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Introducing Solar
E nergy

N inety-three m illion m iles from
Earth, our sun is 333,000 tim es the
size of our planet. It has a diam eter
of 865,000 m iles, a surface
tem perature of 5,600ÁC and a core
tem perature of 15,000,000ÁC. It is a
huge m ass of constant nuclear
activity.
D irectly or indirectly, our sun
provides all the pow er w e need to
exist and supports all life form s.
The sun drives our clim ate and our



w eather. W ithout it, our w orld
w ould be a frozen w asteland of ice-
covered rock.
Solar electricity is a w onderful
concept. Taking pow er from  the sun
and using it to pow er electrical
equipm ent is a terrific idea. There
are no ongoing electricity bills, no
reliance on a pow er socket: a free
and everlasting source of energy
that does not harm  the planet!
O f course, the reality is a little
different from  that. Y et generating
electricity from  sunlight alone is a
pow erful resource, w ith
applications and benefits throughout



the w orld.
But how  does it w ork? For w hat is
it suitable? W hat are the
lim itations? H ow  m uch does it
cost? H ow  do you install it? This
book answ ers all these questions
and show s you how  to use the
pow er of the sun to generate
electricity yourself.
A long the w ay, I w ill also expose a
few  m yths about som e of the w ilder
claim s m ade about solar energy and
I w ill show  you w here solar pow er
m ay only be part of the solution.
A lthough undoubtedly there are
som e significant environm ental



benefits of solar electricity, I w ill
also be talking about w here its
environm ental credentials have
been oversold.
I w ill keep the descriptions as
straightforw ard as possible. There
is som e m athem atics and science
involved. This is essential to allow
you to plan a solar electric
installation successfully. H ow ever,
none of it is com plicated and there
are plenty of short-cuts to keep
things sim ple.
The book includes a num ber of
exam ple projects to show  how  you
can use solar electricity. Som e of



these are very straightforw ard, such
as providing electrical light for a
shed or garage, for exam ple, or
fitting a solar panel to the roof of a
caravan or boat. O thers are m ore
com plicated, such as installing
photovoltaic solar panels to a
house.
I also show  som e rather m ore
unusual exam ples, such as the
possibilities for solar electric
m otorbikes and cars. These are
exam ples of w hat can be achieved
using solar pow er alone, along w ith
a little ingenuity and determ ination.
I have used one m ain exam ple



throughout the book: providing
solar-generated electricity for a
holiday hom e w hich does not have
access to an electricity supply from
the grid. I have created this exam ple
to show  the issues and pitfalls that
you m ay encounter along the w ay,
based on real life issues and
practical experience.
A  w ebsite accom panies this book.
It has lots of useful inform ation,
along w ith lists of suppliers and a
suite of online solar energy
calculators that w ill sim plify the
cost analysis and design processes.
The w ebsite is at



www.SolarElectricityH andbook.com



W ho this book is aim ed
at
If you sim ply w ant to gain an
understanding about how  solar
electricity w orks then this handbook
w ill provide you w ith everything
you need to know .
If you are planning to install your
ow n stand-alone solar pow er
system , this handbook is a
com prehensive source of
inform ation that w ill help you
understand solar and guide you in
the design and installation of your
ow n solar electric system .



Solar has a big application for
integrating into electrical products:
m obile phones, laptop com puters,
portable radios. Even light electric
cars can use solar energy to provide
som e or all of their pow er
requirem ents, depending on the
application. If you are a designer,
looking to see how  you can
integrate solar into your product,
this book w ill give you a grounding
in the technology that you w ill need
to get you started.
If you are specifically looking to
install a grid-tie system , i.e. a solar
energy system  that w ill feed



electricity back into your local
pow er grid, this book w ill provide
you w ith a good foundation and w ill
allow  you to carry out the design of
your system . Y ou w ill still need to
check the local planning law s and
any other local legislation
surrounding the installation of solar
energy system s, and you w ill have
to understand the building of
electrical system s. In som e
countries, you specifically need to
be certified in order to carry out the
physical installation of a grid-tie
system .
If you are planning to install larger,
com m ercialïsize system s, or if you



are hoping to install grid-tie solar
system s professionally, then this
book w ill serve as a good
introduction, but you w ill need to
grow  your know ledge further. This
book gives you the foundations you
need in order to build this
know ledge, but there are special
skills required w hen designing and
im plem enting larger scale solar
system s that go far beyond w hat is
required for sm aller system s and
are beyond the scope of this book.
If you are planning your ow n solar
installation, it w ill help if you have
som e D IY  skills. W hilst I include a



chapter that explains the basics of
electricity, a fam iliarity w ith w iring
is also of benefit for sm aller
projects and you w ill require a
thorough understanding of electrical
system s if you are planning a larger
project such as pow ering a house
w ith solar.



The rapidly changing
w orld of solar energy
I w rote the first edition of this book
early in 2009. It is not a long tim e
ago. Y et this 2012 issue is the sixth
edition. In every edition, I have had
to rew rite significant sections of the
book and significantly update the
w ebsite in order to keep up w ith the
rapid pace of change.
The rapid im provem ent in the
technology and the freefall in costs
since early 2009 have transform ed
the industry. System s that w ere
com pletely unaffordable or
im practical just tw o or three years



ago are now  cost-effective and
achievable.
Solar panels available today are
sm aller, m ore robust and better
value for m oney than ever before.
For m any m ore applications, solar
is now  the m ost cost-effective w ay
to generate electricity.
O ver the com ing years, all the signs
are that the technology and the
industry w ill continue to evolve at a
sim ilar pace. By 2015, solar w ill
be the cheapest form  of electricity
generator, undercutting traditionally
low -cost electricity generators such
as coal-fired pow er stations. W e



are likely to see solar energy
incorporated into m ore everyday
objects such as laptop com puters,
m obile phones, backpacks and
clothing. M eanw hile, solar energy
is causing a revolution for large
areas of A sia and A frica, w here
entire com m unities are now  gaining
access to electricity for the first
tim e.
A s an easy-to-use and low -carbon
energy generator, solar is w ithout
equal. Its potential for changing the
w ay w e think about energy in the
future is huge. For fam ilies and
businesses in rural A frican and
A sian villages, it is creating a



revolution.



Solar electricity and solar
heating
Solar electricity is produced from
sunlight shining on photovoltaic
solar panels. This is different to
solar hot w ater or solar heating
system s, w here the pow er of the sun
is used to heat w ater or air.
Solar heating system s are beyond
the rem it of this book. That said,
there is som e useful inform ation on
surveying and positioning your
solar panels later on that is relevant
to both solar photovoltaics and
solar heating system s.



If you are planning to use solar
pow er to generate heat, solar
heating system s are far m ore
efficient than solar electricity,
requiring far sm aller panels to
generate the sam e am ount of energy.
Solar electricity is often referred to
as photovoltaic solar, or PV solar.
This describes the w ay that
electricity is generated in a solar
panel.
For the purposes of this book,
w henever I refer to solar panels I
am  talking about photovoltaic solar
panels for generating electricity,
and not solar heating system s.



The source of solar
pow er
D eep in the centre of the sun,
intense nuclear activity generates
huge am ounts of radiation. In turn,
this radiation generates light energy
called photons. These photons have
no physical m ass of their ow n, but
carry huge am ounts of energy and
m om entum .
D ifferent photons carry different
w avelengths of light. Som e photons
w ill carry non-visible light (infra-
red and ultra-violet), w hilst others
w ill carry visible light (white
light).



O ver tim e, these photons push out
from  the centre of the sun. It can
take one m illion years for a photon
to push out to the surface from  the
core. O nce they reach the sunôs
surface, these photons rush through
space at a speed of 670 m illion
m iles per hour. They reach earth in
around eight m inutes.
O n their journey from  the sun to
earth, photons can collide w ith and
be deflected by other particles, and
are destroyed on contact w ith
anything that can absorb radiation,
generating heat. That is w hy you
feel w arm  on a sunny day: your



body is absorbing photons from  the
sun.
O ur atm osphere absorbs m any of
these photons before they reach the
surface of the earth. That is one of
the tw o reasons that the sun feels so
m uch hotter in the m iddle of the
day. The sun is overhead and the
photons have to travel through a
thinner layer of atm osphere to reach
us, com pared to the end of the day
w hen the sun is setting and the
photons have to travel through a
m uch thicker layer of atm osphere.
This is also one of the tw o reasons
w hy a sunny day in w inter is so



m uch colder than a sunny day in
sum m er. In w inter, w hen your
location on the earth is tilted aw ay
from  the sun, the photons have to
travel through a m uch thicker layer
of atm osphere to reach us.



(The other reason that the sun is
hotter during the m iddle of the day
than at the end is because the
intensity of photons is m uch higher



at m idday. W hen the sun is low  in
the sky, these photons are spread
over a greater distance sim ply by
the angle of your location on earth
relative to the sun.)



The principles of solar
electricity
A  solar panel generates electricity
using the photovoltaic effect, a
phenom enon discovered in the early
19th century w hen scientists
observed that certain m aterials
produced an electric current w hen
exposed to light.
Tw o layers of a sem i-conducting
m aterial are com bined to create this
effect. O ne layer has to have a
depleted num ber of electrons. W hen
exposed to sunlight, the layers of
m aterial absorb the photons. This



excites the electrons, causing som e
of them  to ójum pô from  one layer to
the other, generating an electrical
charge.
The sem i-conducting m aterial used
to build a solar cell is silicon, cut
into very thin w afers. Som e of these
w afers are then ódopedô to
contam inate them , thereby creating
an electron im balance in the w afers.
The w afers are then aligned
together to m ake a solar cell.
Conductive m etal strips attached to
the cells take the electrical current.
W hen a photon hit the solar cell, it
can do one of three things: it can be



absorbed by the cell,  reflected off
the cell or pass straight through the
cell.
It is w hen a photon is absorbed by
the silicon that an electrical current
is generated. The m ore photons (i.e.
the greater intensity of light) that are
absorbed by the solar cell, the
greater the current generated.
Solar cells generate m ost of their
electricity from  direct sunlight.
H ow ever, they also generate
electricity on cloudy days and som e
system s can even generate very
sm all am ounts of electricity on
bright m oonlit nights.



Individual solar cells typically only
generate tiny am ounts of electrical
energy. To m ake useful am ounts of
electricity, these cells are
connected together to m ake a solar
m odule, otherw ise know n as a solar
panel or, to be m ore precise, a
photovoltaic m odule.



U nderstanding the
term inology
In this book, I use various term s
such as ósolar electricityô, ósolar
energyô and ósolar pow erô. H ere is
w hat I m ean w hen I am  talking
about these term s:
Solar power is a general term  for
generating pow er, w hether heat or
electricity, from  the pow er of the
sun.
Solar energy refers to the energy
generated from  solar pow er,
w hether electrical or as heat.
Solar electricity refers to



generating electrical pow er using
photovoltaic solar panels.
Solar heating refers to generating
hot w ater or w arm  air using solar
heating panels or ground-source
heat pum ps.



Setting expectations for
solar electricity
Solar pow er is a useful w ay of
generating m odest am ounts of
electricity, so long as there is a
good am ount of sunlight available
and your location is free from
obstacles such as trees and other
buildings that w ill shade the solar
panel from  the sun.
Solar experts w ill tell you that solar
electricity is norm ally only
cost-effective w here there is no
other source of electricity
available.



W hilst this is often the case, there
are plenty of exceptions to this rule.
O ften solar electricity can be
extrem ely practical and can save
you m oney over the m ore traditional
alternatives. Som e exam ples m ight
include:

¶       Installing a light or a pow er
source som ew here w here it is
tricky to get a standard
electricity supply, such as in
the garden, shed or rem ote
garage

¶       Creating a reliable and
continuous pow er source
w here the standard electricity



supply is unreliable because
of regular pow er cuts

¶       Building a m obile pow er
source that you can take w ith
you, such as a pow er source
for use w hilst cam ping,
w orking on outdoor D IY
projects or w orking on a
building site

¶       Creating green energy for
your ow n use and selling
surplus energy production
back to the electricity
suppliers through a feed-in
tariff

The am ount of energy you need to



generate has a direct bearing on the
size and cost of a solar electric
system . The m ore electricity you
need, the m ore difficult and m ore
expensive your system  w ill
becom e.
If your requirem ents for solar
electricity are to run a few  lights, to
run som e relatively low -pow er
electrical equipm ent such as a
laptop com puter, a sm all TV, a
com pact fridge and a few  other
sm all bits and pieces, then if you
have a suitable location you can
achieve w hat you w ant w ith solar.
O n the other hand, if you w ant to



run high-pow er equipm ent such as
fan heaters, w ashing m achines and
pow er tools, you are likely to find
that the costs w ill rapidly get out of
control.
A s I m entioned earlier, solar
electricity is not w ell suited to
generating heat: heating room s,
cooking and heating w ater all take
up significant am ounts of energy.
Using electricity to generate this
heat is extrem ely inefficient. Instead
of using solar electricity to generate
heat, you should consider a solar
hot w ater heating system , and
heating and cooking w ith gas or
solid fuels.



It is possible to pow er the average
fam ily hom e purely on solar
electricity w ithout m aking any cuts
in your current electricity
consum ption. H ow ever, it is not
cheap, and you w ill need a lot of
roof space to fit all the panels! It is
usually a good idea to carefully
evaluate your electricity usage and
m ake savings w here you can before
you proceed.
M ost households and businesses are
very inefficient w ith their electrical
usage. Spending som e tim e first
identifying w here electricity is
w asted and elim inating this w aste is



an absolute necessity if you w ant to
im plem ent solar electricity
cost-effectively.
This is especially true if you live in
cooler clim ates, such as N orthern
Europe or Canada, w here the
w inter m onths produce m uch low er
levels of solar energy. In the United
K ingdom , for instance, the roof of
the average-sized hom e is not large
enough to hold all the solar panels
that w ould be required to provide
the electricity used by the average
household throughout the year. In
this instance, m aking energy savings
is essential.



For other applications, a solar
electric installation is m uch m ore
cost-effective. For instance, no
m atter w hich country you live in,
providing electricity for a holiday
hom e is w ell w ithin the capabilities
of a solar electric system , so long
as heating and cooking are catered
for using gas or solid fuels and the
site is in a sunny position w ith little
or no shade. In this scenario, a solar
electric system  m ay be m ore
cost-effective than installing a
conventional electricity supply if
the house is off-grid and is not
close to a grid electricity
connection.



If your requirem ents are m ore
m odest, such as providing light for
a lock-up garage, for exam ple, there
are off-the-shelf packages to do this
for a very reasonable cost. A round
Ã70ïÃ100 ($110ï$160) w ill
provide you w ith a lighting system
for a shed or sm all garage, w hilst
Ã200 ($300) w ill provide you w ith
a system  big enough for lighting
large stables or a w orkshop.
This is far cheaper than installing a
conventional electricity supply into
a building, w hich can be expensive
even w hen a local supply is
available just outside the door.



Low -cost solar panels are also
ideal for charging up batteries in
caravans and recreational vehicles
or on boats, ensuring that the
batteries get a trickle charge
betw een trips and keeping the
batteries in tip-top condition w hilst
the caravan or boat is not in use.



W hy choose a solar
electric system ?
There are a num ber of reasons to
consider installing a solar electric
system :

¶       W here there is no other
source of electrical pow er
available, or w here the cost
of installing conventional
electrical pow er is too high

¶       W here other sources of
electrical pow er are not
reliable. For exam ple, w hen
pow er cuts are an issue and a
solar system  can act as a



cost-effective contingency

¶       W hen a solar electric
system  is the m ost convenient
and safest option. For
exam ple, installing low
voltage solar lighting in a
garden or providing courtesy
lighting in a rem ote location

¶       Y ou can becom e entirely
self sufficient w ith your ow n
electrical pow er

¶       O nce installed, solar pow er
provides virtually free pow er
w ithout dam aging the
environm ent



C ost-justifying solar
Calculating the true cost of
installing a solar electric system
depends on various factors:

¶       The pow er of the sun at
your location at different
tim es of the year

¶       H ow  m uch energy you need
to generate

¶       H ow  good your site is for
capturing sunlight

Com pared to other pow er sources,
solar electric system s typically
have a com paratively high capital
cost, but a low  ongoing m aintenance



cost.
To create a com parison w ith
alternative pow er sources, you w ill
often need to calculate a payback of
costs over a period of a few  years
in order to justify the initial cost of
a solar electric system .
O n all but the sim plest of
installations, you w ill need to carry
out a survey on your site and carry
out som e of the design w ork before
you can ascertain the total cost of
installing a photovoltaic system . D o
not panic: this is not as frightening
as it sounds. It is not difficult and I
cover it in detail in later chapters.



W e can then use this figure to put
together a cost-justification on your
project to com pare w ith the
alternatives.



Solar pow er and w ind
pow er
W ind turbines can be a good
alternative to solar pow er, but
probably achieve their best w hen
im plem ented together w ith a solar
system : a sm all w ind turbine can
generate electricity in a breeze even
w hen the sun is not shining.
Sm all w ind turbines do have som e
disadvantages. Firstly, they are very
site-specific, requiring higher than
average w ind speeds and m inim al
turbulence. They m ust be higher
than surrounding buildings and
aw ay from  tall trees. If you live on



a w indsw ept farm  or close to the
coast, a w ind turbine can w ork
w ell. If you live in a built-up area
or close to trees or m ain roads, you
w ill find a w ind turbine unsuitable
for your needs.
Com pared to the large w ind
turbines used by the pow er
com panies, sm all w ind turbines are
not particularly efficient. If you are
planning to install a sm all w ind
turbine in com bination w ith a solar
electric system , a sm aller w ind
turbine that generates a few  w atts of
pow er at low er w ind speeds is
usually better than a large w ind



turbine that generates lots of pow er
at high w ind speeds.



Fuel cells
Fuel cells can be a good w ay to
supplem ent solar energy, especially
for solar electric projects that
require additional pow er in the
w inter m onths, w hen solar energy is
at a prem ium .
A  fuel cell w orks like a generator.
It uses a fuel m ixture such as
m ethanol, hydrogen or zinc to create
electricity.
Unlike a generator, a fuel cell
creates energy through chem ical
reactions rather than through
burning fuel in a m echanical engine.
These chem ical reactions are far



m ore carbon-efficient than a
generator.
Fuel cells are extrem ely quiet,
although rarely com pletely silent,
and produce w ater as their only
em ission. This m akes them  suitable
for indoor use w ith little or no
ventilation.



G rid-tied solar electric
system s
G rid-tied solar electric system s
connect directly into the electricity
grid. W hen the sun is shining during
the day, excess electricity feeds into
the grid. D uring the evening and
night, w hen the solar panels are not
providing sufficient pow er,
electricity is taken from  the grid as
required.
G rid-tied solar electric system s
effectively create a m icro pow er
station. Electricity can be used by
other people as w ell as yourself. In
som e countries, ow ners of grid-tied



solar electric system s receive
paym ent for each kilow att of pow er
they sell to the electricity
providers.
B ecause a grid-tied solar electric
system  becom es part of the utility
grid, the system  w ill sw itch off in
the event of a pow er cut. It does this
to stop any current flow ing back
into the grid, w hich could be fatal
for engineers repairing a fault.



Solar electricity and the
environm ent
O nce installed, a solar electric
system  is a low -carbon electricity
generator: the sunlight is free and
the system  m aintenance is extrem ely
low .
There is a carbon footprint
associated w ith the m anufacture of
solar panels, and in the past this
footprint has been quite high,
m ainly due to the relatively sm all
volum es of panels being
m anufactured and the chem icals
required for the ódopingô of the
silicon in the panels.



Thanks to im proved m anufacturing
techniques and higher volum es, the
carbon footprint of solar panels is
now  m uch low er. Y ou can typically
offset the carbon footprint of
building the solar panels by the
energy generated w ithin 2ï5 years,
and som e of the very latest
am orphous thin-film  solar panels
can recoup their carbon footprint in
as little as six m onths.
Therefore, a solar electric system
that runs as a com plete stand-alone
system  can reduce your carbon
footprint, com pared to taking the
sam e pow er from  the grid.



G rid-tied solar system s are slightly
different in their environm ental
benefit, and their environm ental
payback varies quite dram atically
from  region to region, depending on
a num ber of factors:

¶       H ow  grid electricity is
generated by the pow er
com panies in your area (coal,
gas, nuclear, hydro, w ind or
solar)

¶       W hether or not your
electricity generation
coincides w ith the peak
electricity dem and in your
area (such as air conditioning



usage in hot clim ates, or high
electrical usage by nearby
heavy industry)

It is therefore m uch m ore difficult to
put an accurate environm ental
payback figure on grid-tied solar
system s.
It is undeniably true that som e
people w ho have grid-tied solar
pow er actually m ake no difference
to the carbon footprint of their
hom e. In colder clim ates, the
m ajority of electricity consum ption
is in the evenings and during the
w inter. If you have grid-tie solar
but sell m ost of your energy to the



utility com panies during the day in
the sum m er and then buy it back to
consum e in the evenings and in the
w inter, you are m aking little or no
difference to the overall carbon
footprint of your hom e. In effect,
you are selling your electricity
w hen there is a surplus and buying
it back w hen there is high dem and
and all the pow er stations are
w orking at full load.
In w arm er clim ates, solar energy
can m ake a difference. In a hot area,
peak energy consum ption tends to
occur on sunny days as people try to
keep cool w ith air conditioning. In
this scenario, peak electricity



dem and occurs at the sam e tim e as
peak energy production from  a solar
array, and a grid-tie solar system
can be a perfect fit.
If you live in a colder clim ate, this
does not m ean that there is no point
in installing a grid-tie solar system .
It does m ean that you need to take a
good hard look at how  and w hen
you consum e electricity. D o not just
assum e that because you can have
solar panels on the roof of your
house, you are autom atically
helping the environm ent.
From  an environm ental perspective,
if you w ish to get the very best out



of a grid-tie system , you should try
to achieve the follow ing:

¶       Use the pow er you generate
for yourself

¶       Use solar energy for high
load applications such as
clothes w ashing

¶       Reduce your ow n pow er
consum ption from  the grid
during tim es of peak dem and

Environm ental efficiency:
com paring supply and
dem and
There is an online calculator that



w ill allow  you to m ap your
electricity usage over a period of a
year and com pare it w ith the am ount
of sunlight available to your hom e.
D esigned specifically for grid-tie
installations, this calculator allow s
you to see how  close a fit solar
energy is in term s of supply and
dem and.
W hilst this online calculator is no
substitute for a detailed electrical
usage survey and research into the
exact source of the electricity
supplied to you at your location, it
w ill give you a good indication of
the likely environm ental
perform ance of a solar energy



system .
To use this online calculator, you
w ill need to collate inform ation
about your electricity usage for
each m onth of the year. Y ou w ill
usually find this inform ation on your
electricity bill or by contacting your
electricity provider. Then visit
w ww .SolarElectricityH andbook.com
follow  the links to the G rid-Tie
Solar C alculator in the O nline
C alculators section and fill in the
online questionnaire.



In conclusion
¶       Solar electricity can be a

great source of pow er w here
your pow er requirem ents are
m odest, there is no other
source of electricity easily
available and you have a
good am ount of sunshine

¶       Solar electricity is not the
sam e as solar heating

¶       Solar panels absorb photons
from  sunlight to generate
electricity

¶       D irect sunlight generates the
m ost electricity. D ull days



still generate som e pow er

¶       Solar electricity is unlikely
to generate enough electricity
to pow er the average fam ily
hom e, unless m ajor
econom ies in the household
pow er requirem ents are m ade
first

¶       Larger solar electric
system s have a com paratively
high capital cost, but the
ongoing m aintenance costs
are very low

¶       Sm aller solar electric
system  can actually be
extrem ely cost-effective to



buy and install, even w hen
com pared to a conventional
electricity supply

¶       It can be m uch cheaper
using solar electricity at a
rem ote building, rather than
connecting it to a
conventional grid electricity
supply

¶       Stand-alone solar energy
system s can have a big
environm ental benefit if they
negate the need for a
connection to grid pow er

¶       G rid-tie solar energy
system s have an



environm ental benefit in
sunny clim ates w here typical
electricity usage patterns are
sim ilar to the supply of
sunlight

¶       In colder regions, w here
electricity usage is highest
w hen sunlight is in short
supply, the environm ental
benefits are less certain



A  B rief Introduction
to E lectricity

B efore w e can start playing w ith
solar pow er, w e need to talk about
electricity. To be m ore precise, w e
need to talk about voltage, current,
resistance, pow er and energy.
H aving these term s clear in your
head w ill help you to understand
your solar system . It w ill also give
you confidence that you are doing
the right thing w hen it com es to
designing and installing your
system .



D onôt panic
If you have not looked at electrics
since you w ere learning physics at
school, som e of the principles of
electricity can be a bit daunting to
start w ith. D o not w orry if you do
not fully grasp everything on your
first read through.

There are a few  calculations that
I show  on the next few  pages, but I
am  not expecting you to rem em ber
them  all! W henever I use these
calculations later on in the book, I
show  all m y w orkings and, of
course, you can refer back to this
chapter as you gain m ore



know ledge on solar energy.
Furtherm ore, the w ebsite that
accom panies this book includes a
num ber of online tools that you can
use to w ork through m ost of the
calculations involved in designing a
solar electric system . Y ou w ill not
be spending hours w ith a slide-rule
and ream s of paper w orking all this
out by yourself.



A  brief introduction to
electricity
W hen you think of electricity, w hat
do you think of? D o you think of a
battery that is storing electricity?
D o you think of giant overhead
pylons transporting electricity? D o
you think of pow er stations that are
generating electricity? O r do you
think of a device like a kettle or
television set or electric m otor that
is consum ing electricity?
The w ord electricity actually
covers a num ber of different
physical effects, all of w hich are
related but distinct from  each other.



These effects are electric charge,
electric current, electric potential
and electrom agnetism :

¶       A n electric charge is a
build-up of electrical energy.
It is m easured in coulom bs. In
nature, you can w itness an
electric charge in static
electricity or in a lightning
strike. A  battery stores an
electric charge

¶       A n electric current is the
flow  of an electric charge,
such as the flow  of electricity
through a cable. It is
m easured in am ps



¶       A n electric potential refers
to the potential difference in
electrical energy betw een
tw o points, such as betw een
the positive tip and the
negative tip of a battery. It is
m easured in volts. The
greater the electric potential
(volts), the greater capacity
for w ork the electricity has

¶       Electrom agnetism  is the
relationship betw een
electricity and m agnetism ,
w hich enables electrical
energy to be generated from
m echanical energy (such as in



a generator) and enables
m echanical energy to be
generated from  electrical
energy (such as in an electric
m otor)



H ow  to m easure
electricity
V oltage refers to the potential
difference betw een tw o points. A
good exam ple of this is an A A
battery: the voltage is the difference
betw een the positive tip and the
negative end of the battery. Voltage
is m easured in volts and has the
sym bol óVô.
C urrent is the flow  of electrons in a
circuit. Current is m easured in
am ps (A ) and has the sym bol óIô. If
you check a pow er supply, it w ill
typically show  the current on the
supply itself.



Resistance is the opposition to an
electrical current in the m aterial the
current is flow ing through.
Resistance is m easured in ohm s and
has the sym bol óR ô.
Pow er m easures the rate of energy
conversion. It is m easured in w atts
(W ) and has the sym bol óPô. Y ou
w ill see w atts advertised w hen
buying a kettle or vacuum  cleaner:
the higher the w attage, the m ore
pow er the device consum es and the
faster (hopefully) it does its job.
Energy refers to the capacity for
w ork: pow er m ultiplied by tim e.
Energy has the sym bol óEô. Energy



is usually m easured in joules (a
joule equals one w att-second), but
electrical energy is usually show n
as watt-hours (W h), or kilow att-
hours (kW h), w here 1 kW h = 1,000
W h.



The relationship betw een
volts, am ps, ohm s, w atts
and w att-hours
V olts

C urrent x R esistance = V olts
I x R  = V

V oltage is equal to current
m ultiplied by resistance. This
calculation is know n as O hm ôs
Law . A s w ith pow er calculations,
you can express this calculation in
different w ays. If you know  volts
and current, you can calculate
resistance. If you know  volts and



resistance, you can calculate
current:

V olts õ Resistance = C urrent
V  õ R  = I

V olts õ Current = R esistance
V  õ I = R

Pow er
Volts x C urrent = Pow er

V  x I = P
Pow er is m easured in w atts. It
equals volts tim es current. A  12-
volt circuit w ith a 4-am p current
equals 48 w atts of pow er (12 x 4 =
48).



B ased on this calculation, w e can
also w ork out voltage if w e know
pow er and current, and current if
w e know  voltage and pow er:

Pow er õ C urrent = V olts
P õ I = V

Exam ple: A  48-w att m otor w ith a
4-am p current is running at 12 volts.

48 w atts õ 4 am ps = 12 volts
Current = Pow er õ V olts

I = P õ V
Exam ple: a 48-w att m otor w ith a
12-volt supply requires a 4-am p
current.



48 w atts õ 12 volts = 4 am ps
Pow er (w atts) is also equal to the
square of the current m ultiplied by
the resistance:

C urrentĮ x R esistance = Pow er
IĮ x R  = P

Energy
Energy is a m easurem ent of pow er
over a period of tim e. It show s how
m uch pow er is used, or generated,
by a device, typically over a period
of an hour. In electrical system s, it
is m easured in w att-hours (W h) and
kilow att-hours (kW h).
A  device that uses 50 w atts of



pow er, has an energy dem and of
50W h per hour. A  solar panel that
can generate 50 w atts of pow er per
hour, has an energy creation
potential of 50W h per hour.
H ow ever, because solar energy
generation is so variable, based on
tem perature, w eather conditions,
the tim e of day and so on, a new
figure is now  often show n
specifically for solar system s: a
w att-peak (W p) rating.
A  w att-peak rating show s how
m uch pow er can be generated by a
solar panel at its peak rating. It has
been introduced to highlight the fact



that the am ount of energy a solar
panel can generate is variable and
to rem ind consum ers that a solar
panel rated at 50 w atts is not going
to be producing 50 w att-hours of
energy every single hour of every
single day.



A  w ord for non-
electricians
Realistically, if you are new  to
electrical system s, you should not
be planning to install a big solar
energy system  yourself. If you w ant
a low -voltage system  to m ount to
the roof of a boat, garden shed or
barn, or if you w ant to play w ith the
technology and have som e fun, then
great: this book w ill tell you
everything you need to know .
H ow ever, if the lim it of your
electrical know ledge is w iring a
plug or replacing a fuse, you should
not be thinking of physically w iring



and installing a solar energy system
yourself w ithout learning m ore
about electrical system s and
electrical safety first.
Furtherm ore, if you are planning to
install a solar energy system  to the
roof of a house, be aw are that in
m any parts of the w orld you need to
have electrical qualifications in
order to carry out even sim ple
household w iring.
That does not m ean that you cannot
specify a solar energy system ,
calculate the size you need and buy
the necessary hardw are for a big
project. It does m ean that you are



going to need to em ploy a specialist
to check your design and carry out
the installation.



In conclusion
¶       Understanding the basic

rules of electricity m akes it
m uch easier to put together a
solar electric system

¶       A s w ith m any things in life,
a bit of theory m akes a lot
m ore sense w hen you start
applying it in practice

¶       If this is your first
introduction to electricity,
you m ay find it useful to run
through it a couple of tim es

¶       Y ou m ay also find it useful
to bookm ark this section and



refer back to it as you read on

¶       Y ou w ill also find that,
once you have learned a bit
m ore about solar electric
system s, som e of the term s
and calculations w ill start to
m ake a bit m ore sense.

¶       If you are not an electrician,
be realistic in w hat you can
achieve. Electrics can be
dangerous and you do not
w ant to get it w rong. Y ou can
do m ost of the design w ork
yourself, but you are going to
need to get a specialist in to
check your design and carry



out the installation.



T he Four
C onfigurations for

Solar Pow er

There are four different
configurations you can choose from
w hen creating a solar electricity
installation. These are stand-alone
(som etim es referred to as off-grid),
grid-tie, grid-tie w ith pow er backup
(also know n as grid interactive)
and grid fallback.
H ere is a brief introduction to these
different configurations:



Stand-alone/off-grid
W orldw ide, stand-alone solar
photovoltaic installations are the
m ost popular type of solar
installation there is. It is w hat solar
photovoltaics w ere originally
created for: to provide pow er at a
location w here there is no other
source easily available.
W hether it is pow ering a shed light,
providing pow er for a pocket
calculator or pow ering a com plete
off-grid hom e, stand-alone system s
fundam entally all w ork in the sam e
w ay: the solar panel generates
pow er, the energy is stored in a



battery and then used as required.
In general, stand-alone system s are
com paratively sm all system s,
typically w ith a peak pow er
generation of under one kilow att.
A lm ost everyone can benefit from  a
stand-alone solar system  for
som ething, even if it is som ething as
m undane as providing an outside
light som ew here. Even if you are
planning on som ething m uch bigger
and grander, it is often a good idea
to start w ith a very sm all and
sim ple stand-alone system  first.
Learn the basics and then progress
from  there.



Exam ples of sim ple stand-
alone system s
The vending m achine
ByBox is a m anufacturer of
electronic lockers. These are
typically used for left luggage at
railw ay stations or at airports, or
situated at shopping m alls or fuel
stations and used as part of a
delivery service for people to
collect internet deliveries, so they
do not need to w ait at hom e.
O ne of the biggest issues w ith
electronic lockers has often been
finding suitable locations to place
them  w here a pow er source is



available. B yB ox overcam e this
issue by building an electronic
locker w ith a solar roof to provide
perm anent pow er to the locker.
The solar roof provides pow er to a
set of batteries inside the locker.
W hen not in use, the locker itself is
in standby m ode, thereby consum ing
m inim al pow er. W hen a custom er
w ishes to use the locker, they press
the STA RT button and use the
locker as norm al.
The benefit to B yB ox has been
tw ofold: they can install a locker
bank in any location, w ithout any
dependence on a pow er supply.



