Suzuka Dream Cup 2010, a track race held in Japan

The mirrors either side of the module are used o concentrate light
and increase power output

Resistors connected in series

Resistors connected in parallel

Measuring the open-circuit voltage of a module using a multimerer
Measuring the shorr-circuir current of a module using a mulumerer
V _and [ _are the x and y intercepts respectively

P . is the highest point on the power curve

Single photovoltaic module; the module’s 36 cells can be seen
arranged in a 4 = 9 grid

View beneath a PV arrav

PV array composed of monocrystalline modules

sample data sheet

When three identical modules are connected in series to form a string
their voltages add and the total carrent is that of one single module
When non-identical modules are connecred in series the volrages will

still add; however, the current of the string will be the lowest current of

any single module

Three identical modules are connected in parallel; the total current
is the sum of each individual current, while the total voltage is the
voltage of a single moedule

When non-tdentical modules are connected m parallel the currents
add while the ourpur volrage 1s equal ro the lowest single module
voltage

The process of making an array; starting from cells, modules are
created, then connected n series to form strings and bnally strings
are connected in parallel to make an array

To calculate the power ourpur of an array, first calculare the ourpur
of each string and then treat the sirings as though they were modules
and calculate the power output by adding them in parallel

The I-V curves for a cell operating at different irradiance values
show the increase in power output with irradiance

As power = current x volrage (I = ¥, as volrage decreases, power
decreases
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4.19

4.20
4.21

422

4,23
3.1
55X

5.3
54

5.6

5.7
5.8
39
5.10
5.11
5.12

313

5.14
7 e

3.16
5.17
5.18
51%
5.20
3.21
3.24

5.23
5.24
.25

5.26
5.27

In areas that expenience extremely cold temperatures, the voltage
increases as the ambient temperature decreases

PV modules perform well in cold and sunny areas

Vegeration, chimneys, buildings, dirt and snow can all shade a

PY module

Even this small shadow can reduce the amount of electracity a
module produces

The discoloured cell in this array was caused by hot spot heating
The primary system components are shown in this diagram
Alternative PV system using a gross-metering arrangement where

all the power generated by the PV array is exported to the grnd

and all the power required by the loads is imported from the grid

An electrician tests a grid-interacrive inverter

A rransformer-less inverter is generally smaller, liphter and more
efficient than an inverter of the same size {in kW) with a rransformer
Inverters with rransformers are stll the dominant rechnology in many
locations; in the US they are used in almost all PV systems

Just like PV modules all inverters come with a data sheet outlining
important information

I-V curve with the power curve superimposed to find [ and V
The maximum power point falling as temperarture increases

Sering inverter connected across one string of PV modules

It is possible to connect multiple strings across the same string inverter
Multiple inverters can be used to increase the reliability of the system
Multi-string inverters installed by Solgen Energy on Cockatoo Island for
Svdney Harbour Federation Truse

Twao strings are each connected ro different MPPTs so thar if one is
shaded it will not reduce the output of the other

Connecting multiple strings to a central inverter

For very large installations a whole room of central inverters may be
required. These are SMA Sunny Mini Central inverters
Micro-mverter attached to the back of a module

Micro-mverter available on the US market

The front panel of an nverter will commonly display array fauls
Key balance of system components shown excluding groandingfearthmg
Example of selar cable plugs

Another example of solar cable plugs

PV combiner box with over-current protection devices, in this case
circuit breakers

PV combiner box showing string fusing provision

Module junction boxes on the back of modules in a PV array

When considering possible array wiring, alwavs check that porennal
designs conform to local wiring codes/standards

Circuit breakers in a grid-vied PV system

Lacations of DC and AC disconnectsfisolators
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TLLUSTHATIOMS

hagram of a three-string PV system showing protection devices
including AC and DC disconnects/isolators and over-current
protection

Schemaric showing main disconnectfisalators and over-current
Protection

These inverters are designed for the US marker and incorporate a
large UEDS beneath the inverter

These miniature circuit breakers (MCBs) provide over-current
protection for the inverter

Svstem installation layour showing lighming protection and common
grounding/earthing point as per Australian national codes
Example of a software data logger

