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Introduction

Solar electricity is one of the most accessible forms of renewable energy 
available, and it can be adapted to fit anyone’s specific needs. The 

source of it, sunlight, allows photovoltaic (PV) modules to produce elec-
tricity and perform useful work, such as running electrical loads or putting 
energy back into the utility grid.

Globally, there has been an incredible increase in demand for solar modules 
and PV systems since the turn of the 21st century. No longer is PV technol-
ogy limited to NASA spacecraft and backwoods cabins. Nowadays, PV sys-
tems are within reach for many people. This global demand and increased 
accessibility and affordability have helped transform the PV industry from a 
small cottage industry into a worldwide megabusiness.

As a renewable energy educator, advocate, and user, my primary goal is to 
see the solar industry grow successfully and sustainably — two things that 
require consistent high-level performance from the people “in the trenches” 
or, more appropriately, “on the roofs.” PV system designers and installers 
are tasked with providing high-quality systems that can benefit clients for 
more than 20 years. If you follow the information, advice, and tips I present 
in this book, you’ll be well on your way to completing this task with the best 
of them. (Of course, no perfect power source is out there. To be a good PV 
system designer and installer, you have to realize the limitations of PV sys-
tems, which is why I help you consider those limitations in this book, too.)

About This Book
As the PV industry expands and captures the attention of more and more 
individuals, so does the amount of information about these systems. 
Photovoltaic Design & Installation For Dummies adds to this ever-expanding 
mass of information, but it stands out in its ability to provide you with practi-
cal, hands-on specifics. My intention with this book is twofold: to give you 
the ability to jump headfirst into the PV industry and to arm you with the 
knowledge you need to competently install a system (more or less) on your 
own. I use my real-world experience and desire to see every roof holding a 
well-designed and properly installed PV system to help you.
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My approach is to give you the information you need in easy-to-understand 
sections that are relevant to the work you’ll be expected to perform as a PV 
designer and installer. (I don’t expect you to read this book from cover to 
cover, but if you do, I’ll take it.)

Note: This book is focused on the applications used to power homes and 
small businesses — with or without the electrical utility present — but you 
can take the principles and guidelines I present and adapt them for just about 
any application you need.

Conventions Used in This Book
Even though the title of this book has the word photovoltaic in it, most folks 
in the industry don’t throw that word around day in and day out. Instead, we 
prefer to say PV — it’s simpler, and it creates far fewer tied-up tongues.

Also, throughout this book you’ll see references to PV array and PV system. 
The former term refers to the collection of PV modules that makes up the 
PV array, and the latter term refers to the PV array and all the associated 
components (disconnects, inverters, batteries, and so on) that make it opera-
tional and useful.

In addition, all time references throughout this book are based off solar time 
(which I cover in Chapter 4). Solar noon is the time of day exactly between 
sunrise and sunset, when the sun is at its highest point in the sky that day. 
Your longitude, the time of year, and whether you’re subjected to daylight 
saving time influence the relationship between your clock and solar time.

Last but not least, the following conventions help you more easily sort 
through all the new ideas I throw at you:

 ✓ The key words in bulleted lists and the action steps I ask you to follow in 
a specific order appear in boldface.

 ✓ New terms that are important for your understanding of PV systems are 
in italics, as are words I choose to emphasize.

 ✓ Web addresses appear in monofont. (Note that when this book was 
printed, some Web addresses may have needed to break across two 
lines of text. There’s no extra punctuation, though, so just type in 
exactly what you see, pretending as though the line break doesn’t exist.)
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3 Introduction

What You’re Not to Read
So many interesting side notes about PV technology, politics, and installa-
tion techniques exist that I could easily use all the pages of this book for 
nothing but various tangents. I think I’ve done a good job of sticking to the 
main points to give you the most important information you need, but some 
stories and bits of knowledge are just too good to keep to myself. These sto-
ries and tidbits are included in the gray-shaded boxes (sidebars) and para-
graphs marked with the Technical Stuff icon. Don’t feel bad for skipping over 
this text if that’s what you choose to do; you aren’t going to miss out on the 
essential information a PV system designer and installer needs to know.

Foolish Assumptions
Simply by picking this book up, you’ve already proven my first assumption, 
that you have an interest in finding out more about PV systems, to be true. I 
also make some other assumptions about you; here they are, for your view-
ing pleasure:

 ✓ You’re one of the many individuals ready to make a career move that 
includes PV design and installation; you’re either already a building-
trade professional or you’re enrolled in classes and want to secure an 
entry-level position in the PV industry.

 ✓ Perhaps you’re a homeowner looking for a better understanding of PV 
systems; you’re thinking about having one installed and want to be as 
knowledgeable as possible when working with a PV system designer and 
installer.

 ✓ You’re interested in technically challenging projects, and you can accept 
that good designs and installations don’t happen overnight. You want to 
prepare yourself and gain some knowledge first.

How This Book Is Organized
Photovoltaic Design & Installation For Dummies is arranged in five different 
parts. Each part can stand alone or be read in conjunction with the others. 
If one of the following parts (or a particular chapter within that part) excites 
you more than the others, by all means, head there first.
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Part I: Here Comes the Sun: Shedding 
Some Light on PV Systems
Get ready to discover the fundamentals of PV design and installation in this 
part. Here, I introduce you to the major components used in the systems 
you’ll most likely be working with. And in case you need a refresher course 
on (or an introduction to) the fundamental electrical principles, this part has 
you covered. It also explains the specific relationship between the sun and 
the earth and how this relationship affects where you should position a PV 
installation.

Part II: Digging into Complete 
System Details
Everything you ever wanted to know about the major components of PV 
systems can be found in Part II. If you’ve been wondering how a PV module 
works and how the acid inside a battery can make electricity, here’s your 
chance to find out those things. This part also covers the basic functions of 
the other major components of PV systems: charge controllers, inverters, and 
wiring. And because safety should always be your top priority, I also get you 
acquainted with essential safety devices (think fuses and circuit breakers).

Part III: Sizing a PV System
In this part, I walk you through the different methods for sizing your PV sys-
tems (figuring out how many PV modules you need), whether they’re grid-
direct or battery-based, and the necessary wiring and safety devices. Sizing is 
the area that can make or break your system. If you properly size and specify 
(select) all the system components, your system will likely pass inspection 
much faster, and your client will be left with a safe, efficient way of capturing 
and using solar energy. If, however, you make major errors in your prepara-
tion and design, fixing those errors after the system is already installed can 
be a difficult (and sometimes dangerous) task.

Part IV: Installing a PV System
Part IV is where I cover the physical installation process, as well as the 
activities that precede and follow it. I kick things off by walking you through 
the permitting process so you have the permission you need to install the 
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5 Introduction

system. Next, I cover the safety considerations you need to have in mind 
when you’re out installing systems. (After all, PV construction sites offer a 
number of hazards for everyone on-site; by preparing for these hazards, you 
can avoid them altogether.) After that, I break the installation process into 
the mechanical and electrical portions. Then I give you a process to follow 
when you’re ready to commission (turn on) the system and get the modules 
working prior to the mandatory building department inspection. Finally, I 
address proper PV system maintenance.