Secondly, the cost of the solar
panels and controllers is often less
than the cost of installing a separate
electricity supply, even if there is
one nearby.
R ecreational vehicles
H olidaying w ith recreational
vehicles or caravans is on the
increase, and solar energy is
changing the w ay people are going
on holiday.
In the past, m ost R V ow ners elected
to stay on larger sites, w hich
provided access to electricity and
other facilities. A s recreational
vehicles them selves becom e m ore



luxurious, how ever, people are now
choosing to travel to m ore rem ote
locations and live entirely óoff-
gridô, using solar energy to provide
electricity w herever they happen to
be. Solar is being used to provide
all the com forts of hom e, w hilst
offering holidaym akers the freedom
to stay w herever they w ant.



G rid-tie
G rid-tie is gaining popularity in
Europe and the United States. This
is due to the availability of grants to
reduce the installation costs and the
ability to earn m oney by selling
electricity back into the electricity
com panies through a feed-in tariff.
Feed-in tariff schem es vary around
the w orld and are not available
everyw here. W here they exist, your
local electricity com pany buys
electricity from  solar producers at
an agreed rate per kilow att-hour. In
som e countries, this price has been
set at an inflated rate by governm ent



in order to encourage people to
install solar. In other countries and
regions, the price is agreed by the
electricity com panies them selves.
In a grid-tie system , your hom e runs
on solar pow er during the day. A ny
surplus energy that you produce is
then fed into the grid. In the
evenings and at night, w hen your
solar energy system  is not
producing electricity, you then buy
your pow er from  the electricity
com panies in the usual w ay.
The benefit of grid-tie solar
installations is that they reduce your
reliance on the big electricity



com panies and ensure that m ore of
your electricity is produced in an
environm entally efficient w ay.
O ne disadvantage of m ost grid-tie
system s is that if there is a pow er
cut, pow er from  your solar array is
also cut.
G rid-tie can w ork especially w ell
in hot, sunny clim ates, w here peak
dem and for electricity from  the grid
often coincides w ith the sun shining,
thanks to the high pow er dem and of
air conditioning units. G rid-tie also
w orks w ell w here the ow ners use
m ost of the pow er them selves.



A n exam ple of a grid-tie
system
Si G elatos is a sm all Florida-based
ice-cream  m anufacturer. In 2007,
they installed solar panels on the
roof of their factory to provide
pow er and offset som e of the energy
used in running their cold storage
facility.
ñR unning industrial freezers is
extrem ely expensive and consum es
a lot of pow er,ò explains D an
Foster of Si G elatos. ñRealistically,
w e could not hope to generate all of
the pow er from  solar, but w e felt it
w as im portant to reduce our overall



pow er dem and and solar allow ed
us to do that.ò
C old storage facilities consum e
m ost of their pow er during the day
in the sum m er, w hen solar is
running at its peak. Since installing
solar pow er, Si G elatos has seen its
overall energy consum ption drop by
40%  and now  hardly takes any
pow er from  the utilities during peak
operating tim es.
ñSolar has done three things for our
business,ò says D an. ñFirstly, it is a
very visible sign for our staff that
w e are serious about the
environm ent. This in turn has m ade



our em ployees m ore aw are that they
need to do their bit by m aking sure
lights and equipm ent are sw itched
off w hen they are not needed.
Secondly, it show s our custom ers
that w e care for the environm ent,
w hich has definitely been good for
goodw ill and sales. Thirdly, and
m ost im portantly, w eôre genuinely
m aking a real contribution to the
environm ent, by reducing our
electricity dem and at the tim e of
day w hen everyone elseôs dem and
for electricity is high as w ell.ò



G rid-tie w ith pow er
backup (grid interactive)
G rid-tie w ith pow er backup ï also
know n as a grid interactive system
ï com bines a grid-tie installation
w ith a bank of batteries.
A s w ith grid-tie, the concept is that
you use pow er from  your solar
array w hen the sun shines and sell
the surplus to the pow er com panies.
Unlike a standard grid-tie system ,
how ever, a battery bank provides
contingency for pow er cuts so that
you can continue to use pow er from
your system .



Typically, you w ould set up
óprotected circuitsô w ithin your
building that w ill continue to
receive pow er during a pow er
outage. This ensures that essential
pow er rem ains available for
running lights, refrigeration and
heating controllers, for exam ple,
w hilst backup pow er is not w asted
on inessential item s such as
televisions and radios.
If there is a potential for m ain
pow er to be lost for several days, it
is also possible to design a system
to incorporate other pow er
generators into a grid interactive



system , such as a generator. This
w ould allow  a grid interactive
system  to w ork as a highly efficient
uninterruptable pow er supply
(U PS) for extended periods of tim e.
The cost of a grid-tie system  w ith
pow er backup is higher than a
standard grid-tie system , because of
the additional cost of batteries and
battery controllers. Typically,
having pow er backup w ill add
12ï20%  of additional costs over a
standard grid-tie system .
A s w ith norm al grid-tie system s, it
is possible to sell surplus pow er
back to the utility com panies in



som e countries, allow ing you to
earn an incom e from  your solar
energy system .

A n exam ple of a grid
interactive system
G rid interactive system s are gaining
popularity w ith rural farm s in the
U nited K ingdom , w here even short
pow er blackouts can cause
significant disruption.
Traditionally, farm s have countered
this by using generators to provide
light and pow er. H ow ever, betw een
2009 and 2011, w hen the UK
G overnm ent w ere offering large



incentives for installing solar
pow er, m any farm ers fitted grid
interactive system s onto their
buildings, providing them selves
w ith an incom e by selling
electricity to the electricity utility
com panies and giving them selves
backup pow er in case of a pow er
blackout.
The additional cost of installing a
grid interactive system  over a
standard grid-tie system  is m ore
than offset by the low  running costs
and ease of use of the system .
Farm ers do not need to buy and run
generators and the system  is alm ost
entirely m aintenance-free. This is a



big contrast w ith generator system s,
w hich need to be tested and run
regularly in order to ensure they are
w orking effectively.



G rid fallback
G rid fallback is a lesser-know n
system  that m akes a lot of sense for
sm aller household solar pow er
system s. For m ost household solar
installations w here solar is being
installed for technical or
environm ental reasons, grid
fallback is m y preferred solution.
O perationally it is effective, it is
cost-effective and it is
environm entally extrem ely efficient.
W ith a grid fallback system , the
solar array generates pow er, w hich
in turn charges a battery bank.
Energy is taken from  the battery and



run through an inverter to pow er
one or m ore circuits from  the
distribution panel in the house.
W hen the batteries run flat, the
system  autom atically sw itches back
to the grid pow er supply. The solar
array then recharges the batteries
and the system  sw itches back to
solar pow er.
W ith a grid fallback system , you do
not sell electricity back to the
electricity com panies. A ll the
pow er that you generate, you use
yourself. This m eans that som e of
the grants that are available for
solar installations in som e countries



m ay not be available to you. It also
m eans that you cannot benefit from
selling your electricity back to the
electricity com panies.
For this reason, grid fallback m akes
m ore sense in countries w here there
is no feed-in tariff available, such
as India, or in countries like
A ustralia that have financial
incentives available for both grid-
tied and off-grid system s.
G rid fallback system s provide m ost
of the benefits of a grid interactive
system , w ith the additional benefit
that you use your ow n pow er w hen
you need it, rather than w hen the sun



is shining. This reduces your
reliance on external electricity
supplies during peak load periods,
w hich ensures that your system  has
an overall environm ental benefit.
The other significant benefit of a
grid fallback system  is cost: you
can genuinely build a useful grid
fallback system  to pow er one or
m ore circuits w ithin a house for a
very sm all investm ent and expand it
as budget allow s. I have seen grid
fallback system s installed for under
Ã400 ($680), providing a useful
am ount of pow er for a hom e. In
com parison, even a very m odest
grid-tie system  costs several



thousands of pounds.
There is a crossover point w here a
grid-tie system  w orks out m ore
cost-effective than a grid fallback
system . A t present, that crossover
point is around the 1kW h m ark: if
your system  is capable of
generating m ore than 1kW  of
electricity per hour, a grid-tie
system  m ay be m ore cost-effective.
If your system  generates less than
1kW  of electricity per hour, a grid
fallback system  is alm ost certainly
cheaper.
U nless you are looking to invest a
significant am ount of m oney on a



larger grid-tie system  in order to
produce m ore than 1 kW  of pow er
per hour, or if you w ant to take
advantage of feed-in tariffs, a grid
fallback solution is certainly w orth
investigating as an alternative.

A n exam ple of a grid fallback
system
Back in 2001, C olin M etcalfe
installed a solar panel onto the roof
of his garage, in order to charge an
old car battery, w hich in turn
pow ered a single light and a sm all
inverter. A fter a pow er cut that
w inter, C olin decided to expand his
system  in order to provide basic



pow er to his house.
ñI w anted to ensure I alw ays had
enough pow er in m y hom e to pow er
lights and to ensure m y heating
system  w ould w ork,ò explained
Colin. ñI have gas heating, but the
controllers are all electric, w hich
m eans that if there is a pow er cut, I
have no heating at all. In addition, I
liked the idea of free electricity that
w as generated in an
environm entally friendly w ay.ò
Colin upgraded his system  bit by
bit, as funds allow ed. ñA n
electrician fitted a new  distribution
panel (consum er unit) for m y



essential circuits, and this w as
connected up to the m ain panel via
an autom atic transfer sw itch. Then I
added additional solar panels and
batteries over the years as I could
afford them .ò
This autom atic transfer sw itch
m eant the essential circuits w ould
receive pow er from  the solar array
or the batteries w hile pow er w as
available, but sw itch back to utility
pow er w hen the batteries ran flat.
O riginally, the system  provided
around half the pow er he needed,
but as he has added to the system ,
m ore and m ore of his pow er now
com es from  his solar array. ñToday



I have around 1.4kW  of solar
panels on the roof of m y garage,ò
says C olin. ñThey look a bit odd as
no tw o panels are alike, as I have
bought them  bit by bit as funds
allow , but they now  provide all the
pow er I need around the year for all
m y essential circuits.ò

G rid failover
A lternatively, you can configure a
grid fallback system  as a grid
failover system .
A  grid failover system  kicks in
w hen there is a pow er failure from
your m ain electricity supply. In



effect, it is an uninterruptable
pow er supply, generating its pow er
from  solar energy.
The benefit of this configuration is
that if you have a pow er cut, you
have contingency pow er. The
disadvantage of this configuration is
that you are not using solar pow er
for your day-to-day use.
A lthough rare in Europe and
A m erica, grid failover system s used
to be m ore com m on in countries
w here pow er failures are
com m onplace. In A frica and in
m any parts of A sia, grid failover
system s reduce the reliance on



pow er generators for lighting and
basic electricity needs.
H ow ever, in m ost cases, custom ers
have found that a grid fallback or
grid interactive system  is m ore
suitable for their needs. I am  aw are
of tw o grid failover system s that
have been installed in the past: both
of these have since been
reconfigured as grid fallback
system s.



H ow  grid-tie system s
differ from  stand-alone
G enerally, stand-alone and sm aller
grid fallback system s run at low
voltages, typically betw een 12 and
48 volts. This is because batteries
are low -voltage units and so
building a stand-alone system  at a
low  voltage is a sim ple, flexible
and safe approach.
G rid-tie system s tend to be larger
installations, often generating
several kilow atts of electricity each
hour. A s the electricity is required
as a high-voltage supply, it is m ore
efficient to connect m ultiple solar



panels together to produce a high
voltage circuit, rather than use an
inverter to step up the voltage. This
high-voltage D C pow er is then
converted into an A C current by a
suitable grid-tie inverter.
G rid-tie system s either link m ultiple
solar panels together to produce a
solar array voltage of several
hundred volts before running to the
inverter, or have a sm all inverter
connected to each solar panel to
create a high-voltage A C  supply
from  each panel.
The benefit of this high voltage is
efficiency. There is less pow er loss



running high-voltage, low -current
electricity through cables from  the
solar array.
For stand-alone battery-based
system s, low -voltage is the best
solution, as the battery banks tend to
w ork better as low -voltage energy
stores. For grid-tie system s w here
the energy is not being stored in a
battery bank, the higher-voltage
system s are the best solution.
N either approach is inherently
óbetterô: it all depends on the type
of system  you are designing.



In conclusion
¶       Solar can be used in a

num ber of different w ays and
for m any different
applications

¶       Stand-alone system s are the
sim plest and easiest to
understand. They tend to be
com paratively sm all system s,
providing pow er w here no
other pow er source is easily
available

¶       W ith grid-tie, your solar
energy system  generates
electricity that is then used



norm ally. A ny excess
electricity production is
exported onto the grid

¶       G rid-tie w ith pow er backup
(also know n as grid
interactive) provides you
w ith the benefits of a grid-tie
system  w ith the added benefit
that pow er rem ains available
even if electricity to your area
is cut off

¶       G rid fallback system s have
m ore in com m on w ith stand-
alone system s than grid-tie
system s. In design they are
very sim ilar to stand-alone



system s, w ith an inverter
running from  a bank of
batteries and an autom atic
transfer sw itch to sw itch
pow er betw een the solar
energy system  and the grid
pow er supply

¶       G rid failover system s are
com paratively rare now , but
provide uninterruptable
pow er supplies using solar as
the backup source

¶       G rid-tie system s have a
different design to stand-
alone system s. They tend to
be high-voltage system s,



w hereas stand-alone system s
run at m uch low er voltages

 



C om ponents of a
Solar E lectric System

B efore I get into the detail about
planning and designing solar
electric system s, it is w orth
describing all the different
com ponents of a system  and
explaining how  they fit together.
O nce you have read this chapter,
you w ill have a reasonable grasp of
how  a solar energy system  fits
together.
I deliberately do not go into m uch
detail at this stage: all I am  doing is



providing an overview  for now .
The detail can com e later.



Solar panels
The heart of a solar electric system
is the solar panel itself. There are
various types of solar panel and I
w ill describe them  all in detail later
on.
Solar panels or, m ore accurately,
photovoltaic solar panels, generate
electricity from  the sun. The m ore
pow erful the sunôs energy, the m ore
pow er you get, although solar
panels continue to generate sm all
am ounts of electricity in the shade.
M ost solar panels are m ade up of
individual solar cells, connected
together. A  typical solar cell w ill



only produce around half a volt, so
by connecting them  together in
series inside the panel, a m ore
useful voltage is achieved.
M ost solar panels are rated as 12-
volt solar panels, although
higher-voltage panels are also
available. A  12-volt solar panel
produces around 14ï18 volts w hen
put under load. This allow s a single
solar panel to charge up a 12-volt
battery.
Incidentally, if you connect a
voltm eter up to a solar panel w hen
it is not under load, you m ay w ell
see voltage readings of up to 26



volts. This is norm al in an óopen
circuitô on a solar panel. A s soon as
you connect the solar panel into a
circuit, this voltage level w ill drop
to around 14ï18 volts.
Solar panels can be linked together
to create a solar array. Connecting
m ultiple panels together allow s you
to produce a higher current or to run
at a higher voltage:

¶       Connecting the panels in
series allow s a solar array to
run at a higher voltage.
Typically, 24 volts or 48
volts in a stand-alone system ,
or up to several hundred volts



in a grid-tie system

¶       Connecting the panels in
parallel allow s a solar array
to produce m ore pow er w hile
m aintaining the sam e voltage
as the individual panels

¶       W hen you connect m ultiple
panels together, the pow er of
the overall system  increases,
irrespective of w hether they
are connected in series or in
parallel

In a solar array w here the solar
panels are connected in series (as
show n in the follow ing diagram s),
you add the voltages of each panel



together and add the w attage of
each panel together to calculate the
m axim um  am ount of pow er and
voltage the solar array w ill
generate.

A solar array m ade
of four solar panels
connected in series.
If each individual
panel is rated as a



12-volt, 12-watt
panel, this solar

array would be rated
as a 48-volt, 48-watt
array with a 1 am p

current.
In a solar array w here the panels
are connected in parallel (as show n
in the diagram  below ), you take the
average voltage of all the solar
panels and you add the w attage of
each panel to calculate the
m axim um  am ount of pow er the
solar array w ill generate.



A solar array m ade
of four solar panels

connected in
parallel. W ith each
panel rated as a 12-
volt, 12-watt panel,
this solar array

would be rated as a
12-volt, 48-w att

array with a 4 am p



current.
I w ill go into m ore detail later
about choosing the correct voltage
for your system .



B atteries
Except in a grid-tie system , w here
the solar array connects directly to
an inverter, solar panels rarely
pow er electrical equipm ent
directly. This is because the am ount
of pow er the solar panel collects
varies depending on the strength of
sunlight. This m akes the pow er
source too variable for m ost
electrical equipm ent to cope w ith.
In a grid-tie system , the inverter
handles this variability: if dem and
outstrips supply, you w ill get pow er
from  both the grid and your solar
system . For a stand-alone or a grid



fallback system , batteries store the
energy and provide a constant
pow er source for your electrical
equipm ent.
Typically, this energy is stored in
ódeep cycleô lead acid batteries.
These look sim ilar to car batteries
but have a different internal design.
This design allow s them  to be
heavily discharged and recharged
several hundred tim es over.
M ost lead acid batteries are 6-volt
or 12-volt batteries and, like solar
panels, these can be connected
together to form  a larger battery
bank. Like solar panels, m ultiple



batteries used in series increase the
capacity and the voltage of a battery
bank. M ultiple batteries connected
in parallel increase the capacity
w hilst keeping the voltage the sam e.



C ontroller
If you are using batteries, your solar
electric system  is going to require a
controller in order to m anage the
flow  of electricity (the current) into
and out of the battery.
If your system  overcharges the
batteries, this w ill dam age and
eventually destroy them . Likew ise,
if your system  com pletely
discharges the batteries, this w ill
quite rapidly destroy them . A  solar
controller prevents this from
happening.
There are a few  instances w here a
sm all solar electric system  does not



require a controller. A n exam ple of
this is a sm all óbattery top-upô solar
panel that is used to keep a car
battery in peak condition w hen the
car is not being used. These solar
panels are too sm all to dam age the
battery w hen the battery is fully
charged.
In the m ajority of instances,
how ever, a solar electric system
w ill require a controller in order to
m anage the charge and discharge of
batteries and keep them  in good
condition.



Inverter
The electricity generated by a solar
electric system  is direct current
(D C). Electricity from  the grid is
high-voltage alternating current
(A C).
If you are planning to run equipm ent
that runs from  grid-voltage
electricity from  your solar electric
system , you w ill need an inverter to
convert the current from  D C to A C
and convert the voltage to the sam e
voltage as you get from  the grid.
Traditionally, there is usually one
central inverter in a solar system ,
either connecting directly to the



solar array in a grid-tie system , or
to the battery pack in an off-grid
system . A  m ore recent invention has
been the m icro inverter.
M icro-inverters are connected to
individual solar panels so that each
individual panel provides a
high-voltage alternating current.
Solar panels w ith m icro-inverters
are typically only used w ith grid-tie
system s and are not suitable for
system s w ith battery backup. For
grid-tie system s, they do offer som e
significant benefits over the m ore
traditional óbig boxô inverter,
although the up-front cost is
currently higher.



Inverters are a big subject all on
their ow n. I w ill com e back to
describe them  in m uch m ore detail
later on in the book.



Electrical devices
The final elem ent of your solar
electric system  is the devices you
plan to pow er. Theoretically,
anything that you can pow er w ith
electricity can be pow ered by solar.
H ow ever, m any electrical devices
are very pow er hungry, w hich
m akes running them  on solar energy
very expensive!
O f course, this m ay not be so m uch
of an issue if you are installing a
grid-tie system : if you have very
energy-intensive appliances that
you only use for short periods, the
im pact to your system  is low . In



com parison, running high-pow er
appliances on an off-grid system
m eans you have to have a m ore
pow erful off-grid solar energy
system  to cope w ith the peak
dem and.
Low -voltage devices
M ost off-grid solar system s run at
low  voltages. Unless you are
planning a pure grid-tie installation,
you m ay w ish to consider running at
least som e of your devices directly
from  your D C supply rather than
running everything through an
inverter. This has the benefit of
greater efficiency.



Thanks to the caravanning and
boating com m unities, lots of
equipm ent is available to run from  a
12-volt or 24-volt supply: light
bulbs, refrigerators, ovens, kettles,
toasters, coffee m achines,
hairdryers, vacuum  cleaners,
televisions, radios, air conditioning
units, w ashing m achines and laptop
com puters are all available to run
on 12-volt or 24-volt pow er.
In addition, thanks to the recent
uptake in solar installations, som e
specialist m anufacturers are
building ultra low -energy
appliances, such as refrigerators,



freezers and w ashing m achines,
specifically for people installing
solar and w ind turbine system s.
Y ou can also charge up m ost
portable item s such as M P3 players
and m obile phones from  a 12-volt
supply.
H igh-voltage devices
If running everything at low  voltage
is not an option, or if you are using
a grid-tie system , you use an
inverter to run your electrical
devices.



C onnecting everything
together
A  stand-alone system

The sim plified block diagram
above show s a sim ple stand-alone



solar electric system . W hilst the
detail w ill vary, this design form s
the basis of m ost stand-alone
system s and is typical of the
installations you w ill find in
caravans, boats and buildings that
do not have a conventional pow er
supply.
This design provides both
low -voltage D C pow er for running
sm aller electrical devices and
appliances such as laptop
com puters and lighting, plus a
higher-voltage A C supply for
running larger devices such as
larger televisions and kitchen
appliances.



In this diagram , the arrow s show
the flow  of current. The solar
panels provide the energy, w hich is
fed into the solar controller. The
solar controller charges the
batteries. The controller also
supplies pow er to the low -voltage
devices, using either the solar
panels or the batteries as the source
of this pow er.
The A C inverter takes its pow er
directly from  the battery and
provides the high-voltage A C
pow er supply.

A  grid-tie system  using a



single central inverter

This sim plified block diagram
show s a sim ple grid-tie system ,
typical of the type installed in m any
hom es today. The solar panels are
connected to the grid-tie inverter,



w hich feeds the energy into the
m ain supply. Electricity can be used
by devices in the building or fed
back out onto the grid, depending on
dem and.
The grid-tie inverter m onitors the
pow er feed from  the grid. If it
detects a pow er cut, it also cuts
pow er from  the solar panels to
ensure that no energy is fed back out
onto the grid.
The grid-tie m eter m onitors how
m uch energy is taken from  the grid
and how  m uch is fed back into the
grid using the solar energy system .



A  grid-tie system  using
m ultiple m icro-inverters
A  grid-tie system  using m icro-
inverters is sim ilar to the one
above, except that each solar panel
is connected to its ow n inverter,
and the inverters them selves are
daisy-chained together, converting
the low -voltage D C pow er from
each solar panel into a high-voltage
A C pow er supply.





In conclusion
¶       There are various

com ponents that m ake up a
solar electric system

¶       M ultiple solar panels can
be joined together to create a
m ore pow erful solar array.

¶       In a stand-alone system , the
electricity is stored in
batteries to provide an energy
store and provide a m ore
constant pow er source. A
controller m anages the
batteries, ensuring the
batteries do not get



overcharged by the solar
array and are not
over-discharged by the
devices taking current from
them

¶       A n inverter takes the D C
current from  the solar energy
system  and converts it into a
high-voltage A C current that
is suitable for running
devices that require grid
pow er

¶       G enerally, it is m ore
efficient to use the electricity
as a D C  supply than an A C
supply



 



T he D esign Process

N o m atter w hat your solar energy
system  is for, there are seven steps
in the design of every successful
solar electric installation:

¶       Scope the project

¶       C alculate the am ount of
energy you need

¶       C alculate the am ount of
solar energy available

¶       Survey your site

¶       Size up the solar electric
system



¶       Select the right com ponents
and w ork out full costs

¶       Produce the detailed design
The design process can be m ade
m ore com plicated, or sim plified,
based on the size of the project. If
you are sim ply installing an off-the-
shelf shed light, for instance, you
can probably com plete the w hole
design in around tw enty m inutes. If,
on the other hand, you are looking
to install a solar electric system  in a
business to provide em ergency site
pow er in the case of a pow er cut,
your design w ork is likely to take
considerably m ore tim e.



W hether your solar electric system
is going to be large or sm all,
w hether you are buying an
off-the-shelf solar lighting kit or
designing som ething from  scratch, it
is w orth follow ing this basic design
process every tim e. This is true
even if you are installing an off-the-
shelf system . This ensures that you
w ill alw ays get the best from  your
system  and w ill provide you w ith
the reassurance that your solar
energy system  w ill achieve
everything you need it to do.



Short-cutting the design
w ork
H aving said that doing the design
w ork is im portant, there are som e
useful online tools to help m ake the
process as easy as possible.
O nce you have scoped your project,
the Solar Electricity H andbook
w ebsite
(www.SolarElectricityH andbook.com
includes a num ber of online tools
and calculators that w ill help you
carry out m uch of the design w ork.
The solar irradiance tables and
solar angle calculators w ill allow



you to w ork out how  m uch solar
energy is available at your location,
w hilst the off-grid project analysis
and grid-tie project analysis
questionnaires w ill each generate
and e-m ail to you a full report for
your proposed system , including
calculating the size of system  you
require and providing a cost
estim ate.
O f course, there is a lim it to how
m uch a set of online solar tools can
help you in isolation, so you w ill
still need to carry out a site survey
and go through com ponents
selection and detailed design
yourself, but these tools w ill allow



you to try several different
configurations and play out ów hat
ifô scenarios quickly and easily.
Incidentally, w hilst som e of these
tools ask you for an e-m ail address
(in order to send you your report),
your e-m ail address is not stored
anyw here on the system . O ther than
the report that you request, you w ill
never receive unsolicited e-m ails
because of entering your e-m ail
address.



Solar energy and
em otions
D esign can often seem  to be a
purely analytical and rational
process. It should not be. A ll great
designs start w ith a dream .
For m any people, choosing solar
energy is often an em otional
decision: they w ant a solar energy
system  for reasons other than just
the purely practical. Som e people
w ant solar energy because they
w ant to ódo their bitô for the
environm ent, others w ant the very
latest technology, or w ant to use
solar sim ply because it can be



done. O thers w ant solar energy
because they see the opportunity to
earn m oney. I suspect that for m ost
hom eow ners, the reasons are a
com bination of the above.
It is so im portant that the em otional
reasons for w anting som ething are
not ignored. W e are not robots. O ur
em otions should be celebrated, not
suppressed: the W right brothers
built the first aircraft because they
w anted to reach the sky. N A SA  sent
a m an to the m oon because they
w anted to go further than anyone
had ever done before. N either
undertaking could be argued as



purely rational; they w ere the
results of big dream s.
It is im portant to acknow ledge that
there are often hidden reasons for
w anting solar energy. Sadly, these
reasons often do not m ake it dow n
onto a sheet of paper in a design
docum ent or onto a com puter
spreadsheet. Som etim es, the person
m aking the decision for buying
solar energy is secretly w orried that
if they voice their dream s, they w ill
appear in som e w ay irrational.
The reality is that it is often a good
thing if there is an em otional
elem ent to w anting a solar energy



system . By docum enting these
reasons, you w ill end up w ith a
better solution. For instance, if the
environm ental benefits are top of
your agenda, you w ill use your
solar energy system  in a different
w ay to som ebody w ho is looking at
solar purely as a business
investm ent.
By acknow ledging these reasons
and incorporating them  into the
design of your system , you w ill end
up w ith a far better system . N ot
only w ill you have a system  that
w orks in a practical sense, it w ill
also achieve your dream .



In conclusion
¶       N o m atter how  big or sm all

your project, it is im portant to
design it properly

¶       There are online tools
available to help you w ith the
calculations and to speed up
the w ork

¶       D o not ignore the em otional
reasons for w anting a solar
energy system . Y ou are a
hum an being: you are allow ed
to dream



Scoping the Project

A s w ith any project, before you
start, you need to know  w hat you
w ant to achieve. In fact, it is one of
the m ost im portant parts of the
w hole project. G et it w rong and you
w ill end up w ith a system  that w ill
not do w hat you need it to.

It is usually best to keep your
scope sim ple to start w ith. Y ou can
then flesh it out w ith m ore detail
later.

H ere are som e exam ples of a
suitable scope:



¶       To pow er a light and a
burglar alarm  in a shed on an
allotm ent

¶       To provide pow er for
lighting, a kettle, a radio and
som e handheld pow er tools in
a w orkshop that has no
conventional electrical
connection

¶       To provide enough pow er
for lighting, refrigeration and
a TV  in a holiday caravan

¶       To provide lighting and
pow er to run four laptop
com puters and the telephone



system  in an office during a
pow er cut

¶       To charge up an electric
bike betw een uses

¶       To provide an off-grid
holiday hom e w ith its entire
electricity requirem ents

¶       To reduce m y carbon
footprint by producing
electricity for all m y hom e
requirem ents

¶       To run an electric car
entirely on solar energy

From  your scope, you can start
fleshing this out to provide som e



initial estim ates on pow er
requirem ents.

A s m entioned in the previous
chapter, I have created tw o online
Solar Project A nalysis tools, one
for grid-tie system s and one for off-
grid system s. Y ou can find both of
these tools on m y w ebsite
w w w .SolarElectricityH andbook.com
Y ou w ill still need to collect the
basic inform ation to w ork w ith, but
all the hard w ork is done for you.
This tool w ill produce a com plete
project scope, w ork out the likely
perform ance of your solar energy
system  and provide som e ballpark
cost estim ates.



For the purpose of these next few
chapters, I am  going to use the
exam ple of providing a sm all off-
grid holiday hom e w ith its entire
electricity requirem ents.
This is a big project. In reality if
you have little or no experience of
solar electric system s or household
electrics you w ould be best starting
w ith som ething sm aller. G oing
com pletely off-grid is an am bitious
project, but for the purposes of
teaching solar electric system
design, it is a perfect exam ple: it
requires a detailed design that
covers all of the aspects of



designing a solar energy system .



D esigning grid-tie or grid
fallback system s
For our sam ple project, grid-tie is
not an option as w e are using solar
pow er as an alternative to
connecting our site to the electricity
grid.
H ow ever, grid-tie is becom ing a
popular option, especially in the
southern states of the United States
and in European countries like
Spain, G erm any and the United
K ingdom  w here generous
governm ent subsidies and feed-in
tariffs are available.



In term s of scoping the project, it
m akes little difference w hether you
are planning a grid-tie or grid
fallback system  or not: the steps you
need to go through are the sam e.
The only exception, of course, is
that you do not need to take into
account battery efficiencies w ith
grid-tie.
The biggest difference w ith a grid-
tie or grid fallback system  is that
you do not have to rely on your
solar system  providing you w ith all
your electricity requirem ents: you
w ill not be plunged into darkness if
you use m ore electricity than you



generate.
This m eans that you can start w ith a
sm all grid-tie or grid fallback
system  and expand it later on as
funds allow .
D espite that, it is still a good idea
to go through a pow er analysis as
part of the design. Even if you do
not intend to produce all the pow er
you need w ith solar, having a
pow er analysis w ill allow  you to
benchm ark your system  and w ill
help you size your grid-tie system  if
you aim  to reduce your carbon
footprint by providing the
electricity com panies w ith as m uch



pow er as you buy back.
M ost grid-tie system s are sized to
provide m ore pow er than you need
during the sum m er and less than you
need during the w inter. O ver a
period of a year, the aim  is to
generate as m uch pow er as you use,
although on a m onth-by-m onth basis
this m ay not alw ays be the case.
M any solar com panies claim  that
this then provides you w ith a
ócarbon neutralô system : you are
selling your excess pow er to the
electricity com panies and then
buying the sam e am ount of
electricity back w hen you need it.



If this is w hat you are planning to
do w ith your grid-tie system , your
scope is m uch sim pler. Y ou need to
get your electricity bills for the past
year and m ake a note of how  m uch
electricity you have used over the
year. Then divide this figure by the
num ber of days in the year to w ork
out a daily energy usage and ensure
your system  generates this as an
average over the period of a year.
Because you are not generating
enough electricity during the w inter
m onths in a carbon neutral grid-tie
system , you need few er solar panels
than you w ould need to create an



entirely stand-alone system .

C om paring supply w ith
dem and
If you are designing a grid-tie
system , it can be interesting to
com pare the supply of solar energy
w ith your electricity usage pattern.
By com paring supply w ith dem and,
you can see how  closely solar
energy production m atches your
ow n usage and this, in turn, can be
used as an indicator to identify how
environm entally beneficial solar
energy is for you.
To do this, you w ill need to



ascertain your m onthly electricity
usage for each m onth of the year.
Y our electricity supplier m ay
already provide you w ith this
inform ation on your electricity bill.
If not, you should be able to request
this from  them .
O nce you have this inform ation,
visit
ww w.SolarElectricityH andbook.com
and fill in the G rid-Tie Solar
Project A nalysis, including your
individual m onthly consum ption
figures. In the report that is e-
m ailed to you, you w ill see a chart
that allow s you to see how  closely
your electricity usage m aps onto



solar energy production.
This report w ill also provide you
w ith an approxim ate estim ate for
the carbon footprint for each
kilow att-hour of electricity you
produce from  your solar array,
based on the production and
installation of your solar array and
the likely am ount of energy that it
w ill generate during its lifetim e.
B ased on this, it is possible to see
w hether installing solar energy is
likely to produce real-world
environm ental savings.



Fleshing out the scope
N ow  w e know  the outline scope of
our project, w e need to quantify
exactly w hat w e need to achieve
and w ork out som e estim ates for
energy consum ption.
O ur holiday hom e is a sm all tw o-
bedroom  cottage w ith a solid fuel
cooker and boiler. The cost of
connecting the cottage to the grid is
Ã4,500 (around $7,200) and I
suspect that solar electric pow er
could w ork out significantly
cheaper.
The cottage is m ainly used in the
spring, sum m er and autum n, w ith



only a few  w eekend visits during
the w inter.
Electricity is required for lighting
in each room , plus a courtesy light
in the porch, a fridge in the kitchen
and a sm all television in the sitting
room . There also needs to be
surplus electricity for charging up a
m obile phone or M P3 player and
for the occasional use of a laptop
com puter.
N ow  w e have decided w hat
devices w e need to pow er, w e need
to find out how  m uch energy each
device needs, and estim ate the daily
usage of each item .