Rotaring barrel style merer, here shown accompanied by signage
for a PV installation

A more complex diginal meter also known a5 a smart meter

The single rotaring disc in the centre of this ner meter is clearly visible
An clectricity meter commonly used in the US

[Magram of a net import meter able to run in both directions
Diagram of a net import meter using two meters — one to measure
import and the other to measure export

Two metering devices, one measuring the power generated and one
measuring the power nsed

Diagram of a gross-metering system

Multiple meters are common, often for off and on peak demand
metering and large apphiances like docted air-conditioning

This mounting scheme allows good ventilation

This mounting scheme will not permit good airflow

Pitched roof or standoff mounts are normally attached o rafrers
Example of a pitched roof mounting system clearly showing the
module clamp

Tile hook for lareral rail connection

Corrugated metal roof installation

Raked mounting sysrem

This PV syvstem has been designed to discreetly blend in with the
architecture through the use of a curved direet mounting svstem
Examples of where PV may be integrated into a building

BIPY gwnings developed by Sunvie and integrared into a car park:
this 1. 13MWrp installation is located in 5t Aunés, France

Example of solar tiles as part of complete roof

Amorphous laminates installed on metal roofing in Australia
Large ground-rack mounted installation

The prass is low now, buot if it grows high enough it could shade the array
Pyramid-style pole mount, which also uses a sun-tracking system
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6.16

6.17
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7.1
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7.13
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717

J18
1%
7,20

721
722
8.1

Bl
8.3

9.1

2.2

Sun-tracking system: the arrays rotate throughout the day to face
the sun

The wacking hardware can be seen on the back of this array
Example of a mounting system information sheet, displaving
compliance to Australian and New Zealand wind loading standards
Maodules may be laid Har on the surface or tilted on rack mounts,
which are particularly useful for fat roofs

This image shows the orientation of a module installed in the southern
hemisphere; in the northern hemisphere the optimal onentanon is
due north

Average daily electricity production for a PV system installed in
Stockholm, Sweden

Poorly chosen site where trees are shading the PV array

In this installation the chimney 18 shading the array

Solar Pathfinder in use

Solar Pathfinder, showing trees to the north and ro the right shading
the site

Example of a sunpath diagram with the shading traced on it
Solmetric Suneye

HORIcarcher in use

Screenshots of the iPY app

Screenshot from architectural sofoware showing a 3D model of a
house with PV array

Landscape arientation

Portrait anentation

Example of calcularing the number of rows for a portrair installation
Example of calculating the number of columns in a portrait inscallarion
Width of roof minus edge zones

Length of roof minus edge zones

Badly located inverter

Well-located BoS components are protected, well-ventilated and
neatly installed

Example of site plan for a PV installation

Example of a site plan

There are several module types on the market that are all tor maostly)
black

Screenshor from PVsyst

Example of when string prowection isfisn™t required by Australian
Codes

Basic PV system components showing rhe major components and
factors which affect their performance

Extract from a ‘sample’ module dara sheer highlighting the
‘maximum system voltage' figure allowed for use with thar solar
module
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ILLUSTRATIONS Xl

a3 The current and voltage of a PV cell or module varies with

remperature, so it is important thar the PV system operates safely

at all remperatures the MV modules can be expected o experience 126
9.4 The mverter features required for the szing methodology used

in this chapter can be found on the inverter’s data sheer 118
2.5 Electrical characteristics from module data sheet 130
.6 Temperature cocfhicients from module data sheet 130
L B Temperature coefficients from the Sharp module data sheet as

shown previously 131
9.8 Four possible string lengths using the Sharp modules 133
9.3 Each string must be 16 madules 135
2.10 Extract from SMA inverter data sheet shown in Figure 9.4 136
2.11 Inverters operate at higher efficiencies when they are connected to

an array which produces the curpur they are designed to rake 137
9.12 Sample data sheet showing manufacturer’s tolerance 140}
9.13 Sample data sheer showing dara for three different inverters and

their cHiciencies 141
9.14 Extract from Grid-Connect PV Systems: System Design Guidelines

for Accredited Designers 142
9.15 Input into PYGIS online tool 144
10.1 The main cabling routes are shown in red 146
10.2 Example of correct PV wiring where conductive loops have been

reduced 147
10.3 Example of incorrect PV wiring where the wiring is a conductive loop 147
10,4 Photograph of a conductive loop 147
10.5 Example of an array cable lefr loose and unsupporred 150
10.86 An elecerician installs a small white PV combiner box next to the array 151
10.7 It is commaon practice to ground each component of the PV system

separatcly so that if one is removed the others will remain grounded 152
10.8 In grid-interactive systems, the PV arrav is connected to the inverter

which is then connecred to the switchboard and then the grid 153
10.2 Summary of the connection of components of 3 grid-connected PV