Part V: The Part of Tens
The Part of Tens is designed to give you small chunks of information for a 
quick and easy read. Prepare to find out some of the common mistakes made 
in PV installations so you can do your best to avoid them, as well as some 
quick tips on how to keep the PV systems you design and install working as 
well as they should.

Icons Used in This Book
Throughout this book, I use the following icons to bring your attention to 
interesting, important, or even downright critical information.

 Although I’d love it if you remembered everything in this book, I know that’s 
practically impossible. That’s why I mark ideas I want you to keep in mind no 
matter what with this icon.

 Every now and then I tend to “nerd out” on you with interesting but nonessen-
tial information. I promise to keep these asides (relatively) short and to warn 
you that they’re coming with this icon.

 This little bull’s-eye brings your attention to information that may make your 
job a little easier.

 Don’t let anyone fool you. PV systems pose real dangers. This icon alerts you 
to a situation that requires special attention and caution.
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Where to Go from Here
Wondering where to start reading? If it were me, I’d jump to Chapter 6; this is 
where I get into the PV modules themselves — far and away the most inter-
esting part of PV systems (in my humble opinion). If you’d rather choose 
the approach my children take — which is to decide what you think is best 
despite my advice — flip to the table of contents. There you can breeze 
through all the chapters and see what jumps out at you.

After you get what you want out of this book, I strongly suggest you find a 
way to put that knowledge into action. Numerous organizations that pro-
vide hands-on training and experience are available, and these classes are 
an excellent way to get your hands on some equipment and have access to 
individuals who are knowledgeable and eager to help you master PV systems. 
Then, if you have the means, install a PV system on your own home. Doing so 
lets you run the show and gives you some personal insight into what it takes 
to install PV systems (plus it provides you with a slightly less stressful situa-
tion for your first solo installation because you don’t have a client or supervi-
sor looking over your shoulder).

Wherever you end up going first in this book, realize that you’re jumping into 
an exciting and rapidly evolving technology and industry. No matter where 
you go within the pages of Photovoltaic Design & Installation For Dummies, 
you’ll be well on your way to becoming involved with one of the most 
dynamic and exciting industries you can imagine.
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In this part . . .

Understanding the fundamentals of photovoltaic (PV) 
systems is the key to designing and installing high-

quality systems that’ll perform beyond your (and your cli-
ents’) expectations. That’s why this part provides the 
foundation you need to move forward with designing and 
installing PV systems.

Chapter 1 gives you an understanding of where PV sys-
tems started, where they are now, and where they’re 
headed; Chapter 2 gives you a feel for the major compo-
nents used in all types of PV systems and how they relate 
to each other. Chapter 3 provides an overview of the elec-
trical fundamentals that drive system designs and installa-
tions, and Chapter 4 outlines the relationship between the 
sun and the earth and guides you on assessing the solar 
resource. Rounding out the bunch, Chapter 5 walks you 
through the process of selecting where on a client’s prop-
erty to install a PV system; it also helps you quantify the 
solar resource at a particular location.
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Chapter 1

The Photovoltaic Revolution
In This Chapter
▶ Taking a look at the PV timeline

▶ Refreshing yourself on the basics of electricity and the solar resource

▶ Selecting a site for a PV system and outlining the different system components

▶ Making the sun work on your client’s behalf with proper system sizing and installation

▶ Getting to know Code

In recent years, photovoltaic (PV) systems have popped up on people’s 
homes and businesses all over the United States. Believe it or not, this 

desire to use the sun to power people’s electricity needs is anything but new. 
Ever since scientists discovered materials that can produce electrical current 
by simply being exposed to light, people have been excited about this energy 
source. Get ready to dive into the exciting and ever-expanding world of solar 
power with the overview I provide in this chapter.

Peeking into the Past, Present, and 
Future of PV Installations

To truly appreciate PV, it helps to have an understanding of where the tech-
nology came from, where it’s at now, and where it’s going.

The operating principles for modern PV cells were first discovered in 1839 by 
a French physicist named A.E. Becquerel. After that, a number of scientists 
played with and improved on Becquerel’s original discovery. In the 1950s, 
Bell Labs created the first piece of PV technology designed for use in space. 
This technology soon found its way back down to earth for use in telecommu-
nications applications in remote areas. In the 1970s and 1980s, people began 
using PV modules to charge batteries and then used those batteries to run 
various lights and appliances in their remote homes. These early PV pioneers 
helped set the stage for today’s PV industry.
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The first PV cells weren’t very efficient or widely used outside of space 
programs. They were also quite costly. Yet over the years, researchers and 
manufacturing companies increased efficiencies and reliability and managed 
to drive down costs drastically. All of these contributions have led to the 
widespread use of solar modules and their availability to you and me. In the 
following sections, I describe some common PV applications, a few brief pros 
and cons of PV systems, and the future of the PV industry.

Acquainting yourself with 
typical PV applications
Modern PV systems can be found in a wide variety of applications. They 
power calculators, pump water, help offset the energy used by floodlights 
along highways, and, of course, power homes and businesses.

For you and me, electricity is available nearly everywhere we go, and PV sys-
tems are able to integrate with the existing utility grid. In remote, developing 
areas, PV systems provide valuable energy for powering lighting systems, 
running refrigerators, and helping deliver clean drinking water.

Checking out PV pros and cons
 PV systems have some serious advantages on their side. Producing electric-

ity from the sun has environmental benefits because the power source is an 
abundant renewable resource that’s available every day (even though PV 
systems aren’t as effective during cloudy weather, they still produce a small 
amount of power on those days). PV is also a highly adaptable power source. 
You can use individual cells to power small electronics and individual panels 
to power specific loads. You can build small arrays to power homes, or you 
can build utility-scale projects to send massive amounts of power into the util-
ity grid. And after PV systems are installed, they can provide many years of 
clean, reliable power at virtually any location on earth.

On homes and businesses connected to the utility, PV systems are consid-
ered distributed generation, a power source that produces electricity close to 
the location where the power is used. They’re able to offset the requirements 
on the central power plants sending out the electricity most people use.

 PV systems aren’t the right answer for all applications. They have some disad-
vantages too. For example:
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 ✓ The sun isn’t a continuous power source. At night, the PV modules 
can’t produce power, so in some scenarios, you have to use a method to 
store the energy for later use (adding cost and complexity to the system 
design and installation).

 ✓ The amount of area required to produce power is large in comparison 
to other sources of power. For large-scale projects, significant portions 
of land or roof space are necessary. Not every homeowner or business 
owner has access to such space.

Looking into the future of PV
Most people accept that “alternatives” to the “conventional” power sources 
acquired by burning fossil fuels must be developed, and so, to use a really 
bad pun, the solar industry has a bright future ahead of it. The worldwide 
demand for solar electricity continues to grow on a global level, and the 
amount of time, effort, and money being put into the industry is amazing. 
Many research and development projects are underway that will help drive 
down costs further, increase efficiency, and deliver better PV systems.

I’m reluctant to make any bold predictions about the future of PV technology; 
ideas I had just a few years ago that I wrote off as too far-fetched and nearly 
impossible are proving to be real solutions in the PV industry. However, I am 
comfortable saying that the overall acceptance of PV systems and their inte-
gration into the built environment will do nothing but increase in the years to 
come. Solar power is no silver bullet, though. It’ll take a movement on many 
fronts to make the global shift away from over-reliance on fossil fuels.

