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Grid-connected Solar Electric Systems

Solar 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 power can be fed or sold 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 for the technology, and for people with the expertise to design and install
systems.

This Expert handbook provides a clear introduction to solar radiation, before proceeding
to cover:

electrical basics and PV cells and modules
inverters

design of grid-connected PV systems
system installation and commissioning
maintenance and troubleshooting

health and safety

economics and marketing.

Highly illustrated 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 introduction to grid-connected solar electric technology.

Geoff Stapleton has been instrumental in developing training and capacity building both in
Australia and overseas, particularly in Ghana, Sri Lanka, Malaysia and China. He set up
Global Sustainable Energy Solutions Pty Ltd as a renewable energy training and consultancy
business in 1998 and is a part-time lecturer at University of New South Wales, Australia.

Susan Neill has worked in the renewable energy industry for over 25 years. She is now

director of training and engineering for Global Sustainable Energy Solutions and is a guest
lecturer at UNSW, Australia.



Preface and Acknowledgements

The worldwide market for grid-connected solar electric systems has increased from 1.55
gigawatts (GW) installed in 2006 to 11.86GW in 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 in their suburbs and on larger roof spaces; they will also wish to know how
it affects their lives.

In the absence of basic technology and installation information, how and why grid-
connected solar electric systems work and the value they can represent for the electricity grid
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 structures etc.) are now mature; product demand has been increasing
from year to year with healthy forward projections, so many more manufacturers have
moved into this technology market, driving prices down; governments around the world
have introduced various economic drivers for renewable energy, with those affecting solar
electric systems being typically subsidies, feed-in tariffs and redeemable renewable energy
credits.

Global Sustainable Energy Solutions was pleased to be approached by Earthscan to write
this book now, because the market demand for the product clearly demonstrates a need for
information at all levels.

This book is suitable for anyone wanting to learn about grid-connected solar electric
systems starting with the explanation of solar radiation, its origin, solar modules, solar
electric systems, system composition, system installation, through to the economics of these
systems.

Thanks are due to a number of people who have contributed time and/or information
during the evolution of this book: Caitlin Trethewy, who has worked from day one on this
publication collecting information, 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 in Australia
from the US; Anthony Allen for his technical drawing skills; all image providers, whom we
trust are correctly acknowledged; the 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.au), Frank Jackson,
Paul Barwell, Tony J. Almond and Planet Energy Solutions (www.planetenergy.co.uk).



Acronyms and Abbreviations

AC
ANU
ASCE
BIPV
BCSC
BoS
CCC
CdTe
CIGS
CSI
CSP
CVD
DC
DNO
ELV
ESTI
FiT
GHG
GSES
HSE
HIT
IEC
IEEE
-

P
IREC

LED

LV

MCB
MOV
MPPT
NABCEP
NEC
NEG
NEMA
NOCT
NREL
P, /P, /MPP
PSH

PV
PVGIS
RECs
RHI

alternating current

Australian National University

American Society of Civil Engineers
building-integrated photovoltaics

buried contact solar cells

balance of system

current-carrying capacity

cadmium telluride
copper-indium-gallium-diselenide
California Solar Initiative

concentrated solar power

chemical vapour deposition

direct current

distribution network operator

extra low voltage

European Solar Test Installation

feed-in tariff

greenhouse gas

Global Sustainable Energy Solutions
health, safety and environment
heterojunction with intrinsic thin layer
International Electrotechnical Commission
Institute for Electrical and Electronics Engineers
current at maximum power point

ingress protection

Interstate Renewable Energy Council
short-circuit current

light-emitting diode

low voltage

miniature circuit breaker

metal oxide varistor

maximum power point tracker

North American Board of Certified Energy Practitioners
National Electric Code

net excess generation

National Electrical Manufacturers Association
nominal operating cell temperature
National Renewable Energy Laboratory
maximum power point

peak sun hours

photovoltaic

Photovoltaic Geographical Information System
renewable energy certificates

Renewable Heat Incentive
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ROCs
RPS
SDI
SRECs
STC
TRECs
UEDS
UL
v,
Wh
Wp