SYSIEM USINg Net merering 134
10.10 Wirmg diagram showing a ner-metering arrangement 154
10.11 Summary of the connection of components of a grid-connect PV

SYSTem using gross metenng 154
10,12 Wiring diagram showing a gross-metering arrangement where all

power produced by the PV svstem is exported 1o the grid 155
10.13 Example of an electrical diagram 156
10.14 Typical calculation sheet for a PV sysrem 157
11.1 An elecrrician checks the open-circuit voltage and polarity of an array

cable entering the inverter 164
12.1 Dusey modules will have a reduced vield 172
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Cleaning a PV module involves spraying them with a hose and
oceasionally scrubbing to reimove baked-on marks

The price of PV systems 15 declining rapudly, making them a more
ARTrACHIVE Investment

PV 1s expecred to achieve prid parity in Germany wicthin five vears
Global average PV system capital costs per kWp installed and their
expected decrease over the next four decades

Payback times will decrease with the inevitable rise in electricity prices
even if PV svstem prices do not decrease

Graph showing the global cumulative installed PV capacity up to 2008
Severe winds can cause damage to poorly anchored arrays

Three inverters are used, one tor each array

A special three-phase export meter located in the basement of the building

PV array 1

PV array 2

PV array 3

Concrete blocks are used as ballast to weigh the system down to
ensure it will nor be affected by winds

A block diagram of the RENAC system

The inverter is manufactured by Fronius and locared indoors,
under the stairwell within 1m of the distribution board

In order to meet the household energy demands 14 PV modules and
3 solar thermal collectors have been installed

A wiring diagram of the PV system installed by Solar UK for

Planet Energy Solutions, waww. planetenergy.co.uk

The grearest desipn challenge for this inscallation site was the limited
available roof space

The SMA inverters are mounted vertically on the south end of the
building’s parapet wall to limit their exposure to direct sunlight
The DC conductors are housed inside a metallic conduit as per the
guidelines in the Mational Electric Code

The mounting rails have been installed with periodic gaps between
adjacent rails allowing the meral rails o thermally expand withour
damaging the mounting strocture

The Prosolar XID Support Rail holds the module while the ProSolar
Fastlack® rail levelling support is adjustable

Electrical dizagram of the PV system

Average solar insolation in PSH or kh/m&day by month for
Hinchmbrook, New South Wales

The PV arrav blends in with the profile of the roof and is aesthetically
pleasing while allowing some cooling air flow beneath the modules
Diagram of the system installed by Green Solar Group

Thas flar wle ressdential rooftop presenred some common design
challenges for a typical PV system using a centralized inverter
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Grid-connected Solar Electric Systems

Salar electricity - or photovoltaics (PV) - is the world’s fastest growing energy technology.
It can be used on a wide variety of scales, from single dwellings to utility-scale solar farms
providing power for whole communities. It can be integrated into existing electricity grids
with relative simplicity, meaning that in times of low solar energy, users can continue to draw
power from the grid, while posver can be fed or soldd back into the grid at a profit when their
electricity generation exceeds the amount they are using.

The falling price of the equipment combined with various incentive schemes around the
world has made PV into a lucrative low carbon investment, and as such demand has never
been higher tor the technology, and for people with the expertise o design and install
SYSICIME,

This Expert handbook provides a clear introduction to solar radiation, before proceeding
o COVer:

electrical basics and PV cells and modules
inverters

design of grid-connecred PV sysiems
system nstallation and commissioning
maintenance and rroubleshooting

* health and safety

o economics and marketing.