Introducing PV Components and Systems
PV systems can be ridiculously simple (connect a module to a load and use 
the load as you wish), but they can also seem overwhelming when you first 
look at them. Every time I go to design and install a PV system, I look at the 
whole process as a real-life puzzle that must be arranged and put together 
just so. Each project is unique in its own way, and that’s part of the fun.

 Yet despite the differences in the details, the PV systems you connect to 
homes and small businesses have some specific and very necessary compo-
nents (all of which have an important role to play in the system).
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 ✓ PV modules: The individual units that you place in the sun to produce 
electricity from the sun are called PV modules. A number of modules 
connected together in different configurations form a PV array.

 ✓ Battery bank: Batteries provide a way of storing the energy produced 
by the PV array. Individual batteries connected together make up a PV 
system’s battery bank.

 ✓ Inverters: Devices that take power from the PV array or the battery bank 
and turn it into AC power used to operate loads are inverters.

 ✓ Disconnects and overcurrent protection: These components are neces-
sary for ensuring the safety of the system and the people who come into 
contact with it.

Grid-direct PV systems, which send power back to the utility grid, have 
become the most popular type of PV system at locations where the utility grid 
is present. They offer increased efficiency and reduced maintenance as well 
as decreased costs compared to their battery-based counterparts. What they 
give up, though, is the ability to use the PV array whenever the utility power 
goes out. Luckily for most people who have utility power present, utility out-
ages are relatively rare; when they happen, they’re generally short-lived.

Battery-based systems operate independently from the grid (stand-alone) or 
as a backup to the grid (utility-interactive).

In Chapter 2, I run through all the major components you need to install in 
a PV system — whether it’s a grid-direct one or a battery-based one — and 
what their relationship is to the other pieces of the puzzle. There, I also 
explain how to determine which type of system is best for any given client.

Knowing Your Electricity A-B-Cs
A good understanding of electrical concepts and fundamental equations is 
vital to designing and installing PV systems correctly. My goal is to have you 
feeling comfortable and confident in your understanding of the basic electri-
cal terms and equations (don’t worry — no calculus here). If you design and 
install PV systems long enough, I guarantee you’ll find yourself using these 
concepts on a daily basis.

If you’ve never opened an electrical box for fear of the unknown monsters 
lurking behind the cover, or if you just need a refresher on all the terminol-
ogy, check out the information I present in Chapter 3. The jargony, industry-
specific terms that the PV world is filled with (many of which are born from 
the electrical trade) will be much clearer if you do.
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Solar Resource 101
The solar resource is defined as the amount of solar energy received at a par-
ticular site. Following are some of the terms used to describe the intensity 
of the sunlight striking the earth (these terms are used pretty frequently in 
PV system design, so I suggest getting familiar with them; for specifics on the 
relationship between the sun and the earth, see Chapter 4):

 ✓ Azimuth describes the position of the sun (and the modules) in terms of 
how many degrees the sun or the array is from north.

 ✓ Irradiance describes how intense the sunlight is at a particular moment 
in time.

 ✓ Irradiation refers to the quantity of solar energy received for a given 
amount of time (a day is a typical time frame).

 ✓ Solar window refers to the portion of the sky where the sun appears at 
a particular location on earth. The solar window varies based on your 
latitude. You want to do your best to keep any obstructions out of the 
PV array’s solar window.

 ✓ Tilt describes the number of degrees that the PV modules are off of the 
horizontal surface.

But that’s not all you need to know about the solar resource. A PV system’s 
location on the earth has a definite effect on the overall system installation. 
Also in Chapter 4, I help you look out at the sky and see the big window that 
must be kept open for your PV system to perform as well as it possibly can; I 
also describe the specific effects of the sun’s path on the earth.

Surveying a PV System Site
PV systems are wonderful, magical things, but they can’t perform miracles all 
on their own. You have to give them a fighting chance for them to knock your 
client’s socks off. In other words, you have to survey the area where the array 
will be located and make sure nothing will block sunlight’s path to the array.

 Shade is your enemy, so take a critical look at the potential PV location when 
you conduct your site survey. A tiny bit of shade on the array may be unavoid-
able at certain parts of the year, but it’s your job to predict and limit these 
scenarios to the best of your ability.

In Chapter 5, I show you what to keep an eye out for and how to properly 
assess your site’s potential. I also outline the most common tools you should 
have on hand in order to perform a successful site survey.
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Delving into PV System Details
PV systems use a number of interesting components that can leave even the 
most seasoned electrician gawking in amazement. I walk you through the 
major components in the sections that follow. My goal is to boost your com-
fort level with the capabilities, limitations, and basic construction of all the 
major pieces of a PV system. I strongly encourage you to read these sections 
(rather than skip over them) so you can acquire some basic understanding; 
without it, any system you design is just a bunch of parts and boxes that 
likely won’t get the job done.

PV modules
PV modules are truly where all the magic of PV systems begins. They pro-
duce voltage and current, and, when wired correctly, they perform useful 
work. (To me, that’s more magical than making entire bridges disappear.) In 
Chapter 6, I show you the module specifications you’ll refer back to many, 
many times during the system design and installation processes. I also show 
you how the modules are at the mercy of their surrounding environment and 
will react to whatever sunlight and temperatures they’re exposed to.

Batteries
When you need to store the energy produced by a PV array and use it at a 
later time, you need batteries. I list your many options and go over the basic 
construction and operation of batteries in Chapter 7. (This information will 
prove invaluable when you start specifying [selecting] batteries for your 
battery-based PV systems.)

 Whenever you need to incorporate batteries in a PV system, you need to 
define the following parameters:

 ✓ The amount of energy the client needs daily

 ✓ The number of days the client wants to be able to go without having to 
recharge the batteries

 ✓ The amount of solar energy that’s available for charging the batteries

 ✓ The temperature at which the batteries are stored
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Charge controllers
When you use batteries, you have to make sure they’re properly charged 
by the PV array — that’s where a charge controller comes in. In Chapter 8, I 
show you how to evaluate the different charge controller technologies that 
are used most often and explain how the different technologies interact with 
the array and batteries to deliver the maximum amount of energy to the bat-
teries. I also outline the different feature sets commonly found on charge con-
trollers and introduce the specifications to consider when selecting a charge 
controller for a battery-based PV system.

Inverters
Because PV arrays and battery banks produce and store DC electricity, you 
almost always need to include an inverter in a PV system (or more than one, 
depending on the size of the array). An inverter takes DC electricity and turn 
it into the AC power used by most electrical loads in homes and businesses.

 I go over the inverter categories used in PV systems in Chapter 9, but in gen-
eral, you can classify inverters as either grid-direct or battery-based:

 ✓ All grid-direct inverters are also classified as utility-interactive (meaning 
they can take power from the PV array and send it into the grid).

 ✓ Battery-based inverters, on the other hand, can be classified as utility-
interactive or stand-alone (meaning they can’t send power into the grid 
and are meant for off-grid applications).

Wiring and safety devices
Safety is one of the most important considerations you make during the 
design and installation process. To achieve proper equipment safety, you 
need to install a number of safety devices, not least of which is the right 
wiring. In Chapter 10, I introduce you to the different types of conductors 
(wires), the conduit that protects those conductors from damage, and the 
overcurrent protection devices you have to use to protect the conductors 
from having too much current flowing through them.