In order to keep efficiency high and
costs low , w e are going to w ork
w ith low -voltage electrics
w herever possible. The benefits of
using low -volt devices rather than
higher grid-voltage are tw ofold:

¶       W e are not losing efficiency
by converting low -volt D C
electrics to grid-voltage A C
electrics through an inverter.

¶       M any electronic devices
that plug into a grid-voltage
socket require a transform er
to reduce the pow er back
dow n to a low  D C current,
thereby creating a second



level of inefficiency
M any household devices, like
sm aller televisions, m usic system s,
com puter gam es consoles and
laptop com puters, have external
transform ers. It is possible to buy
transform ers that run on 12-volt or
24-volt electrics rather than the A C
voltages w e get from  grid pow er,
and using these is the m ost efficient
w ay of providing low -voltage
pow er to these devices.
There can be disadvantages of
low -voltage configurations,
how ever, and they are not the right
approach for every project:



¶       If running everything at
12ï24 volts requires a
significant am ount of
additional rew iring, the cost
of carrying out the rew iring
can be m uch higher than the
cost of an inverter and a
slightly larger solar array

¶       If the cable running betw een
your batteries and your
devices is too long, you w ill
get greater pow er losses
through the cable at low er
voltages than you w ill at
higher voltages

If you already have w iring in place



to w ork at grid-level voltages, it is
often m ore appropriate to run a
system  at grid voltage using an
inverter, rather than running the
w hole system  at low  voltage. If you
have no w iring in place, running the
system  at 12 or 24 volts is often
m ore suitable.



Producing a pow er
analysis
The next step is to investigate your
pow er requirem ents by carrying out
a pow er analysis, w here you
m easure your pow er consum ption in
w att-hours.

Y ou can find out the w attage of
household appliances in one of four
w ays:

¶       Check the rear of the
appliance, or on the pow er
supply

¶       Check the product m anual



¶       M easure the w atts using a
w att m eter

¶       Find a ballpark figure for
sim ilar item s

O ften a pow er supply w ill show  an
output current in am ps rather than
the num ber of w atts the device
consum es. If the pow er supply also
show s the output voltage, you can
w ork out the w attage by m ultiplying
the voltage by the current (am ps):
Pow er (watts) = V olts x Current

(am ps)
P = V x I

For exam ple, if you have a m obile



phone charger that uses 1.2 am ps at
5 volts, you can m ultiply 1.2 am ps
by 5 volts to w ork out the num ber of
w atts: in this exam ple, it equals 6
w atts of pow er. If I plugged this
charger in for one hour, I w ould use
6 w att-hours of energy.
A  w att m eter is a useful tool for
m easuring the energy requirem ents
of any device that runs on
high-voltage A C  pow er from  the
grid. The w att m eter plugs into the
w all socket and the appliance plugs
into the w att m eter. A n LCD  display
on the w att m eter then displays the
am ount of pow er the device is
using. This is the m ost accurate w ay



of m easuring your true pow er
consum ption.
Finding a ballpark figure for sim ilar
devices is the least accurate w ay of
finding out the pow er requirem ent
and should only be done as a last
resort. A  list of pow er ratings for
som e com m on household
appliances is included in A ppendix
C .
O nce you have a list of the pow er
requirem ents for each electrical
device, draw  up a table listing each
device, w hether the device uses
12-volt or grid voltage, and the
pow er requirem ent in w atts.



Then put an estim ate in hours for
how  long you w ill use each device
each day and m ultiply the w atts by
hours to create a total w att-hour
energy requirem ent for each item .
Y ou should also factor in any
óphantom  loadsô on the system . A
phantom  load is the nam e given to
devices that use pow er even w hen
they are sw itched off. Televisions
in standby m ode are one such
exam ple, but any device that has a
pow er supply built into the plug
also has a phantom  load. These
item s should be unplugged or
sw itched off at the sw itch w hen not



in use. H ow ever, you m ay w ish to
factor in a sm all am ount of pow er
for item s in standby m ode, to take
into account the tim es you forget to
sw itch som ething off.
If you have a gas-pow ered central
heating system , rem em ber that m ost
central heating system s have an
electric pum p and the central
heating controller w ill require
electricity as w ell. A  typical central
heating pum p uses around 60 w atts
of pow er a day, w hilst a central
heating controller can use betw een
2 and 24 w atts a day.
O nce com plete, your pow er



analysis w ill look like this:

D evice V oltage

Living room  lighting 12V

K itchen lighting 12V

H allw ay lighting 12V

Bathroom  lighting 12V

Bedroom  1 lighting 12V

Bedroom  2 lighting 12V

Porch light 12V

Sm all fridge 12V

TV 12V



Laptop com puter 12V

C harging cell phones and
M P3 players

12V

Phantom  loads 12V

T otal Energy R equirem ent a day (w att-hours)

A  w ord of w arning
In the headlong enthusiasm  for
im plem enting a solar electric
system , it is very easy to
underestim ate the am ount of
electricity you need at this stage.
To be sure that you do not leave
som ething out w hich you regret
later, I suggest you have a break at



this point. Then return and review
your pow er analysis.
It can help to show  this list to
som ebody else in order to get their
input as w ell. It is very easy to get
em otionally involved in your solar
project, and having a second pair of
eyes can m ake a w orld of
difference later on.



W hen you are ready to
proceed
W e now  know  exactly how  m uch
energy w e need to store in order to
provide one day of pow er. For our
holiday hom e exam ple, that equates
to 662 w att-hours per day.
There is one m ore thing to take into
account: the efficiency of the
overall system .
Batteries, inverters and resistance
in the circuits all reduce the
efficiency of our solar electric
system . W e m ust consider these
inefficiencies and add them  to our



pow er analysis.



C alculating inefficiencies
Batteries do not return 100%  of the
energy used to charge them . The
Charge C ycle Efficiency of the
battery m easures the percentage of
energy available from  the battery
com pared to the am ount of energy
used to charge it.

Charge cycle efficiency is not a
fixed figure, as the efficiency can
vary depending on how  quickly you
charge and discharge the battery.
H ow ever, m ost solar applications
do not overstress batteries and so
the standard charge cycle efficiency
figures are usually sufficient.



A pproxim ate charge cycle
efficiency figures are norm ally
available from  the battery
m anufacturers. H ow ever, for
industrial quality ótractionô
batteries, you can assum e 95%
efficiency, w hilst gel batteries and
leisure batteries are usually in the
region of 90% .
If you are using an inverter in your
system , you need to factor in the
inefficiencies of the inverter. A gain,
the actual figures should be
available from  the m anufacturer but
typically, you w ill find that an
inverter is around 90%  efficient.



A dding the inefficiencies to
our pow er analysis
In our holiday hom e exam ple, there
is no inverter. If there w ere, w e
w ould need to add 10%  for inverter
inefficiencies for every
grid-pow ered device.
W e are using batteries. W e need to
add 5%  to the total energy
requirem ent to take charge cycle
efficiency into account.
5%  of 662 equals 33 w atts. A dd
this to our pow er analysis, and our
total w att-hour requirem ent
becom es 695 w att-hours per day.



W hen do you need to use
the solar system ?
It is im portant to w ork out at w hat
tim es of year you w ill be using your
solar electric system  m ost. For
instance, if you are planning to use
your system  full tim e during the
depths of w inter, your solar electric
system  needs to be able to provide
all your electricity even during the
dull days of w inter.
A  holiday hom e is often in regular
use during the spring, sum m er and
autum n, but left em pty for periods
of tim e during the w inter.



This m eans that, during w inter, w e
do not need our solar electric
system  to provide enough electricity
for full occupancy. W e need enough
capacity in the batteries to provide
enough electricity for, say, the
occasional long w eekend. The solar
array can then recharge the batteries
again, once the hom e is em pty.
W e m ight also decide that, if w e
needed additional electricity in
w inter, w e could have a sm all
standby generator on hand to give
the batteries a boost charge.
For the purposes of our holiday
hom e, our system  m ust provide



enough electricity for full
occupancy from  M arch to O ctober
and occasional w eekend use from
N ovem ber until February.



K eeping it sim ple
Y ou have seen w hat needs to be
taken into account w hen creating a
pow er analysis and calculating the
inefficiencies. If you are planning to
use the online tools to help you,
now  is the tim e to use them .
V isit
w ww.SolarElectricityH andbook.com
and follow  the links to either the
O ff-G rid or G rid-Tied Solar
Project A nalysis tools, w hich can
be found in the O nline Calculators
section. This w ill allow  you to
enter your devices on the pow er
analysis, select the m onths you w ant



your system  to w ork and select your
location from  a w orldw ide list. The
system  w ill autom atically e-m ail
you a detailed solar analysis report
w ith all the calculations w orked out
for you.



Im proving the scope
Based on the w ork done, it is tim e
to put m ore detail on our original
scope. O riginally, our scope looked
like this:

Provide an off-
grid holiday
hom e w ith its

entire electricity
requirem ents.

N ow  the im proved scope has
becom e:

Provide an off-
grid holiday
hom e w ith its



entire electricity
requirem ents,
providing pow er
for lighting,
refrigeration,
TV, laptop
com puter and
various sundries,
w hich equals
695 w att-hours
of electricity
consum ption per
day.
The system  m ust
provide enough
pow er for
occupation from



M arch until
O ctober, plus
occasional
w eekend use
during the
w inter.

There is now  a focus for the
project. W e know  w hat w e need to
achieve for a solar electric system
to w ork. N ow  w e need to go to the
site and see if w hat w e w ant to do
is achievable.



In conclusion
¶       G etting the scope right is

im portant for the w hole
project

¶       Start by keeping it sim ple
and then flesh it out by
calculating the energy
requirem ents for all the
devices you need to pow er

¶       If you are designing a grid-
tie system , you do not need to
go into so m uch detail: you
can get the usage inform ation
from  your electricity
com pany. It is probably



included on your electricity
bill

¶       If you are designing a grid-
tie system , you can m ake a
reasonable estim ate of its
environm ental benefit by
com paring solar energy
supply w ith your dem and on a
m onth-by-m onth basis

¶       D o not forget to factor in
óphantom  loadsô

¶       Because solar electric
system s run at low  voltages,
running your devices at low
voltage is m ore efficient than
inverting the voltage to grid



levels first

¶       Thanks to the popularity of
caravans and boats, there is a
large selection of 12-volt
appliances available. If you
are planning a stand-alone or
grid fallback system , you m ay
w ish to use these in your
solar electric system  rather
than less efficient
grid-voltage appliances

¶       Even if you are planning a
grid-tie system , it is still
useful to carry out a detailed
pow er analysis

¶       D o not forget to factor in



inefficiencies for batteries
and inverters

¶       Take into account the tim es
of year that you need to use
your solar electric system

¶       O nce you have com pleted
this stage, you w ill know
w hat the project needs to
achieve in order to be
successful



C alculating Solar
E nergy

The next tw o chapters are just as
useful for people w ishing to install
a solar hot w ater system  as they are
for people w ishing to install solar
electricity.
W henever I refer to solar panel or
solar array (m ultiple solar electric
panels) in these tw o chapters, the
inform ation is equally valid for
solar electricity and solar hot
w ater.



W hat is solar energy?
Solar energy is a com bination of the
hours of sunlight you get at your site
and the strength of that sunlight.
This varies depending on the tim e
of year and w here you live.
This com bination of hours and
strength of sunlight is called solar
insolation or solar irradiance, and
the results can be expressed as
w atts per square m etre (W /m Į) or,
m ore usefully, in kilow att-hours per
square m etre spread over the period
of a day (kW h/m Į/day). O ne square
m etre is equal to 9.9 square feet.



W hy is this useful?
Photovoltaic solar panels quote the
expected num ber of w atts of pow er
they can generate, based on a solar
irradiance of 1,000 w atts per
square m etre. This figure is often
show n as a w atts-peak (W p) figure
and show s how  m uch pow er the
solar panel can produce in ideal
conditions. A  solar irradiance of
1,000 w atts per square m etre is
w hat you could expect to receive at
solar noon in the m iddle of sum m er
at the equator. It is not an average
reading that you could expect to
achieve on a daily basis.



H ow ever, once you know  the solar
irradiance for your area, quoted as
a daily average (i.e. the num ber of
kilow att-hours per square m etre per
day), you can m ultiply this figure by
the w attage of the solar panel to
give you an idea of the daily am ount
of energy you can expect your solar
panels to provide.

C alculating solar irradiance
Solar irradiance varies significantly
from  one place to another and
changes throughout the year. In
order to com e up w ith som e
reasonable estim ates, you need
irradiance figures for each m onth of



the year for your specific location.
Thanks to N A SA , calculating your
ow n solar irradiance is sim ple.
N A SA ôs netw ork of w eather
satellites has been m onitoring the
solar irradiance across the surface
of the earth for m any decades. Their
figures have taken into account the
upper atm ospheric conditions,
average cloud cover and surface
tem perature, and are based on
sam ple readings every three hours
for the past quarter of a decade.
They cover the entire globe.
For reference, I have com piled this
inform ation for different regions



across the U nited States, Canada,
A ustralia, N ew  Zealand, the United
K ingdom  and Ireland in A ppendix
B .
The w ebsite goes further. W e have
incorporated solar irradiance charts
for every m ajor tow n and city in
every country in the w orld: sim ply
select your location from  a
pull-dow n list of countries and
cities and you can view  the
irradiance figures for your exact
area.
U sing the inform ation in A ppendix
B , here are the solar irradiance
figures for London in the United



K ingdom , show n on a m onth-by-
m onth basis. They show  the average
daily irradiance, based on m ounting
the solar array flat on the ground:

Jan Feb M ar A pr M ay

0.75 1.37 2.31 3.57 4.59

These figures show  how  m any
hours of equivalent m idday sun w e
get over the period of an average
day of each m onth. In the chart
above, you can see that in
D ecem ber w e get the equivalent of
0.6 of an hour of m idday sun (36
m inutes), w hilst in June w e get the
equivalent of 4.86 hours of m idday



sunlight (4 hours and 50 m inutes).

C apturing m ore of the sunôs
energy
The tilt of a solar panel has an
im pact on how  m uch sunlight you
capture: m ount the solar panel flat
against a w all or flat on the ground
and you w ill capture less sunlight
throughout the day than if you tilt the
solar panels to face the sun.
The figures above show  the solar
irradiance in London, based on the
am ount of sunlight shining on a
single square m etre of the ground. If
you m ount your solar panel at an



angle, tilted tow ards the sun, you
can capture m ore sunlight and
therefore generate m ore pow er.
This is especially true in the w inter
m onths, w hen the sun is low  in the
sky.
The reason for this is sim ple: w hen
the sun is high in the sky the
intensity of sunlight is high. W hen
the sun is low  in the sky the sunlight
is spread over a greater surface
area:



This diagram  shows
the different

intensity of light
depending on the
angle of sun in the
sky. W hen the sun is
directly overhead, a
1m -wide shaft of

sunlight will cover a



1m -wide area on the
ground. W hen the
sun is low in the sky
ï in this exam ple, I
am  using an angle of
30Á towards the sun
ï a 1m -wide shaft of
sunlight will cover a
2m -wide area on the
ground. This m eans
the intensity of the
sunlight is half as

m uch w hen the sun is
at an angle of 30Á
com pared to the
intensity of the

sunlight when the



sun is directly
overhead.

The im pact of tilting solar
panels on solar irradiance
If w e tilt our solar panels tow ards
the sun, it m eans w e can capture
m ore of the sunôs energy to convert
into electricity. O ften the angle of
this tilt is determ ined for you by the
angle of an existing roof. H ow ever,
for every location there are optim al
angles at w hich to m ount your solar
array, in order to capture as m uch
solar energy as possible.
Using London as an exam ple again,



this chart show s the difference in
perform ance of solar panels, based
on the angle at w hich they are
m ounted. The angles I have show n
are flat on the ground, upright
against a w all, and m ounted at
different angles designed to get the
optim al am ount of solar irradiance
at different tim es of the year (I
explain the relevance of these
specific angles in a m om ent):



Flat

Jan Feb M ar A pr M ay

0.75 1.37 2.31 3.57 4.59

U pright

Jan Feb M ar A pr M ay

1.20 1.80 2.18 2.58 2.70

 



38Á angle - Best year-round tilt

Jan Feb M ar A pr M ay

1.27 2.04 2.76 3.67 4.17



23Á angle - Best w inter tilt

Jan Feb M ar A pr M ay

1.30 2.03 2.62 3.34 3.66

53Á angle - Best sum m er tilt

Jan Feb M ar A pr M ay

1.19 1.95 2.77 3.84 4.52



A djusting the tilt m anually each
m onth

Jan Feb M ar A pr M ay

1.30
22Á tilt

2.05
30Á tilt

2.78
38Á tilt

3.86
46Á tilt

4.70
54Á tilt

Note: All angles are
given in degrees



from  vertical and are
location specific.

Look at the difference in the
perform ance based on the tilt of the
solar panel. In particular, look at
the difference in perform ance in the
depths of w inter and in the height of
sum m er.
It is easy to see that som e angles
provide better perform ance in
w inter; others provide better
perform ance in sum m er, w hilst
others provide a good com prom ise
all-year-round solution.

C alculating the optim um  tilt



for solar panels
Because of the 23İ Á tilt of the earth
relative to the sun, the optim um  tilt
of your solar panels w ill vary
throughout the year, depending on
the season. In som e installations, it
is feasible to adjust the tilt of the
solar panels each m onth, w hilst in
others it is necessary to have the
array fixed in position.
To calculate the optim um  tilt of
your solar panels, you can use the
follow ing sum :
90Á ï your latitude = optim um

fixed year-round setting
This angle is the optim um  tilt for



fixed solar panels for
all-year-round pow er generation.
This does not m ean that you w ill
get the m axim um  pow er output
every single m onth: it m eans that
across the w hole year, this tilt w ill
give you the best com prom ise,
generating electricity all the year
round.

G etting the best from  solar
panels at different tim es of the
year
D epending on w hen you w ant to use
your solar energy, you m ay choose
to use a different tilt in order to
im prove pow er output at a given



point in the year. Each m onth of the
year, the angle of the sun in the sky
changes by 7.8Á ï higher in the
sum m er and low er in the w inter. B y
adjusting the tilt of your solar panel
to track the sun, you can tw eak the
perform ance of your system
according to your requirem ents.
Y ou m ay w ant to do this for a
num ber of reasons:

¶       For a stand alone, off-
grid system , you often
need to get as m uch pow er
generation during the
w inter m onths as possible
to counter the reduction in



natural light

¶       W hen installing a grid-
tie system  in a cool
clim ate, w here the focus is
on reducing your carbon
footprint, you can choose
to boost your electricity
production in w inter, to
offset the am ount of
electricity you need to buy
w hen dem and is at its
highest

¶       W hen installing a grid-
tie system  w here the focus
is on m aking the m ost
profit by selling your



pow er, you can choose to
tilt your solar panels at a
sum m er setting and thereby
produce the m axim um
am ount of energy possible
over the course of the year

Y ou can see this m onthly optim um
angle (rounded to the nearest w hole
degree) on the bottom  row  of the
previous table.
O ptim um  w inter settings
H ere is an exam ple of how  you
could tw eak your system .
Perform ance of a solar system  is at
its w orst during the w inter m onths.
H ow ever, by tilting your panels to



capture as m uch of the sunlight as
possible during the w inter, you can
significantly boost the am ount of
pow er you generate at this tim e.
Based on the N orthern H em isphere,
an optim um  w inter tilt for solar
panels is the optim um  angle for
N ovem ber and January. For the
Southern H em isphere, the optim um
w inter tilt is M ay and July:

90Á ï your latitude ï 15.6Á =
optim um  w inter setting

A s you can see from  the previous
table, if you tilt your solar panels at
this angle, you w ill sacrifice som e
of your pow er generation capability



during the sum m er m onths.
H ow ever, as you are generating so
m uch m ore pow er during the
sum m er than you are in the w inter,
this m ay not be an issue.
M ore im portantly, com pared to
leaving the panels on a flat surface,
you are alm ost doubling the am ount
of pow er you can generate during
the three bleakest m onths of the
year. This m eans you can reduce the
num ber of solar panels you need to
install.
O ptim um  sum m er settings
If you w ish to get the best output of
your system  overall, you w ill find



that you w ill get slightly m ore
energy, w hen m easured over the
course of the w hole year, by angling
your solar panels to an optim um
sum m er tim e tilt.
In w arm  clim ates, w here m axim um
energy consum ption is during hot
w eather, angling your panels to get
the m axim um  am ount of sunlight
during the height of sum m er can be
the best solution, both financially
and environm entally.
For N orthern H em isphere countries,
the optim um  sum m er tim e tilt is the
optim um  angle for M ay and July.
For Southern H em isphere countries,



the optim um  sum m er tim e tilt is the
optim um  angle for N ovem ber and
January:

90Á ï your latitude + 15.6Á =
optim um  sum m er setting

Positioning your solar panels
Regardless of w here you live, the
sun alw ays rises from  the east and
sets in the w est. If you live in the
N orthern H em isphere, solar panels
w ill alw ays w ork best if they are
south-facing. In the Southern
H em isphere, solar panels w ork best
if they are north-facing.
H ow ever, it is not alw ays possible



to position your solar panels so they
are facing exactly the right w ay. For
instance, if you w ant to install solar
panels on the roof of the house, and
the roof faces east/w est, then it m ay
not be practical to install solar
panels in any other location.
Thanks to im proved solar panel
design over the past decade, this is
not as big a problem  as w as once
the case. W hilst the figure varies
slightly in different parts of the
w orld, from  one solar panel
m anufacturer to another and during
the different seasons of the year, the
average efficiency drop of a solar
panel m ounted aw ay from  due south



(due north in the Southern
H em isphere) is around 1.1%  for
every five degrees.
This m eans that if your panels face
due east or due w est, you can
expect around 20%  loss of
efficiency com pared to facing your
panels in the optim um  position.
Y ou can even face your panels in
the com pletely opposite direction ï
north in the N orthern H em isphere or
south in the Southern H em isphere ï
losing around 40%  of the efficiency
of your solar array by doing so.





For the Northern
H em isphere, this
chart show s the
approxim ate

efficiency loss by not
facing your panels
directly south. For

Southern
H em isphere

countries, the chart
should be reversed.

U sing solar irradiance to w ork
out how  m uch energy a solar
panel w ill generate
Based on these figures, w e can
calculate on a m onthly basis how



m uch pow er a solar panel w ill give
us per day, by m ultiplying the
m onthly solar irradiance figure by
the stated w attage of the panel:
Solar Irradiance x Panel W attage =

W att-hours per day
A s w e now  know , the solar
irradiance figure depends on the
m onth and the angle for the solar
panel. A ssum ing w e have a 20-w att
solar panel, m ounted flat on the
ground, here are the calculations for
London in D ecem ber and June:



Flat

D ecem ber June

0.60 x 20W  =
12 W h of energy
per day

4.86 x
20W  = 97 W h
of energy per
day

A s you can see, there is a big
difference in the am ount of energy
you can generate in the m iddle of
sum m er, com pared to w inter. In the



exam ple above, over eight tim es the
am ount of energy is generated in the
height of sum m er com pared to the
depths of w inter.
H ere are the sam e calculations
again, but w ith the solar panels
angled at 38Á for best
all-year-round perform ance. N ote
the significant im provem ent in
w inter perform ance and the slightly
reduced sum m er perform ance:



38Á angle

D ecem ber June

1.05 x 20W  =
21 W h of energy
per day

4.20 x
20W  = 84 W h
of energy per
day

U sing solar irradiance to give
you an approxim ate guide for
the required pow er capacity of
your solar array
In the sam e w ay that you can w ork
out how  m uch energy a solar panel
w ill generate per day, you can use
solar irradiance to give you an



approxim ate guide for the required
capacity of solar array that you
need.
I say an approxim ate guide, because
the actual capacity w ill also need
to take into account:

¶       The peculiarities of your
site

¶       The location and angles of
your solar panels

¶       A ny obstacles blocking the
sunlight at different tim es of
year

I cover all this in the next chapter
w hen I look at the site survey.



N evertheless, it can be useful to
carry out this calculation in order to
establish a ballpark cost for your
solar electric system . The
calculation is sim ple: take the
figure you calculated for your total
num ber of w att-hours per day and
divide it by the solar irradiance
figure for the w orst m onth that you
require your system  to w ork.
Using our holiday hom e as an
exam ple, w e can look at our w att-
hours per day figure of 695W h/day
and then divide this num ber by the
w orst m onth on our irradiance chart
(D ecem ber). It is w orth doing this
based on m ounting the solar panel



at different angles, to see how  the
perform ances com pare:

Flat

695
õ 0.6 =
1159
w atts

If w e
have our
solar panels
laid flat, w e
w ould need
a 1,159-
w att solar
array to
pow er our
hom e in
D ecem ber.

695
õ 1.01

If w e
m ount the



Upright = 688
w atts

solar panels
vertically
against a
w all, w e
could
generate the
sam e
am ount of
pow er w ith
a 688-w att
solar array.

38Á
angle
Best

695
õ 1.05
= 661
w atts

A ngled
tow ards the
equator, w e
could
generate the



year-
round tilt

sam e
am ount of
pow er w ith
a 661-w att
solar array.

23Á
angle
Best

w inter tilt

695
õ 1.08
= 643
w atts

W ith the
optim um
w inter tilt,
w e can use
a 643-w att
solar array.

695
õ 0.97
= 716

A ngled
tow ards the
sum m er sun,



53Á
angle
B est

sum m er
tilt

w atts w e w ould
require a
716-w att
solar array
to provide
pow er in
D ecem ber

Tilt
adjusted

each
m onth

695
õ 1.08
= 643
w atts

W ith the
tilt of the
solar panel
adjusted
each m onth,
w e can use
a 643-w att
solar array,
the sam e as
the best



w inter tilt
settings.

This chart tells us that to provide
full pow er for our holiday hom e in
D ecem ber, w e require a solar array
w ith a generation capacity of
betw een 643 w atts and 1159 w atts,
depending on the tilt of the solar
panels.
But rem em ber our scope. W e only
w ant to use the hom e full tim e from
M arch to O ctober. The solar
electric system  only needs to
provide enough electricity for a
long w eekend during the w inter.



This m eans that, so long as our
batteries are big enough to provide
electrical pow er for a few  days, it
does not m atter if the solar pow er
in w inter is not enough to provide
for constant use. A s soon as w e
close up the holiday hom e again, the
solar panels w ill recharge the
batteries.
H ere are m y calculations again, this
tim e using O ctober as our w orst
m onth:

Flat

695
õ 1.69
= 411
w atts

If w e
have our
solar panels
laid flat, w e



w ould need
a 411-w att
solar array
to pow er
our hom e in
O ctober.

Upright

695
õ 2.07
= 335
w atts

If w e
m ount the
solar panels
vertically
against a
w all, w e
could
generate the
sam e
am ount of



pow er w ith
a 335-w att
solar array.

38Á
angle
B est

year-
round tilt

695
õ 2.41
= 288
w atts

A ngled
tow ards the
equator, w e
could
generate the
sam e
am ount of
pow er w ith
a 288-w att
solar array.

695
õ 2.37

W ith the
optim um



23Á
angle
Best

w inter tilt

= 293
w atts

w inter tilt,
w e can use
a 293-w att
solar array.

53Á
angle
Best

sum m er
tilt

695
õ 2.33
= 298
w atts

A ngled
tow ards the
sum m er sun,
w e w ould
require a
298-w att
solar array
to provide
pow er in
O ctober

695 W ith the



Tilt
adjusted

each
m onth

õ 2.41
= 288
w atts

tilt of the
solar panel
adjusted
each m onth,
w e can use
a 288-w att
solar array,
the sam e as
the best
year-round
tilt settings.

This chart tells us that w e require a
solar array w ith a generation
capacity of betw een 288 w atts and
411 w atts, depending on the tilt of
the solar panels. C om pared to our



earlier calculations for generating
pow er throughout the year, it is
m uch low er. W e have just saved
ourselves a significant am ount of
m oney.
Y ou can also see that during the
sum m er m onths, the solar electric
system  w ill generate considerably
m ore electricity than w e w ill need
to run our holiday hom e. That is
fine. Too m uch is better than not
enough and it allow s for the
occasions w hen a light is left
sw itched on or a TV is left on
standby.



Solar panels and shade
The biggest negative im pact on
solar energy production is shade.
Even if only a very sm all am ount of
your solar array is in shade, the
im pact on the perform ance of your
w hole system  can have a very big
effect.
U nlike solar therm al (hot w ater)
system s, the loss of pow er through
shading is m uch greater than the
am ount of the panel that is in shade.
W ith solar therm al system s, if 5%
of the panel is in shade, you lose
around 5%  of the pow er
production.



D epending on the exact
circum stances, even if only 5%  of a
photovoltaic solar panel is in
shade, it is possible to lose
50ï80%  of pow er production from
your entire solar array.
For this reason, it is hugely
im portant that your solar energy
system  rem ains out of shade
throughout the day. Som etim es this
is not possible, and this requires
som e additional design w ork in
order to keep the effect of shade on
your system  to a m inim um .
I cover shade in m uch m ore detail
in A ppendix A , including an



explanation of w hy shade has such a
big im pact on energy production.
For now , it is just im portant to
know  that shading can significantly
affect the am ount of energy you can
get from  your solar energy system .



Solar array pow er point
efficiencies
N ow  w e know  the theoretical size
of our solar panels. H ow ever, w e
have not taken into account the
efficiencies of the panels
them selves or the efficiencies of the
controller or inverter that handles
them .
Solar panels are rated on their
ópeak pow er outputô. Peak pow er
on a solar panel in bright sunlight is
norm ally generated at betw een 14
and 20 volts. This voltage can go up
and dow n quite significantly,
depending on the am ount of sunlight



available.
This sw ing in voltage gets m uch
higher if you have m ultiple solar
panels connected together in series
ï or if you are using a
higher-voltage solar panel. It is
com m on for a solar array w ith
fifteen or tw enty panels connected
in series to have voltage sw ings of
several hundred volts w hen a cloud
obscures the sun for a few  seconds!
M anaging this voltage sw ing can be
done in one of tw o w ays. The cheap
and sim ple m ethod is to cut the
voltage dow n to a setting that the
solar panel can easily m aintain. For



instance, a solar panel rated at 12
volts w ill usually m aintain a
voltage level of at least 14 volts
during daylight hours. A  charge
controller or inverter that cuts the
voltage dow n to this level w ill then
alw ays be able to use this pow er.
The disadvantage of this approach
is that, as you cut the voltage, the
w attage drops w ith it, m eaning you
can lose a significant am ount of
energy.
In term s of the am ount of energy you
can capture, as opposed to w hat the
solar array collects, this m ethod can
reduce the efficiency of a solar
array by around 25% .



A  better solution is to use
controllers and inverters that
incorporate M axim um  Pow er Point
Tracking (M PPT). M axim um
pow er point tracking adjusts the
voltage from  the solar array to
provide the correct voltage for the
batteries or for the inverter in order
to rem ove this inefficiency.
M axim um  pow er point trackers are
typically 90ï95%  efficient. O ver
the past three years, the price of
M PPT controllers and inverters has
dropped and the availability has
increased to the point w here it is
alm ost alw ays w orth buying an



M PPT controller and inverter for
all but the very sm allest and
sim plest solar installations.
Incidentally, you only need an
M PPT inverter for grid-tie system s
w here you are pow ering the
inverter directly from  the solar
panels. Y ou do not require an
M PPT inverter if you are planning
to run the inverter through a battery
bank.
To take into account pow er point
efficiencies, you need to divide
your calculation by 0.9 if you plan
to use a M PPT controller or
inverter, and by 0.75 if you plan to



use a non-M PPT controller or
inverter:

N on M PPT
controller/inverter

calculation

M PPT
controller/inverter

calculations

Flat
solar
panel

Solar
panel at
38Á tilt

Flat
solar
panel

panel at
38Á tilt

411
w atts õ
0.75 =
548
w att
solar
panel

288
w atts õ
0.75 =
384
w att
solar
panel

411
w atts õ
0.9 = 
456
w att
solar
panel

w atts õ
0.9 = 
320
w att
solar
panel



The effects of
tem perature on solar
panels
Solar panels w ill generate less
pow er w hen exposed to high
tem peratures com pared to w hen
they are in a cooler clim ate. Solar
PV system s can often generate m ore
electricity on a day w ith a cool
w ind and a hazy sun than w hen the
sun is blazing and the tem perature is
high.
W hen solar panels are given a
w attage rating, they are tested at
25ÁC  (77ÁF) against a 1,000 W /m Į



light source. A t a cooler
tem perature, the solar panel w ill
generate m ore electricity, w hilst at
a w arm er tem perature the sam e
solar panel w ill generate less.
A s solar panels are exposed to the
sun, they heat up, m ainly due to the
infrared radiation they are
absorbing. A s solar panels are
dark, they can heat up quite
considerably. In a hot clim ate, a
solar panel can quite easily heat up
to 80ï90ÁC (160ï175ÁF).
Solar panel m anufacturers provide
inform ation to show  the effects of
tem perature on their panels. C alled



a tem perature coefficient of power
rating, it is show n as a percentage
of total pow er reduction per 1ÁC
increase in tem perature.
Typically, this figure w ill be in the
region of 0.5% , w hich m eans that
for every 1ÁC  increase in
tem perature, you w ill lose 0.5%
efficiency from  your solar array,
w hilst for every 1ÁC decrease in
tem perature you w ill im prove the
efficiency of your solar array by
0.5% .
A ssum ing a tem perature coefficient
of pow er rating of 0.5% , this is the
im pact on perform ance for a 100W



solar panel at different
tem peratures:

 5Ác /
41ÁF

15Ác
/
59ÁF

25Ác
/
77ÁF

Panel
output for
a 100W
solar
panel

110W 105W 100W

Percentage
gain/loss

10% 5% 0%

In northern Europe and Canada,
high tem perature is not a significant
factor w hen designing a solar



system . H ow ever, in southern states
of A m erica and in A frica, India,
A ustralia and the M iddle East,
w here tem peratures are
significantly above 25ÁC (77ÁF) for
m uch of the year, the tem perature of
the solar panels m ay be an
im portant factor w hen planning your
system .
If you are designing a system  for
all-year-round use, then in all
fairness a slight dip in perform ance
at the height of sum m er is probably
not an issue for you. If that is the
case, you do not need to consider
tem perature w ithin the design of
your system  and you can skip this



inform ation.
If your am bient tem perature is high
during the tim es of year you need to
get m axim um  perform ance from
your solar panels, then you w ill
need to account for tem perature in
your design.
Y ou can help reduce the
tem perature of your solar panels by
ensuring a free flow  of air both
above and below  the panels. If you
are planning to m ount your solar
panels on a roof, m ake sure there is
a gap of around 7ï10cm  (3ï4")
below  the panels, to allow  a flow
of air around them . A lternatively,



you can consider m ounting the
panels on a pole, w hich w ill also
aid cooling.
For a roof-top installation, if the
average air tem perature at a
particular tim e of year is
25ÁC/77ÁF or above, m ultiply this
tem perature in C elsius by 1.4 in
order to get a likely solar panel
tem perature. For a pole-m ounted
installation, m ultiply your air
tem perature by 1.2 in order to
calculate the likely solar panel
tem perature. Then increase your
w attage requirem ents by the
percentage loss show n in the
tem perature coefficient of power



rating show n on your solar panels,
in order to w ork out the w attage you
need your solar panels to generate.