Renewable Obligation Certificates
renewable portfolio standard

single core, double insulated (cable)
Solar Renewable Energy Credits
standard test conditions

Tradable Renewable Energy Certificates
utility external disconnect switch
Underwriters’ Laboratory

voltage at maximum power point
open-circuit voltage

watt-hour

watt-peak
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lllustrations

Figures
1.1 The cost of crude oil has been increasing over the last 30 years and is

expected to continue increasing indefinitely 2
1.2 The Earth receives more than enough solar radiation each year to meet

its current energy consumption 1000 times 2
1.3 An electrician installing a solar system that includes both a solar hot

water system and a solar electric system 3
1.4 Layout of an off-grid system 4
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 located 4
1.6 Batteries in a stand-alone solar electric system -+
1.7 Grid-connected PV systems are becoming more common in urban areas 5
1.8 Typical small grid-connected PV system (as set up for gross metering) 6
1.9 Alicante, Spain, 5.6MWp central PV system 6
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 electric system and flat plate solar

hot water system with a storage tank 8
1.13 A solar hot water system with an evacuated tube collector 9
1.14 A CSP installation in the Nevada Desert 9
1.15 A variety of techniques used to capture the power of passive solar 10
1.16 When correctly designed eaves can prevent summer sun entering the

window but allow winter sun to warm the building 11
2.1 The IKAROS (Interplanetary Kite-craft Accelerated 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 16
2.3 White visible light can be divided into many colours; each ray of colour

has a different wavelength/frequency and energy content 17
2.4 Average annual insolation for Boston, MA on a horizontal plane

measured in peak sun hours (PSH) 17
2.5 Daily irradiance for London, UK, on a horizontal plane measured in

W/m? and varying with time of day and month 18
2.6 Peak sun hours are very useful in system yield calculations 18
2.7 Solar radiation comprises direct and diffuse radiation 20
2.8 The more clouds in the sky the less irradiation there will be and the

larger the diffuse radiation component 20



viii

GRID-CONNECTED SOLAR ELECTRIC SYSTEMS

2.9
2.10
2.11

212
2.13

2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

2:22

2.23

2.24

3.1

3.2
3.3

3.4

3.5

3.6
3.7

From the surface of the Earth, air mass is directly related to the
altitude of the sun

At sunset the sun is low in the sky and therefore air mass is very high
Average annual insolation for Krakow, Poland (northern hemisphere),
Nairobi, Kenya (near the equator) and Melbourne, Australia
(southern hemisphere) on a horizontal plane

This image shows average solar insolation across the US, Germany and Spain

Graphed data from PVGIS showing the power output for

two identical 1kWp systems, 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 orbit around the sun
The sun’s altitude 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 at Stonehenge in the UK

Sunpath diagram of Sydney has been used to find the precise location
of the sun on 1 December at 10am

Imagine a 1m? solar panel, tilted as shown. At a specific time there
are 12 of the sun’s rays coming from the sun and hitting 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 captures 9 rays
A solar array horizontal to the ground will receive the most radiation
at solar noon when the sun is directly overhead

Magnetic declination is the bearing between true north and magnetic
north

In Seattle magnetic north is always 17° east of true north
Semiconductors are used in many electrical components

A single-crystal silicon ingot is drawn from the molten silicon

As well as being used in rooftop and grid-connected applications,

22 per cent efficient monocrystalline PV cells were used by Sunswift
IV, the winning silicon solar car at the 2009 World Solar Challenge
held in Australia

Multicrystalline cells are easily identifiable by their distinct grain
structure which gives a glittering effect in sunlight

Amorphous silicon modules are easily distinguished from

crystalline modules by their dark and uniform colour but they

also look like non-silicone thin film modules

The metal contacts on this polycrystalline cell are clearly visible
Front and back of SunPower rear (back) contact monocrystalline
silicon solar cell
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BCSC technology is used to manufacture solar cells with much higher
efficiencies than those that use screen printing