Another important piece of safety equipment is the disconnect switch that 
allows you to (no surprise here) disconnect the PV array from the inverter. 
When a disconnect switch is in the off position, you can safely access the 
components of a PV system for servicing.
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 Because other people (such as emergency personnel) may come into contact 
with the system, you need to make sure it’s safe for them by installing labels 
that explain how to quickly and safely access the system.

As a final note on safety precautions, you need to keep in mind that at some 
point the wiring in the PV system may become damaged and pose a risk. 
Ground fault protection (GFP) devices help protect against fire hazards in the 
case of damaged conductors. In grid-direct inverters, this protection is prein-
stalled; for battery-based systems, you must install GFP separately.

Sizing a PV System
 In order to have a PV system operate properly and meet your client’s expec-

tations, you need to spend some time in the design phase evaluating the 
individual components of the system and their interaction with all the other 
pieces. During this sizing process (which is when you determine the number 
of modules to use in a particular system), you have to consider the client’s 
available budget for the project, the PV array location, and the specifications 
for the individual pieces of equipment.

In this section, I explain the basics of sizing and installing the two main system 
types and talk about sizing the safety equipment used in your systems.

Grid-direct systems
Grid-direct systems offer more design flexibility than battery-based systems 
because you don’t have to worry about storing any energy; the grid will usu-
ally be there to make sure all the loads can run when the user wants them 
to. Even with this flexibility, you need to carefully consider the PV array you 
design and the components you connect to it. In Chapter 11, I show you what 
you need to consider in the sizing and design process, from evaluating the 
energy consumption at the site to the utility requirements for connecting to 
the grid to the calculations used when matching a PV array to an inverter.

Battery-based systems
Before you can size a battery-based system (either utility-interactive or stand-
alone), you must evaluate the energy consumption used by the loads that will 
be powered via the battery bank. After you complete this step, you’re ready 
to move on to sizing the different system components, specifically the battery 
bank, the PV array, the charge controller, and the inverter. Chapter 12 has the 
how-to on sizing these components. (If you need to incorporate a generator 
into any battery-based system design, Chapter 12 has you covered as well.)
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Conductors and safety devices
PV systems have some rather unique properties that need your attention 
when sizing wiring and safety components. The conductors are exposed to 
some extremely high temperatures, the current values passing through those 
conductors are at the mercy of the sun, and on top of all that, the DC current 
passing through the system requires you to seek out components that are 
specially listed for the application. Never fear. I walk you through the pro-
cesses of properly choosing and sizing conductors, conduit, and overcurrent 
protection devices in Chapter 13.

Bringing a PV System to Life
After you spend all the required time designing a PV system, you’re ready for 
the real fun: going out in the sun and putting the modules to work. The next 
sections are dedicated to the different portions of the installation process 
to help get you up to speed. Of course, every situation you encounter will 
be slightly different from the last, but the fundamental ideas and processes 
behind PV system installation remain constant.

Permitting
An important activity takes place before a PV system is ever installed: permit-
ting. The local building department is responsible for providing permits for 
any PV installation. You must apply for this permit, just like you would if you 
were doing any other major construction project.

 Generally, you need to have two permits issued to you: an electrical permit 
and a building permit. The electrical permit is required so that the building 
department can ensure that the electrical portion of the system is safe, and 
the building permit helps keep the building safe from mechanical failure. (For 
full coverage of the permitting process, turn to Chapter 14.)

Staying safe
The safety of all individuals on the job site should be the most important 
factor during any installation — period. When you’re installing a PV system, 
you’ll be on a construction site with numerous hazards. The Occupational 
Safety and Health Administration (OSHA) rules regarding construction-
related trades will be in full effect, and you need to be sure to address these 
requirements. The OSHA Web site, www.osha.gov, is full of information and 
resources to help you make your work sites as safe as possible.
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 Just because PV systems deal with solar power doesn’t mean they don’t pos-
sess the same electrical hazards associated with any other electrical system. 
Always keep this fact in mind. Also, because PV systems run on energy they 
obtain from the sun, you’re going to be working on ladders, accessing roofs, 
and working in locations that are fully exposed to the elements — all of which 
add even more safety hazards you need to be aware of. (For a review of the 
major safety elements you need to consider, as well as methods you can use to 
keep yourself and others safe during a system installation, turn to Chapter 15.)

 It takes a single accident to not only seriously injure an individual but also 
cripple an entire business. So do whatever you have to do to keep safety top 
of mind during each and every installation job.

Putting together the mechanical parts
For many PV system installers, the truly difficult part of any PV installation 
is the mechanical portion, which includes setting up the rack to hold the 
modules and evaluating the interaction between the PV array and the build-
ing. Depending on the location of the array (on a roof or on the ground), the 
installation of the mechanical components can represent a large portion of 
the time spent on the job site. Refer to Chapter 16 for a complete rundown 
of the issues you’ll face as you install the mechanical components of a PV 
system, as well as effective solutions for them.

 A number of PV installations occur on rooftops, especially for residential sys-
tems. Whenever you’re working with a rooftop system, you need to carefully 
consider the methods used to attach the racking system to the roof. For 
ground-mounted systems (including top-of-pole mounting), you have to evalu-
ate how you plan to keep the array in place without overtaxing the racking 
system or constructing a structure that can support a small country.

Adding the electrical parts
The electrical installation is always the portion of PV systems that receives 
the most attention — and rightly so given the numerous regulations you 
must comply with. The majority of these regulations are spelled out in the 
PV-specific portion of the National Electrical Code® (NEC®), specifically Article 
690. I point out the highlights of Article 690 later in this chapter; consider this 
information a primer on the NEC®, not a complete review of the Code. (Note: 
Some local building departments may have additional requirements, so be 
sure to check in with the local office to make sure you’re on the same page.)
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As I walk you through the different portions of the electrical installation in 
Chapter 17, I refer to the NEC® and point out specific requirements. I cover the 
required locations for different electrical components such as disconnects 
and overcurrent protection, and I guide you through the ever-fun topic of 
grounding the PV system (as well as grounding methods that are commonly 
used throughout the United States). I also note the requirements you need to 
follow when connecting the PV system to the local utility grid.

 You don’t have to memorize specific passages of the NEC®, but you do have to 
be knowledgeable about the layout and format of the Code so you can effec-
tively refer to it while designing and installing your systems.

Commissioning, inspecting, 
and maintaining a system
After you install the system, you’re ready to commission it (in other words, 
you’re ready to flip the switch and release the magical electrons from the PV 
modules and put them to work). Before you get too excited, though, you need 
to take some time and make sure the system has been installed properly so 
you don’t have to spend the next three weeks on-site fixing a problem that 
could’ve been discovered earlier. I walk you through this self-inspection, as 
well as the commissioning process, in Chapter 18.

When you know for sure that the system works, you need to turn it off and 
await the official inspection from the local building department. You must set 
up an appointment for an inspector to come out and look everything over. 
The inspector’s job is to make sure you followed the basic requirements and 
installed the components you said you would. If he sees any major problems, 
he’ll document them and require you to fix them before he’ll pass the system 
and allow you to turn it on. Turn to Chapter 18 for the full scoop on inspec-
tion requirements and common problem areas in PV installations.