Tem perature im pact on solar
perform ance in A ustin, Texas
during the sum m er m onths
By w ay of an exam ple, here is a
table for A ustin in Texas. This
show s average air tem peratures for
each m onth of the year, the
estim ated solar panel tem perature
for the hottest m onths of the year
and the im pact on the perform ance
on the solar array, assum ing a
tem perature coefficient of pow er
rating of 0.5% .



 Jan Feb

A verage
m onthly
tem perature

49ÁF
10ÁC

53ÁF
12ÁC

Likely roof-
m ounted
tem perature of
solar array 
(C elsius x 1.4)

  

Perform ance
im pact for roof
-m ounted
solar:

  

Likely pole-



m ounted
tem perature of
solar array
(Celsius x 1.2)

  

Perform ance
im pact for
pole- m ounted
solar:

  

The Perform ance Im pact
calculations in row s 3 and 5 of the
above table are calculated using the
follow ing form ula:
(Estim ated Solar Panel Tem p ÁC  ï
25ÁC ) x (ïTem p C oefficient of

Pow er Rating)



So, for July, the calculation for
roof-m ounted solar w as (41ÁC  ï
25ÁC ) x (ï0.5) = ï8%
For around five m onths of the year,
the am bient tem perature in A ustin is
greater than 25ÁC /77ÁF. D uring
these m onths, the higher tem perature
w ill m ean low er pow er output from
a solar array. If you are designing a
system  that m ust operate at
m axim um  efficiency during the
height of sum m er, you w ill need to
increase the size of your solar array
by the percentages show n, in order
to handle this perform ance
decrease.



Y ou can find the average am bient
air tem perature for your location by
visiting The W eather Channel
w ebsite at w ww .weather.com . This
excellent site provides average
m onthly tem peratures for tow ns and
cities across the w orld, show n in
your choice of Fahrenheit or
C elsius.
O ur exam ple holiday hom e project
is in the United K ingdom , w here the
tem perature is below  25ÁC  for m ost
of the year. In addition, our solar
design w ill produce m ore pow er
than w e need during the sum m er
m onths. A s a result, w e can ignore



tem perature in our particular
project.



W orking out an
approxim ate cost
It is w orth stressing again that these
figures are only approxim ate at this
stage. W e have not yet taken into
account the site itself and w e are
assum ing that shading w ill not be an
issue.
If you are planning to do the
physical installation yourself, a
solar electric system  consisting of
solar array, controller and battery
costs around Ã4.00 ($6.20 U S) per
w att, +/ï 15% .
A  grid-tie system  is cheaper to



install than a stand-alone system , as
you do not need to budget for
batteries. Y ou w ill, how ever, need
a qualified electrician to certify the
system  before use. In m ost
countries, you w ill also need all the
com ponents used in your solar
installation to be certified as
suitable for grid installation. If you
are planning grid-tie, budget around
Ã2.00ïÃ3.00 ($3.10ï$4.60 U S) per
w att, +/ï 15% .
For our holiday hom e installation,
w e need 320 w atts of solar
electricity if w e tilt the solar panels
tow ards the sun, or 456 w atts if w e
m ount the panels flat. O ur rough



estim ate suggests a total system  cost
of around Ã1,280 ($1,970 US), +/ï
15%  for tilted panels, or Ã1,824
($2,800 U S) +/ï 15%  for a flat
panel installation.
If you rem em ber, the cost to connect
this holiday hom e to a conventional
electricity supply w as Ã4,500
($7,200). Therefore, installing solar
energy is the cheaper option for
providing electricity for our hom e.

W hat if the figures do not add
up?
In som e installations, you w ill get
to this stage and find out that a solar



electric system  sim ply is
unaffordable. This is not
uncom m on. I w as asked to calculate
the viability for using 100%  solar
energy at an industrial unit once,
and cam e up w ith a ballpark figure
of Ã33İ m  (around $54m )!
W hen this happens, you can do one
of tw o things: w alk aw ay, or go
back to your original scope and see
w hat can be changed.
The best thing to do is go back to
the original pow er analysis and see
w hat savings you can m ake. Look at
the efficiencies of the equipm ent
you are using and see if you can



m ake savings by using
low er-energy equipm ent or
changing the w ay equipm ent is
used.
If you are absolutely determ ined to
im plem ent a solar electric system ,
there is usually a w ay to do it.
H ow ever, you m ay need to be
ruthless as to w hat you have to
leave out.
In the exam ple of the industrial unit,
the underlying requirem ent w as to
provide em ergency lighting and
pow er for a cluster of com puter
servers if there w as a pow er cut.
The cost for im plem enting this



system  w as around Ã32,500
($52,000): com parable in cost to
installing and m aintaining on-site
em ergency generators and UPS
equipm ent.



W orking out dim ensions
N ow  w e know  the capacity of the
solar panels, w e can w ork out an
approxim ate size of our solar array.
This is extrem ely useful inform ation
to know  before w e carry out our
site survey: the solar panels have to
go som ew here. W e need to be able
to find enough suitable space for
them  w here they w ill receive
uninterrupted sunshine in a safe
location.
There are tw o m ain technologies of
solar panels on the m arket:
am orphous and crystalline solar
panels. I w ill explain the



characteristics and the advantages
and disadvantages of each, later on.
For the purposes of w orking out
how  m uch space youôre going to
need to fit the solar panels, you
need to know  that a 1m Į
(approxim ately 9.9 square feet)
am orphous solar panel generates in
the region of 60 w atts, w hilst a 1m Į
crystalline solar panel generates in
the region of 160 w atts.
Therefore, for our holiday hom e,
w e are looking for a location w here
w e can fit betw een 5 and 7.6m Į
(49ï75 square feet) of am orphous
solar panels or 2ï3m Į (20ï29



square feet) of crystalline solar
panels.



In conclusion
¶       By calculating the am ount of

solar energy theoretically
available at our site, w e can
calculate ballpark costs for
our solar electric system

¶       There are various
inefficiencies that m ust be
considered w hen planning
your system . If you do not
take these into account, your
system  m ay not generate
enough pow er

¶       It is not unusual for these
ballpark costs to be far too



expensive on your first
attem pt. The answ er is to
look closely at your original
scope and see w hat can be cut
in order to produce a cost-
effective solution

¶       A s w ell as w orking out
ballpark costs, these
calculations also help us
w ork out the approxim ate
dim ensions of the solar array.
This m eans w e know  how
m uch space w e need to find
w hen w e are carrying out a
site survey



Surveying Y our Site

The site survey is one of the m ost
im portant aspects of designing a
successful solar system . It w ill
identify w hether or not your site is
suitable for solar. If it is, the survey
identifies the ideal position to
install your system , ensuring that
you get the best value for m oney
and the best possible perform ance.



W hat w e w ant to achieve
For a solar electric system  to w ork
w ell, w e need the site survey to
answ er tw o questions:

¶       Is there anyw here on the site
that is suitable for positioning
m y solar array?

¶       D o nearby obstacles such as
trees and buildings shade out
too m uch sunlight?

The first question m ight at first
sound daft but, depending on your
project, it can m ake the difference
betw een a solar energy system
being viable or not.



B y answ ering the second question,
you can identify how  m uch of the
available sunlight you w ill be able
to capture. It is vitally im portant
that you answ er this question. The
num ber one reason for solar energy
failing to reach expectations is
obstacles blocking out sunlight,
w hich dram atically reduces the
efficiency of the system .
To answ er this second question, w e
need to be able to plot the position
of the sun through the sky at
different tim es of the year. D uring
the w inter, the sun is m uch low er in
the sky than it is during the sum m er



m onths. It is im portant to ensure that
the solar array can receive direct
sunlight throughout the day during
the w inter.

W hat you w ill need
Y ou w ill need a com pass, a
protractor, a spirit level and a tape
m easure.
Inevitably a ladder is required if
you are planning to m ount the solar
array on a roof. A  cam era can also
be extrem ely useful for
photographing the site. If you have
an iPhone or an A ndroid cell phone,
you can also dow nload som e cheap
softw are that w ill help you identify



the path of the sun across the sky
and assist w ith obstacle analysis.
I also find it useful to get som e
large cardboard boxes. O pen them
out and cut them  into the rough size
of your proposed solar array. This
can help you w hen finding a
location for your solar panels. It is
far easier to envisage w hat the
installation w ill look like and it can
help highlight any installation issues
that you m ight otherw ise have
m issed.
If you have never done a solar site
survey before, it does help if you
visit the site on a sunny day.



O nce you have m ore experience
w ith doing solar site surveys, you
w ill find it does not actually m ake
m uch difference w hether you do
your site survey on a sunny day or
an overcast day. A s part of the site
survey, w e m anually plot the sunôs
position across the sky, so once you
have m ore experience, sunny
w eather actually m akes little
difference to the quality of the
survey.



First im pressions
W hen you first arrive on the site,
the first thing to check is that the
layout of the site gives it access to
sunlight.
W e w ill use a m ore scientific
approach for checking for shade
later, but a quick look first often
highlights problem s w ithout needing
to carry out a m ore in-depth survey.
If you are in the N orthern
H em isphere, look from  east,
through south and to the w est to
ensure there are no obvious
obstructions that can block the
sunshine, such as trees and other



buildings. If you are in the Southern
H em isphere, you need to check
from  east, through north to w est for
obstructions. If you are standing on
the equator, the sun passes
overhead, so only obstructions in
the east and w est are im portant.
B e very careful not to look directly
at the sun, even for a few  m om ents,
w hilst you are carrying out this
survey. Even in the m iddle of
w inter, retina burn can cause
perm anent dam age to your eyesight.
Look around the site and identify all
the different options for positioning
the solar array. If you are



considering m ounting your solar
array on a roof, rem em ber that the
w orld looks a very different place
from  a roof-top, and obstructions
that are a problem  standing on the
ground look very different w hen
you are at roof height.

D raw ing a rough sketch of the
site
It can be helpful to draw  up a rough
sketch of the site. It does not have to
be accurate, but it can be a useful
tool to have, both during the site
survey and afterw ards w hen you are
designing your system .



Include all properties and trees that
are close to your site and not just
those on your land. Include trees
that are too sm all to w orry about
now , but m ay becom e a problem  in
a few  yearsô tim e. A lso m ake a note
of w hich w ay is north.



Positioning the solar
array
Y our next task is to identify the best
location to position your solar
array. W hilst you m ay already have
a good idea w here you w ant to
install your solar panels, it is
alw ays a good idea to consider all
the different options available to
you.
A s w e discovered in the last
chapter, solar arrays perform  at
their best w hen tilted tow ards the
sun.
If you are planning to install solar



energy for a building, then the roof
of the building can often be a
suitable place to install the solar
array. This is effective w here the
roof is south-facing or w here the
roof is flat and you can fit the
panels using angled m ountings.
O ther alternatives are to m ount
solar panels on a w all. This can
w ork w ell w ith longer, slim m er
panels that can be m ounted at an
angle w ithout protruding too far out
from  the w all itself. A lternatively,
solar panels can be ground-m ounted
or m ounted on a pole.
W hen considering a position for



your solar array, you need to
consider how  easy it is going to be
to clean the solar panels. Solar
panels do not need to be spotless,
but dirt and grim e w ill reduce the
efficiency of your solar system  over
tim e, so w hile you are looking at
m ounting solutions it is definitely
w orth considering how  you can
access your panels to give them  a
quick w ash every few  m onths.

R oof-m ounting
If you are planning to m ount your
solar array on a roof, you need to
gain access to the roof to check its
suitability.



U se a com pass to check the
direction of the roof. If it is not
directly facing south, you m ay need
to construct an angled support in
order to get the panels angled
correctly.
Y ou w ill also need to find out the
pitch of the roof. Professionals use
a tool called a Roof Angle Finder
to calculate this. Roof angle finders
(also called M agnetic Polycast
Protractors) are low -cost tools
available from  buildersô m erchants.
Y ou press the angle finder up
against the rafters underneath the
roof and the angle finder w ill show



the angle in degrees.
A lternatively, you can calculate the
angle using a protractor at the base
of a roof rafter underneath the roof
itself.
Solar panels in them selves are not
heavy: 15ï20 kilogram s (33ï44
pounds) at m ost. Y et w hen m ultiple
panels are com bined w ith a fram e,
especially if that fram e is angled,
the overall w eight can becom e quite
significant.
Check the structure of the roof.
Ensure that it is strong enough to
take the solar array and to ascertain
w hat fixings you w ill need. It is



difficult to provide general advice
on roof structures and fixings. There
are so m any different roof designs it
is not possible for m e to provide
m uch useful inform ation on this
subject. If you are not certain about
the suitability of your roof, ask a
builder or an architect to assess
your roof for you.
R oof-m ounting kits are available
from  solar panel suppliers.
A lternatively, you can m ake your
ow n.
If it does not com prom ise your
solar design, it can be quite useful
to m ount your solar panels at the



low est part of the roof. This can
m ake it considerably easier to keep
the panels clean: m ost w indow
cleaners w ill happily w ash
easily-accessible solar panels if
they are situated at the bottom  of the
roof, and telescopic w indow
cleaner kits are available to reach
solar panels at the low er end of a
roof structure.
M easure and record the overall
roof-space available for a solar
array. It is also a good idea to use
the cardboard cut-outs you m ade
earlier and place these on the roof
to give a ólook and feelô for the
installation and help you identify



any installation issues you m ay have
w ith positioning and m ounting the
solar array.

G round-m ounting
If you w ant to m ount your solar
array on the ground, you w ill need a
fram e onto w hich you can m ount
your solar panels. M ost solar panel
suppliers can supply suitable
fram es or you can fabricate your
ow n on site.
There are benefits for a ground-
m ounted solar array: you can easily
keep the panels clean and you can
use a fram e to change the angle of



the array at different tim es of year
to track the height of the sun in the
sky.
Take a note of ground conditions, as
you w ill need to build foundations
for your fram e.
Incidentally, you can buy
ground-m ounted solar fram es that
can also m ove the panel to track the
sun across the sky during the day.
These Solar Trackers can increase
the am ount of sunlight captured by
around 15ï20%  in w inter and up to
55%  in sum m er.
U nfortunately, at present,
com m ercial solar trackers are



expensive. Unless space is at an
absolute prem ium , you w ould be
better to spend your m oney on a
bigger solar array.
H ow ever, for a keen D IY  engineer
w ho likes the idea of a challenge, a
solar tracker that m oves the array to
face the sun as it m oves across the
sky during the day could be a useful
and interesting project to do. There
are various sites on the internet,
such as instructables.com , w here
keen hobbyists have built their ow n
solar trackers and provide
instructions on how  to m ake them .

Pole-m ounting



A nother option for m ounting a solar
panel is to affix one on a pole.
B ecause of the w eight and size of
the solar panel, you w ill need an
extrem ely good foundation and a
heavyw eight pole, in order to
w ithstand the w ind.
Y ou can m ount up to 600-w att
arrays using single-pole m ountings.
Larger arrays can be pole-m ounted
using fram es constructed using tw o
or four poles.
M ost suppliers of solar panels and
associated equipm ent can provide
suitable poles.



Splitting the solar array into
several sm aller arrays
It m ay be that w hen you get to the
site, you find that there is no one
space available that w ill allow  you
to install all the solar panels you
need. If this is the case, it is
possible to split your single solar
array into several sm aller arrays.
This m eans, for instance, that you
could have tw o sets of panels
m ounted on different roof pitches,
or som e m ounted on a roof and
som e from  a pole.
If you do this, you are creating tw o
separate solar energy system s,



w hich you then have to link
together. For a grid-tie system , you
w ould require either a m icro-
inverter system  or an inverter that
can accept inputs from  m ore than
one solar array. For a stand-alone
system , you w ould require a battery
controller for each separate solar
array.



Identifying the path of
the sun across the sky
O nce you have identified a suitable
position for your solar array, it is
tim e to be a little m ore scientific in
ensuring there are no obstructions
that w ill block sunlight at different
tim es of the day, or at certain tim es
of the year.
The path of the sun across the sky
changes throughout the year. This is
w hy carrying out a site survey is so
im portant: you cannot just check to
see w here the sun is shining today.
The height and position of the sun
constantly changes throughout the



year.
Each year, there are tw o days in the
year w hen the day is exactly tw elve
hours long. These tw o days are 21st

M arch and 21st Septem ber, the
solar equinoxes. O n these
equinoxes the sun rises due east of
the equator and sets due w est of the
equator. A t solar noon on the
equinox, exactly six hours after the
sun has risen, the angle of the sun is
90Á m inus the local latitude.
In the N orthern H em isphere (i.e.
north of the equator), the longest
day of the year is 21st June and the



shortest day of the year is 21st
D ecem ber. These tw o days are the
sum m er and w inter solstices
respectively.
O n the sum m er solstice, the angle of
the sun is 23.5Á higher than it is on
the equinox, w hilst on the w inter
solstice the angle is 23.5Á low er
than on the equinox.
These tw o extrem es are due to the
tilt of the earth, relative to its orbit
around the sun. In the N orthern
H em isphere, the sum m er solstice
occurs w hen the N orth Pole is tilted
tow ards the sun, and the w inter
solstice occurs w hen the N orth Pole



is tilted aw ay from  the sun.



Figure 4: This chart
show s the different
paths of the sun from
sunrise to sunset at
different tim es of the

year from  the
Northern

H em isphere. The
intersection between
N, S, E and W  is your

location.
W e w ill take London in the U nited
K ingdom  as an exam ple. Londonôs
latitude is 51Á. O n the equinox, the
angle of the sun at noon w ill be 39Á
(90Á ï 51Á). O n the sum m er



solstice, the angle w ill be 62.5Á
(39Á + 23.5Á) and on the w inter
solstice, it w ill be 15.5Á (39Á ï
23.5Á).

London in m id-sum m er, com pared
to London in m id-winter

A s w ell as the solar irradiance
figures, A ppendix B  show s the



height of the sun in the sky at noon
at different tim es of the year and the
optim um  tilts for solar panels for
the U nited States, C anada,
A ustralia, N ew  Zealand, United
K ingdom  and Ireland.
For m ore detailed inform ation on
sun heights on a m onthly basis, or
for inform ation for other countries,
visit
ww w .SolarElectricityH andbook.com
and follow  the link to the solar
panel angle calculator.



Shading
A s m entioned in a previous chapter,
shading can have a very significant
im pact on the perform ance of your
solar energy system . Even a tiny
am ount of shading can have a huge
im pact on the am ount of energy that
your system  is able to generate.
Therefore, it is im portant that your
solar array rem ains shade-free
w henever possible.
Y ou can carry out this analysis in
various w ays. Y ou can use a
professional obstacle analysis tool,
you can dow nload an obstacle
analysis tool onto your cell phone



or you can use paper and pencil to
com e up w ith a rough plan.

Professional tools for obstacle
analysis
In the past, a product called a Solar
Pathfinder w as one of the best
tools you could get. This w as a
plastic unit w ith an angle chart
m ounted on the top. A  glass dom e
w as then placed on top of the chart.
Y ou w ould m ount the unit onto a
tripod at the desired location.
O bstacles w ere reflected in the
glass bubble and this w ould allow
you to m anually plot the obstacles
on the chart and then m anually w ork



out your shading issues.
The Solar Pathfinder is surprisingly
effective, as it can be easily m oved
around in order to find the best
location for solar panels. M any
professional solar installers still
use a Solar Pathfinder for quick
checks, despite also using the m ore
expensive and advanced electronic
equipm ent to provide a m ore
detailed analysis.
Som e solar suppliers can rent you a
Solar Pathfinder for a sm all daily
or w eekly fee and can do the
m anual calculations for you once
you have plotted the obstacles.



Today there are electronic system s
that use G PS, tilt sw itches and
accelerom eters to do this w ork
electronically. They are expensive
to buy or rent on a daily basis. They
do provide extrem ely
com prehensive solar analysis,
how ever, and if you plan to take up
solar installations professionally,
they are a w orthw hile investm ent.
The best know n is the Asset from
W iley Electronics and the SunEye
from  Solm etric. M y personal
preference is SunEye, as I find the
unit sim pler, but both products do a
sim ilar job.



C ell phone applications
W hilst they are very good, these
tools are overkill for sm aller solar
installations and are often very
com plicated to use. Thankfully,
m odern sm art phones provide the
processing pow er and functionality
to do a sim ilar job. A  few
com panies have now  developed
solar shade analysis softw are to run
on these m obile phones. These use
the phoneôs built-in G PS, com pass,
accelerom eter and cam era to record
a com plete shade analysis in a
m atter of a few  m om ents.
If you have an iPhone, you can



dow nload a product called
Solm etric IPV. Costing $29.99, this
application handles your obstacle
tracking, autom atically providing
charts show ing your shading
analysis throughout the year. The
detail of reporting is not as great as
som e of the other electronic tools,
but m ore and m ore professionals
are now  using this softw are. It
provides m ost of the functions that
you get w ith a m ore expensive
system , but in a package that is
easier to use and far cheaper to buy.
Y ou can find out m ore about
Solm etric IPV from
w w w.solm etric.com  and the



softw are can be dow nloaded from
the iTunes w ebsite.
A lternatively, there is an A ndroid
phone dow nload called Solar
Shading, produced by C om oving
M agnetics. C osting $15 on the
A ndroid M arket, this application
provides you w ith a com plete
shading analysis throughout the
year, presenting the inform ation in
easy-to-read charts.



Above: Exam ples of
on-screen reports
from  Solm etric IPV
running on the



iPhone.
Below : Screen-shots
from  Solar Shading,
running on Android

phones.



U sing paper and pencil
Finally, if you do not have access to
a professional tool or a suitable
m obile phone, you can use the old-
fashioned m ethod of paper and
pencil. G o to the position w here
you are planning to put your solar
array and find due south w ith a
com pass. Looking from  the sam e
height as your proposed location,
and w orking from  east to w est,
check there are no obstacles, such
as trees or buildings, that can shade
the sun at different tim es of the day
or w hen the sun is at its low est
w inter height.



To do this, you w ill need to find out
w hat position the sun rises and sets
at different tim es of the year.
Thankfully, this is easy to find out.
The solar angle calculator w hich
you can find at
w w w.SolarElectricityH andbook.com
includes this inform ation, m aking it
easy to identify the path of the sun at
these different tim es of the year.
For a sim ple one-off site survey, the
easiest w ay to identify potential
obstructions is to use a protractor
and pencil. Tape the pencil to the
centre of the protractor w here all
the lines m eet, in such a w ay that



the other end of the pencil can be
m oved across the protractor. Y ou
can use this protractor to check the
field of view , using the pencil as an
óaim erô to show  the angle of the sun
in the sky based on different tim es
of the year.

B e very careful not to look directly



at the sun, even for a few  m om ents,
w hilst you are carrying out this
survey. Even in the m iddle of
w inter, retina burn can cause
perm anent dam age to your eyesight.
Y our survey needs to ensure there
are no obstacles in the depths of
w inter, w hen the sun is only a few
degrees up in the sky.

In the case of London, on the 21st
D ecem ber the sun w ill be only
15İ Á high at m idday (at due south)
and low er than that for the rest of
the day.
If there are obstacles that are
blocking visibility of the sun, find



another location. A lternatively, find
other w ays around the obstacle,
such as m ounting the solar array
higher up on a fram e.
O f course, if you do not need your
solar system  to produce m uch
pow er during the w inter m onths this
m ay not be a problem  for you.
H ow ever, m ake sure obstacles do
not shade your system  for the tim es
of year w hen you need pow er.



Future proof your system
Y ou do need to consider the future
w hen installing a solar electric
system . The system  w ill have a
lifetim e of at least 20 years, so as
far as possible you need to ensure
that the system  w ill be effective for
that length of tim e.
W hen scanning the horizon, take
into account that trees and hedges
w ill grow  during the lifetim e of the
system . A  sm all spruce in a nearby
garden could grow  into a m onster in
the space of a few  years, and if that
is a risk, it is best to know  about it
now , rather than have a nasty



surprise a few  years dow n the line.
See if there is any planned building
w ork nearby that m ay overshadow
your site and try to assess the
likelihood of future building w ork
that could have an im pact on
shading.
It is also w orth finding out if fog or
heavy m ist is a problem  at certain
tim es of the year. The efficiency of
your solar array w ill be
com prom ised if the site has regular
problem s w ith heavy m ist.

W hat if there are shading
obstructions?



If there are obstructions that shade
your proposed location, and there
are no other locations that are
suitable for solar, you need to
ascertain at w hat point during the
day the obstructions occur.

A nything due south (or due north
in the Southern H em isphere) is a
m ajor problem , as this w ill be the
position of the sun w hen the
intensity of the sunlight is at its
highest. C ore pow er generation
occurs betw een 9am  and 3pm . If
you have shading either before 9am
or after 3pm , you w ill lose around
20%  of your capability in the



sum m er, or 40%  of your capability
if you have shading both before 9am
and after 3pm .

D uring the w inter, the difference
is not so great. If you have shading
before 9am  or after 3pm  during the
w inter, you w ill probably lose only
around 5ï10%  of your generating
capabilities during this tim e.

If you have shading during your
core pow er generation tim es, you
need to give serious thought as to
w hether you should continue w ith a
solar im plem entation: the
perform ance of your solar system
w ill be severely com prom ised.



If you do have significant
shading issues and you w ant to find
out the exact im pact of these
obstructions on your solar array,
you are going to need to use a
professional tool for obstacle
analysis. The electronic tools w ill
be able to quantify exactly w hat the
im pact of the shade is on your
system  at different tim es of the year.
If obstructions occur for part of the
day, such as during the m orning or
during the afternoon, you can
consider increasing the num ber of
solar panels you purchase and
angling them  aw ay from  the



obstruction in order to increase
their collection of sunlight during
the unobstructed parts of the day.

A lternatively, you m ay be better
off investigating other energy
options, such as w ind pow er or fuel
cells, either instead of using solar
or in com bination w ith a sm aller
solar electric system .

A ppendix A  looks at the issue of
shading in a lot m ore detail and
explains how  you can w ork around
obstruction issues. It is alw ays best
to avoid shade as far as possible,
because w orkarounds can becom e
costly. H ow ever, if you cannot



elim inate shade altogether, it need
not w rite off solar as a solution that
can w ork for you.



Positioning batteries,
controllers and inverters
Y ou need to identify a suitable
location for batteries. This could be
a room  w ithin a building, in a
garage or garden shed, or in a
w eatherproof battery housing.
It is im portant to try to keep all the
hardw are close together, in order to
keep the cable lengths as short as
possible. By óhardw areô, I am
referring to the solar array itself,
batteries, controller and inverter.
For the batteries, inverter and
controller, you are looking for a



location that fits the follow ing
criteria:

¶       W ater- and w eather proof

¶       N ot affected by direct
sunlight

¶       Insulated to protect against
extrem es of tem perature

¶       Facilities to ventilate gases
from  the batteries

¶       Protected from  sources of
ignition

¶       A w ay from  children, pets
and rodents

Lead acid batteries give off very



sm all quantities of hydrogen w hen
charging. H ydrogen is explosive.
Y ou m ust ensure that, w herever
your batteries are stored, the area
receives adequate external
ventilation to ensure these gases
cannot build up.
B ecause of the extrem ely high
potential currents involved w ith
lead acid batteries, the batteries
m ust be in a secure area aw ay from
children and pets.
For all of the above reasons,
batteries are often m ounted on
heavy-duty racking, w hich is then
m ade secure using an open-m esh



cage. A lternatively, you can
purchase purpose-built battery
enclosures from  solar or battery
suppliers.
Controllers and inverters need to be
m ounted as close to the batteries as
possible. These are often
w all-m ounted, but can also be
m ounted to racking.
Large inverters can be extrem ely
heavy, so if you are planning to
w all-m ount one, m ake sure that the
w all is load-bearing and able to
take the w eight.



C abling
W hile you are on site, consider
likely routes for cables, especially
the heavy-duty cables that link the
solar array, controller, batteries and
inverter together. Try to keep cable
lengths as short as possible, as
longer cables m ean low er
efficiency. M easure the lengths of
these cables so that you can
ascertain the correct specification
for cables w hen you start planning
the installation.



Site survey for the
holiday hom e
B ack to our holiday hom e exam ple:
based on our previous calculations,
our holiday hom e needs a solar
array capable of generating 320
w att-hours of energy, if w e angle
the array tow ards the sun. This
solar array w ill take up
approxim ately 2m Į (18 sq. ft) of
surface area.
O ur site survey for the holiday
hom e show ed the m ain pitch of the
roof is facing east to w est. This is
not ideal for a solar array. The
eastern side of the roof has a



chim ney. There is shade from  a tall
tree that obscures part of the w est-
facing part of the roof. There is no
space on the gable end of the roof to
fit the required solar panels.





M ap of the holiday
hom e, identifying

likely obstacles and
a suitable position
for the solar array

A n old shed close to the house has a
south-facing roof, but only a 20Á
pitch. A  tree shades the shed for
m ost of the m ornings for nine
m onths of the year. Furtherm ore, the
condition of the shed m eans that it
w ould need significant rem edial
w ork should w e decide to use it.
There is a farm  to the east of the
house, w ith a large barn and a
num ber of trees bordering the



house, the tallest of w hich is
approxim ately 30 feet (10m ) tall.
O ne of these trees provides shade
to the shed and part of the rear of
the house during the w inter, and
m ay provide m ore shade during the
rest of the year if it continues to
grow .
The garden is south-facing and
receives sunlight throughout the
year.
W e decide to install the solar array
in the rear garden, constructing a
suitable 1.2m  (4 feet) tall garden
store w ith a south-facing pitched
roof of approxim ately 52Á



(allow ing us to tilt the solar array at
38Á from  vertical for best year-
round sunshine). O ur solar house
w ill hold the batteries and
controller and w ill have adequate
ventilation to ensure that the sm all
am ounts of hydrogen generated by
the batteries can escape. By
building our ow n structure, w e can
install the solar array at the
optim um  tilt to capture as m uch
sunlight as possible. This m eans our
solar array is com pact and keeps
our costs to a m inim um .
The solar house w ill be located
around 10m  (33 feet) from  the
house and shielded from  the house



by a new  shrubbery.
The cable lengths betw een the solar
array and the solar controller are
approxim ately 2m  (6İ  feet). The
cable length betw een the solar
controller and the batteries is less
than 1m  (3 feet). The cable length
betw een the solar house and the
hom e is 12m  (40 feet). There is a
further 10m  (33 feet) of cabling
inside the house.
These longer cable lengths are not
ideal. C able runs should be as short
as possible in order to reduce
pow er losses through the cable.
H ow ever, w e cannot position the



solar array any nearer to the house.
W e w ill have to address this
particular problem  through our
design.



In conclusion
¶       There is a lot to do on a site

survey. It is im portant. Spend
tim e; get it right.

¶       D raw ing a m ap and taking
photographs can help w ith the
site survey and are invaluable
for the next stage, w hen w e
start designing our new
system .

¶       Solar panels can be
roof-m ounted, m ounted w ith a
fram e on the ground or on a
pole.

¶       O nce you have identified a



location for the panels, check
for obstructions that w ill
shade the panels throughout
the year.

¶       These obstructions are m ost
likely to be an issue during
the w inter m onths, w hen solar
energy is at a prem ium .

¶       Identify a suitable space for
batteries, controller and
inverter.

¶       Plan the cable runs and the
m easure the length of the
required cables.

¶       C ables should be as short as



possible, in order to reduce
the voltage losses through the
system . If long cable lengths
are necessitated by the
positioning of the solar array,
w e m ay need to run our
system  at a higher voltage to
com pensate.



U nderstanding the
C om ponents

O nce you have com pleted your site
survey, you know  all the facts: how
m uch pow er you need to generate,
the suitability of your site and
approxim ately how  m uch it is going
to cost you.
N ow  you need to look at the
different technologies and products
that are available, to see w hat best
suits you and your application.
Y our choice of com ponents and the
design of your system  w ill depend



on w hether you are designing a
stand-alone system  (w hich also
includes grid fallback and grid
failover system s), or a grid-tie
system  that exports energy to the
grid.
B ecause there are differences in the
design of stand-alone and grid-tie
system s, I have split this section
into four chapters. This chapter
looks at com ponents that are
com m on to both grid-tie system s
and stand-alone system s. The next
chapter looks specifically at w hat
you require for grid-tie system s.
The third chapter looks specifically
at stand-alone system s and system s



that incorporate their ow n battery
store, w hilst the fourth chapter
looks at the com ponent certification
and regulations that you need to take
into account w hen selecting solar
energy equipm ent.