& B ® @

Highlv illastrated in full colour throughout, this is the ideal guide for electricians, builders
and architects, housing and property developers, home owners and DIY enthusiasts, and
anyone who needs a clear inoreduction to grid-connecred solar eleciric technology,

Geoff Stapleton has been instrumental in developing traming and capacity building both in
Auvstralia and overseas, particularly in Ghana, Sri Lanka, Malaysia and China. He set up
Global Sustainable Energy Solutions Poy Lid as a renewable energy training and consuliancy
business in 1998 and is a part-time lecturer at Umiversity of New South Wales, Australia.

Susan MNell has worked in the renewable energy industry for over 25 years. She 15 now

director of training and engineering for Global Sustainable Energy Scelutions and is 3 guest
ecturer at UNSW, Australia.
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AC power 6, 43, 51, 6l-61, 68—A9 T2,
J5-T8, 120-121, 136, 148, 156, 163,
167, 175, 177178, 225

acroplanes 41

aesthetics 87, 91-92, 116, 188

air mass  19-21, 2258

air-conditioning 83

albedo 17, 1920, 225

aleirude angles  25-26, 225

amorphous silicon cells 31, 33, 93, 225

appliamces 3

arrays 47, 59, a1, 6d4=63, 67, 72, 117,
152-194, 202, 204, 209-211, 228
acstherics  £7, 91-92 116
design 44, 4%, 50-51
frames 59
inseallason see mstallacon
mamtenance I71=174
MGUNTING 58 Mounting systems
performance 51-57
sieingeg 118, 178
rroubleshooting

Azimoy, Isaac 15

atmosphere 1923

azimuth angles 24-15, 225

176-177

back-up svstems 6l

batteries  3-3, 6

batery inverters Gl

blue light 21, 34-35

Bluetooth 120

buil ding-meegrared photovoltans
IBIPY) 9193

buried contact salar cells (BCSC)H

hypass dicdles 57, 181, 225

J4=35

cables 5, 71-74, 111, 118-121, 137,
141, 146, 148-151, 164, 174, 181,
27=208

cadmivm relluride (CdTe) 33

calculanion sheers  155-156

carbon dioxide 1, 15, 197, 209

cars )

CE marking 36, 116

cells 29-41, 48, 128
characteristics of 4444

I4-35

coEntacks
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efficiency 30, 32-35, 39
wemperatures 41, 54, 127, 129,
131, 227

central grid-connected systems &

central inverters 67

certifications 36

chemical vapour deposition (CVEDYN - 33

circuit breakers 73, 73-76, 78,
175-176, 225

circults 43, 60, 148, 150

climate change 1-2

clouds 1920

coal 6, 15

codes see standards

collectars B

combiner boxes 5, 539, 72=74, 79, 111,
146, 150, 175

commercial syseems 7

commissioning  167-16%

concentrated salar power (CSF)
116

concentrators  Sd—41 22§

conductive loops  146-148

contacts 3435

cooling  10-11, 41, 69, 178
see also ventilation

copper indivm {gallinum) diselenide (CIS
CI0S) 33

costs 1, 32, 41, 87, 35, 115, 118,
179-182, 189, 194194, 200, 202,
206207, 209, 214

cracking 57,93

current spocifications 1240, 135

current-carrving capacity (LCC) 148

currert-voltage curves see -V curves

S—110,

data shects 48, 52, 63, 97-98, 109,
121, 125-126, 128-151, 134,
139-141, 151, 156, 169

3 power 6, 43, 51, sl—02, 64, a8, 70,
72-73, 7578, 78, 120-121, 124,
127, 136, 141, 145=148, 148,
150-151, 1a3, 167, 175-178, 1a

de-rating factors  138-139, 142-143

deserts 41

design
arrays 44 46 48 50-51
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choosing components  116-124
design brief 115

diesel &

diffuse radiation 19=-20, 226

digital tonls 103106

diedes 57, 181

direct moums 21

direct racliarion  19-20, 236

dirt 137, 139, 143, 171

discolouring 56

disconnectsisolators  T1-72, 76-77,
124, 132, 156, 160, 163, 187,
175176, 178

distributed grid-connected systems 7

documentation  168-16%
seg alse dara sheets

droughts 2

dust 101

dyc-sensitized solar cells  38-39, 226

carthing see grounding
eaves 10
edge zone
efficiency
cell efficiency 30, 32-33, 39, 226
encrgv-etficiency measures 109, 115