 To avoid getting hung up for too long in the inspection process, speak with an 
inspector early in the process (even as early as when you apply for the per-
mits). This way you can make sure you’re clear on the local building depart-
ment’s guidelines and get initial approval on things like grounding and labeling 
while you’re in the design phase (when it’s easier to make changes).

Don’t think you’re done as soon as the system receives approval from the 
inspector. No matter how low maintenance it may be, every PV system still 
requires maintenance now and then. I outline the common maintenance 
issues you need to be aware of and share advice on how to approach them 
(as well as who’s responsible for them) in Chapter 18.
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Introducing the Sections of 
Code You Need to Know

As you begin to install PV systems, including the electrical elements, you 
need to make sure you’re familiar and comfortable with the National Electrical 
Code® (NEC®), also referred to as NFPA 70®. I reference the NEC® (also known 
simply as the Code) throughout this book, directing you to specific sections 
and applications.

 Here are some basics related to the NEC® that you may find helpful:

 ✓ If you’ve never referenced the NEC® or look at it only on rare occa-
sions, I suggest you purchase a copy the NEC® Handbook. It contains the 
entire NEC®, along with some pretty pictures and helpful explanations 
that make the Code easier to understand. Perhaps the easiest way to 
obtain a copy of the handbook is to head to the National Fire Protection 
Association’s Web site (www.nfpa.org) and click the Buy NFPA codes 
& standards link on the left-hand side of the page. From there, just 
search for the NEC® Handbook. The handbook is a little pricey, and 
you’ll have to keep purchasing new editions periodically. Rest assured, 
though, that the cost is worth it.

 ✓ Always make sure you’re using the correct version of the handbook for 
your area. The NEC® Handbook is released every three years, but the 
local jurisdiction (the office that issues building permits) may not be 
using the most current version. To find out which version the jurisdic-
tion in your client’s area is using, call the local building department.

 ✓ As you work more and more with the Code, you’ll realize that people 
interpret the same section differently. The powers that be who author 
Code sections try for concrete language, but there’s no way to achieve 
total clarity with a document like this. If you ever have a question, your 
best bet is to research your question and maybe even consult with your 
electrical inspector to make sure you’re on the same page as he is (liter-
ally and figuratively). Note: The local authority having jurisdiction (AHJ) — 
in other words, the electrical inspector — has the final ruling on the Code 
interpretation; the Code is there as a guideline, but the enforcement is up 
to the AHJ.

 ✓ Although a specific section in the NEC® covers PV systems, you don’t 
get to ignore the other sections. The entire NEC® applies to PV systems, 
so reference the other sections as appropriate. However, there may be 
situations where the requirements set in Article 690 are different than in 
other sections. In this situation, Article 690 supersedes the other Code 
sections because it relates to PV installations.
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Chapter 2

Checking Out Common 
Components and Systems

In This Chapter
▶ Identifying the major parts of a PV system

▶ Distinguishing between battery-based and battery-less systems

▶ Helping your customers select the correct system for their needs

This chapter may seem trivial and worth skipping when all you want to 
do is dive into a new-to-you technology and design systems that’ll be 

the envy of your peers (not to mention major moneymakers). My advice to 
you? Remember that it’s all about the details. Before you can design and 
install that envy-inducing, moneymaking PV system, you need to have a grasp 
on exactly what goes into a PV system. Each component has a unique and 
important role in the whole system. You, the designer and installer, have 
to understand these components and their purpose, as well as how they fit 
together as a whole, in order to help your customers select the best system 
for their needs. This chapter gives you the knowledge base you need to start 
working with and recommending PV systems.

Introducing the Components 
That Make Up PV Systems

Even though you and I probably drive a different kind of vehicle, the major 
components inside each one are identical. Both vehicles have an engine, 
some wheels, and a steering wheel to help us navigate, although your vehicle 
may have a bigger engine than mine, and my vehicle may have bigger wheels 
and a smaller steering wheel than yours. You can look at PV systems in a sim-
ilar manner. The basic components, such as the PV modules and the inverter, 
are the same even though the types of components differ based on the user’s 
needs and what the local regulations require. In the following sections, I take 
a look at the major components of a typical PV system and explain how each 
component relates to the others.
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Note: The following information isn’t all-inclusive. Rather, it’s a primer 
designed to help you understand PV systems as a whole. Each of these com-
ponents receives much more attention in later chapters, so please don’t feel 
overwhelmed with the descriptions I provide here.

PV modules and racking
PV modules are the source of power in a PV system. They produce DC elec-
tricity, which is easily stored in battery banks but needs to become AC power 
via an inverter for use in homes. (I present the features and limitations of dif-
ferent types of PV modules in Chapter 6.)

Racking components hold the PV array to the location where you choose 
to place the modules. One typical way to mount the entire array is on the 
roof of the structure you’re working with. Other options include building-
integrated mounting (where the PV array becomes a substitute for the roofing 
or window materials) and mounting the array on a racking system down at 
ground level. Another common option is mounting the PV array on top of a 
pole rack. I give you the scoop on mounting methods and considerations in 
Chapter 16.

No matter where they’re mounted, PV modules are always connected to 
these particular components: disconnects, inverters, and charge controllers.

 The terms PV module and PV panel are often used interchangeably (I’ve been 
fighting myself for years on getting it straight when talking to people). You 
also see and hear PV array quite a bit. The fact is, different definitions describe 
these terms. If you’re discussing modules, panels, and arrays with someone, 
you need to make sure you’re both talking the same language.

 ✓ A module is a single unit consisting of PV cells contained in an environ-
mentally secure package.

 ✓ A panel is a group of modules fastened and wired together.

 ✓ An array is all the modules (and panels) and racking components used 
to produce DC electricity.

Battery bank
For systems that require energy storage (namely, any system that needs to 
operate without the utility grid; see the later “Battery-based systems” section 
for more information), a battery bank, multiple batteries wired together to 
achieve the specific voltage and energy capacity desired, is the best option.
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The battery bank is typically housed in a container to keep the batteries safe. 
The PV array connects to it in order to provide charging, with a charge con-
troller located somewhere in between. The battery bank is also connected 
to the inverter to provide power for the AC loads. If the system also uses DC 
loads, the battery bank is wired to a DC load center. (Don’t know what loads 
and load centers are? I cover both later in this chapter.)

 Just like your car’s fuel gauge tells you when you need to fill up, a battery 
monitor tells you how full the battery is. In battery-based systems, a monitor-
ing system is very important in keeping track of the battery level.

I describe the different battery technologies in detail in Chapter 7, but the 
most common batteries used for the typical PV system are as follows:

 ✓ Sealed batteries: These come in a sealed container that requires a 
reduced amount of maintenance by the end user.

 ✓ Flooded batteries: These come in an open (or flooded) container that 
requires a higher level of user interaction.

 Sealed batteries are often referred to as “maintenance-free batteries.” Don’t 
believe the hype! Sealed batteries are indeed a reduced-maintenance option 
compared to flooded batteries, but they still need some attention. If you don’t 
advise your clients to monitor and properly maintain a battery bank, the bat-
teries will die prematurely. Relatively simple battery monitoring can not only 
keep the system owner updated on the batteries’ status but it can also keep 
her from experiencing poor results when using the batteries. (Chapter 18 has 
details on the maintenance required for battery-based systems.)