H ow  to use these chapters
These next three chapters w ill go
into m uch m ore detail about the
different options available to you.
There is a bew ildering choice of
solar panels, batteries, controllers,
inverters and cables.
These chapters explain the
technology in a lot m ore detail, so



you can go and talk sensibly to
suppliers and understand w hat they
are saying.



C om m on com ponents for
all system s
C ore to all solar energy system s are
the solar panels them selves. M ost
solar panels can be used for either
grid-tie or stand-alone use, and
although recently som e
m anufacturers have released
higher-voltage solar panels
designed specifically for grid-tie
applications, the criteria for
choosing one solar panel over
another rem ain the sam e.



Solar panels
There are three different
technologies used for producing
solar panels. Each has its ow n set
of benefits and disadvantages.
For the purpose of this handbook, I
am  ignoring the expensive solar
cells used on satellites and in
research laboratories and focusing
on the photovoltaic panels that are
available com m ercially at
reasonable cost today.

A m orphous solar panels
The cheapest solar technology is
am orphous solar panels, also



know n as thin-film  solar panels.
These panels have had a bad
reputation in the past, w ith poor
product reliability and questionable
lifespan. This has often been dow n
to the chem istries used in older
designs of panel breaking dow n
under extrem es of tem perature over
a period of a few  years, or the poor
quality of m aterials used in the
production of cheap panels.
Thankfully, this technology has
m atured significantly over the past
five years and am orphous solar is
now  regarded as being highly
reliable, w ith som e significant



benefits over traditional solar
panels. Big nam e m anufacturers
such as M itsubishi, Sanyo and
Sharp now  m anufacture high-quality
am orphous solar panels, along w ith
som e exceptionally good specialist
m anufacturers such as Solar
Frontier and Uni-Solar. Som e
m anufacturers now  even offer a ten-
or tw enty-year w arranty on their
am orphous panels.
O n paper, am orphous solar panels
are the least-efficient panels
available, typically converting
around 6ï8%  of available sunlight
to electricity. This m eans that you
need tw ice as m uch space available



for installing am orphous solar
panels com pared to crystalline
panels.
H ow ever, am orphous panels are
good at generating pow er even on
overcast and extrem ely dull days. In
general, they are also far better in
extrem e tem perature conditions,
w ith significantly less pow er loss at
higher tem peratures than other solar
panel technologies.
Unlike other solar panel
technologies, am orphous solar
panels provide excellent
perform ance even w hen partially
shaded. W hilst a best-case scenario



is to elim inate shading w henever
and w herever possible, am orphous
panels continue to operate at a high
level of efficiency even if part of
the array is in shade.
A m orphous panels can also be
m anufactured into a shape or
m ounted on a curved surface. They
can be m ade to be hard-w earing
enough to be fitted onto surfaces
that can be w alked on. A  few  solar
m anufacturers have started
m anufacturing am orphous solar roof
tiles (or shingles), so that new -
build houses can incorporate solar
into the structure of the roof.



This com bination m akes am orphous
panels suitable for integration into
consum er products such as m obile
phones and laptop com puters, and
for m obile products such as the roof
of an R V  or caravan, w here the
m anufacturer has no control over
w here the products are placed or
how  they are used.
A m orphous panels are the cheapest
panels to m anufacture and a num ber
of m anufacturers are now  screen-
printing low -cost am orphous solar
film s. O ver the past three years,
am orphous solar panel costs have
dropped by around 30%  each year.



They are expected to drop to around
half their current (2012) cost by
2015.
B ecause of their low er efficiency,
an am orphous solar panel has to be
m uch larger than the equivalent
polycrystalline solar panel. A s a
result, am orphous solar panels can
only be used either w here there is
no size restriction on the solar array
or w here the overall pow er
requirem ent is very low .
In term s of environm ental im pact,
am orphous panels tend to have a
m uch low er carbon footprint at
point of production, com pared to



other solar panels. A  typical carbon
payback for an am orphous solar
panel w ould be in the region of
12ï30 m onths.
M ost am orphous solar panels have
com paratively low  pow er outputs.
These panels can w ork w ell for
sm aller installations of up to around
300-w att outputs, but not so w ell
for larger installations: larger
num bers of panels w ill be required
and the additional expense in
m ounting and w iring these
additional panels starts to outw eigh
their cost advantage.
C onsequently, am orphous solar



panels are often m ore suited to
O EM  applications, as an energy
source built into a m anufactured
product, or for large-scale
com m ercial installations w here the
panels are incorporated into the
structure of a roof-space on a new
build.
Som e of the m ost exciting advances
in solar technologies over the past
three years have com e from
am orphous technology. Products as
diverse as m obile phones, laptop
com puters, clothing and roofing
m aterials have all had am orphous
solar panels built into them . A n
exciting technology, am orphous



solar is going to get better and
better over the com ing years.

Polycrystalline solar panels
Polycrystalline solar panels are
m ade from  m ultiple solar cells,
each m ade from  w afers of silicon
crystals. They are far m ore efficient
than am orphous solar panels in
direct sunlight, w ith efficiency
levels of 13ï18% .
C onsequently, polycrystalline solar
panels are often around one third of
the physical size of an equivalent
am orphous panel, w hich can m ake
them  easier to fit in m any



installations.
Polycrystalline solar panels
typically have a life expectancy of
about 25 years. This can often be
exceeded: com m ercial solar panels
only becam e available in the late
1970s and early 1980s and m any of
these panels are still perfectly
functional and in use to this day.
The m anufacturing process for
polycrystalline solar panels is
com plicated. A s a result,
polycrystalline solar panels are
expensive to purchase, often costing
20ï30%  m ore than am orphous solar
panels. The environm ental im pact



of production is also higher than
am orphous panels, w ith a typical
carbon payback of 3ï5 years.
Prices for polycrystalline solar
panels are dropping, thanks to both
the increase in m anufacturing
capacity over the past few  years
and the increasing popularity for
larger screen televisions, w hich use
the sam e specification glass. For
the past five years, prices have
been dropping by around 25%  per
year. They w ill undoubtedly
continue to reduce in price as the
cost of am orphous solar technology
continues to drop.



M onocrystalline solar panels
M onocrystalline solar panels are
m ade from  m ultiple sm aller solar
cells, each m ade from  a single
w afer of silicon crystal. These are
the m ost efficient solar panels
available today, w ith efficiency
levels of 15ï24% .
M onocrystalline solar panels have
the sam e characteristics as
polycrystalline solar panels.
B ecause of their efficiencies, they
are the sm allest solar panels (per
w att) available.
M onocrystalline solar panels are
the m ost expensive solar panels to



m anufacture and therefore to buy.
They typically cost 35ï50%  m ore
than the equivalent polycrystalline
solar panels.

W hich solar panel technology
is best?
For m ost applications,
polycrystalline panels offer the best
solution, w ith reasonable value for
m oney and a com pact size.
A m orphous panels can be a good
choice for sm aller installations
w here space is not an issue. They
are usually not practical for
generating m ore than a few  hundred



w atts of pow er because of their
overall size, unless you have an
extrem ely large area that you can
cover w ith solar panels.

W hat to look for w hen
choosing a solar panel
N ot all solar panels are created
equal, and it is w orth buying a
quality branded product over an
unbranded one. Cheaper, unbranded
solar panels m ay not live up to your
expectations, especially w hen
collecting energy on cloudy days.
If you are spending a lot of m oney
buying a solar energy system  that



needs to last m any years, it is
advisable to purchase from  a know n
brand such as K yocera, Panasonic,
Clear Skies, H yundai, Sanyo,
M itsubishi, Solar Frontier or Sharp.
M y personal recom m endation is
K yocera polycrystalline solar
panels, or M itsubishi or Solar
Frontier am orphous panels. I have
found these to be particularly good.

Buying cheap solar panels
N ot all solar energy system s have to
last ten or tw enty years. If you are
looking for a sm all, cheap system  to
provide pow er to an RV  or
caravan, or your requirem ents are



m odest, such as installing a light in
a shed, buying a cheap solar panel
m ay w ell be the right option for
you.
The quality of the cheaper solar
panels has im proved significantly
over the past few  years. Six or
seven years ago, buying a cheap,
unbranded C hinese-m ade product
w as a recipe for disaster. M any of
the panels w ere poorly assem bled,
allow ing w ater to seep through the
fram es and dam aging the solar
cells. A  lot of them  used plate
glass, often a thin, low -grade glass
that becom es clouded over tim e and
is easily chipped or broken. The



cells used by these m anufacturers
w ere often sub-standard reject cells
and often degraded very quickly.
Thankfully, m ost of these problem s
are now  resolved and if you buy a
cheap solar panel on eB ay, you are
likely to have a good product that
w ill reliably generate pow er for
five to ten years, and in all
probability a lot longer. If you are
buying a solar panel from  a
m anufacturer you have never heard
of, here is a checklist of things to
look for:
B uy bigger than you think youôll
need



If you are buying a very cheap solar
panel, you are likely to be saving as
m uch as 50%  of the price w hen
com pared to buying a branded
product. H ow ever, expect it to
degrade slightly m ore quickly than a
branded unit, and do not expect it to
be quite so efficient.
To counter this, buy a solar panel
w ith a higher w att rating (often
show n as a w att peak, or W p,
rating) than you actually need, or
buy additional solar panels if you
are purchasing an entire array. A im
for 15%  m ore pow er than you
w ould otherw ise have bought. Y ou



w ill still save a lot of m oney, but
you w ill have an extra bit of
assurance that the system  w ill be up
to the task.
W arranty
W ith cheap solar panels, youôre not
going to get a five-, ten- or
tw enty-year w arranty, but you
should still expect a one- or
tw o-year w arranty w ith any solar
panel you buy. C heck to see exactly
w hat the w arranty offers.
Y ou are looking for a w arranty that
guarantees a m inim um  output under
controlled conditions. The standard
across the industry is to guarantee



80%  of the quoted output under
controlled conditions.
If you have a w arranty claim , also
check to see how  you can claim  on
that w arranty. Shipping a broken
solar panel half w ay around the
w orld and paying for return
carriage is likely to cost as m uch as
buying a new  solar panel.
G lass
If you are buying a solar panel that
is going to be fitted to a m oving
vehicle, or if you are buying a
physically large solar panel, m ake
sure that the solar panel uses
tem pered glass.



Tem pered, or toughened, glass is
around eight tim es stronger than
plate glass. This m akes it far m ore
robust. If your glass is chipped on
your solar panel, you w ill
im m ediately see a significant drop
in pow er output. If w ater gets into
the solar panel itself, it can create a
short circuit and becom es a fire
hazard. W ater and electricity do not
m ix.
It is w orth noting that som e
am orphous solar panels cannot use
tem pered glass because of the w ay
the thin film  is applied to the glass.
Som e m anufacturers reduce this



problem  by using thicker plate
glass.

Second-hand solar PV  panels
From  tim e to tim e, second-hand
solar panels appear for sale. They
appear on eBay or are sold by solar
equipm ent suppliers or building
salvage yards.
So long as they com e from  a
reputable brand, second-hand solar
panels can be extrem ely good value
for m oney and even old panels that
are 25ï30 years old m ay still give
m any m ore years of useful service.
A lthough good quality solar panels
should provide at least 25 years



service, nobody know s how  m uch
longer they w ill last. The early
com m ercially available solar
panels (w hich are now  over 30
years old) are still w orking
extrem ely w ell, typically w orking
at around 80ï90%  of their original
capacity.
There are, how ever, a few  points to
look out for if you are considering
buying second-hand solar PV
panels:

¶       N ever buy second-hand
solar PV panels unseen. Take
a m ulti-m eter w ith you and
test them  outside to m ake sure



you are getting a reasonable
voltage and w attage reading

¶       C heck the panels and reject
any w ith chipped or broken
glass. A lso reject any panels
w here the solar cells
them selves are peeling aw ay
from  the glass or have
condensation betw een the
glass and the solar cell

¶       The efficiency of older
solar PV  panels is
significantly low er than new
panels. 30 years ago, the m ost
efficient solar panels w ere
only around 5ï6%  efficient,



com pared to 13ï24%
efficiency levels today.
10ï15 years ago, m ost solar
panels w ere around 10ï12%
efficient

¶       Consequently, a solar PV
panel from  the early 1980s is
likely to be three tim es the
size and w eight of an
equivalent m odern crystalline
panel

¶       These second-hand panels
w ill not have any of the safety
certification ratings that you
get w ith new  solar panels.
This m ay cause issues w ith



building regulations or
building insurance, if you are
installing these onto a
building as part of a new
solar installation

Fresnel lenses and m irrors
A  very brief w ord here about
Fresnel lenses and m irrors. The
Fresnel lens w as invented for
lighthouses, as a w ay of projecting
a light over a long distance. It does
this by refracting the light to m ake it
a concentrated beam . Scientists
have been experim enting w ith
Fresnel lenses in conjunction w ith
solar panels for concentrating the



pow er of the sunlight and focusing
it on a solar panel.
In effect, by concentrating the
sunlight into a sm aller area and
increasing the solar irradiance,
significantly m ore energy can be
captured by the solar panel, thereby
im proving its efficiency quite
im pressively.
H ow ever, there are problem s w ith
this technology. M ost specifically,
the heat build-up is quite
considerable and, in testing, m any
solar panels have been destroyed
by the excessive heat generated by
the Fresnel lens. This is especially



true of Fresnel lenses built by
enthusiastic am ateurs.
There are one or tw o com panies
now  prom oting Fresnel solar
panels. These panels tend to be
quite large and bulky. D ue to the
heat build-up, they also need to be
very carefully m ounted, w ith
adequate ventilation around the
panel. There are also questions
about the long-term  reliability of
Fresnel solar panels. M y advice
w ould be to avoid these until other
people have tried them  for a num ber
of years and found out how  reliable
they really are.



A s an alternative, m irrors or
polished m etal can be a useful w ay
of reflecting additional sunlight
back onto solar panels and
therefore increasing the solar
irradiance. H ow ever, you m ust take
care to ensure that the reflected
light does not dazzle anyone. The
practicalities of m ounting, safety
and ensuring that people are not
dazzled by the reflected sunlight
norm ally dissuade people from
using m irrors in this w ay.



Solar panel m ountings
Y ou can either fabricate your ow n
m ounting for your solar panels, or
purchase a ready-m ade m odular
system .
The design of the system  m ust take
into account w ind loading, so that it
is not dam aged or destroyed in high
w inds. If you are installing solar in
a hot clim ate, your m ounting m ust
also ensure there is adequate
ventilation behind the panel to
avoid excessive heat build-up.
Y our support structure needs to be
able to set the angle of the solar
array for optim al positioning



tow ards the sun.
If you have not installed solar
electric system s before, it is usually
a good idea to buy a m odular
support structure from  the sam e
supplier as your solar panels. O nce
you have m ore experience, you can
then choose to fabricate your ow n,
if you prefer.

Solar trackers
For ground- or pole-m ounted solar
arrays, you can buy solar trackers
that track the path of the sun across
the sky and m ove the solar panels
so they are facing the sun at all
tim es.



The benefits of solar trackers are
that they increase the am ount of
sunlight the solar panels can
capture. They increase energy
capture by up to 55%  during the
sum m er m onths and by around
15ï20%  during the w inter m onths.
U nfortunately, the cost of these
solar trackers m eans that they are
rarely cost-effective. It is usually
far cheaper to buy a larger solar
array than it is to buy a solar
tracker. O nly if space is at a
prem ium  are solar trackers
currently viable.



Solar array cables
Solar array cables connect your
solar panels together and connect
your solar array to the solar
controller.
These cables are often referred to
as óarray interconnectsô. Y ou can
purchase them  already m ade up to
specified lengths or m ake them  up
yourself. The cables are extrem ely
heavy duty and resistant to high
tem peratures and ultra-violet light.
They also have a tough, extra-thick
insulation to m ake them  less prone
to anim al dam age.
If you are planning to w ire your



solar array in parallel rather than in
series, you need to ensure that your
solar array cables can cope w ith the
current that you are going to be
generating through your solar array.
If you are designing a parallel
design system , I explain how  you
can calculate the size of cable
required in the chapter on stand-
alone system  com ponents.



Fuses and isolation
sw itches
The ability to isolate parts of the
system  is im portant, especially
w hile installing the system  and
carrying out m aintenance. Even
com paratively low  voltages can be
dangerous to w ork on.
Even sm all system s should
incorporate a fuse betw een the
batteries and the controller and/or
inverter. If som ething goes w rong
w ith the system , far better to blow  a
cheap fuse than fry a battery or a
solar controller.



For all but the sm allest system s, you
w ill also need to incorporate
isolation sw itches into your solar
design. This w ill allow  a battery
bank to be disconnected for
m aintenance purposes. For any
installation w ith m ore than one
solar panel, and for all grid-
connected system s, an isolation
sw itch to disconnect the solar array
should also be installed: I w ould
recom m end installing an isolation
sw itch on the solar array for all
solar arrays capable of generating
over 100 w atts of pow er.
If your solar panels are m ounted



som e w ay from  your inverter or
controller, it can also be a good
idea to have an isolation sw itch
fitted next to the solar panels, as
w ell as one fitted next to the
inverter or controller. Y ou can then
easily disconnect the solar panels
from  the rest of the system  for
m aintenance or in case of an
em ergency.
Ensure that the isolation sw itch you
choose is capable of handling
high-current D C  circuits, w ith
contacts that w ill not arc. Suitable
isolation sw itches are available
from  any solar supplier.



If you are planning a grid-connected
system , you w ill also need A C
isolation sw itches to allow  you to
disconnect the inverter from  the
grid supply. Y ou w ill require an
isolation sw itch next to the inverter,
and a second one next to the
distribution panel.



G round fault protection
G round fault protection ensures that
if there is a short w ithin the solar
array, the current flow  is cut off
im m ediately. This averts the risk of
dam age to either the controller or
the solar array, and significantly
reduces the risk of electrocution.
G round fault protection w orks by
m easuring the current entering and
exiting a circuit. If everything is
w orking correctly, the current in
should equal the current out.
H ow ever, if there is a óleakô or a
partial short circuit, the system  w ill
see a difference in current and



im m ediately shut dow n. A  partial
short circuit could occur if a solar
panel w as broken or if som ebody
touched an exposed cable.
M ost solar inverters and solar
controllers incorporate ground fault
protection, using a Residual
C urrent D evice (R CD ) built into
the unit (note: R CD s are know n as
G round Fault Interrupters ï G FIs
ï in the United States and Canada).
M any experts say that it is prudent
to install a separate ground fault
protector, even if the controller or
inverter has ground fault protection
built in. A s the cost of an R CD  or
G FI is low  and the benefits they



provide are high, this is good
advice.
Y ou w ill require separate ground
fault protection for your D C  and A C
circuits:

¶       For anything larger than
100-w att solar panel system s,
and for all system s m ounted
to a building, you should
install ground fault protection
betw een your solar panels
and your controller or
inverter

¶       If you are installing a D C
pow er supply into a building
for running appliances, you



m ust install ground fault
protection betw een your
controller and this pow er
supply

¶       If you are using an inverter,
you should install ground
fault protection betw een your
inverter and any load

There are specific RC D  units for
D C  circuits and these are stocked
by solar panel suppliers.
 



C om ponents for G rid-
T ie system s

Before discussing the com ponents
required for a grid-tie system  in
m ore detail, it is useful to look at
how  a grid-tie system  is configured.
There are three basic designs for
grid-tie solar energy system s:

¶       H igh-voltage in-series
system s

¶       Low -voltage system s

¶       M icro-inverter system s



H igh voltage in-series
This is the m ost popular
configuration for a grid-tie system
today. Solar panels are connected
together in series, producing a
high-voltage D C  pow er. This is
then fed into a central inverter to
convert the pow er into an A C
source, w hich in turn is connected
into the standard building electrical
system :

A sim plified block



diagram  showing the
basic layout of a
high voltage in-

series solar energy
system

This design is the m ost
cost-effective design for grid-tie
system s. It is relatively
straightforw ard to install, sim ple to
m aintain, and com ponents are
readily available. B y running the
solar array at high voltage, it is also
very efficient, w ith m inim al losses
through the array itself and allow ing
the inverter to run at a very high
level of efficiency. This is w hy this
design is currently so popular



w ithin the grid-tie solar industry.
This high-voltage D C  pow er has the
benefit of great efficiency, but
com es w ith a num ber of very
significant safety risks. Voltages as
high as 600 volts in N orth A m erica
and 1,000 volts in Europe are
com m on: voltages that can very
easily be fatal on contact.
These high voltages can also cause
significant problem s if there is
dam age to the w iring betw een solar
panels, either due to a m istake
during installation, through anim al
dam age, or sim ply through w ear
over tim e. If a dam aged cable



generates a high-voltage, direct
current electric arc w hilst the
panels are in direct sunlight, the
im m ensely high tem peratures can
easily m elt m etal and are a potential
fire hazard.
C onnecting solar panels in series
also has a significant disadvantage:
w hen connected in series, the solar
array is only as strong as its
w eakest link. If you have a dam aged
solar panel, shade blocking light to
a few  solar cells, or a dam aged
cable, the output of the entire solar
array drops to the output of that
w eakest link.



Low  voltage system s
It is for these reasons that, in
previous editions of this book, I
have advocated low er-voltage solar
arrays for m any grid-tie system s.
This w as achieved by running
shorter series of solar panels and
having m ultiple strings running in
parallel. These are m uch safer than
the very high voltage system s
usually installed, lose little in
efficiency and are inherently m ore
tolerant of shade.



A sim plified block
diagram  show ing the
basic layout of a
low -voltage solar

energy system  where
m ultiple strings of
solar panels are

connected in parallel
This design tends to be m ore



expensive to install than an in-
series design. Y ou w ill either need
to buy a grid-tie inverter that can
accept m ultiple strings of solar
panels, or buy a separate inverter
for each string.
I no longer advocate this approach,
because there is now  another
alternative available that, in m y
opinion, renders both high-voltage
in-series and low -voltage system s
redundant:

M icro-inverter system s
M icro-inverter system s have been
around for a few  years now , but
until very recently had not gained



popularity, m ainly due to their
higher cost.
H ow ever, w ith the huge grow th in
the popularity of grid-tie system s
around the w orld, m icro-inverter
system s have becom e far m ore
w idespread as the benefits of this
technology have becom e m ore
apparent. Prices for m icro-inverter
system s are dropping fast and are
now  com parable to high-voltage in-
series system s.
In a m icro-inverter system , each
solar panel has its ow n inverter,
converting its output to A C pow er.
In effect, each solar panel becom es



its ow n independent solar energy
system .
In the m ajority of m icro-inverter
system s, the inverter itself is
m ounted outside, bolted to the
fram e that also holds the solar panel
in place. The individual solar
panels are connected to an A C
pow er cable that runs alongside the
solar array and then feeds directly
into the buildingôs electrical
system .



A sim plified block
diagram  showing the
basic layout of a
m icro-inverter

system
There are som e very significant
benefits of m icro-inverter system s
over other form s of grid-tie
system s:



¶       A s each solar panel runs as
an independent unit, if one
panel is under-perform ing,
either because of dam age or
sim ply because it is shaded, it
does not affect the output
from  any of the other panels

¶       B ecause there is no
high-voltage D C  pow er
running from  one panel to the
next, safety is less of an issue

¶       Installation, fault-finding
and m aintenance also becom e
significantly easier

¶       It is easy to expand your



grid-tie system  in the future,
as budget allow s

¶       M ore flexible solar panel
installation ï you can have
solar panels m ounted in
different locations and facing
in different directions

W hilst today, series-connected
solar system s w ith a central
inverter are still the standard m odel
for installing grid-tie system s, the
industry is m oving tow ards m icro-
inverter technology as a far better
m odel.
 



N ow  you have a clearer idea of
how  a grid-tie system  is put
together, it is tim e to look at the
com ponents available in m ore
detail.



G rid-tie solar panels
In the past, w hen m ost solar energy
system s w ere stand-alone system s,
alm ost every solar panel you could
buy w as rated for a 12-volt output.
W hilst this is still true for sm aller
panels, there are now
higher-voltage configurations
available for larger solar panels.
A s grid-tie system s have becom e
m ore popular, higher-voltage solar
panels have becom e available.
M any solar panels of 150W p
capacity and over are rated for a
24-volt output and som e
m anufacturers are now  building



solar panels w ith rated outputs of
betw een 48 volts and 120 volts.
These higher voltages are w ell
suited to grid-tie installations. B y
running your solar array at a higher
voltage, you can keep the current
flow  low , w hich im proves the
efficiency of the overall system .
U sing high-voltage solar panels
also gives you the option to connect
m ultiple solar panels in parallel
rather than in series, w hilst
retaining the benefit of the
high-voltage current.
The 24-volt and 48-volt solar
panels can w ork w ith m any m icro-



inverter system s, too. Theoretically,
this w ould allow  a m icro-inverter
system  to run m ore efficiently,
although in practice the differences
seem  to be m arginal.



G rid-tie inverters
G rid-tie inverters convert the D C
pow er from  your solar energy
system  into A C  pow er, and convert
the voltage to the sam e as the grid.
This allow s you to connect your
system  into the grid, enabling you to
becom e a m ini pow er station and
supply your electricity to the
electricity com panies.
Y ou cannot use an ordinary inverter
for grid-tie applications. There are
a num ber of reasons for this:

¶       G rid-tie inverters have to
w ork in conjunction w ith the
grid, in order to be able to



export electricity to it. The
A C  pure sine w aveform
generated by the inverter has
to be perfectly coordinated
w ith the w aveform  from  the
grid

¶       There is an additional safety
feature w ith grid-tie inverters
to cut off pow er from  the
solar array if the grid shuts
dow n

¶       G rid-tie inverters are
connected directly to the
solar panels. In an in-series
system , this m eans the input
voltage from  the panels can



fluctuate w ildly, often
jum ping or dropping by
several hundred volts in an
instant. N on grid-tie inverters
cannot cope w ith such
m assive voltage jum ps

¶       In m any countries, grid-tie
inverters have to be certified
for use w ith the grid

There are a num ber of things to
consider w hen purchasing a grid-tie
inverter:

¶       Input voltage

¶       Pow er rating

¶       Pow er tracking



¶       H ow  m any strings the
inverter can support

¶       D iagnostics and reporting
inform ation

¶       Inbuilt safety system s

¶       Installation options and
operating environm ent

¶       Certification and local
regulations

Input voltage
Y our choice of inverter w ill have a
large voltage range in order to cope
w ith the huge fluctuation of voltage
that a solar array can provide. From



this voltage range, you w ill be able
to identify how  m any solar panels
the inverter can cope w ith, w hen
connected in series.
Y ou need to rem em ber that the rated
voltage of a solar panel is not the
m axim um  voltage that the solar
panel can generate. The voltage
from  a single 12-volt solar panel
can fluctuate anyw here from  12
volts on a very dull day, up to
around 20 volts in intense overhead
sunlight. If you have a 48-volt solar
panel, or four 12-volt solar panels
connected together in series, the
voltage sw ing can be betw een 48
volts and 88 volts.



In addition to this, a solar panel can
produce significantly higher
voltages in an open circuit ï i.e.
w hen the solar array is generating
pow er but the pow er is not being
used. D epending on your solar
panel, it is possible for a single 12-
volt solar panel to generate 26 volts
in an open circuit.
A s you can see from  the table
below , the higher the nom inal
voltage from  your solar array, the
greater the voltage fluctuation can
be:

N um ber
of 12-

N om inal
solar

Low
voltage

Peak
voltage



volt
solar
panels

array
voltage

on dull
day

in
intense
sunlight

1 12-volt 12
volts

20
volts

2 24-volt 24
volts

40
volts

4 48-volt 48
volts

80
volts

6 72-volt 72
volts

120
volts

8 96-volt 96
volts

160
volts

10 120-volt 120 200



volts volts

15 180-volt 180
volts

300
volts

20 240-volt 240
volts

400
volts

25 300-volt 300
volts

500
volts

30 360-volt 360
volts

600
volts

35 420-
volts

420
volts

700
volts

40 480-
volts

480
volts

800
volts

N ote: the m axim um  open-circuit



voltage allow able in the U nited
States for grid-tied system s is 600
volts, w hilst in Europe it is
advisable that your system  does not
exceed 1,000 volts. Y ou m ust
ensure that your system  never
exceeds this.
A s you can see from  this table, if a
heavy cloud blocks the sun on an
otherw ise clear day, you can see a
voltage drop of several hundred
volts in an instant. W hen the cloud
passes over, the voltage shoots
back up again.
It is im portant to ensure that the
solar panel w ill w ork w ith the peak



voltage of your solar array and not
just the nom inal voltage of your
array. If you exceed the peak
voltage of your inverter, the
inverter w ill shut dow n to avoid
dam age. In extrem e cases, you
could dam age or destroy your
inverter by exceeding the input
voltage rating.
In addition to the standard input
voltage range, your inverter w ill
also show  a m axim um  voltage
rating. This m axim um  voltage rating
relates to the m axim um  open circuit
voltage of your solar array. Y ou
m ust ensure that the open circuit
voltage of your array does not



exceed the m axim um  voltage of
your inverter.

Pow er rating
There are tw o pow er ratings on a
grid-tie inverter:

¶       Input pow er rating ï the
m inim um  and m axim um
am ount of pow er the inverter
can accept from  the solar
array

¶       O utput pow er rating ï the
m axim um  am ount of pow er
and current the inverter can
generate as an A C  output

Input pow er rating



The input pow er rating show s the
m inim um  and m axim um  w attage
range the inverter can w ork w ith. In
the m ain, the w ider the range, the
m ore efficient your inverter is.
The specification on an inverter
w ill typically show  three figures for
input pow er rating:

¶       A  nom inal pow er rating,
show n in w atts

¶       A  m inim um  and m axim um
pow er range

¶       A  start-up pow er rating
The nom inal pow er rating show s
the m axim um  am ount of pow er that



the inverter can convert into an A C
output. If you exceed this figure on
your solar array, the additional
pow er w ill be lost and converted
into heat. Exceed this figure for
long and your inverter m ay shut
dow n to avoid overheating.
The m inim um  pow er rating show s
the m inim um  am ount of pow er that
your solar array m ust generate in
order for the inverter to start
producing pow er. The m axim um
pow er rating show s the m axim um
am ount of pow er that can be fed
into the inverter before you risk
dam aging your inverter.



The start-up pow er rating is the
m inim um  am ount of pow er the solar
inverter requires to pow er itself. If
the solar array produces less than
this am ount of pow er, the inverter
w ill sw itch off.
B ecause of the w ide variation in the
pow er a solar panel can produce, it
is good practice to buy a bigger
grid-tie inverter than you actually
need. Rem em ber that w hilst a solar
panel has a w att-peak (W p) rating,
in ideal conditions the panel itself
m ay slightly exceed this rating in a
real w orld environm ent.
O utput pow er rating



The output pow er rating is the
m axim um  continuous A C  pow er that
the inverter can generate. The
output pow er inform ation w ill show
voltage, nom inal output pow er in
w atts, the m axim um  output current
in am ps and the alternating current
frequency.
For N orth A m erica, the grid voltage
is nom inally set at 110 volts, w ith a
frequency of 60 H z. For the
m ajority of the rest of the w orld, the
grid voltage is nom inally set at 230
volts, w ith a frequency of 50 H z. In
both cases, it is norm al to get som e
variation in voltage and frequency.



The output pow er rating w ill also
show  the m axim um  efficiency rating
of the inverter, given as a
percentage. This rating is usually in
the region of 90ï94%  w ith m odern
grid-tie inverters. If you are
shopping on a budget, you m ust
check this rating: som e very cheap
grid-tie inverters m ay be
significantly less efficient.

Pow er tracking
A s discussed on previously, the
efficiency of the solar array
depends on how  efficiently the
fluctuating voltage is handled by
your inverter.



If you are purchasing a grid-tie
inverter, you should invest in one
that incorporates m axim um  pow er
point tracking (M PPT). M axim um
pow er point tracking can provide
an additional 15ï20%  of energy
w hen com pared to a non-M PPT
inverter.
Today, M PPT is the norm , but there
are a few  older designs of inverter
still on the m arket, often sold at
bargain prices online. N o m atter
how  cheap these inverters are, the
perform ance loss rarely m akes them
a w orthw hile investm ent.

M ultiple strings



A  óstringô of solar panels is sim ply
an array of solar panels connected
in series. Som e inverters allow  you
to connect m ore than one string of
solar panels. These tw o strings then
w ork as separate arrays, but feed
the pow er through the sam e
inverter.

W ith m ultiple
strings, you can m ix
and m atch solar



panels and locate
them  in physically

separate areas if you
so w ish. The tw o

strings run
com pletely

independently of
each other

W ith a m ultiple string system , your
tw o solar arrays w ork
independently from  each other. This
m eans that you can have tw o
different sizes of array w ith
different solar panels, or have the
tw o arrays m ounted at different
orientations. If one array is partially
shaded, the perform ance does not



affect the second array.
This is different to connecting
m ultiple strings together to create a
serial/parallel hybrid. If you have
m ultiple strings connected together,
the tw o strings are still linked. Y ou
need to have identical setups on
both strings and the panels need to
be facing the sam e w ay. Failure to
do this w ill result in low er solar
perform ance.



H ere we have tw o
strings of solar

panels, connected
together in parallel
to feed a single

string inverter. The
tw o strings have to
m atch each other. If

one string is
com prom ised, for
instance due to

shading, the second
string is also

affected. (N ote: you
w ould not norm ally
wire a grid-tie solar
array in this w ay.