107=-108

imverter efficiency 69, 118, 125, 137,

141=143
maodule efficiency
Einstein, Albert 29
electromagnenic radiation see solar
raciation
end-users 6
energy-efficiency measures
European Commission 23
European Union 36, 116
evacuated wbing 8
extinction 2
extra low voltage (ELV) 64, 77, 124
cxtrinsic semiconductors 410

30, 34, 48

109, 115

factories  &-7

fault-current protection 121-122, 124

feed-in tariffs (Fils) 82, 182-184. 18§,
194, 196-197, 209, 214

final inspection  160-142

fimancial incentives 82, 179, 182-18%,
196197, 200, 202, 206-207, 209

fHooding 2

flush mounes 91

fossil fugls 1-2, &, 29, 179, 189

fuses 73-76, 121, 176, 226
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padgets 33

gallivm arsenide 401

gas 6

oeometry  24-21%

global warming 1-2

governments 2, 158, 1853, 186,
196=-197, 202, 205

GPS anits 103

green loans 186

greenhouse gases  1-2, 29, 189

aricl paricy 179180

gross metermg 5%, 82=83, 115,
153-155

ground mounging systems  94-95,
210=215

grounding  T2-T3, T8, 122, 151-1512,
la4

health, safety and environment (HSE)
risks 109
see aleo safery

heating  10-11

helium 15

heterggunetion wath intrinsic thin layer
(HIT) cells 40

hames see residential systems

HOWcatcher 105

hot spots 56=57, 171

hot warer systems 3, 8

hydrogen 15

hydropower &

I-Y semiconductors 40
industrialization 1

imsolation s peak sun hours (PSH)
installation 11, 33, 33=56, 7H, 85, 145

checklist 152-153, 141-143
geamerry  16-2%
mverters  151-152

S6¢ ais0 MOUNTING sy5tems

msulation 11, 148, 130

insurance 1851490

interconnection  153-155

International Electrotechnical
Commission (IEC) 36

inverter operating voltape window see
MAXITILM power point rracker
(PP

inverters 3, 36, 51, 55, 39=-71, 77,
109-110, 117-118, 125, 127-128,
136-137, 146, 148, 155-156, 160,
163, 167, 173, 175=-176, 178, 192,



195196, 198, 202-203, 207,
211=-212, 216
bartery inverters &0
costs 181
etficiency 69, 114, 125, 117,
141-143
installagion 151=152
maimtenance 174
protechion systems  68=71, 78
rransformers  G0-62, 68, 141
troubleshooting 177
iPhone apps  105=106
irradiance 18-20, 52-54, 225
irradiation se¢ peak sun hours (PSH)
islanding  70-71, 155
isolators see disconnects!isolarors
I-% curves 46, 64, 227

junction boxes 72, 74, 145

lamclzcape installation  107-109

lagitwde 17, 26, 103105

legislation 36, 20, 94, 102, 155, 173,
188, 194

life expecrancy 181

light-emirting diodes (LEDs) 29 173

hghting 3

lightning protection 5, 71, 78=79, 98,
122

loans 186

lecarion considerarions 22, 99, 118, 145

magnetic declination 28, 99, 104, 227
maintenance 95, 160, 168, 171-175,

185
costs 181
manufacturers 37-38, 48, 51, 57, 67,

g9, §5, B9, 93, 98, 127, 139-141,
143, 145, 160, 169, 171, 174
markening 179, 187-189
maximuam power pomt 45=46, 51, 227
MK power point rracker
(MPFFT) &1, 6466, 62, 127, 207, 227
mechanical protection 124
metal oxide varstors (MOVs) 122
metal roofs B9, 93
metering 72, 72-83, 115, 153-154,
192, 208
methane 1
microchips 29
MICTO-LVErTers
microwaves 15
mimiarure circuit breakers (MCE) 78