 All batteries give off gas when they’re charging, releasing hydrogen. Sealed 
batteries release minuscule levels of hydrogen; flooded batteries can give off 
substantial levels of it. A wise choice (actually a requirement in most loca-
tions) is to keep all batteries inside a protective container that vents to the 
outside to avoid the possibility of hydrogen buildup and an explosion hazard.

Charge controller
A charge controller is a piece of electronics that’s placed between the PV 
array and the battery bank. As you can probably guess, its primary func-
tion in life is to control the charge coming into the battery bank from the PV 
array. Charge controllers can vary from a small unit intended to connect a 
single PV module to a single battery all the way to a controller designed to 
connect a multiple-kilowatt PV array to a large battery bank.

Flip to Chapter 8 for more information about charge controllers, including 
their features, technology, and sizing.
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Inverter
Inverters turn the DC power produced by PV arrays or stored by battery 
banks (in battery-based systems) into the AC power used in homes and busi-
nesses. They come in many different shapes and sizes. An inverter can be as 
small as the 100-watt unit you plug into the DC plug in your car or as large 
as a megawatt unit installed in conjunction with a utility-scale PV project. (I 
delve into the details of inverter specifications in Chapter 9.)

 If the PV system is only going to supply power for DC loads such as lighting, 
water pumping, or small electronics, an inverter isn’t a requirement. DC loads 
in standard residential applications don’t show up much anymore, but they’re 
common in recreational vehicles.

The inverters in PV applications fall into two major categories:

 ✓ Utility-interactive: These inverters can connect to a utility and either 
supply power to the connected loads or send electricity back into the 
grid, essentially running the meter backward.

 ✓ Stand-alone: These inverters aren’t designed to interact with the utility 
and work by supplying power to loads.

 Utility-interactive and stand-alone inverters have a similar appearance. If you 
were to look at two inverters from the same manufacturer, you wouldn’t be 
able to tell the difference because manufacturers try to put multiple inverters 
in the same chassis, or outer shell, to reduce the number of parts they have to 
use and cut costs. The only way to know for sure which inverter is which is to 
look at the label on the side of each inverter.

Utility-interactive inverters come in two flavors:

 ✓ Grid-direct: These are primarily used in systems for homes and busi-
nesses with utility power present. They don’t provide the user with 
any energy storage, which means if the utility power isn’t present, the 
inverter can’t work. In grid-direct inverter systems, the PV array is con-
nected to the inverter on the DC side, and the inverter is connected to 
the utility grid on the AC side.

 ✓ Battery-based: These require a stable voltage source of power, typically 
a battery bank, to keep the inverter running. A PV system using this 
inverter requires more components and is generally more complicated, 
but it allows the user to have backup power for times when the utility 
goes out. Battery-based inverters use a PV array and charge controller 
on the DC side and connect to the utility on the AC side.

Stand-alone inverters are quite similar to utility-interactive, battery-based 
inverters. The main difference is the source of AC power. In a typical stand-
alone system you have an AC engine generator to supply power to the loads 
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and allow for battery charging when the PV array can’t keep up with the 
user’s energy consumption. On the DC side, a stand-alone inverter is con-
nected to the same components as its utility-interactive, battery-based coun-
terpart, but on the AC side, the inverter sends power only to AC loads.

Loads
Loads are all the pieces of electrical equipment people want to use in their 
homes and offices. You can have DC loads or AC loads (and sometimes even 
both). You just have to make sure you supply the correct type of power to the 
load. For instance, you can’t use a DC light bulb when AC power is provided.

Loads are served differently depending on the system used (you can find out 
more about different systems later in this chapter).

 ✓ In grid-direct systems, loads are primarily served by the utility. The PV 
system can send power directly to the loads or back into the utility grid.

 ✓ In battery-based systems, the inverters are designed to directly run the 
loads connected to the inverter in the load center. This requires sizing 
the inverters differently based on the inverter technology used. Note: 

Occasionally, DC loads are present in battery-based systems; when they 
are, they receive their power from the battery bank via a DC load center.

 In a utility-interactive, battery-based system, the system owner defines the 
exact loads that get backed up. Although people would like to back up their 
entire suburban home, that’s a very difficult task. Bring them back to reality 
with this list of loads that can be backed up with success: refrigeration, well 
pumps, lighting, and computer equipment.

Load centers
A load center is the place where electrical loads (see the preceding section) 
receive their power. In a typical scenario where the utility is present, the utility 
sends power to a building at a single location. The utility’s wires are connected 
to a meter; from that meter, a connection is made to the main distribution panel 
(MDP; also called a main load center). The individual wires running throughout 
the building are ultimately connected to the MDP via a circuit breaker.

When a number of electrical circuits are connected within a building, or if a 
detached structure is present, such as a garage, often an AC subpanel is used 
to help reduce the number of wires running all the way across the house. 
Figure 2-1 is an example of how a main panel and subpanel can be laid out in 
a residential setting. Usually, a circuit breaker in the MDP sends electricity to 
the subpanel. The subpanel then uses multiple circuit breakers to send elec-
tricity to loads and outlets that are physically close to the subpanel.
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Figure 2-1: 
A main 

distribution 
panel and a 
subpanel in 
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 So how do load centers come into play in a PV system? One possibility is to 
connect a grid-direct inverter to the AC subpanel, as long as the NEC® and util-
ity requirements are met. In a utility-interactive, battery-based system, the AC 
subpanel can serve as the backup load center, allowing the loads connected to 
this panel to remain powered up during an outage. For stand-alone inverters, 
because no utility power is present, the inverter supplies the AC power and is 
connected to the MDP.

Disconnects and overcurrent protection
A number of safety and servicing requirements exist for PV systems, includ-
ing disconnects (the switches that can turn everything off, much like a big 
version of a light switch) and overcurrent protection devices (the pieces of 
equipment, typically a fuse or circuit breaker, that automatically turn a load 
off if it’s drawing too much current). The requirements for the exact compo-
nents and their locations vary depending on the specifics of your installation 
and the requirements of the local utility and electrical inspector, but here are 
the main considerations:

 ✓ Disconnects are placed in locations for system maintenance and to iso-
late the PV array and inverter.

 ✓ Overcurrent protection is placed in the system to protect the conductors 
(wires) from becoming too hot and starting a fire.
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Disconnects and overcurrent protection are commonly combined in a single 
enclosure in the form of a fusible disconnect.

 The NEC® sets the basic requirements that most inspectors follow, yet the 
NEC® is only a guide. Local inspectors are generally given the ability to enforce 
more requirements as they deem necessary. The NEC® has specific require-
ments for disconnects and overcurrent protection; I cover these requirements 
in detail in Chapters 10 and 17. However, many utilities have requirements 
that may exceed those found in the NEC®, so you need to understand those 
requirements and how they affect your installation.

Utility interconnection
The point at which a PV system interconnects with a utility grid is often 
referred to as the point of common connection (POCC). This is an electri-
cal connection that can take various forms depending on the size of the PV 
system and the electrical equipment already located on-site.