Instead, you w ould
connect everything
in series on a single

string.)
M ultiple strings are of benefit in the
follow ing situations:

¶       W here you w ish to fit tw o
different sizes of solar panel

¶       Fitting solar panels facing at
different orientations, such as
on a roof that has tw o
different pitches

¶       R esolving shading issues.
Solar panels that are in shade
at certain tim es of the day can



be put onto a separate string
so as not to affect the output
of the rest of the system

W hilst an inverter that can handle
m ultiple strings does have its
benefits, there is usually an
additional cost for m ulti-string
inverters. If you are considering a
m ulti-string inverter, you are
probably better off choosing a
m icro-inverter system  w here every
solar panel has its ow n inverter.

D iagnostics and reporting
inform ation
A lm ost all inverters provide a level



of diagnostics and reporting
inform ation, either using a sm all
display built into the inverter itself,
a series of LED s on the front panel
of the inverter, a separate
m onitoring unit that plugs into the
inverter, or by allow ing you to
connect a PC  to the inverter.
Som e inverters even have a built-in
internet connection, allow ing them
to connect to a w ireless netw ork.
This m eans your system  can
provide you w ith updates via e-
m ail, via a built-in w ebsite, or even
send updates to your m obile phone.
In som e cases, these system s can be
rem otely m onitored by the solar



inverter supplier, w ho can then
notify you if there are any potential
issues w ith your system .
If you have a m icro-inverter system
w ith m ultiple inverters, the
diagnostics and reporting system  is
usually a separate box, w hich is
either connected to the A C  pow er at
the point w here the solar array
connects to your distribution panel,
or it com m unicates w irelessly w ith
the m icro-inverters. This ensures
that you have one central
inform ation point for your inverters.
A s a bare m inim um , you w ant an
inverter that can tell you if your



system  is w orking and provide you
w ith an indication of w hat m ay be
the problem  if a fault is detected.
The diagnostics should be able to
give you enough inform ation to
enable to you identify a fault w ith
your system , such as:

¶       Insufficient or excess pow er
from  the solar array

¶       G rid connection issues

¶       G rid voltage or frequency
issues

¶       O verheating
M ost solar inverters w ill provide
you w ith m uch m ore inform ation,



allow ing you to see the voltage and
current from  your solar array and
the am ount of A C  pow er being
generated at that m om ent. They w ill
also be able to show  the am ount of
energy generated by the system ,
both for that day and since the
system  w as installed.

Built-in safety
M ost inverters incorporate safety
shutdow n system s as part of the
inverter itself. It is com m on for
inverters to have ground fault
protection built in. A s m entioned in
the previous chapter, even if your
inverter does provide this, it is still



good practice to install additional
ground fault protection w hen you
design your system . This is
incorporated into your system  using
a Residual Current D evice (RC D ).
R C D s are know n as G round Fault
Interrupters (G FIs) in the United
States and C anada.
A  grid-tie inverter w ill also
m onitor the pow er from  the grid and
shut dow n if it detects a pow er cut
(som etim es referred to as óIsland
Protectionô).
This pow er shutdow n ensures that
your solar energy system  does not
continue to feed pow er into the grid



if there is a pow er cut. This is a
necessary safety requirem ent: if
w orkers are attem pting to repair a
pow er outage, they risk
electrocution if pow er is being fed
into the grid from  your solar array
w hile they are w orking.
Inverters should also shut dow n or
derate if the internal tem perature
gets too high, in order to avoid
perm anent dam age.

Installation options and
operating environm ent
Inverters tend to be heavy units.
They need to be m ounted securely



on a w all or bolted to the floor.
They can generate a significant
am ount of heat, especially w hen
running close to their rated output,
and require good airflow  around the
units to keep them  cool.
Y ou can purchase inverters for
either indoor or outdoor
installation. If you are looking at
installing an inverter outdoors,
check that the inverter is sealed
against dust and w ater ingress,
rated to at least IP64.
O verheating inverters is the num ber
one reason for grid-tie system s
failing. A s an inverter gets hotter, it



provides less pow er, and if the
tem perature continues to rise, it
w ill eventually shut dow n to avoid
perm anent dam age. W hen choosing
an inverter, check its operating
tem peratures and consider how  you
can ensure your system  rem ains
w ithin these lim its.
Inverters should alw ays be installed
in a w ell-ventilated area, aw ay
from  the ceiling and w ith a
clearance around each side, the top
and the bottom . They cannot be
installed in a sealed cupboard.
Som e inverters have the option of
an external heat sink or
tem perature-controlled cooling fans



to help keep the inverter cool.
M ost inverters do m ake a sm all
am ount of noise. This is typically a
continuous low -level hum . It is
usually only noticeable if the
surrounding area is quiet. H ow ever,
for this reason, inverters are not
usually installed inside the living
space in a hom e or in an office
environm ent. Instead, consider
installing your inverter in a garage
or on an outside w all of your
building.
O ccasionally, the sound m ade by
the inverter has been know n to
resonate w ith the w all, am plifying



the sound and m aking it quite
unpleasant to live w ith. This can
occur even if the inverter is
m ounted to an outside w all. This is
a very rare occurrence, but is m ost
likely to occur if you are planning
to m ount your inverter onto a w all
m ade of solid concrete. The
solution is to dam pen the m ounting
betw een the inverter and the w all or
floor that the inverter is m ounted
on. There is a very effective
product called G reen G lue,
produced by the G reen G lue
C om pany
(w w w.G reenG lueC om pany.com )
that is applied betw een the w all and



the inverter. W hen it is com pressed
by rem ounting the inverter, the glue
spreads out to form  a sound
isolation barrier that is particularly
effective at blocking out
low -resonance vibrations.

Buying from  eBay
Som e com panies and individuals
have been selling non-approved
grid-tie inverters online, m ost
com m only on eB ay. These are often
sold at a bargain price, bundled
w ith a cheap solar panel and often
advertised as a óm icro grid-tie
system ô.
The sellers claim  that these system s



are designed for am ateur
installation. The inverter plugs into
the household electricity supply
through a norm al dom estic pow er
socket, and the system s look
exceptionally easy to install and
use. The sellers often claim  that you
can use these system s to sell pow er
back to the utility com panies and
that they can be used to run the
m eter backw ards.
These system s are highly dangerous
and m ust be avoided. For a start,
the equipm ent has inevitably not
been certified for grid-tie use in any
country. M ore im portantly, the use



of these system s is illegal in the
U nited States, Canada, A ustralia
and m ost of the European
C om m unity, because of the w ay the
inverters connect to the household
electricity supply, using a dom estic
pow er plug in reverse.
This m eans that the household plug
has grid-level A C  pow er running
through it. This is extrem ely high
risk and directly contravenes basic
electrical safety legislation. In the
U K , for instance, this is directly in
contravention w ith B S7671:2008
(am d 1, 2011) 551.7.2 (ii). The
catastrophic and potentially fatal
results should som ebody unplug the



cable and accidentally touch the
unshielded plug do not bear thinking
about.
N ever design any electrical system
that risks grid-level A C pow er
running through exposed
connectors. The lives of the people
around you are w orth far m ore than
saving a few  pounds.



C om ponents for
Stand-A lone System s

If you are designing a stand-alone
system , there is a lot m ore design
w ork and planning involved than
there is for a sim ilarly-sized grid-
tie system . It is m ore critical to
m ake sure your stand-alone system
w orks: w hile a grid-tie system  w ill
not let you dow n if you do not
generate enough energy, a stand-
alone system  w ill.
A s w ell as considering and
planning all the physical side of



fitting the solar panels, routing the
cabling and handling the safety
aspects, you w ill also need to
consider the voltage that your
system  w ill run at and design a
battery system  to store your energy.



C alculate your optim um
voltage
Solar panels and batteries are
norm ally both 12 volts, so logically
you w ould think that it w ould m ake
the m ost sense to run your system  at
12 volts.
For sm all system s, you w ould be
right. H ow ever, there are som e
lim itations of 12-volt system s.
Therefore, w e now  need to identify
the optim um  voltage for your
system .
If you are still not com fortable w ith
volts, w atts, currents and



resistance, now  w ould be a good
tim e to re-read Chapter 2: A Brief
Introduction to Electricity.

V oltages and currents
C urrent is calculated as w atts
divided by volts. W hen you run at
low  voltages, your current is m uch
higher than w hen you run at higher
voltages.
Take a norm al household low -
energy light bulb as an exam ple. A
12W  light bulb running from
grid-level voltages is consum ing 12
w atts of pow er per hour. The
current required to pow er this light
bulb at 230 volts is 0.05 am ps



(12W  õ 230V  = 0.05 am ps) and at
110 volts is 0.1 am ps (12W  õ 110v
= 0.1 am ps).
If you run the sam e w attage light
bulb from  a 12-volt battery, you are
still only consum ing 12 w atts of
pow er per hour, but this tim e the
current you require is 1 am p (12W
õ 12V  = 1 am p).
If you run the sam e w attage light
bulb from  a 24-volt battery, you
halve the am ps. Y ou now  only
require İ  am p (12W  õ 24V = İ
am p).
ñSo w hat?ò I hear you say. ñW ho
cares? At the end of the day, w eôre



using the sam e am ount of energy,
whatever the voltage.ò
The issue is resistance. R esistance
is the opposition to an electrical
current in the m aterial the current is
running through. Think of it as
friction on the m ovem ent of
electrons through a w ire. If
resistance is too high, the result is
pow er loss. By increasing your
voltage, you can reduce your
current and thereby reduce
resistance.
Y ou can counter the resistance by
using thicker cabling, but you soon
get to the point w here the size of the



cabling becom es im practical. A t
this point, it is tim e to change to a
higher voltage.

W hat voltages can I run at?
For either a stand-alone or a grid
fallback system , the m ost com m on
voltages to run a solar electric
system  at are 12 volts, 24 volts or
48 volts.
A s a rule, the m ost efficient w ay to
run an electrical circuit is to keep
your voltage high and your current
low . That is w hy the grid runs at
such high voltages: it is the only
w ay to keep losses to a m inim um
over long distances.



H ow ever, you also need to factor
cost into the equation: 12-volt and
24-volt system s are far cheaper to
im plem ent than higher voltage
system s, as the com ponents are
m ore readily available, and at a
low er cost. 12-volt and 24-volt
devices and appliances are also
easily available, w hereas 48-volt
devices and appliances are rarer.
It is unusual to go beyond 48 volts
for stand-alone system s. W hilst you
can go higher, inverters and
controllers that w ork at other
voltages tend to be extrem ely
expensive and only suitable for



specialist applications.
For a grid-tie system , you do have
the option to run your solar array at
a m uch higher voltage, by
connecting lots of solar panels
together in series. G rid-tie inverters
are available that w ork anyw here
from  12 volts up to 1,000 volts. In
grid-tie system s, the voltage you run
at depends on the num ber of solar
panels you use.

H ow  to w ork out w hat voltage
you should be running at
Y our choice of voltage is
determ ined by the am ount of current



(am ps) that you are generating w ith
your solar array or by the am ount of
current (am ps) that you are using in
your load at any one tim e.
To cope w ith bigger currents, you
need bigger cabling and a m ore
pow erful solar controller. Y ou w ill
also have greater resistance in
longer runs of cabling, reducing the
efficiency of your system , w hich in
turn m eans you need to generate
m ore pow er.
In our system , w e are proposing a
12m  (40 feet) long cable run from
the solar array to the house, plus
cabling w ithin the house.



H igher currents can also reduce the
lifespan of your batteries. This
should be a consideration w here the
current drain or charge from  a
battery is likely to exceed 1/10th of
its am p-hour rating.
W e w ill look at battery sizing later
on, as current draw  is a factor in
choosing the right size of battery. It
m ay be that you need to look at
m ore than one voltage option at this
stage, such as 12-volt and 24-volt,
and decide w hich one is right for
you later on. Finally, if you are
planning to use an inverter to
convert your battery voltage to a



grid-level A C  voltage, 12-volt
inverters tend to have a low er
pow er rating than 24-volt or 48-
volt inverters. This can lim it w hat
you can achieve purely w ith 12
volts.
To solve these problem s, you can
increase the voltage of your system :
double the voltage and you halve
your current.
There are no hard and fast rules on
w hat voltage to w ork on for w hat
current, but typically, if the
thickness of cable required to carry
your current is over 6m m  (and
w eôll calculate that in a m inute), it



is tim e to consider increasing the
voltage.



H ow  to calculate your
current
A s explained in C hapter 2, it is
very straightforw ard to w ork out
your current. C urrent (am ps) equals
pow er (w atts) divided by volts:

Pow er õ V olts = C urrent
P õ V = I

G o back to your pow er analysis and
add up the am ount of pow er (w atts)
your system  w ill consum e if you
sw itch on every electrical item  at
the sam e tim e. In the case of our
holiday hom e, if I had everything
sw itched on at the sam e tim e, I



w ould be consum ing 169 w atts of
electricity.
U sing the holiday hom e as an
exam ple, let us calculate the current
based on both 12 volts and 24 volts,
to give us a good idea of w hat the
different currents look like.
U sing the above form ula, 169 w atts
divided by 12 volts equals 14.08
am ps. 169 w atts divided by 24
volts equals 7.04 am ps.
Likew ise, w e need to look at the
solar array and w ork out how  m any
am ps the array is providing to the
system . W e need a 320-w att solar
array. 320 w atts divided by 12



volts equals 26.67 am ps. 320 w atts
divided by 24 volts equals 13.33
am ps.



C alculating cable
thicknesses
I w ill go into m ore detail on cabling
later, but for now , w e need to
ascertain the thickness of cable w e
w ill need for our system .
For our holiday hom e, w e need a
12m  (40 feet) cable to run from  the
solar controller to the house itself.
Inside the house, there w ill be
different circuits for lighting and
appliances, but the longest cable
run inside the house is a further 10m
(33 feet).
That m eans the longest cable run is



22m  (72İ  feet) long. Y ou can w ork
out the required cable size using the
follow ing calculation:

(L x I x 0.04) õ (V  õ 20) = C T
L               Cable
length in m etres
(one m etre is 3.3
feet)
I               C urrent
in am ps
V              System
voltage (e.g. 12V
or 24V )
CT             
Cross-sectional



area of the cable
in m m Į

So calculating the cable thickness
for a 12-volt system :
(22m  x 14.08A  x 0.04) õ (12V õ

20) = 20.65m m Į
H ere is the sam e calculation for a
24-volt system :
(22m  x 7.04A  x 0.04) õ (24V  õ 20)

= 5.15m m Į
A nd just for sake of com pleteness,
here is the sam e calculation for a
48-volt system :
(22m  x 3.52A  x 0.04) õ (48V  õ 20)

= 1.63m m Į



C onverting w ire sizes:
To convert cross-sectional area to
A m erican W ire G auge or to w ork
out the cable diam eter in inches or
m illim etres, use the follow ing
table:

C ross-
Sectional
A rea
(m m Į)

A m erican
W ire
G auge
(A W G )

D iam eter
(inches)

107.16 0000 0.46

84.97 000 0.4096

67.4 00 0.3648

53.46 0 0.3249



42.39 1 0.2893

33.61 2 0.2576

26.65 3 0.2294

21.14 4 0.2043

16.76 5 0.1819

13.29 6 0.162

10.55 7 0.1443

8.36 8 0.1285

6.63 9 0.1144

5.26 10 0.1019

4.17 11 0.0907

3.31 12 0.0808



2.63 13 0.072

2.08 14 0.0641

1.65 15 0.0571

1.31 16 0.0508

1.04 17 0.0453

0.82 18 0.0403

0.65 19 0.0359

0.52 20 0.032

0.41 21 0.0285

0.33 22 0.0254

0.26 23 0.0226



0.2 24 0.0201

0.16 25 0.0179

0.13 26 0.0159

From  these figures you can see the
answ er straightaw ay. O ur cable
lengths are so great that w e cannot
practically run our system  at 12
volts. The nearest m atch for
20.65m m Į cables is 21.14m m Į. This
is A W G  4 cable, w ith a cable
diam eter of 5.19m m . Cable this size
is thick, heavy, inflexible, hard to
source and very expensive.
This m eans w e w ould need to lay
extrem ely thick A W G  4 cables from



the solar array and around our
house to overcom e the resistance.
This w ould be expensive, inflexible
and difficult to install.
R ealistically, due to cable sizing,
w e are going to need to use either
24 volts or 48 volts for our solar
electric system .



M ixing and m atching
solar panels
W hen specifying your solar array,
you should keep to one type of
panel rather than m ixing and
m atching them . If you w ant a
100-w att array, for exam ple, you
could create this w ith one 100-w att
solar panel, tw o 50-w att solar
panels or five 20-w att solar panels.
If you do w ish to use different solar
panels in your array, you can do so
by running tw o sets of panels in
parallel w ith each other and either
connecting them  into a controller
that can handle m ore than one feed,



or by using m ore than one
controller. This can be a useful w ay
of creating the right w attage system ,
rather than spending m ore m oney
buying bigger solar panels that
generate m ore pow er than you
actually need.
The result is slightly m ore
com plicated w iring, but it is often a
m ore cost-effective solution to do
this than to buy a larger capacity
solar array than you actually need.
The tw o diagram s below  show
different w ays of connecting tw o
solar panels of different sizes to the
sam e system . B oth these system s



are running at 12 volts, using tw o
different sized panels to create a
140 w att system

This first system  uses



a single controller.
The controller has
tw o separate input
feeds. The tw o solar

panels work
independently of
each other and the
controller handles
the m ism atch in
pow er output



This second system
uses tw o controllers.

The second
controller is used to



provide additional
pow er to the

batteries for the
sm aller solar panel.

These solutions are effective if you
are planning to start sm all and add
to your solar energy system  w hen
needs and budget allow s. It m eans
that you can collect an assortm ent of
solar panels over tim e and put them
to good use w ithin your one solar
energy system .
If you end up w ith tw o different
m akes of solar panels w ith identical
ratings, put them  on their ow n
separate circuits. Solar panels from



different m anufacturers are not all
identical in their operating voltages
or perform ances, so putting tw o
different m akes and m odels of solar
panel on the sam e circuit is likely to
com prom ise the perform ance of
both panels, even if the
specification of the tw o panels is
sim ilar.
If you buy m ultiple controllers for
your solar energy system , to handle
different m akes, m odels and sizes
of solar panel, you only need one
m ain controller to handle the pow er
output from  the batteries. Y our
other controllers can be m uch
cheaper and sim pler pieces of



equipm ent as they are only handling
the pow er feed into the batteries. If
you w ish, you can even use a
sim ple solar regulator that sim ply
cuts off charging w hen the batteries
are full, although these are usually
not as efficient as a proper solar
inverter.
N ot all solar panels are 12-volt
panels. M any solar panels are now
designed predom inantly for grid-tie
installation only and are available
in m any different voltage
configurations. Solar panels w ith
voltage ratings of up to 120 volts
are on the m arket, although the m ost



com m on are 12-volt, 24-volt and
48-volt.
12-volt panels rem ain the m ost
com m only available panels and are
the m ost popular for stand-alone
applications. If your stand-alone
solar electric system  runs at a
voltage other than 12 volts, you can
either install m ultiple solar panels
in order to boost the system  voltage,
or choose higher-voltage solar
panels. For exam ple, if you w anted
a 200-w att 24-volt solar array, you
could achieve this in various w ays,
including:

¶       U sing tw o 12-volt, 100-w att



solar panels, connected in
series

¶       U sing one 24-volt, 200-w att
solar panel

W hen choosing a solar array, you
need to consider:

¶       The physical size: w ill it fit
into the space available?

¶       The support structure:
ready-m ade supports m ay
only fit certain com binations
of panels

¶       H ow  m uch cabling you w ill
need to assem ble the array



¶       The system  voltage: if you
are not running at 12 volts,
you w ill need m ultiple solar
panels in order to build the
system  to the correct voltage
as w ell as w attage



B atteries
There are a num ber of different
options w hen it com es to batteries,
and a num ber of specialist battery
suppliers w ho can advise you on
the best options for your solar
installation.
Lead acid batteries usually com e as
either 6-volt or 12-volt batteries,
although other voltages are also
available. B atteries can be
connected together in series to
increase the voltage, or in parallel
to keep the sam e voltage but
increase the capacity.
The capacity of a battery is



m easured in am p-hours. The am p-
hour rating show s how  m any hours
the battery w ill take a specific
drain: for instance, a 100-am p-hour
battery has a theoretical capacity to
pow er a 1-am p device for 100
hours, or a 100-am p device for 1
hour.
I say theoretical, because the
reality is that lead acid batteries
provide m ore energy w hen
discharged slow ly: a 100-am p-hour
battery w ill often provide 20ï25%
less pow er if discharged over a
five-hour period, com pared to
discharge over a tw enty-hour
period.



Secondly, a lead acid battery m ust
not be run com pletely flat. A
m inim um  of 20%  state of charge
(SO C ) should be m aintained in a
lead acid battery at all tim es to
ensure the battery is not dam aged.
For best overall battery life, you
should design your system  so that
the battery charge rarely goes
below  50% .

Types of batteries
There are three types of lead acid
battery:

¶       óW etô batteries require
checking and topping up w ith



distilled w ater, but perform
better and have a longer
lifespan than other batteries

¶       A G M  batteries require no
m aintenance but have a
shorter overall life

¶       G el batteries are also
m aintenance-free, do not em it
hydrogen during charging and
provide a reasonable overall
life. They can be placed on
their side or used on the m ove

In the past, m ost installers have
recom m ended industrial quality
ów etô batteries for all solar
installations. These provide the best



long-term  perform ance and the
low est cost. O ften called traction
batteries (as they are heavy-duty
batteries used in electric vehicles),
they can often have a lifespan of
8ï10 years for a solar installation.
A  low er cost option to the
industrial-quality traction battery is
the leisure battery, as used in
caravans and boats. These are
typically either w et batteries or
A G M  batteries. Their lifespan is
considerably shorter than traction
batteries, often requiring
replacem ent after 3ï4 years and
significantly less in intensive
applications.



The third option is the gel battery.
These have the benefit of being
entirely m aintenance-free. They are
also com pletely sealed and do not
em it hydrogen gas. In the past, gel
batteries have not been particularly
reliable in solar installations,
tending to require replacem ent after
1ï2 years. H ow ever, m ore recently,
sm aller gel batteries have seen
significant im provem ents in
lifespan and they now  are
com parable to A G M  batteries. The
price has also dropped
significantly.
G el batteries are not suitable for



big solar applications w ith a pow er
drain of m ore than around 400 w att-
hours, but they can provide an
excellent, zero-m aintenance
alternative to w et batteries for
sm aller applications.
If your solar project requires
batteries of 50 am p-hour capacity
or less, gel batteries are a very
good alternative to traction
batteries.
N ot all battery m akes are the sam e.
From  m y experience, the very best
battery m anufacturers for solar
energy installations are Crow n and
Trojan, both of w hom  have



excellent batteries specifically
designed for solar installations. If
only the very best w ill do and you
are prepared to pay the prem ium ,
the O ptim a óyellow  topô batteries
provide the benefits of A G M
batteries in a sm aller, lighter
battery w ith som e of the best
overall perform ance figures of any
battery available today.

Battery configurations
Y ou can use one or m ore batteries
for pow er storage. Like solar
panels, you can w ire your batteries
in parallel in order to increase their
capacity or in series in order to



increase their voltage.
Unlike solar panels, w hich you can
m ix and m atch to create your array,
you need to use the sam e
specification and size of batteries to
m ake up your battery bank. M ixing
battery capacities and types w ill
m ean that som e batteries w ill never
get fully charged and som e batteries
w ill get discharged m ore than they
should be. A s a result, m ixing
battery capacities and types can
significantly shorten the lifespan of
the entire battery bank.

Battery lifespan
Batteries do not last forever, and at



som e stage in the life of your solar
electric system , you w ill need to
replace them . O bviously, w e w ant
to have a battery system  that w ill
last as long as possible and so w e
need to find out about the lifespan
of the batteries w e use.
There are tw o w ays of m easuring
the lifespan of a battery, both of
w hich tell you som ething different
about the battery.

¶       Cycle Life is expressed as a
num ber of cycles to a
particular depth of discharge

¶       Life in Float Service show s
how  m any years the battery



w ill last if it is stored,
charged up regularly, but
never used

C ycle life
Every tim e you discharge and
recharge a battery, you cycle that
battery. A fter a num ber of cycles,
the chem istry in the battery w ill
start to break dow n and eventually
the battery w ill need replacing.
The cycle life w ill show  how  m any
cycles the batteries w ill last before
they need to be replaced. The life is
show n to a ódepth of dischargeô
(D O D ), and the m anufacturers w ill
norm ally provide a graph or a table



show ing cycle life verses the depth
of discharge.
Typical figures that you w ill see for
cycle life m ay look like this:

              C YC L E
L IFE
              20%
D O D               1600
cycles
              40%
D O D               1200
cycles
              50%
D O D               1000
cycles



              80%
D O D               350
cycles

A s you can see, the battery w ill last
m uch longer if you keep your depth
of discharge low .
For this reason, it can often be
better to specify a larger battery, or
bank of batteries, rather than a
sm aller set of batteries. M ost
experts recom m end that you install
enough batteries to ensure that your
system  does not usually discharge
your batteries beyond 50%  of their
capacity.
The second benefit of a larger bank



of batteries is that this gives you
m ore flexibility w ith your pow er
usage. If you need to use m ore
electricity for a few  days than you
originally planned for, you know
you can do this w ithout running out
of energy.

H oldover
W hen considering batteries, you
need to consider how  long you w ant
your system  to w ork w hile the solar
array is not providing any charge at
all. This tim e span is called
holdover.
Unless you live inside the A rctic or
A ntarctic C ircles (both of w hich



provide excellent solar energy
during their respective sum m ers,
incidentally), there is no such thing
as a day w ithout sun. Even in the
depths of w inter, you w ill receive
som e charge from  your solar array.
Y ou m ay find there are tim es w hen
the solar array does not provide all
the energy you require. It is
therefore im portant to consider how
m any days holdover you w ant the
batteries to be able to provide
pow er for, should the solar array
not be generating all the energy you
need.
For m ost applications, a figure of



betw een three days and five days is
usually sufficient.
In our holiday hom e, w e are
deliberately not providing enough
solar energy for the system  to run
24/7 during the w inter m onths.
D uring the w inter, w e w ant the
batteries to provide enough pow er
to last a long w eekend. The
batteries w ill then be recharged
w hen the holiday hom e is no longer
occupied and the solar panel can
gradually recharge the system .
For this purpose, I have erred on
the side of caution and suggested a
five-day holdover period for our



system .

C alculating how  long a set of
batteries w ill last
C alculating how  long a set of
batteries w ill last for your
application is not a precise science.
It is im possible to predict the
num ber of discharges, as this w ill
depend on the conditions the
batteries are kept in and how  you
use the system  over a period of
years.
N evertheless, you can com e up w ith
a reasonably good prediction for
how  long the batteries should last.



This calculation w ill allow  you to
identify the type and size of
batteries you should be using.
First, w rite dow n your daily energy
requirem ents. In the case of our
holiday hom e, w e are looking at a
daily energy requirem ent of 695
w att-hours.
Then, consider the holdover. In this
case, w e w ant to provide five days
of pow er. If w e m ultiply 695 w att-
hours a day by 5 days, w e get a
storage requirem ent of 3,475 w att-
hours of energy.
B atteries are rated in am p-hours
rather than w att-hours. To convert



w att-hours to am p-hours, w e divide
the w att-hour figure by the battery
voltage.
If w e are planning to run our system
at 12 volts, w e divide 3,475 by 12
to give us 290 am p-hours at 12
volts. If w e are planning to run our
system  at 24 volts by w iring tw o
batteries in series, w e divide 3,475
by 24 to give us 145 am p-hours at
24 volts.
W e do not w ant to com pletely
discharge our batteries, as this w ill
dam age them . So w e need to look at
our cycle life to see how  m any
cycles w e w ant. W e then use this to



w ork out the capacity of the
batteries w e need.
O n a daily basis during the spring,
sum m er and autum n, w e are
expecting the solar array to
recharge the batteries fully every
single day: it is unlikely that the
batteries w ill be discharged by
m ore than 10ï20% .
H ow ever, during the w inter m onths,
w e could have a situation w here the
batteries get run dow n over a
period of several days before the
solar panels get a chance to top the
batteries back up again.
So for four m onths of the year, w e



need to take the w orst-case
scenario w here the batteries m ay
get discharged dow n to 80%  depth
of discharge over a five day period
and then recharged by the solar
array.
The batteries w ill allow  us to do
this 350 tim es before they com e to
the end of their useful life.
350 cycles m ultiplied by 5 days =
1,750 days = 58 m onths
A s this scenario w ill only happen
during the four m onths from
N ovem ber to February, these
batteries w ill last us for around
14İ  years before reaching the end



of their cycle life.
In reality, the Life in Float Service
figure (i.e. the m axim um  shelf-life)
for batteries is likely to be around
ten years, w hich m eans that, for this
application, they w ill fail before
they reach their cycle life.
B ased on our energy requirem ents
of 145 am p-hours at 24 volts, and a
m axim um  discharge of 80% , w e can
calculate that w e need a battery
capacity of 145 õ 0.8 = 181.25
am p-hours at 24 volts.

Second-hand batteries
There is a good supply of



second-hand batteries available.
These are often available as ex-
U PS batteries (U PS =
U ninterruptable Pow er Supplies) or
ex-electric vehicle batteries.
W hilst these w ill not have the
lifespan of new  batteries, they can
be extrem ely cheap to buy, often
selling at their scrap value. If you
are w orking to a tight budget and
your pow er dem ands are not great,
this is a very good w ay to save
m oney.
D o not óm ix and m atchô different
m akes and m odels of batteries. U se
the sam e m ake and m odel of battery



throughout your battery bank. I
w ould also advise against using a
m ixture of new  and used batteries.
This is a false econom y as the life
of your new  batteries m ay be
com prom ised by the older ones.
If you are considering second-hand
batteries, try and find out how  m any
cycles they have had and how
deeply they have been discharged.
M any UPS batteries have hardly
been cycled and have rarely been
discharged during their lives.
If buying ex-electric vehicle
batteries, rem em ber these have had
a very hard life w ith heavy loads.



H ow ever, ex-electric vehicle
batteries can continue to provide
good service for low er- dem and
applications: if your total load is
less than 1kW , these batteries can
provide good service.
If possible, try and test second-hand
batteries before you buy them .
Ensure they are fully charged up,
and then use a battery load tester on
them  to see how  they perform .
If your second-hand batteries have
not been deep cycled m any tim es,
the chances are they w ill not have a
very long charge life w hen you first
get them . To ów ake them  upô,



connect a solar controller or an
inverter to them  and put a
low -pow er device onto the battery
to drain it to around 20%  state of
charge. Then charge the battery up
again using a trickle charge and
repeat.
A fter three deep cycles, you w ill
have recovered m uch of the
capacity of your second-hand
batteries.
If using second-hand batteries,
expect them  to provide half of their
advertised capacity. So if they are
advertised as 100-am p-hour
batteries, assum e they w ill only



give you 50 am p-hours of use. In the
case of ex-electric vehicle
batteries, assum e only one-third
capacity.
The chances are, they w ill give you
m uch m ore than this, but better to be
happy w ith the perform ance of your
second-hand batteries than to be
disappointed because they are not
as good as new  ones.

Building your battery bank
B ecause w e are running our system
at 24 volts, w e w ill need tw o
12-volt batteries connected in
series to create our battery bank.



W e therefore need tw o 12-volt
batteries of 181.25 am p-hours each
in order to create the desired
battery bank.
It is unlikely that you are going to
find a battery of exactly 181.25
am p-hours, so w e need to find a
battery that is at least 181.25 am p-
hours in size.
W hen looking for batteries, you
need to consider the w eight of the
batteries. A  single 12-volt battery
of that size w ill w eigh in the region
of 50kg (over 110 pounds)!
Safely m oving a battery of that size
is not easy. Y ou do not w ant to



injure yourself in the process. A
better solution w ould be to buy
m ultiple sm aller batteries and
connect them  together to provide the
required capacity.
Because batteries contain acid, they
should be installed in a battery tray,
so that any acid leaks m ay be
contained. In A ustralia and Canada,
regulations state that batteries m ust
be enclosed in a ventilated,
lockable and verm in-proof
enclosure.
A s it is not possible to buy 181.25
am p-hour batteries, I have decided
to use four 100-am p-hour 12-volt



batteries, giving m e a battery bank
w ith a total capacity of 200
am p-hours at 24 volts.
12-volt, 100-am p-hour batteries are
still not lightw eight. They can
easily w eigh 30kg (66 pounds)
each, so do not be afraid to use
m ore, lighter-w eight batteries, if
you are at all concerned.
To build this battery bank, you can
use four 100-am p-hour, 12-volt
batteries, w ith tw o sets of batteries
connected in series, and then
connect both series in parallel, as
show n below :



Four 100-am p-hour
12V batteries. I have

paired up the
batteries to m ake

two sets of 100-am p-
hour 24V batteries,
and then connected



each pair in parallel
to provide a
200-am p-hour

capacity at 24 volts.
If I w ere putting together a 12-volt
battery system  instead of a 24-volt
battery system , I could w ire
together m ultiple 12-volt batteries
in parallel in order to provide the
higher capacity w ithout increasing
the voltage:



Four 100-am p-hour
12V batteries

connected in parallel
to provide a

400-am p-hour 12V
battery bank.

Battery safety
W hen choosing batteries, you need
to consider the safety aspects of



batteries. W ith the exception of gel
batteries, all lead acid batteries
produce hydrogen, w hich needs to
be ventilated. Batteries can also be
very heavy and care is needed w hen
lifting or m oving them . Finally, due
to the highly acidic nature of
batteries, protective clothing should
be w orn w henever batteries are
being w orked on, and a chem ical
clean-up kit should be kept nearby.
I w ill go into m ore detail about
handling batteries during the
chapter on installation.