AR89 203204
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modular inverters 68-6%, 203-204

modules 44, 46-4%, 57, 45, 86-87,
116, 127, 132-133, 136=137, 141,
146, 172, 176-177, 203, 228
buying 35-38
cfficiency 30, 34, 48
junction boxes 7, 74, 145
mosdular inverters  GR—-69

malben salts 10

moniforing see performance moniroring

momtoring equipment  71-T2, 7% %4,
120, 168, 173, 181

monocrystalline silicon cells  31-33, 39,

Fo 2L

mounting systems 116, 122, 145, 151,
178, 194, 196, 198199, 204, 209,
213-214
ground mounting systems  94-95
rocftop see rooftop systems
sun-tracking svstems 96

B PP range see maximum power poine
tracker (MPPT)

multicrystalling silicon cells see
polycrystalline silicon cells

multi-string inverters  63=66, 140

NASA 23

net excess generation (NEG) Bl

net merering 39, 81-82, 115, 153-154
Mobel Prize 29

nuclear fusion 15

off-grid systems  3=3, 60, 227

office blocks 7

Ohm's law 149

oil 1=2

open circuit voltage 4445, 54, 156,
163-16d4, 177, 327

aperating voltage window see maximuam
power point tracker { MPPT)

orientation  26=28, 85, 87, 90, 94,
SO_fi, 105, 107, 140, 142-143

CITPUE 5&¢ power Guipat

aver-currént protection
156

overheating 119
gee also ventlation

oversizing 125

120-121, 151,

parallel connecnions 44, 49-510, 52, 73,
1440, 150, 19]
passive solar design  10-11, 227

pavback oime 179, 182-183, 214

kyawnaing125 - kyawnaingl 25(@yahoo.com.au - 147762

dhic EAOMEE Lo E~CEAdlaseén AZNTRMVOU

?;__l._h



A 3 &y E~CEédd &) ¢ AAEAIECPcaebEA&posiEa &
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peak sun hours {PSH) 17-19, 22-23,
52-53, B1, 105, 139, 142, 144, 195,
197, 301, 203, 207, 10, 228

performance monitoring 171, 173, 175
see also maintenance

pergalas 10

Photovolia Geographical Informarion
System (PVGIS) 23

pitched roof mounts ¥7-82, 200

plancs 40

planning regulations 94

pole mounts 93

polyerystalling silicon cells
195, 198, 227-228

portrait installaton  107=-104%

power curves 46, 64

power mmverters G0

power losses 48, 3334, 119, 138144,
148-149

power output  32=57, B5-86, 91, 95=-95,
102, 125 127,129, 136-139, 148,
167, 173, 121, 195

power stations 6

protection devices 5, 71-72 120-124
circuit breakers 73, 75=76, 7§,

175176, 225
fuses 75-76, 121, 176, 224
mverter protection systems  6%=71
ightning and swrge protection 5, 72,
TE-T9, 9%, 122
pumps 3

31-33, 171,

quartzite crystals 29

rack mounts 20, 9495, 2(§)

radiation see diffuse radiation; direct
radiation; solar radiation

radio waves 15

rear contact technologies  34-35

rehates  1R4-155

red lighe 17

refrigeration 3

regulations see standards

remote arcas 3

remote monitering 79, 120

renewable energy certificates
(RECs) 186187

renewable portfolio standards
(RPS) 186=187

repeater stations 29

replacement costs 181

residential systems 7, 29, 81, 92
casc stmdies  195=-197, 201-213
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resistors 44, 228

risk assessmentr 158

rooftop systems ¥, 31, 55, B5-§7, 98,
142, 145, 153
building-integrated systems
case studies  T%1=210
direct mounts 91
pitched roof mounts  87-39
rack mounts 20
roof specifications
shading see shading

rLlan:il:lg CiELs S8 Csls

rural arcas 34

@193

HO—1{H]