 When connecting an inverter to the utility, you need to let the utility know 
what you’re doing in order to get its approval. Most utilities require that the 
system owner review the interconnection requirements and sign a document 

Making the utility interconnection with 
net metering and the FIT program

Net metering, which is when the utility has to 
credit the system owner with retail rates for 
PV-generated energy (within some limits), 
makes utility-interconnected PV systems a real-
ity. Under net metering, the utility is required 
to pay the system owner retail energy rates 
for every kilowatt-hour of energy put into the 
grid, meaning the system owner is credited at 
the same rate at which she is charged. The 
catch comes when the system generates more 
energy than its owner can consume. Each util-
ity has its own way of handling this situation; it 
can credit the account or take the credit itself. 
Remember: The key is to know what the net-
metering rules are with the utility and make 
sure the energy production and consumption 
at the site match well with those rules. A great 
place to find specific rules for your client’s 

location is the Database of State Incentives for 
Renewables & Efficiency; you can access the 
database online at www.dsireusa.org.

Another popular method for connecting to the 
utility and maximizing the investment is known as 
a feed-in tariff (FIT). The idea is relatively simple: 
Governments and utilities recognize that energy 
produced from renewable sources such as PV 
has a higher monetary value than energy from 
fossil fuels. Therefore, the PV system is inter-
connected to the utility and metered separately 
from the building. The energy created from the 
PV system is bought by the utility at a higher rate 
than the standard retail rate, and the energy 
used in the building is charged at the standard 
retail rate. This system encourages customers to 
install high-quality systems that produce as much 
energy as possible to maximize their payments.
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stating that she will adhere to the rules. As PV systems have become more 
popular, these documents are generally easy to obtain from the utilities and 
have standard language for all customers to follow. Thankfully, the require-
ments of most utilities aren’t hard to incorporate into the system. Flip to 
Chapter 17 for more information on connecting to the utility.

The most straightforward way of making the POCC is to attach the inverter 
to a circuit breaker in the existing MDP on-site. Specific requirements for this 
type of connection need to be met, but that isn’t a difficult task in most cases.

 If you need to connect to the utility in any method other than through an exist-
ing MDP, communicate this need to the utility early in the process. You may 
need to coordinate a time for it to purposely disconnect the building from its 
power lines in order to make the connection safely. Also, the utility may have 
additional requirements for safety equipment.

Differentiating between PV System Types
You know the saying “the whole is greater than the sum of its parts”? It 
applies to PV systems too. After you have a picture of the major components 
of a PV system, you’re ready to focus on the two main types of systems: grid-
direct and battery-based. The sections that follow help you create a mental 
picture of both systems; they also get you ready to differentiate between the 
two for scenarios you’re bound to encounter.

Grid-direct systems
For those folks with access to the utility grid, a grid-direct system is the most 
common type of PV system being installed today. A grid-direct (sometimes 
referred to as battery-less) PV system requires the least number of components 
and is typically the most efficient in converting the sun’s radiation into usable 
AC electricity for loads. These systems have the added benefit of requiring 
very little human interaction because the inverter is able to automatically con-
trol the flow of electricity from the PV array to the grid. In the following sec-
tions, I describe the configuration of a grid-direct system and explain its pros 
and cons.

The configuration
 Grid-direct systems, like the one pictured in Figure 2-2, have a relatively 

straightforward configuration. The PV array is connected to the inverter, 
which in turn is connected to the utility. Grid-direct systems typically use

 ✓ A PV array with racking

 ✓ A junction box to get the wires in the building

 ✓ A DC disconnect
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 ✓ An inverter (or more than one, depending on the size of the PV array 
and/or whether you have multiple arrays)

 ✓ An AC disconnect

 ✓ A meter to record the energy produced by the PV array

 ✓ A utility interconnection across a circuit breaker inside the MDP

As I explain in Chapter 17, the exact locations of all the equipment vary and 
are dependent on the specific system. However, Figure 2-2 is a good repre-
sentation of the components most grid-direct systems use.

 

Figure 2-2: 
A typical 

grid-direct 
PV system.

 Note: Grounding not shown for clarity.
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The pros and cons
Since 2001, the grid-direct system has been the most popular type of PV 
system installed in the United States. Why? Because 2001 is when manufac-
turers started selling reliable grid-direct inverters. It’s also when rebate pro-
grams came along.

 The pros of installing and operating a grid-direct system rather than a battery-
based one are as follows:

 ✓ You have fewer components to work with.

 ✓ The design and installation are more simplistic (meaning less expensive).
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 ✓ The system’s energy output is greater.

 ✓ The maintenance requirements are fewer.

 ✓ The inverter can be located outside the building.

 The grid-direct configuration does have one major downside. The inverters 
used in these systems require the utility’s presence in order to remain on. 
After the utility goes away (due to a power outage or a brownout situation), 
the inverter has to recognize that immediately and disconnect itself from the 
utility for safety reasons. Manufacturers call this an inverter’s anti-islanding 
feature; it’s a safety requirement of all inverters connected to the utility grid. 
Therefore, if you have a PV system using a grid-direct inverter and the power 
goes out, you’ll be in the dark just as much as your neighbor who doesn’t have 
a PV system. Note: If the inverters didn’t have anti-islanding, they’d continue 
to send power back to the grid. If a utility worker was working on the line, she 
might get shocked (at best) or electrocuted (at worst).

Battery-based systems
The second major type of PV system (in addition to the grid-direct system 
described earlier in this chapter) is battery-based. A battery-based system 
can be utility-interactive or stand-alone. The two types are almost identical, 
but their differences are important to know:

 ✓ Utility-interactive, battery-based systems require an inverter that’s 
specifically listed as a utility-interactive inverter and has the same anti-
islanding features as the grid-direct units. Although the stand-alone 
inverter requires safety listings, the anti-islanding portion doesn’t apply. 
(I provide basics on different types of inverters earlier in this chapter.)

 ✓ Utility-interactive, battery-based systems allow the user to back up cer-
tain loads but not the entire house. Yes, it’s possible to back up the entire 
house, but that’s pretty tough. Major energy-consuming appliances (think 
electric water heaters and clothes dryers) can’t be supported.

 ✓ Stand-alone, battery-based systems support all the loads in a home. The 
caveat, as I show you in Chapter 12, is that these loads must be very 
carefully considered and minimized as much as possible.

 ✓ In stand-alone, battery-based systems, the AC power source is an engine 
generator. Consequently, the inverter needs to be ready, willing, and 
able to accept power from the generator.

 Battery-based systems can be used without an inverter to power DC-only 
loads, making them good for a PV array at a small remote cabin that needs 
only a few lights and a radio. Another possible location for such a system is a 
recreational vehicle that has a small PV array to recharge the house battery.
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In the following sections, I fill you in on the basic configuration of a battery-
based system and explain its pros and cons.