Solar controller
The solar controller looks after the
batteries and stops them  either
being overcharged by the solar
array or over-discharged by the
devices running off the batteries.
M any solar controllers also include
an LCD  status screen so you can
check the current battery charge and
see how  m uch pow er the solar
array is generating.
Y our choice of solar controller w ill
depend on four things:

¶       System  voltage

¶       The current of the solar



array (m easured in am ps)

¶       The m axim um  current of the
load (m easured in am ps)

¶       The level of detail you
require from  the status
display

Som e solar experts w ill som etim es
add a fifth item  to that list: battery
type. To be fair, this w as a problem
w ith som e older solar controllers,
w hich only w orked w ith specific
battery types. M odern solar
controllers w ork w ith all types of
lead acid battery w ithout a
problem , although you m ay need to
tell your solar controller w hat type



of batteries you are using w hen you
are setting up the system .
A ll but the very cheapest solar
controllers provide basic
inform ation on an LCD  screen that
allow s you to see how  m uch pow er
you have generated com pared to
how  m uch energy you are using, and
can also show  the current charge
stored in the battery. Som e solar
controllers include m ore detailed
inform ation that allow s you to
check on a daily basis how  your
pow er generation and usage
com pares.

Balancing the batteries



A nother im portant function of a
solar controller is to m anage the
charge in each battery and to ensure
each battery is properly charged up.
A s batteries get older, the charge of
each battery w ill start to vary. This
m eans that som e batteries w ill
charge and discharge at different
rates to others. If left over tim e, the
overall life of the batteries w ill
deteriorate.
Intelligent solar controllers can
m anage these variations by
balancing, or equalizing, the
batteries they are charging. O n m ost
controllers, you need to m anually



activate a balance as part of a
routine inspection.

A llow  for expansion
W hen looking at solar controllers, it
is w orth buying one w ith a higher
current rating than you actually
need.
This allow s you extra flexibility to
add additional loads or additional
panels to your solar array in the
future w ithout having the additional
expense of replacing your solar
controller.

M axim um  pow er point
tracking



M ore expensive solar controllers
incorporate a technology called
m axim um  pow er point tracking
(M PPT). A n M PPT controller
adjusts the voltage being received
from  the solar array to provide the
optim um  voltage for charging the
batteries w ithout significant loss of
w atts from  the voltage conversion.
If you have an M PPT controller,
you can capture around 20%  m ore
of the pow er generated by the solar
array com pared to a m ore basic
controller.
If you have less than 120W  of solar
panels, it can w ork out cheaper to



buy extra solar panels rather than
spend the extra m oney on an M PPT
controller. H ow ever, prices
continue to fall and, if you have the
choice, a controller w ith m axim um
pow er point tracking is a
w orthw hile investm ent.

G round fault protection
M any solar controllers include
ground fault protection. In the case
of a short from  the solar array, a
Residual C urrent D evice (RC D )
w ill cut off the current flow
betw een the solar array and the
controller, thereby averting the risk
of dam age to either the controller or



the solar array.
In the United States and C anada,
RC D s are also know n as G round
Fault Interrupters (G FIs).
For anything larger than 100-w att
solar panel system s, and for all
system s m ounted to a building, you
need to incorporate a separate
RC D /G FI into your system  if you do
not have ground fault protection
built into your controller.

Backup pow er
Som e controllers have one extra
useful feature: the facility to start up
an em ergency generator if the



batteries run too low  and the solar
array is not providing enough
pow er to cope w ith the load.
This can be a useful facility for
sites w here the system  m ust not fail
at any tim e, or for coping w ith
unexpected additional loads.
W hilst this m ay not seem  so
environm entally friendly, m any
generators are now  available that
run on bio-diesel or bio-ethanol.
A lternatively, you can use an
environm entally friendly fuel cell
system  instead of a generator. These
tend to run on bio-m ethanol or zinc
and only em it w ater and oxygen.



U sing m ultiple controllers
Som etim es it is desirable to have
m ultiple controllers on your solar
energy system . For instance, you
m ay w ant to install solar panels in
different locations or facing in
different directions, or you m ay
have m ism atched solar panels that
you w ant to use. If you need to have
m ultiple controllers, only one needs
to have the expensive features such
as battery balancing. The other
controllers can be m uch sim pler
regulators that sim ply provide an
additional charge to the batteries
and sw itch off w hen the batteries
are fully charged.





Inverters
W e are not using an inverter w ith
our holiday hom e, but m any solar
applications do require an inverter
to sw itch up the voltage to grid-
level A C  current.

A n inverter for stand-alone
system s is a different piece of
equipm ent to a grid-tie solar
inverter. W ith a grid-tie inverter,
your pow er is feeding into the grid
and has to w ork in conjunction w ith
the grid. The inverter connects
directly to your solar panels and
sw itches off w hen the solar panels
no longer produce enough energy.



W ith a stand-alone system , your
pow er is entirely separate from  the
grid. The inverter connects to your
battery bank and sw itches off w hen
the battery bank is running low  on
charge.

There are three things to
consider w hen purchasing an
inverter:

¶       B attery bank voltage

¶       Pow er rating

¶       W aveform

Battery bank voltage
D ifferent inverters require a



different input voltage. Sm aller
inverters, providing up to 3kW  of
pow er, are available for 12-volt
system s. Larger inverters tend to
require higher voltages.

Pow er rating
The pow er rating is the m axim um
continuous pow er that the inverter
can supply to all the loads on the
system . Y ou can calculate this by
adding up the w attages of all the
devices that are sw itched on at any
one tim e. It is w orth adding a
m argin for error to this figure.
Inverters w ill not run beyond their
m axim um  continuous pow er rating



for very long.
M ost inverters have a peak pow er
rating as w ell as a continuous
pow er rating. This peak pow er
rating allow s for additional loads
for very short periods of tim e,
w hich is useful for som e electrical
equipm ent that uses an additional
burst of pow er w hen first sw itched
on (refrigeration equipm ent, for
exam ple).
A s a general rule of thum b, go for a
bigger pow er rating than you
actually need. Inverters can get very
hot w hen they get close to their
m axim um  load for long periods of



tim e. M any professionals
recom m end that you buy an inverter
that has a continuous pow er rating
that is at least one third higher than
you plan to use.

W aveform
W aveform  relates to the quality of
the alternating current (A C ) signal
that an inverter provides.
Low er-cost inverters often provide
a m odified sine w ave signal
(som etim es advertised as a
quasi-sine w ave). M ore expensive
inverters provide a pure sine wave
signal.



M odified sine w ave inverters tend
to be considerably cheaper and also
tend to have a higher peak pow er
rating.
H ow ever, som e equipm ent m ay not
operate correctly w ith a m odified
sine w ave inverter. Som e pow er
supplies, such as those used for
laptop com puters and portable
televisions, m ay not w ork at all,
w hile som e m usic system s em it a
buzz w hen run from  a m odified sine
w ave inverter.
These faults are elim inated w ith a
pure sine w ave inverter, w hich
produces A C  electricity w ith an



identical w aveform  to the standard
dom estic electricity supply
provided by the grid.

Installation options and
operating environm ent
Sm all inverters w ith a continuous
pow er rating of less than 3kW  are
lightw eight units and are often
sim ply placed on a shelf or a desk.
M edium -sized inverters tend to be
heavy units that need to be m ounted
securely on a w all. Larger
inverters, rated at 10kW  or above,
m ay need to be bolted to a floor.
A ll inverters generate a significant



am ount of heat, especially w hen
running close to their rated output,
and require good airflow  around the
unit.
M ost off-grid inverters are
designed to be installed inside.
O utdoor inverters are available, but
they are expensive and m ay be
difficult to source. If you are
looking at installing an inverter
outdoors, check that the inverter is
sealed against dust and w ater
ingress, rated to at least IP64.
O verheating inverters is the num ber
one reason for any solar system
failing. A s an inverter gets hotter,



they provide less pow er, and if the
tem perature continues to rise they
w ill eventually shut dow n to avoid
perm anent dam age. W hen choosing
an inverter, check its operating
tem peratures and consider how  you
can ensure your system  rem ains
w ithin these lim its.
Inverters should alw ays be installed
in a w ell-ventilated area, aw ay
from  the ceiling and w ith a
clearance around each side, the top
and the bottom . They cannot be
installed in a sealed cupboard.
Som e inverters have the option of
an external heat sink, or
tem perature-controlled cooling fans



to help keep the inverter cool.
If your inverter is producing m ore
than around 500 w atts of pow er, it
is likely to m ake a very sm all
am ount of noise. This is typically a
continuous low -level hum . This is
usually only noticeable if the
surrounding area is quiet. H ow ever,
for this reason, inverters are not
usually installed inside the living
space in a hom e or in an office
environm ent. Instead, consider
installing your inverter in a garage,
or on an outside w all of your
building.
O ccasionally, w ith larger inverters,



the sound m ade by the inverter has
been know n to resonate w ith the
w all, am plifying the sound and
m aking it quite unpleasant to live
w ith, even if the inverter is m ounted
to an outside w all or the w all of a
garage. This is a very rare
occurrence, but is m ost likely to
occur if you are planning to m ount
your inverter onto a w all m ade out
of solid concrete. The solution is to
dam pen the m ounting betw een the
inverter and the w all or floor that
the inverter is m ounted onto. There
is a very effective product called
G reen G lue, produced by the G reen
G lue C om pany



(w w w.G reenG lueC om pany.com )
that is applied betw een the w all and
the inverter. W hen it is com pressed
by rem ounting the inverter, the glue
spreads out to form  a sound
isolation barrier that is particularly
effective at blocking out
low -resonance vibrations.

G round fault protection
M ost inverters now  include ground
fault protection. A ll inverters m ust
alw ays be grounded. If your chosen
grid-tie inverter does not
incorporate ground fault protection,
you need to incorporate this into
your system  using a Residual



C urrent D evice (R C D ). R C D s are
know n as G round Fault
Interrupters (G FIs) in the U nited
States and Canada.



C ables
It is easy to overlook them , but
cables have a vital part to play in
ensuring a successful solar electric
system .
There are three different sets of
cables that you need to consider:

¶       Solar array cables

¶       B attery cables

¶       A ppliance cabling
Solar array cabling has already
been discussed. For stand-alone
system s, the battery and appliance
cabling also needs to be correctly



specified.
For all cabling, m ake sure that you
alw ays use cable that can cope w ith
the m axim um  am ount of current
(am ps) that you are planning to
w ork w ith.
Take into account that you m ay w ish
to expand your system  at som e point
in the future, and use a higher
am pere cable than you actually need
in order to m ake future expansion as
sim ple as possible.

Battery cables
B attery cables are used to connect
batteries to the solar controller and



to the inverter. They are also used
to connect m ultiple batteries
together.
B attery interconnect cable is
available ready-m ade up from
battery suppliers, or you can m ake
them  up yourself. Y ou should
alw ays ensure that you use the
correct battery connectors to
connect a cable to a battery.

A ppliance cabling
If you are using an inverter to run
your appliances at grid-level
voltage, you can use standard
dom estic w iring, w ired in the sam e
w ay as you w ould w ire them  for



connection to dom estic A C pow er.
If you are running cabling for
12-volt or 24-volt operation, you
can w ire your devices up using the
sam e w iring structure as you w ould
use for grid-level voltage, although
you m ay need to use larger cables
throughout to cope w ith the higher
current.
In a house, you w ould typically
have a num ber of circuits for
different electrical equipm ent: one
for dow nstairs lighting, one for
upstairs lighting and one or tw o for
appliances, depending on how  m any
you have. This has the benefit of



keeping each individual cable run
as short as possible, as w ell as
reducing the am ount of current that
each circuit needs to handle.
A s w e have already learnt,
low -voltage system s lose a
significant am ount of pow er through
cabling. The reason for this is that
the current (am ps) is m uch higher
and the pow er lost through the cable
is proportional to the square of the
current. Y ou therefore need to keep
your cable runs as short as
possible, especially the cable runs
w ith the highest current throughput.
I have already m entioned how  you



can calculate suitable cable
thicknesses for your solar array
earlier in this chapter. Y ou use the
sam e calculation for calculating
cable thicknesses for appliance
cabling.



Plugs and sockets
For 12-volt or 24-volt circuits w ith
a current of less than 30 am ps, you
can use the sam e standard sw itches
and light sockets as you do for
norm al dom estic pow er.
H ow ever, you m ust not use the
standard dom estic plugs and
sockets for attaching low -voltage
devices to your low -voltage circuit.
If you do, you run the risk that your
low -voltage devices could
accidentally be plugged into a
high-voltage circuit, w hich could
have disastrous consequences.
Instead, you have the choice of



using non-standard plugs and
sockets or of using the sam e 12-volt
plugs and sockets as used in
caravans and boats.
These low -voltage sockets do not
need to have a separate earth
(ground) w ire, as the negative cable
should alw ays be earthed
(grounded) on a D C  circuit system .



A ppliances
So far, I have talked a lot about
12-volt appliances, but you can buy
m ost low -voltage appliances for
either 12-volt or 24-volt and a lot
of them  are sw itchable betw een 12
and 24 volts.
Com pared to appliances that run
from  grid-level voltages, you often
pay m ore for low -voltage
appliances. This is not alw ays the
case, how ever, and w ith careful
shopping around, item s like
televisions, D V D  players, radios
and laptop com puters need not cost
any m ore to buy than standard



versions.

Lighting
12-volt and 24-volt lighting is often
chosen for off-grid solar electric
system s, due to the low er pow er
consum ption of the low er-voltage
lighting. Y ou can buy low -voltage,
energy-saving bulbs and strip lights,
both of w hich provide the sam e
quality of light as conventional
lighting. Filam ent light bulbs are
also available in low -voltage
form s, and although these are not
very energy-efficient, they do
provide an excellent quality of
light.



Y ou can buy a lot of 12-volt
lighting from  ordinary hardw are
stores. M any kitchen and bathroom
lights w ork at low  voltage and w ill
w ork just as w ell from  a 12-volt
battery supply as they w ill from  the
12-volt A C  transform ers typically
used w ith this lighting. D iachronic
flood lam ps, halogen spot lam ps,
strip lam ps and LED  lights often run
at 12 volts, giving you an excellent
choice. Buying these from  a
hardw are store rather than from  a
specialist solar supplier can also
save a considerable am ount of
m oney.



R efrigeration
A  good selection of refrigerators
and freezers are available that w ill
run from  12-volt and 24-volt pow er
supplies. Som e refrigerators w ill
run on both low -voltage D C  and
grid-level A C voltage, and som e
can run from  a bottled gas supply as
w ell.
U nlike m ost other devices that you
w ill use, refrigerators need to run
all the tim e. This m eans that,
although the pow er consum ption
can be quite low , the overall energy
consum ption is com paratively high.
There are three types of



low -voltage refrigerator available:

¶       Absorption fridges are
com m only found in caravans
and can often use 12-volt,
grid-level voltage and bottled
gas to pow er the fridge.
These are very efficient w hen
pow ered by gas, but
efficiency w hen pow ered on
low er voltages varies
considerably for different
m odels

¶       Peltier effect coolers are
not really fridges in their ow n
right; they are portable
coolers, of the type often sold



in car accessory shops and
pow ered by the 12-volt in-car
accessory socket. W hilst
these are cheap, m ost of them
are not very efficient. A void
using these for solar
applications

¶       C om pressor fridges use the
sam e technology as
refrigerators in the hom e.
They are the m ost efficient for
low -voltage operation. They
are m ore expensive than other
types but their efficiency is
significantly better: m any
m odels now  consum e less



than 5 w atts of electricity per
hour

Y ou can choose to use a standard
dom estic fridge for your solar
electric system , running at grid-
level voltages. H ow ever, they are
typically not as efficient as a good
12-volt/24-volt com pressor fridge.
D om estic fridges also tend to have
a very high starting current, w hich
can cause problem s w ith inverters.
A  num ber of m anufacturers now
produce refrigerators that are
specifically designed to w ork w ith
solar pow er. Com panies such as
W aeco, Sundanzer and Shoreline



produce a range of refrigerators and
freezers suitable for hom e, m edical
and business use.
If you w ish to use a standard
dom estic fridge, speak to the
supplier of your inverter to m ake
sure the inverter is suitable. M any
refrigerators have a very high start-
up current and you m ay need to buy
a larger inverter that can handle this
sudden dem and.

M icrow ave ovens
Standard dom estic m icrow ave
ovens consum e a lot m ore pow er
than their rated pow er: their rated
pow er is output pow er, not input.



Y ou w ill find the input pow er on
the pow er label on the back of the
unit, or you w ill be able to m easure
it using a w att m eter.
Typically, the input pow er for a
m icrow ave oven is 50%  higher than
its rated pow er.
Low -voltage m icrow ave ovens are
available, often sold for use in
caravans and recreational vehicles
(R V s). They tend to be slightly
sm aller than norm al dom estic
m icrow aves and have a low er
pow er rating, so cooking tim es w ill
increase, but they are m uch m ore
energy-efficient.



Televisions, D V D s, com puter
gam es consoles and m usic
Flat screen LC D  televisions and
D VD  players designed for 12-volt
or 24-volt operation are available
from  boating, cam ping and leisure
shops. These tend to be quite
expensive, often costing as m uch as
50%  m ore than equivalent dom estic
televisions and D V D  players.
H ow ever, m any dom estic LC D
televisions (w ith screens up to 24-
inch) and D VD  players often have
external pow er supplies and m any
of them  are rated for a 12-volt
input. Som e investigations at your



local electrical store w ill allow
you to identify suitable m odels.
If you w ant to use one of these, it is
w orth buying a 12-volt pow er
regulator to connect betw een the
television and your battery. B attery
voltages can vary betw een 11.6
volts and 13.6 volts, w hich is fine
for m ost equipm ent designed for
12-volt electrics, but could dam age
m ore sensitive equipm ent. Pow er
regulators fix the voltage at exactly
12 volts, ensuring that this
equipm ent cannot be dam aged by
sm all fluctuations in voltage.
M any pow er regulators w ill also



allow  you to run 12-volt devices
from  a 24-volt circuit, and are m uch
m ore efficient than m ore traditional
transform ers.
Pow er regulators also allow  you to
sw itch from  one voltage to other
low  voltages, if required. For
exam ple, the Sony PlayStation 3
gam es console uses 8.5 volts, and
w ith a suitable pow er regulator you
can pow er one very effectively
from  12-volt batteries.
Pow er regulators can step up
voltages as w ell as step dow n. A
suitable pow er regulator can sw itch
the voltage from  a solar battery



bank to an output voltage of
betw een 1İ  volts and 40 volts,
depending on the specification of
the regulator.
This m eans that m any norm al
household item s w ith external
pow er supplies, such as sm aller
televisions, laptop com puters, D V D
players, m usic system s and
com puter gam es, to nam e but a few ,
can be connected directly to your
solar pow er system .

M usic system s
Like televisions and D V D  players,
m any m usic system s have an
external pow er supply, and a pow er



regulator can be used in place of the
external pow er supply to pow er a
m usic system .
A lternatively, you can build your
ow n built-in m usic system  using in-
car com ponents. This can be very
effective, both in term s of sound
quality and price, w ith the added
benefit that you can hide the
speakers in the ceiling.
Using a m usic system  w ith an
inverter w hich has a m odified sine
w ave can be problem atic. M usic
system s designed to run at grid-
level voltages expect to w ork on a
pure sine w ave system  and m ay



buzz or hum  if used w ith a m odified
sine w ave inverter.

D ishw ashers, w ashing
m achines and tum ble dryers
D ishw ashers, w ashing m achines
and tum ble dryers tend to be very
pow er hungry.
There are sm all w ashing m achines,
tw in tubs and cool-air dryers
available that run on low  voltage,
but these are really only suitable for
sm all am ounts of w ashing. They
m ay be fine in a holiday hom e or in
a sm all house for one person, but
are not suitable for the w eekly



w ashing for a fam ily of four.
If you need to run a w ashing
m achine from  a solar electric
system , you are going to need an
inverter to run it. The am ount of
energy that w ashing m achines
consum e really does vary from  one
m odel to the next. A n
energy-efficient m odel m ay only use
1,100 w atts, w hereas an older
m odel m ay use alm ost three tim es
this am ount.
The sam e is true for dishw ashers.
Energy-efficient m odels m ay only
use 500 w atts, w hereas older
m odels m ay use nearer 2,500 w atts.



If you need to run a dishw asher, you
w ill need to use an inverter.
Tum ble dryers are hugely energy
inefficient and should be avoided if
at all possible. M ost of them  use
betw een 2,000 and 3,000 w atts of
electricity and run for at least one
hour per drying cycle.
There are various alternatives to
tum ble dryers. These range from  the
traditional clothes line or clothes
airer to the m ore high-tech low -
energy convection heating dryers
that can dry your clothes in around
half an hour w ith m inim al am ounts
of pow er.



If you really m ust have a tum ble
dryer, you m ay w ish to consider a
bottled gas pow ered tum ble dryer.
These are m ore energy-efficient
than electric tum ble dryers and w ill
not put such a strain on your solar
electric system .

A ir conditioning system s
O ver the past couple of years, a
num ber of m anufacturers have been
launching solar pow ered air
conditioning and air cooling
system s.
A ir conditioning has traditionally
been very pow er hungry. For this
reason, solar pow ered air



conditioning has been unaffordable,
as a large solar array has been
required sim ply to run the
com pressors.
In response, m anufacturers have
developed m ore efficient air
conditioning system s, designed to
run from  a D C  pow er source.
Com panies such as A ustin Solar,
Solar A C , Securus, Sunsource,
Sedna A ire, H itachi and LG  have
all announced air conditioning units
designed to w ork w ith solar energy.
O ther m anufacturers have
developed evaporative air coolers
that use a fraction of the pow er of



an air conditioning unit. W hilst
these air coolers do not provide the
óinstant chillô factor of a full air
conditioning system , by running
constantly w hen the sun is shining,
they can provide a very com fortable
living and w orking environm ent at a
fraction of the cost of full air
conditioning.



R eputable brand nam es
M ost solar m anufacturers are not
household nam es, and as such it is
difficult for som eone outside the
industry to know  w hich brands have
the best reputation.
O f course, this is a subjective list
and sim ply because a m anufacturer
does not appear on this list, it does
not m ean the brand or the product is
not good.

Solar panel m anufacturers and
brands
A tlantis Energy, B P Solar,
Canadian Solar, C lear Skies, EPV,



Evergreen, C onergy, G .E. Electric,
H itachi, IC P, K aneka, K yocera,
M itsubishi, Pow er U p, R EC  Solar,
Sanyo, Sharp, Solar W orld,
Spectrolab, Suntech, U ni-solar.

Solar controller and inverter
m anufacturers and brands
A pollo Solar, B lue Sky, Enphase,
Ever Solar, Exeltech, Fronius,
K aco, M agnum , M astervolt,
M orningstar, O utback, Pow erFilm ,
PV  Pow ered, SM A , Solectria,
Sterling, Steca, SunnyB oy, X antrex.

Battery m anufacturers and
brands



East Penn, C hloride, C row n,
EnerSys, Exide, G iant,
G reenPow er, H aw ker, M anB att,
N ew m ax, O dyssey, O ptim a,
Panasonic, Pow erK ing, Tanya,
Trojan, U S B attery, Y uasa.



Shopping list for the
holiday hom e
B ecause our solar electric system  is
being installed in the garden, 10
m etres (33 feet) aw ay from  the
house, w e have w orked out that w e
need to run our system  at 24 volts
rather than 12 volts, due to the high
levels of losses in the system .
I have already calculated that I need
320 w atts of pow er from  m y solar
array at 24 volts. To achieve this, I
w ill need to connect 12-volt solar
panels in series to m ake a 24-volt
system .



There are various different options
available to m ake a 320-w att, 24-
volt solar array. A fter checking
w ith a num ber of suppliers, I have
com e up w ith the follow ing options:

¶       B uy tw o 160-w att panels
for a total of 320 w atts of
pow er ï total cost Ã499
($768 U S)

¶       B uy four 80-w att panels for
a total of 320 w atts of pow er
ï total cost Ã434 ($668 U S)

¶       B uy eight 40-w att panels for
a total of 320 w atts of pow er
ï total cost Ã640 ($985 U S)



¶       B uy six 60-w att panels for a
total of 360 w atts of pow er) ï
total cost Ã580 ($893 U S)

It is really w orth shopping around
and finding the best price. Prices
can vary dram atically from  one
supplier to another and I have seen
m any cases w here one supplier is
selling a solar panel for over tw ice
the price it is available from
elsew here.
D epending on w hat configuration I
buy (and w here I buy it), solar
panel prices for the different
com binations vary betw een Ã434
($668 U S) and Ã640 ($985).



B ased on price and convenience, I
have decided to go for the cheapest
option and buy four Clear Skies 80-
w att polycrystalline solar panels.
B ecause I am  running at 24 volts
and at a relatively low  current, I
have a good choice of solar
controllers w ithout spending a
fortune. I decided to buy a Steca
M PPT controller, w hich
incorporates a built-in LCD  display
so I can see how  m uch charge m y
batteries have at any one tim e. The
cost of this controller is Ã225
($350).



This drawing show s
how I intend to w ire
up m y solar array. I
w ill pair tw o sets of
panels together in
series to bring the
voltage up from  12
volts per panel to 24
volts per pair. I then
connect the pairs



together in parallel
to m aintain the 24
volts but to increase
the pow er of the

system  to a total of
320 w atts

I calculated that I needed 181A h of
24-volt battery storage. I have
decided to go for four Trojan 12V ,
105A h batteries, w hich I w ill
connect together in pairs to provide
m e 210 A h of pow er at 24 volts.
The cost of these batteries is Ã560
($860).



This draw ing show s
how  I intend to w ire
up m y batteries. I
w ill pair tw o sets of
batteries together in
series to bring the
voltage up to 24

volts per pair. I then
connect the pairs
together in parallel
to m aintain the 24



volts but to increase
m y storage capacity
to 210 am p-hours at

24 volts
M y Steca controller incorporates
G round Fault Protection, but I have
decided to install a separate R C D
(G FI) unit as w ell. It is a óbelt and
bracesô approach, but R C D s are
extrem ely cheap and I feel it is
w orth the extra m oney. I still need a
w ay of isolating the solar array
m anually. I choose to install three
D C  isolation sw itches: one betw een
m y controller and the solar array,
one betw een m y solar controller
and m y batteries and one betw een



m y controller and m y distribution
box. This allow s m e to isolate each
part of m y system  separately, for
m aintenance or in case of an
em ergency.
For lighting, I have decided on
24-volt energy saving com pact
fluorescent light bulbs for inside
use and a 24-volt halogen bulkhead
light for an outdoor light. The
energy saving com pact fluorescent
light bulbs look identical to grid-
pow ered energy saving light bulbs
and provide the sam e level of
lighting as their grid-pow ered
equivalents. B ulbs cost around



Ã8/$13 each and I can use the sam e
light sw itches and fittings as I
w ould for lights pow ered by the
grid.
I have decided to use a Shoreline
RR 14 battery-pow ered fridge,
w hich can run on either 12-volt or
24-volt pow er supplies. This has a
claim ed average pow er
consum ption of 6 w atts per hour
and costs Ã380 ($610).
For television, I have chosen a
M eos 19-inch flat screen TV  w ith
built-in D V D  player. The M eos TV
can run on 12-volt or 24-volt pow er
and has an average pow er



consum ption of 45 w atts. This is
slightly higher than I w as originally
planning for (I w as planning to buy
a m odel w ith a 40 w att pow er
consum ption), but not by enough to
be of any great concern.
A t this stage, I now  know  the m ain
com ponents I am  going to be using
for m y holiday hom e. I have not
gone into all the details, such as
cables and configuration. W e need
to com plete that as w e plan the
detailed design for our solar energy
system .



In conclusion
¶       W hen choosing solar

panels, buy from  a reputable
m anufacturer. The
perform ance of the
high-quality panels,
especially in overcast
conditions, is often better than
the cheaper panels, and the
im proved build quality
should ensure a longer life

¶       Lead acid batteries com e in
various types and sizes. Y ou
can calculate the optim um
size of battery based on cycle
life w hen operating on your



system

¶       The voltage you run your
system  at w ill depend on the
size of current you w ant to
run through it. H igh-current
system s are less efficient than
low -current system s, and
low - current inverters and
controllers are inevitably
cheaper

¶       A llow  for future expansion
in your system  by buying a
bigger controller and inverter
than you currently need,
unless you are absolutely
certain your requirem ents are



not going to change in the
future

¶       M any appliances and
devices are available in
low -voltage versions as w ell
as grid-level voltage
versions. G enerally, the
low -voltage versions tend to
be m ore efficient

¶       W hen w iring in 12-volt or
24-volt sockets, do not use
standard dom estic pow er
sockets. If you do, you are
running the risk of
low -voltage devices being
plugged into grid-level



voltage sockets, w hich could
have disastrous consequences



Planning, regulations
and approvals

D epending on w here you live
around the w orld, there are
different planning requirem ents,
regulations and approvals needed
for installing a solar energy system .
Som e countries have little or no
regulation in place; other countries
have extrem ely tight regulations. In
som e countries, the regulations
change from  one region to another.
C onsequently, it is im possible to
provide every bit of relevant



inform ation here. Instead, w e
provide m uch of this inform ation on
w w w .SolarElectricityH andbook.com
Y ou w ill also be able to find
inform ation from  your local
planning authority and electricity
providers.
W herever you live around the
w orld, there is a sim ple m antra for
dealing w ith authority w hen it
com es to building and electrical
regulations and approvals: if in
doubt, ask. Ignorance is never an
excuse.
In the case of a solar installation,
the people you need to speak to are



your local planning office, your
buildings insurance provider and, if
you are building a grid-tie system ,
your local electricity com pany. N ot
only w ill they be able to help
ensure you do not fall foul of any
regulation; you w ill often find they
are a helpful and useful source of
inform ation in their ow n right.



N ational and
international standards
for solar com ponents
In the U nited States, C anada,
A ustralia and across Europe, solar
panels and inverters m ust com ply
w ith specific standards in order to
be used in a grid-tie system . The
units are tested to ensure that they
conform  to these standards before
they are allow ed on sale.
A cross Europe, solar panels have
to be certified to IEC  safety
standard IEC  61730 and
perform ance standards IEC  61215



or IEC  61646. Solar grid-tie
inverters have to conform  to IEC
62109. Som e European countries
have additional certification. In
G erm any, grid-tie inverters m ust
have a V D E126 certification, w hilst
in the United K ingdom , grid tie
inverters that produce few er than 16
am ps of peak pow er (3.6kW ) m ust
have G 83/1 certification, and larger
inverters require the m uch m ore
com plicated G 59/1 certification.
A lso in the U nited K ingdom , solar
panels and inverters have to be
certified by the M icro generation
Certificate Schem e (M C S) in order
to be eligible for feed-in tariffs and



other financial incentives.
In the U nited States, solar panels,
solar cables and inverters have to
have U L certification. Solar panels
m ust conform  to the U L 1703
standard. G rid-tie inverters m ust
conform  to U L 1741 and solar
cabling m ust conform  to U L 4703 or
U L 854 (U SE-2). If you are using
batteries in your design, the
batteries m ust conform  to either U L
1989, U L 2054, U L-SU  2580 or
U L-SU  1973.
In Canada, solar panels m ust
conform  to safety standard
U LC /O R D -C 1703-1 and design



standards C A N /C SA  C 61215-08 or
C A N /C SA  C 61646-2, w hilst grid-
tie inverters m ust conform  to CSA
C 22.2 N o. 107.1. B atteries m ust
conform  to C A N /C SA  F382-M 89
(R2004).
In A ustralia, solar panels m ust
conform  to A S/N ZS5033, w hilst
grid-tie inverters m ust conform  to
A S4777. If you are planning a
stand-alone system  in a building,
your system  m ust also conform  to
A S4509. If you are planning a
m obile system , for instance in a
caravan or recreational vehicle,
your system  m ust conform  to
A S3001.



It is w orth noting that, in all of these
regions, no differentiation is m ade
betw een grid-tie solar and stand-
alone system s for com ponent
selection. If you are building a solar
energy system  that is to be fitted to
a building, your system  m ust use
certified com ponents in order to
com ply w ith building and electrical
safety regulations in these regions.
If you use non-approved equipm ent
in a grid-tie system  in these
countries, you w ill not be allow ed
to connect your system  to the grid.
Y ou are also likely to be in
contravention of building



regulations and m ay invalidate your
buildings insurance.



Installation regulations
In m any countries, including the
United States, Canada, A ustralia,
N ew  Zealand and throughout m ost
of the European Union, you cannot
w ork on building electrics unless
you are a qualified electrician.
Som e countries allow  you to w ork
on electrics, but your w ork has to
be checked and certified by a
qualified electrician before
com m issioning.
In the m ain, low -voltage D C
circuits are excluded from  this
legislation, but it is w orth ensuring
that this is the case in your region.



In m any countries, there are
additional qualifications for
electricians that allow  them  to
install and certify solar energy
system s. In m ost countries, it is not
yet a legal requirem ent to have
additional training in order to
install photovoltaic system s.
H ow ever, if you w ish to get access
to governm ent subsidies, feed-in
tariffs or renew able energy
certificates, you w ill alm ost
certainly need to have your system
installed, or at least checked, tested
and certified, by qualified solar
installation specialists. This is
certainly the case in the U nited



K ingdom  and A ustralia. In the
U nited States, subsidies vary from
state to state, and often from  county
to county.



G etting your electricity
supplier involved
If you are planning a grid-tie
system , it is w orth getting your
electricity supplier involved in your
project earlier rather than later.
Som etim es they have their ow n
requirem ents or lists of approved
equipm ent. They often have
specialists you can speak to, w ho
can give you extra advice and
support.
In m ost parts of the w orld, your
electricity com pany w ill usually
need to be involved w hile your
system  is being installed, replacing



your current electricity m eter w ith a
specific im port/export m eter and
carrying out the final inspection
before approving your system .
Som e electricity com panies w ill
only accept feed-in connections
from  professional solar PV
installers. A lm ost all electricity
providers insist that the installation
is inspected and signed off, either
by a certified solar installer or by
one of their ow n inspectors, before
they w ill accept your connection
onto the grid.