safery B3, 92, 109, 151, 157-158, 163,
175
satellites 40
scattering  20-21
screen printing 3435
seasomal variations 22, 25-28, 212
self-pratection (inverters] &9-T0
semiconductor devices 2930, 40, 228
SETIES connections  43=—44, 45
shading 10, 48, 55-57_ 93, 95,
101-106, 124, 139-140, 143,
171-172, 177, 191, 212
shopping centres 7
short circuit carrent 45, 120=121,
163-165, 177, 2218
signage 5, 80, 160, 162
silicon 22, 31-32, 34, 144, 126, 228
silver cells 39
simple payback method
sife assessment  99-113
site plans 111, 156
sizimg 34, 48, 118, 134-144, 175, 195
cables 148, 150
volrage sizing  119-120, 124-134
sriow 110y 116, 160, 172, 193
software 95, 103106, 118, 125
soiling 137, 139, 143, 171
solar acroplanes 40
solar cars 40
solar constant
Solar Pachfinder  103-104
solar radiation  15=14, 40, 54
effect of Earth’s armosphere on
[9-241
quantifying 17-18
sun geomerry  24-28
Solar Renewable Energy Credits
(SRECs) 186
solar resources 1, 15-16

182

19, 223



solar thermal systems 3, 8, 194, 229
concentrated solar power  9=10, 224

Solmetric Suncye 105

spacing 93

specification sheets see data sheets

stand-alone systems  3-5, &0, 227

standard rest conditions (5TC) 30, 49,
52-53 229

standards 11, 36=37, 72, 75, 90, 28,
116, 120, 122, 124, 127, 141, 145,
148, 150, 152, 155-180, 165, 172

standoff mowsnts  §7=89, 200

steam turbings 10

storage 8§, 10

string fuse protection 123

srring inverters  64-03, 117

strings 49-%2, 73, 127, 132-133, 135,
140, 146, 163, 176177, 191, 202

sunpath diagrams 25, 105-104

sun-tracking svstems  96-97, 129

surge progection 72, 7R-TY, 122

switches §, 69, 75, 77

SYSLEIT COMMISSOMNE S6¢ COMMISSIONINE

tax incentives  155=154
telecommunications 15, 29
temperatures 3456, &9, B5-47, 89,
109, 116, 126, 130=131, 137=138,
142-144, 148, 178
cell temperatures 41, 54, 127, 129,
131, 227
see glso ventilation
testing  163-167, 171
thermal mass 11, 229
thin film solar cells  32-34, 40, 191, 229
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tiled roofs §5-89

tilt angles  17-08, 23, 26, 85, 87, 90,
9d—95, 98104, 117, 140, 143

tilt-ups 90, 94-95, 200

tisaninm dioxides 38

tracking systems 9697, 129

transformers  60-62, 68, 141
transmission lines &

treas 10, 101, 172, Z12
trenching 94
troubleshooting 175-178

Underwriters Laboratory (UL) 36
utility external disconnect switches

{UEL¥S} 77

valuing 152

vegeration 10, 101

vemtilanon 36, 69, §5-87, 89, 91, 110,
142, 160

vicdet light 17

visible light 15, 17

voltage drop 141, 143, 148=154 164,
L

warrantics  36—38, 1A8-169

weh tonls 23

weinad I[mding 11, 90, 93, 97=9%, 114,
124, 140, 190

wind power 2, 153

windows 11, 21

wiring 34, 51, 75, 79, 145-148§,
135=156, 175

vields 143-144, 173
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Grid-connected Solar Electric Systems

Salar electricity - or photovoltaics (PV) - is the world’s fastest growing energy technology.
It can be used on a wide variety of scales, from single dwellings to utility-scale solar farms
providing power for whole communities. It can be integrated into existing electricity grids
with relative simplicity, meaning that in times of low solar energy, users can continue to draw
power from the grid, while posver can be fed or soldd back into the grid at a profit when their
electricity generation exceeds the amount they are using.

The falling price of the equipment combined with various incentive schemes around the
world has made PV into a lucrative low carbon investment, and as such demand has never
been higher tor the technology, and for people with the expertise o design and install
SYSICIME,

This Expert handbook provides a clear introduction to solar radiation, before proceeding
o COVer:

electrical basics and PV cells and modules
inverters

design of grid-connecred PV sysiems
system nstallation and commissioning
maintenance and rroubleshooting

* health and safety

o economics and marketing.