Sample data sheets showing information regarding the technical and
safety standards to which the sample module complies

Dye solar cells are available in a range of attractive colours and are
transparent so they can be integrated into the facade of a building
Dye solar cell

Sliver cells are also transparent and flexible

Nuon Solar Team from the Netherlands races its solar car Nuna$

in the Suzuka Dream Cup 2010, a track race held in Japan

The mirrors either side of the module are used to concentrate light
and increase power output

Resistors connected in series

Resistors connected in parallel

Measuring the open-circuit voltage of a module using a multimeter
Measuring the short-circuit current of a module using a multimeter
V_ and I 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 x 9 grid

View beneath a PV array

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 current is that of one single module
When non-identical modules are connected in series the voltages 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 module

When non-identical modules are connected in parallel the currents
add while the output voltage is equal to the lowest single module
voltage

The process of making an array; starting from cells, modules are
created, then connected in series to form strings and finally strings
are connected in parallel to make an array

To calculate the power output of an array, first calculate the output
of each string and then treat the strings 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 voltage (I x V), as voltage decreases, power
decreases
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In areas that experience extremely cold temperatures, the voltage
increases as the ambient temperature decreases

PV modules perform well in cold and sunny areas

Vegetation, chimneys, buildings, dirt and snow can all shade a

PV module

Even this small shadow can reduce the amount of electricity 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 grid

and all the power required by the loads is imported from the grid

An electrician tests a grid-interactive inverter

A transformer-less inverter is generally smaller, lighter and more
efficient than an inverter of the same size (in kW) with a transformer
Inverters with transformers are still the dominant technology 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 1 and Vo
The maximum power point falling as temperature increases

String 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
Sydney Harbour Federation Trust

Two strings are each connected to different MPPTs so that 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-inverter attached to the back of a module

Micro-inverter available on the US market

The front panel of an inverter will commonly display array faults
Key balance of system components shown excluding grounding/earthing
Example of solar 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, always check that potential
designs conform to local wiring codes/standards

Circuit breakers in a grid-tied PV system

Locations of DC and AC disconnects/isolators
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Diagram of a three-string PV system showing protection devices
including AC and DC disconnects/isolators and over-current
protection

Schematic showing main disconnect/isolators and over-current
protection

These inverters are designed for the US market and incorporate a
large UEDS beneath the inverter

These miniature circuit breakers (MCBs) provide over-current
protection for the inverter

System installation layout showing lightning protection and common
grounding/earthing point as per Australian national codes
Example of a software data logger

Rotating barrel style meter, here shown accompanied by signage
for a PV installation

A more complex digital meter also known as a smart meter

The single rotating disc in the centre of this net meter is clearly visible
An electricity meter commonly used in the US

Diagram 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 used

Diagram of a gross-metering system

Multiple meters are common, often for off and on peak demand
metering and large appliances like ducted air-conditioning

This mounting scheme allows good ventilation

This mounting scheme will not permit good airflow

Pitched roof or standoff mounts are normally attached to rafters
Example of a pitched roof mounting system clearly showing the
module clamp

Tile hook for lateral rail connection

Corrugated metal roof installation

Raked mounting system

This PV system has been designed to discreetly blend in with the
architecture through the use of a curved direct mounting system
Examples of where PV may be integrated into a building

BIPV awnings developed by Sunvie and integrated into a car park;
this 1.15MWp installation is located in St Aunes, France

Example of solar tiles as part of complete roof

Amorphous laminates installed on metal roofing in Australia
Large ground-rack mounted installation

The grass is low now, but 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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Sun-tracking system: the arrays rotate throughout the day to face
the sun

The tracking hardware can be seen on the back of this array
Example of a mounting system information sheet, displaying
compliance to Australian and New Zealand wind loading standards
Modules may be laid flat on the surface or tilted on rack mounts,
which are particularly useful for flat roofs

This image shows the orientation of a module installed in the southern
hemisphere; in the northern hemisphere the optimal orientation 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 is shading the array