Solar grants and selling
your pow er
A round the w orld, governm ents are
encouraging the take-up of solar
energy. Financial assistance com es
through various different schem es,
and researching w hat is available
can be confusing and
tim e-consum ing.
The different types of schem es that
are offered in different places are
described in m ore detail below .
The specific schem es for grants and
the am ount of m oney you can
receive for installing solar pow er
and selling your electricity vary



from  country to country, and often
from  county to county. M any
countries are currently review ing
their schem es, w hich m eans that
inform ation that is current one
m onth w ill be out of date the next.
The Solar Electricity H andbook
w ebsite has inform ation on specific
financial incentive schem es for
various countries, as this can be
kept m ore up-to-date than the book.

G eneral inform ation about
grants, tax credits and feed-in
tariffs
W hilst som e schem es are flexible



over w ho is allow ed to install your
solar energy system , m ost schem es
w ork in conjunction w ith a
governing body that insists that your
system  is installed by one of their
m em bers.
In som e cases, individuals have
been able to get their system  signed
off by a solar energy com pany in
order to claim  the financial
incentives. H ow ever, this is often at
the discretion of the solar installers,
and m any w ill refuse outright.
In general, financial incentives are
being offered through four different
m echanism s:



¶       Feed-in tariffs

¶       Tax credits

¶       R enew able Energy
C ertificates (R EC s)

¶       R em ote installation
allow ances

Feed-in tariffs
If you have a grid-tie solar energy
system , you can often sell your
pow er back to the electricity
com panies. This is done through a
feed-in tariff, w here the electricity
providers agree to buy your surplus
pow er at an agreed rate.



In som e countries, feed-in tariffs
are set by the electricity com panies
and can vary throughout the day,
depending on supply and dem and.
In other countries, feed-in tariffs are
fixed by the governm ent, often at a
prem ium  rate in order to
com pensate solar ow ners for the
up-front cost of installing their
system s.
In m any cases, the governm ent
guarantees the value of feed-in
tariffs for a m inim um  num ber of
years, thereby guaranteeing that
ow ners m ake a return on their
investm ents. A  com m on them e w ith



governm ents is to set a very high
value for feed-in tariffs initially and
then to reduce the feed-in tariff
values for new  custom ers
significantly after tw o years. This
has happened in Spain, Portugal,
G erm any, H ong K ong and now  the
United K ingdom . The m essage is
this: if you are offered guaranteed
long-term  feed-in tariffs at a very
good and guaranteed rate of return,
take up the offer: the schem e is
unlikely to rem ain available for
m ore than tw o years.
Tax credits
A  second option for com pensating



solar energy ow ners is a tax credit
schem e w here all or part of the
installation cost of a solar energy
system  m ay be offset against tax. In
som e countries, these schem es are
only available to businesses; in
others they are available to
individuals as w ell.
W ith a tax credit, you pay for the
installation up front, but then
receive part or all of the m oney
back through tax credits over one,
tw o or three years.
The United States of A m erica are
currently offering tax credits for
people installing solar energy



system s through the Federal Tax
C redits for C onsum er Energy
Efficiency schem e. There are
additional tax credits available in
som e states and counties.
R enew able E nergy C ertificates
(R E C s)
R enew able Energy C ertificates are
tradable certificates that prove that
a certain am ount of energy w as
generated from  renew able sources.
These certificates can be bought
and sold on the open m arket.
W hoever ow ns the certificate can
claim  to have bought electricity
from  a renew able resource.



There are tw o m arkets for buying
renew able energy certificates:

¶       The voluntary sector ï
w here individuals and
com panies elect to buy green
electricity and pay a prem ium
to do so

¶       The electricity providers
them selves, w ho are
m andated by governm ents to
provide a certain percentage
of their electricity from  green
sources

In som e countries, individuals and
sm all businesses w ho install solar
energy system s are eligible to



receive renew able energy
certificates for the energy they
produce. In m any cases, renew able
energy certificates are available for
both grid-tie and stand-alone
system s.
In som e countries, governm ents
have encouraged the take-up of
sm all-scale solar by providing a
m ultiplier for sm all solar
generators. Under these schem es,
solar energy ow ners can receive
tw o, three or even five tim es the
num ber of renew able energy
certificates for the energy they
produce, ensuring that ow ners can
earn m oney from  their sm all-scale



solar energy system s.
Renew able energy certificates are
also know n as G reen Tags in the
United States and Tradable
Renew able C ertificates (TR Cs) in
South A frica and N ew  Zealand.
R em ote installation allow ances
Rem ote installation allow ances are
offered in a few  countries. They
tend to be available for individuals
and businesses w ith prem ises in
rem ote areas, w here the cost of
connecting these buildings to the
grid is very high.
By their very nature, these system s



are stand-alone, off-grid
applications. A  good exam ple of the
sort of schem e on offer is the
A ustralian m odel that provides
credits for people installing solar
w here the cost of connecting their
prem ises to the grid is greater than
A U S $30,000, or the distance
betw een the prem ises and the grid
is greater than 1 km .
H ow  m uch m oney is available, and
how  it is paid, varies from  one
schem e to another. In A ustralia, the
rem ote installation allow ance is
offered by m ultiplying the num ber
of renew able energy certificates
that ow ners can receive for their



system .



In conclusion
¶       There are different rules

and regulations for installing
solar pow er depending on
w here you live

¶       Y ou have to com ply w ith
the building regulations and
electrical regulations that are
in force in your region

¶       Y ou w ill be able to find
help by talking to your local
planning office and your
electricity provider. Y ou w ill
also need to talk to your
building insurance com pany



¶       There are m any national and
international standards for
solar energy system s,
covering both the actual
physical hardw are and how  it
is installed

¶       In m any places around the
w orld there are financial
incentives available for solar
energy providers. These
schem es vary, but tend to fall
into four cam ps: feed-in
tariffs, tax credits, renew able
energy certificates and rem ote
installation allow ances

¶       W hat incentives are



available, and their value,
changes regularly. C heck the
w ebsite for up-to-date
inform ation



D etailed D esign

B y now , you know  w hat
com ponents you are going to use for
your solar project. The next step is
to w ork on your detailed design:
effectively, a picture of w hat you
w ant to build. Even for sim ple
projects, it m akes sense to draw  up
a diagram  before installation.
The benefits of draw ing a w iring
diagram  are num erous:

¶       It ensures that nothing has
been overlooked

¶       It w ill assist in the cable



sizing process

¶       It helps ensure nothing gets
forgotten in the installation
(especially w here there is a
group of people w orking
together on site)

¶       It provides useful
docum entation for
m aintaining the system  in the
future

The w iring diagram  w ill be
different for each installation and
w ill vary depending on w hat
com ponents are used. R ead the
product docum entation for each
com ponent for inform ation on how



it m ust be w ired.
If you have not yet chosen your
exact com ponents at this stage,
draw  a general diagram  but m ake
sure that you flesh this out into a
detailed docum ent before the
installation goes ahead.



A sam ple w iring
diagram  for a sim ple
stand-alone lighting

system
W hen draw ing up your w iring
diagram s, you w ill need to
rem em ber the follow ing:



Safety is designed in
It is easy to forget that solar energy
can be dangerous. W e are w orking
w ith electricity and w hilst any
individual com ponent m ay only be
low -voltage, som e of the currents
involved can be quite significant.
Furtherm ore, connecting m ultiple
solar panels or batteries together in
series can very quickly create a
high voltage. It is therefore
im portant that safety be taken into
account during the detailed design
phase of the project, as w ell as
during installation.
W hen designing the system , ask



yourself this question:
ñW hatôs the w orst that can

happen?ò
Solar energy system s are relatively
straightforw ard and the design of
all the com ponents you w ill use
w ill keep risks to an absolute
m inim um . N evertheless, there are
potential risks. If you are aw are of
these risks, you can take steps to
eradicate them  in your design.

W hat is the w orst that can
happen w ith a solar
installation?
W ith solar energy, w e w ill be



w orking in a few  risk areas: D C
electrics from  the solar array, high
currents from  batteries, A C
electrics if you are using an
inverter, and high tem peratures
from  the solar panels them selves.
Each of these risk areas can pose
problem s, both in isolation and
w hen com bined. It is w orth
considering these risks to ensure
that you can design out as m any of
them  as possible.

G rounding your electrics
Except for a very sm all system ,
such as rigging up a light in a shed,
a solar energy system  should



alw ays be earthed (grounded). This
m eans running a w ire from  a
negative term inal to an earthing rod
(know n as a grounding rod in
N orth A m erica) that is ram m ed into
the ground.
A n earthing rod (grounding rod) is a
1m  (3 foot) long m etal pole,
typically m ade of copper. They are
available from  all electrical
w holesalers and buildersô
m erchants.
C onnections to a ground prevent
build-up of static electricity and can
help prevent contact w ith high
voltages if the circuit gets dam aged.



If you are connecting a solar array
to a hom e, you should alw ays
include a ground connection from
the solar array itself. W hilst it is
optional in other cases, it is alw ays
a good idea to include a ground
from  a solar array, w here the array
is capable of generating m ore than
200 w atts. Y ou m ust also earth the
battery bank, as they are capable of
delivering very high currents.
If you are using both A C  electrics
and D C  electrics in your system ,
you m ust alw ays have a separate
ground for each system .
G rounding a system  w here you



cannot connect to the ground
There m ay be instances w here you
are building a system  w here no
connection to the ground is
possible. For instance, a portable
solar charging unit that can be
carried anyw here, or a solar
pow ered boat.
Typically, these designs are very
sm all, using only D C  electrics and
running only a few  am ps of current.
If your solar array is less than 100
w atts, your system  runs at 12 volts
and you are draw ing less than 10
am ps of current, you are unlikely to
need a com m on earth for all your



com ponents.
For larger system s, a ground plane
is often used. A  ground plane is a
high-capacity cable connected to
the negative pole on the battery, to
w hich every other com ponent
requiring a ground is also
connected. A  thick, heavy-duty
battery interconnection cable is
often used as a ground plane cable,
w ith thinner w ires connecting to
this ground plane cable from  every
other com ponent requiring an earth.
A s an alternative to a high-capacity
cable, depending on w hat you are
installing your solar system  on, you



can use a m etal fram e as the
com m on ground for your system . In
standard car electrics, for exam ple,
the ground plane is the car body
itself.

D C  Electrics
D irect current electricity typically
runs at relatively low  voltages: w e
are all fam iliar w ith A A  batteries
and low -voltage transform ers used
for charging up devices such as
m obile phones. W e know  that if w e
touch the positive and negative
nodes on an A A  battery w e are not
going to electrocute ourselves.
H ow ever, direct current electricity



can be extrem ely dangerous, even at
com paratively low  voltages.
A round the w orld, a sm all num ber
of people are killed every year by
licking 9-volt batteries, because of
the electric jolt they receive. Scale
that up to an industrial grade heavy-
duty 12-volt traction battery,
capable of delivering over 1,000
am ps of current, or a solar array
capable of producing hundreds of
volts on an open circuit, and it is
easy to see that there is a real risk
involved w ith D C  electrics.
If you are electrocuted w ith A C
pow er, the alternating current



m eans that w hilst the shock can be
fatal, the m ost likely outcom e is that
you w ill be throw n back and let go.
If you are electrocuted w ith D C
pow er, there is a constant charge
running through you. This m eans
you cannot let go. If you are
electrocuted w ith very high current
D C , the injury is m ore likely to be
fatal than a sim ilar shock w ith A C
pow er.
B ecause of the low  current from  a
single solar panel, you are unlikely
to notice any jolt if you short-circuit
the panel and your fingers get in the
w ay. H ow ever, w ire up m ultiple
solar panels together and it is a



different story. Four solar panels
connected in series produce a
nom inal 48 volts. The peak voltage
is nearer 80ï100 volts. A t this
level, a shock could prove fatal for
a young child or an elderly person.
The current thinking w ith grid-tie
solar system s is to connect m any
solar panels together in series,
creating a very high-voltage D C
circuit. W hilst there are som e
(sm all) efficiency benefits of
running the system  at very high
voltage, there are risks as w ell,
both during the installation and the
ongoing m aintenance of the system .



There are issues w ith the 12-volt
batteries too. Industrial grade,
heavy-duty batteries can easily
deliver a charge of 1,000 am ps for
a short period. Short out a battery
w ith a spanner and it w ill be red
hot in just a few  seconds. In fact,
the current delivery is so great it is
possible to w eld m etal using a
single 12-volt battery.
The big risk w ith D C  electrics is
electrocuting yourself (or som ebody
else) or causing a short circuit,
w hich in turn could cause a fire.
Solar panels generate electricity all
the tim e, often including a sm all



current at night, and cannot sim ply
be sw itched off. Therefore, there
need to be m anual D C  circuit
breakers (also called isolation
sw itches) to isolate the solar panels
from  the rest of the circuit, plus a
good ground and a ground fault
protection system  to autom atically
sw itch off the system  should a short
circuit occur.
If your system  is running at a high
voltage, you m ay w ant to consider
m ultiple D C  circuit breakers/
isolation sw itches betw een
individual solar panels. This m eans
that, as w ell as shutting off the
overall circuit, you can reduce the



voltage of the solar array dow n to
that of a single panel or a sm all
group of panels. This can be of
benefit w hen m aintaining the solar
array, or in the case of an
em ergency.
A  short circuit in a solar array can
happen for m any reasons.
Som etim es it is because of a
m istake during installation, but it
can also occur as a result of general
w ear and tear (especially w ith
installations w here the tilt of the
solar panels is adjusted regularly)
or as a result of anim al dam age
such as bird m ess corroding cables



or junction boxes, or a fox chew ing
through a cable.
Short circuits can also occur w here
you are using unsuitable cabling.
Solar interconnection cabling is
resistant to UV  rays and high
tem peratures, and the shielding is
usually reinforced to reduce the risk
of anim al dam age. A lw ays use
solar interconnection cabling for
w iring your array and for the
cabling betw een the array and your
solar controller or inverter.
W hen a short circuit does occur,
there is often not a com plete loss of
pow er. Instead, pow er generation



drops as resistance builds up. There
is a build-up of heat at the point of
failure. If you have a ground fault
protection system  such as an R C D
or G FI in place, the system  should
sw itch itself off autom atically at
this point, before any further
dam age is caused.
If you do not have a ground fault
protection system  in place, the heat
build-up can becom e quite intense,
in som e cases as high as several
hundred degrees. There have been
docum ented instances w here this
heat build-up has started a fire.
If a fire does break out, you need to



be able to isolate the system  as
quickly as possible. Because a
solar array cannot be sw itched off
(it alw ays generates pow er
w henever there is light) there have
been cases w here the fire brigade
have not been able to put out a fire
generated by a fault in a solar array
because there has been no w ay of
sw itching it off. Isolating the solar
array quickly, using a D C  circuit
breaker, resolves this problem .
H ow ever, rem em ber that, even if
you isolate the solar array, you are
still generating pow er w ithin the
solar array. If you have m any solar
panels, the voltage and the current



can still be quite considerable. The
ability to shut dow n the array by
fitting D C  circuit breakers w ithin
the array can significantly reduce
this pow er, rendering the system  far
safer if there is an em ergency.

A C  electrics
A C  electrical safety is the sam e as
household electrical safety. It is
high-voltage and in m any countries
you are not allow ed to w ork w ith it
unless you are suitably qualified.
Y ou w ill need to install tw o A C
isolation sw itches: one sw itch
betw een the inverter and the



distribution panel to isolate the
solar system  com pletely, and one
sw itch betw een your grid-feed and
your distribution panel to isolate
your system  from  the grid if you are
running a grid-tie system .
If you are planning a grid-tie
installation, you w ill need to speak
w ith your electricity supplier, as
there w ill often be additional
requirem ents that you w ill need to
incorporate. Y our inverter w ill
need to be a specific grid-tie system
that sw itches off in the case of a
grid pow er cut. This ensures that
pow er is not fed back into the grid
from  your solar system  in the case



of a pow er failure, w hich could
otherw ise prove fatal for an
engineer w orking on restoring
pow er.

H igh tem peratures
W e have already touched on the
risk of high tem peratures w ith a
solar array. Solar panels are black
and face the sun: they can therefore
get very hot on a w arm  day. It m ay
not be hot enough to fry an egg, but
in m any clim ates it can certainly be
hot enough to burn skin.
So m ake sure your solar array is
installed in a place w here it cannot



be touched by curious children. If
the solar panels are close to the
ground, m ake sure there is som e
protection to keep people aw ay
from  it.
The high tem peratures becom e m ore
of a problem  if there is a fault
w ithin the solar array or w ith the
w ires running betw een solar panels.
If a cable or a solar panel becom es
dam aged, there can be significant
heat build-up. A s already
m entioned, this heat build-up can
lead to a fire.
A  residual current device (R C D ),
otherw ise know n as a ground fault



interrupter (G FI) should avert this
problem , allow ing you to
investigate the issue before
significant dam age occurs.
H ow ever, m anual D C  circuit
breakers should also be installed in
order to override the system  in case
of an em ergency.

Think safety
That is the end of the safety lecture
for now . I w ill touch on safety again
w hen w e com e to installation, but
for now , please rem em ber that
safety does not happen by accident.
C onsider the safety aspects w hen
you are designing your system  and



you w ill end up w ith a safe system .
The additional cost of a few  A C
and D C  circuit breakers, an earthing
rod/ grounding rod, an RC D / G FI
and getting the right cables is not
going to break the bank. It is m oney
w ell w orth spending.



Solar array design
A ll solar panels in an array m ust
face in the sam e direction. This
ensures that each cell receives the
sam e am ount of light, w hich is
im portant for optim um  pow er
production.
Som etim es, you m ay w ant to install
solar panels in different locations,
such as on tw o different pitches of
roof. In this instance, you need to
keep the tw o banks of solar panels
separate, running them  as tw o
separate arrays, either by feeding
them  into an inverter or controller
that can handle m ore than one solar



input, or by feeding them  into tw o
separate inverters or controllers.
If you w ish to m ix and m atch
different sizes of solar panel, you
w ill also need to set these up in
separate arrays and w ire these
separately, either using an inverter
or controller that can handle m ore
than one solar input, or using tw o
separate inverters or controllers.
If you are designing a grid-tie
system , w here you are considering
different sizes or orientations of
solar panels, you should seriously
consider a m icro-inverter system
w here each solar panel has its ow n



inverter.

Solar array design ï stand-
alone system s
If you have m ore than one solar
panel and you are running your
solar electric system  at 12 volts,
then you w ill need to w ire your
panels together in parallel in order
to increase your capacity w ithout
increasing the overall voltage.
If you are running your solar
electric system  at higher voltages,
you either need to buy
higher-voltage solar panels, or you
w ill need m ore than one solar



panel, w ired in series to increase
the voltage of the solar panels to the
voltage of your overall system :

¶       For a 24-volt system , you
have the choice of using 24-
volt solar panels, or tw o 12-
volt solar panels connected in
series

¶       For a 48-volt system , you
can use one 48-volt solar
panel, tw o 24-volt solar
panels connected in series, or
four 12-volt solar panels
connected in series

O nce you have reached the voltage
that you w ant, you can then run the



panels both in series and in
parallel, connecting strings of
panels together in series to reach
your desired voltage, and then
connecting m ultiple strings together
in parallel to increase your
capacity:



A sam ple diagram  of
a 24-volt array
where tw o sets of
tw o 12-volt solar

panels are connected
in series in order to
create a 24-volt
array and the tw o
arrays are then

connected in parallel
to create a m ore
pow erful 24-volt

array.

Solar array design ï grid-tie
system s w ith m icro-inverters
If you are designing a grid-tie



system  and using m icro-inverters,
your design is extrem ely sim ple.
Each solar panel becom es a self-
sufficient solar energy system , each
feeding pow er into its ow n m icro-
inverter. The m icro-inverters
convert the energy to A C  and feed it
into the m ain A C  circuit.

Solar array design ï grid-tie
system s w ith a single inverter



If you are designing a grid-tie
system  w ith a single inverter, you
w ill typically be connecting all
your solar panels in series and then
feeding this high-voltage D C  pow er
into an inverter.

A sim plified block
diagram  of a typical
grid-tie system  using
a single inverter.

The residual current
device (RC D )



provides ground
fault protection. In
the U nited States, an
RC D  is know n as a

ground fault
interrupter (G FI)

Because of the very high D C
voltages involved, additional
safeguards are necessary. The solar
array m ust alw ays be grounded,
there m ust be a D C  circuit breaker
(also know n as an isolation sw itch)
installed betw een the solar array
and the inverter and there m ust be a
D C  residual current device/ ground
fault interrupter installed to shut
dow n the solar array in the case of



a short circuit.
In the diagram  below , there are
sixteen solar panels connected in
series. A ssum ing each solar panel
produces a 12-volt output, this
system  w ill run at a nom inal 192
volts, w ith a peak pow er in the
region of 320 volts and an open
circuit voltage of 416 volts.
B ecause of the very high voltages, I
have decided to install additional
D C  circuit breakers in the m iddle of
the solar array in order to reduce
the voltage w ithin the array if I
sw itch them  off. This m akes the
system  safer during m aintenance



and can reduce the risk of fire or
electrocution in case of an
em ergency.
The diagram  show s tw o A C
isolation sw itches: one sw itch
betw een the inverter and the
distribution panel to isolate the
solar system  com pletely from  your
house and one sw itch to isolate
your building from  the grid.





Above: A sam ple
block diagram  for a

grid-tie system
In the U nited States, you are not
allow ed to have a grid-tie solar
energy system  w here any part of
that system  has the potential to run
at over 600 volts. This m eans that
the open voltage of your solar array
m ust be less than 600 volts. In
general, this m eans that you w ill not
w ant to connect m ore than tw enty
12-volt solar panels or ten 24-volt
solar panels in series, in order to
ensure that you stay w ell below  this
level.



In Europe, it is advisable that your
open circuit voltage rem ains under
1,000 volts. In general, this m eans
that you w ill not w ant to connect
m ore than thirty 12-volt solar
panels, or fifteen 24-volt solar
panels in series.
If you are running close to this lim it,
there are three options, w hich I
have listed in order of preference:

¶       Install a m icro-inverter
system

¶       Install a m ulti-string system ,
either using an inverter that
handles m ore than one solar
feed, or by using tw o separate



inverters

¶       W ire your solar panels in a
parallel/series hybrid



B atteries
B atteries are w ired in a sim ilar
w ay to your solar array. Y ou can
w ire up m ultiple 12-volt batteries
in parallel to build a 12-volt system
w ith higher energy capacity, or you
can w ire m ultiple batteries in series
to build a higher-voltage system .
W hen w iring batteries together in
parallel, it is im portant to w ire
them  up so that you take the positive
connection off the first battery in the
bank and the negative connection
off the last battery in the bank.
This ensures equal energy drain and
charging across the entire battery



bank. If you use the sam e battery in
the bank for negative and positive
connections to the controller and
inverter, you drain this first battery
faster than the rest of the batteries in
the bank. The first battery also gets
the biggest recharge from  the solar
array.
This shortens the life of the battery
and m eans all the batteries in the
bank end up out of balance. O ther
batteries in the bank never get fully
charged by the solar array, as the
first battery w ill report being fully
charged first and the controller w ill
then sw itch the pow er off rather
than continuing to charge the rest of



the batteries in the bank. The result
is that the batteries end up w ith a
shorter lifespan.





H ow to w ire
batteries in parallel:
the diagram  on the
left, w here pow er

feed for both positive
and negative is taken
off the first battery
in the bank, shows
how  not to do it ï it
w ill lead to poor

battery perform ance
and prem ature

battery failure. The
diagram  on the right,
where the positive
feed is taken off the
first battery in the



bank and the
negative feed is
taken off the last

battery in the bank,
is correct and w ill
lead to a m ore

balanced system  w ith
a significantly
longer life.

C ontroller
A  controller w ill have connections
to the solar array, to the battery
bank and to D C  loads. A lthough
controllers tend not to have the
sam e heat problem s as inverters,
they can get w arm  in use. M ake sure



they are installed in an area w ith
good ventilation around them  and in
a location w here they can be easily
checked.

Inverter
W here an inverter is used in a
stand-alone or grid fallback system ,
it is connected directly to the
battery bank and not through the
controller.
M ake sure that you design your
system  so that the inverter is in a
w ell-ventilated area. Take into
account the w eight of the inverter
and ensure that it is installed in a
location w here it can easily be



checked.

D evices
D evices are connected to the
inverter if they require grid-level
voltage, or to the controller if they
are low -voltage D C  devices. They
are never connected directly to the
solar array or the batteries.



Specifics for a grid
fallback system
Because a grid fallback system
does not connect your solar energy
system  to the grid, you are less
restricted as to the com ponents you
can use.
Y ou m ust still adhere to basic
w iring legislation for your country.
In som e countries (such as the
United K ingdom , for instance) this
can m ean having the final
connection into your building
electricity supply installed by a
fully qualified electrician, but this
is significantly cheaper than having



a grid-tie system  installed and
inspected.
The design for a grid fallback
system  is very sim ilar to a stand-
alone solar system , i.e. solar
panels, solar controller and
batteries. The only difference is
w hat happens after the batteries.
The advantage of a grid fallback
system  is that it can w ork in three
w ays: it can provide pow er for an
entire building, it can provide
pow er for specific circuits w ithin a
building or it can provide pow er
for a single circuit w ithin a
building.



M ore inform ation and a sam ple
circuit diagram  for grid fallback
configurations are included in
A ppendix E.



C ircuit protection
C ircuit protection is required in any
system  to ensure the system  shuts
dow n safely in the event of a short
circuit. It is as valid on low -voltage
system s as it is on high-voltage
system s.
A  low -voltage system  can cause
m ajor problem s sim ply because of
the huge current that a 12-volt
battery can generate: in excess of
1,000 am ps in a short burst can
easily cause a severe shock and
even death or serious injury in som e
cases.
In the case of a short circuit, your



w iring w ill get extrem ely hot and
start m elting w ithin seconds unless
suitable protection has been fitted.
This can cause fire or burns, and
necessary protection should be
fitted to ensure that no dam age to
the system  occurs as a result of an
accidental short circuit.

Earthing (grounding)
In all system s, the negative term inal
on the battery should be adequately
earthed (referred to as grounded in
N orth A m erica). If there is no
suitable earth available, a
grounding rod or ground plane
should be installed.



D C  circuit protection
For very sm all system s generating
less than 100 w atts of pow er, the
fuse built into the controller w ill
norm ally be sufficient for basic
circuit protection. In a larger
system , w here feed for som e D C
devices does not go through a
controller, a fuse should be
incorporated on the battery positive
term inal.
W here you fit a fuse to the battery,
you m ust ensure that all current
from  the battery has to pass through
that term inal.
In D C system s w ith m ultiple



circuits, it is advisable to fit fuses
to each of these circuits. If you are
using 12 volts or 24 volts, you can
use the sam e fuses and circuit
breakers as you w ould for norm al
dom estic pow er circuits. For
higher-voltage D C system s, you
m ust use specialist D C  fuses.
W hen connecting devices to your
D C  circuits, you do not need to
include a separate earth (ground)
for each device, as the negative is
already earthed at the batteries.
Fit an isolation sw itch (D C
disconnect sw itch) betw een your
solar array and your inverter or



controller. Fit a second isolation
sw itch betw een your batteries and
your controller and inverter.
U nless your controller or inverter
already incorporates one, you
should fit a D C  residual current
device/ ground fault interrupter
betw een your solar array and your
controller or inverter.

A C  circuit protection
A C  circuits should be fed through a
distribution panel (otherw ise
know n as a consum er unit). This
distribution panel should be earthed
(grounded) and should incorporate
an earth leakage trip w ith a residual



current device (R CD ), otherw ise
know n as a ground fault interrupter.

A s you w ill have earthed your
D C  com ponents, you m ust use a
separate earth (ground) for A C
circuits.
Y ou m ust also install an A C
disconnect sw itch (isolation
sw itch) betw een your inverter and
your distribution panel. In the case
of a grid-tie system , this is norm ally
a legal requirem ent, but it is good
practice anyw ay.
The w iring in the building should
follow  norm al w iring practices.
Y ou should use a qualified



electrician for installing and signing
off all grid-level voltage w ork.



C able sizing and
selection
O nce you have your w iring
diagram , it is w orth m aking notes
on cable lengths for each part of the
diagram , and m aking notes on w hat
cables you w ill use for each part of
the installation.

Sizing your cables
This section is repeated from  the
previous chapter. I m ake no
apologies for this, as cable sizing is
one of the biggest m istakes that
people m ake w hen installing a solar
electric system .



Low -voltage system s lose a
significant am ount of pow er through
cabling. This is because currents
(am ps) are higher to m ake up for the
lack of voltage. O hm s law  tells us
that the pow er lost through the cable
is proportional to the square of the
current: the higher the current, the
greater the resistance. To overcom e
this resistance, w e m ust use thicker
cables.
W herever you are using
low -voltage cabling (from  the solar
array to the controller, and to all
low -voltage D C equipm ent) you
need to ensure you are using the
correct size of cable: if the cable



size is too sm all, you w ill get a
significant voltage drop that can
cause your system  to fail.
Y ou can w ork out the required
cable size using the follow ing
calculation:
(Length x I x 0.04) õ (V  õ 20) =

C able Thickness
Length :                           
Cable length in m etres (1m
= 3.3 feet)
I :                           
              C urrent in am ps
V :                            
              System  voltage



(e.g. 12 volts or 24 volts)
C able Thickness:             
C ross-sectional area of the
cable in m m Į

The cable thickness you are using
should be at least the sam e size as
the result of this calculation. N ever
use sm aller cable, as you w ill see a
greater voltage drop w ith a sm aller
cable, w hich could cause som e of
your devices not to w ork properly.

Protecting cable runs
W hen planning cable layouts, you
need to ensure they are protected
from  unw anted attention from



anim als and children and from
possible vandalism .
R ats and foxes chew ing through
cable insulation can be a big
problem  in som e installations. This
can be resolved by using rodent
protected cabling. U sing conduit is
often a good idea as w ell,
especially if you can use steel
conduit or thin-w all electrical
m etallic tubing (EM T) to protect
cables.

D esigning your system  to keep
your cables runs as short as
possible



If you have m ultiple devices
running in different physical areas,
you can have m ultiple cable runs
running in parallel in order to keep
the cable runs as short as possible,
rather than extending the length of
one cable to run across m ultiple
areas.
By doing this, you achieve tw o
things: you are reducing the overall
length of each cable and you are
splitting the load betw een m ore than
one circuit. The benefit of doing
this is that you can reduce the
thickness of each cable required,
w hich can m ake installation easier.



If you are doing this in a house, you
can use a distribution panel
(otherw ise know n as a consum er
unit) for creating each circuit.
In the holiday hom e, for instance, it
w ould m ake sense to run the
upstairs lighting on a different
circuit to the dow nstairs lighting.
Likew ise, it w ould m ake sense to
run separate circuits for pow ering
appliances upstairs and dow nstairs.
In the case of the holiday hom e, by
increasing the num ber of circuits it
becom es possible to use standard
2.5m m  dom estic ótw in and earthô
cable for w iring the house, rather



than m ore specialist cables. N ot
only does this sim plify the
installation, it keeps costs dow n.

Selecting solar cable
A  com m on fault w ith
poorly-designed or poorly-installed
solar energy system s is under-
perform ance w here there is no clear
source for the problem . In
particular, this tends to occur
around tw o to three years after the
system  w as first installed.
The source of the problem  is often
either bird droppings or U V  dam age
on cables leading from  the solar
panels to the inverters. This is



usually caused by not using solar
interconnection cables, w hich have
a m uch tougher insulation that is U V
protected, designed to w ithstand
high tem peratures and can w ithstand
acidic bird droppings.
It is vital that you use specific solar
interconnection cable to connect
your solar panels together and for
linking your solar panels to your
inverter or controller. If you are not
sure, look for cable that conform s to
the U L 4703 or U L 854 (U SE-2)
specification for PV  cabling. This
is available from  all solar
equipm ent suppliers.



C ontroller cable
W hen calculating the thickness of
cable to go betw een the controller
and the battery, you need to take the
current flow  into the battery from
the solar array as w ell as the flow
out of it (peak flow  into the battery
is norm ally m uch higher than flow
out).

Battery interconnection cables
Y ou can buy battery interconnection
cables w ith the correct battery
term inal connectors from  your
battery supplier. B ecause the flow
of current betw een batteries can be
very significant indeed, I tend to use



the thickest interconnection cables I
can buy for connection betw een
batteries.



Som e sam ple w iring
diagram s
A s ever, a picture can be w orth a
thousand w ords, so here are som e
basic designs and diagram s to help
give you a clearer understanding of
how  you connect a solar electric
system  together.



Above: A sim ple
solar installation: a

light w ith light
sw itch, a sm all radio

and a sim ple
intruder alarm  ï



perfect for a garden
shed or a sm all lock-
up garage. Because
it is a sm all system ,
you m ay choose not
to fit an isolation
sw itch. Because the
system  is very sm all,
I have decided only
to fit a fuse betw een
the controller and

the battery



This is an interesting
project ï a solar

pow ered river boat.
Electric boats are

gaining in
popularity, thanks to
their virtually silent
running and lack of
vibration. The only



dow nside is
recharging the
batteries. H ere,
solar panels are

used to recharge the
batteries, charging
them  up during the
week to provide all
the pow er required

for a w eekend
m essing about on the
river. The total cost
of this com plete

system  w as less than
the cost of a

traditional outboard
engine and fuel tank



Above: An exam ple
of a 12-volt solar



system  running an
AC  inverter to

provide a norm al
building electricity
supply in an off-grid
installation. Below :
the sam e system ,
w ired at 24 volts



The holiday hom e w iring
diagram