& B ® @

Highlv illastrated in full colour throughout, this is the ideal guide for electricians, builders
and architects, housing and property developers, home owners and DIY enthusiasts, and
anyone who needs a clear inoreduction to grid-connecred solar eleciric technology,

Geoff Stapleton has been instrumental in developing traming and capacity building both in
Auvstralia and overseas, particularly in Ghana, Sri Lanka, Malaysia and China. He set up
Global Sustainable Energy Solutions Poy Lid as a renewable energy training and consuliancy
business in 1998 and is a part-time lecturer at Umiversity of New South Wales, Australia.

Susan MNell has worked in the renewable energy industry for over 25 years. She 15 now

director of training and engineering for Global Sustainable Energy Scelutions and is 3 guest
ecturer at UNSW, Australia.
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Grid-connected Solar
Electric Systems

The Earthscan Expert Handbook for
Planning, Design and Installation

Geoff Stapleton and Susan Neill

SERIES EDITOR:
FREANEK JACKSON

‘earthscan
publishing for & sustainable future

London = New York
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First published 2012
by Earthecan
2 Park Square, Milten Park, Abmgdon, Oxon OXI4 4RN

simultaneously poblished in the USA and Canada
by Earthecan
711 Third Avenuve, New York, NY 10017

Earthscan fs aw imgrint of the Tavlor & Francis Group, an informa business
€ 2002 Global Sustamable Encrgy Solutons Prv Lid

The right of Geoff Stapleton and Susan MNeill to be identified as the authors of this work has been asserted by them
in accordance with secrions 77 and 78 of the Copyright, Designs and Patents Acr 1945,

All rights reserved. Mo part of thiz book may be reprinred or reproduced or urilized m any form or by any
ehectromnc, mechamal or ather means, now knewn or hereatter mvented, mchuding phatocopying and recordmg, or m
any informstim storage or retreval system, without permissaon in wnbing from the publsbers,

Trademark mokee; Product or corporate names may be tracdemarks or regmstered trademarks, and are used only tor
slenrificanion and explamarion withour intent o mfringe.

While the authors and the publishers believe thar the informanon and guidance given m this work are correct, all par-
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Preface and Acknowledgements

The worldwide market for grid-connected solar electric systems has increased from 1,35
gigawatts (GW) installed in 2006 to 11L86GW w 2010, This 2010 figure represents an
increase of 665 per cent over the 2006 figure.

It is to be expected that the general public as well as tradesmen, technicians and other
professionals will need information about all aspects of grid-connected solar as they see these
systems installed 1 their suburbs and on larger roof spaces; they will also wish o know how
it atfects their lives.

In the absence of basic technology and installation information, how and why grid-
connected solar electric svstems work and the value they can represent for the electricity greid
may be misrepresented. As can be seen by the increase in the grid-connected solar electric
market, the technology and production of solar modules and enabling products (e.g.
inverters, mounting siructures etc.} are now mature; product demand has been increasing
from year to vear with healthy forward projections, so many more manufacturers have
moved nto this technology market, driving prices down; governments around the world
have imtroduced various economie drivers for renewable energy, with those affecting solar
electric systems being rvpically subsidies, feed-in tariffs and redeemable renewable energy
credits.

Global Sustainable Energy Solutions was pleased to be approached by Earthscan o write
this book now, because the market demand for the producr clearly demonstrates a need for
informarion at all levels.

This book is smtable for anvone wanting to learn about grid-connceted solar electnic
systems starting with the explanation of solar radiation, its origin, solar modules, solar
electric systems, syvstem composition, system installation, through to the economics ol these
Sy SLems,

Thanks are due to & number of people who have contributed time andlor informanon
during the evolution of this book: Caitlin Trethewy, who has worked from day one on this
publication collecting informacion, researching, writing content and progressively editing the
chapters to completion; the staff at Global Sustainable Energy Solutions Pty Ltd who have
contributed to the book’s development; Pamela Silva for her contribution while i Australia
from the US; Anthony Allen for his technical deawing skills; all image providers, whom we
trust are correctly acknowledged; che companies and individuals who have provided us with
case study information and photos as follows: Blair Reynolds, BMC Solar (www.bmcsolar,
com), Briana Green and Green Solar Group (www.greensolargroup.com.an), Frank Jackson,
Paul Barwell, Tony ]. Almond and Planet Energy Solutions (www.planetenergy.co.uk).
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