Solar Pathfinder in use

Solar Pathfinder, showing trees to the north and to the right shading
the site

Example of a sunpath diagram with the shading traced on it
Solmetric Suneye

HORIcatcher in use

Screenshots of the iPV app

Screenshot from architectural software showing a 3D model of a
house with PV array

Landscape orientation

Portrait orientation

Example of calculating the number of rows for a portrait installation
Example of calculating the number of columns in a portrait installation
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 (or mostly)
black

Screenshot from PVsyst

Example of when string protection is/isn’t required by Australian
Codes

Basic PV system components showing the major components and
factors which affect their performance

Extract from a ‘sample’ module data sheet highlighting the
‘maximum system voltage’ figure allowed for use with that solar
module
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The current and voltage of a PV cell or module varies with
temperature, so it is important that the PV system operates safely

at all temperatures the PV modules can be expected to experience
The inverter features required for the sizing methodology used

in this chapter can be found on the inverter’s data sheet

Electrical characteristics from module data sheet

Temperature coefficients from module data sheet

Temperature coefficients from the Sharp module data sheet as
shown previously

Four possible string lengths using the Sharp modules

Each string must be 16 modules

Extract from SMA inverter data sheet shown in Figure 9.4

Inverters operate at higher efficiencies when they are connected to
an array which produces the output they are designed to take
Sample data sheet showing manufacturer’s tolerance

Sample data sheet showing data for three different inverters and
their efficiencies

Extract from Grid-Connect PV Systems: System Design Guidelines
for Accredited Designers

Input into PVGIS online tool

The main cabling routes are shown in red

Example of correct PV wiring where conductive loops have been
reduced

Example of incorrect PV wiring where the wiring is a conductive loop
Photograph of a conductive loop

Example of an array cable left loose and unsupported

An electrician installs a small white PV combiner box next to the array
It is common practice to ground each component of the PV system
separately so that if one is removed the others will remain grounded
In grid-interactive systems, the PV array is connected to the inverter,
which is then connected to the switchboard and then the grid
Summary of the connection of components of a grid-connected PV
system using net metering

Wiring diagram showing a net-metering arrangement

Summary of the connection of components of a grid-connect PV
system using gross metering

Wiring diagram showing a gross-metering arrangement where all
power produced by the PV system is exported to the grid

Example of an electrical diagram

Typical calculation sheet for a PV system

An electrician checks the open-circuit voltage and polarity of an array
cable entering the inverter

Dusty modules will have a reduced yield
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Cleaning a PV module involves spraying them with a hose and
occasionally scrubbing to remove baked-on marks

The price of PV systems is declining rapidly, making them a more
attractive investment

PV is expected to achieve grid parity in Germany within five years
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 system 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 for 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 not be affected by winds

A block diagram of the RENAC system

The inverter is manufactured by Fronius and located 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, www.planetenergy.co.uk

The greatest design challenge for this installation 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 National Electric Code

The mounting rails have been installed with periodic gaps between
adjacent rails allowing the metal rails to thermally expand without
damaging the mounting structure

The Prosolar XD Support Rail holds the module while the ProSolar
FastJack® rail levelling support is adjustable

Electrical diagram of the PV system

Average solar insolation in PSH or kWh/m?*/day by month for
Hinchinbrook, New South Wales

The PV array 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

This flat tile residential rooftop presented some common design
challenges for a typical PV system using a centralized inverter
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14.21 In order to overcome the challenges presented by this residential
roof, the system designer decided to forgo the traditional central
inverter system architecture and install micro-inverters on each
solar module

14.22 In accordance with the National Electric Code, all metallic
parts of the PV array which could potentially become exposed to
live current are mechanically bonded to the earth

14.23 The mounting system achieves a good balance between aesthetics and
performance
14.24 The completed system takes 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, 16mm? SDI cable

was used

14.27 The digital meter

14.28 A diagram of the PV systems showing the 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 structure, the wooden A-frames and
Unistrut strip (along the top)

14.35 The mounting structure viewed from the side

14.36 Conergy clamps are used to 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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