The configuration
 Battery-based systems (see Figure 2-3) use many more components than grid-

direct systems do. Both the stand-alone and utility-interactive varieties use 
the following components, unless otherwise specified:

 ✓ A PV array with racking

 ✓ A charge controller (or multiple charge controllers, depending on the 
size of the PV array in relation to the charge controller’s size)

 ✓ DC disconnects (specifically, two for every charge controller and one for 
every inverter so you can properly isolate all the equipment)

 ✓ A battery bank in a vented battery enclosure

 ✓ Battery metering

 ✓ An inverter (you may need more than one if the number of loads run at 
the same time will exceed the ability of a single inverter)

 ✓ An inverter bypass switch

 ✓ A backup load center (for utility-interactive systems only)

 ✓ AC disconnects

 ✓ An MDP with overcurrent protection (this is where the inverter is inter-
connected to the utility in a utility-interactive system)

The optional components include

 ✓ A DC load panel (located near the battery bank and DC disconnects)

 ✓ A backup engine generator (located away from the rest of the equipment 
to keep the noise level down but wired into the inverter[s])

The pros and cons
Because battery-based systems can be used in utility-interactive and stand-
alone scenarios, look at their pros and cons in light of where they’re used:

 ✓ The major pro of utility-interactive, battery-based systems is that you 
have power when the utility is out. (Depending on the user, this may be 
more than just a pro — it may be an absolute requirement!)

 ✓ Stand-alone, battery-based PV systems are typically compared to an 
electrical system with power supplied by an engine generator. The pro 
to the stand-alone system in this case is that the PV array provides 
silent, clean power with far less maintenance than an engine generator.
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The biggest cons to utility-interactive, battery-based systems are the added 
costs and increased maintenance requirements. Because a battery-based 
system contains more components than a grid-direct system, the battery-
based option is always going to cost more, especially over time. Also, the 
more components a system has, the more often you have to check and make 
sure that everything is working properly, hence the increased maintenance.

The main downside to stand-alone, battery-based systems is the extra work 
because battery banks take a lot of monitoring and maintaining. And if the 
system also features a backup engine generator, there’s even more to main-
tain. Fortunately, with a properly sized PV array and battery bank, the gen-
erator maintenance can be kept to a minimum.

 Although some users may be able to use a minimal battery bank to get them 
through a short power outage, others may require a battery bank to help 
them through multiple days of utility outages. This discrepancy makes esti-
mating the cost of a battery-based system nearly impossible until you know 
more about the customer’s electrical requirements.

Figuring Out the Right System 
Type for Any Situation

After you know about PV systems and their components, you’re better 
equipped to tackle the fun part — helping customers figure out which PV 
system is right for their situation. In the following sections, I separate the 
decision-making process into two main categories: when the customer is con-
nected to the grid and when the customer is off the grid.
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The customer is connected to the grid
For customers who want a PV system, and where utility power is available, 
the options are two-fold. They can have either a grid-direct system or a 
utility-interactive, battery-based system. Sometimes customers automatically 
assume they want the utility-interactive, battery-based system because when 
the power goes out, they’ll still have power for the television and cold food in 
the fridge. What they don’t consider are cost and maintenance.

 You can help your customer make an informed decision by taking the time to 
ask her several questions and encouraging her to answer honestly. Be sure to 
ask your customer the following:

 ✓ How often does the power go out?

 ✓ How long do the outages last?

 ✓ What activities (involving electricity) can’t be interrupted due to a 
power outage?

 ✓ How much money is realistic for you to spend on this feature?

 ✓ How much time are you willing to spend maintaining a battery bank?

 ✓ Will you be willing to replace that battery bank in five to seven years?

After thinking about these questions, the reality of the situation quickly sets 
in for most urban and suburban PV-system-owners-to-be, and they give up on 
the idea of a battery-based system for the easier to maintain and less expen-
sive grid-direct system. Of course, some individuals (like those rural dwellers 
who are at the end of the electrical line and see outages that last for days) 
still opt for the utility-interactive, battery-based system.

 The most you can do is share your knowledge with customers to get them 
thinking about the pros and cons of different PV systems so they can make an 
informed decision. Unless the customer really has no preference, you can’t 
make the decision for her.

The customer isn’t connected to the grid
If a customer is constructing a remote home or isn’t connected to the grid in 
a current building but wants to make a change from her current system, the 
first type of PV system you should suggest is a stand-alone, battery-based 
one. This option makes the most sense for this type of customer because it 
offers an electrical supply that isn’t dependent on an engine generator.

Provided the customer is willing to bring utility power in, you can also sug-
gest a grid-direct or utility-interactive, battery-based PV system. The deciding 
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factor here is how far the utility has to bring its lines and how much that’s 
going to cost in addition to the cost of installing and operating a PV system. 
I’ve heard of utilities telling people it’d cost $40,000 to bring the utility a quar-
ter of a mile to their residence — and then they get the pleasure of writing 
the utility a monthly check!

When working with a potential stand-alone client, you have to take some time 
with her early in the process to prepare her for the realities of living without 
the utility grid. Most of the time, making this commitment requires a major 
lifestyle change, at least as it relates to energy consumption. To help your 
client choose the right system for her, look at her life today as well as what 
her life will look like in the future and evaluate the different power sources 
that may apply for her.

 During the design phase, you should establish a potential stand-alone client’s 
commitment to living “off-grid” by asking the following questions (at a mini-
mum) if you want the process to go smoothly:

 ✓ What’s your budget for the electrical system? (It’s nearly impossible to 
quote average costs with stand-alone PV systems due to the many vari-
ables involved.)

 ✓ Are you willing to maintain your battery bank one or two times a month?

 ✓ What are the electrical loads you want to run? (See Chapter 12 for more 
on this topic.)

 ✓ Where do you see your electrical demands in five to seven years?

 ✓ How much generator run time is acceptable for you?

 ✓ Do you have any other renewable energy resources (such as wind power 
or hydroelectric power) available to you?

 Keep in mind that relying solely on a stand-alone, battery-based PV system 
for 100 percent of a building’s energy is a difficult task. I know of people who 
can pull it off, but they make major lifestyle changes that most folks wouldn’t 
make. An engine generator is more or less a required add-on to a stand-alone, 
battery-based PV system because it allows the batteries a quick recharge 
when the PV system can’t keep up, like in the winter during extended cloudy 
periods, which is when the solar resource is at its lowest and electrical energy 
consumption is high. If a PV system were able to maintain that level of energy 
consumption, the array would be so grossly oversized for the summertime 
that it wouldn’t make a lot of sense.
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Chapter 3

Powering through 
Electricity Basics

In This Chapter
▶ Understanding current, voltage, and resistance

▶ Getting to know Ohm’s Law

▶ Differentiating between power and energy

▶ Calculating series, parallel, and series-parallel connections

When you discuss electricity with someone, you tend to get one of two 
responses: the bobblehead response and the know-it-all response. The 

bobblehead is the person who just nods at everything you say because he has 
no knowledge about electricity so he can’t challenge any of it. The know-it-all is 
the person who’s just waiting for you to slip up so he can correct you.

You, as a PV system designer and installer, need to become the person some-
where between these two extremes. You absolutely must be educated in your 
language and understanding of the basic electrical terms and concepts. Some 
people will never catch you when you use the wrong term in conversation (it 
happens to the best of us), but if you continually mix up your terminology, 
you’ll lose your credibility before you can even finish speaking.

In this chapter, I take you through the fundamental electrical terms and topics 
for PV systems. (Although I’m sure you probably have a concept of the major-
ity of the terms, a quick review never hurts.) Then I show you how to apply 
those terms in a few important calculations. I wrap it up by covering the ways 
you’ll configure PV arrays when you’re out working with these systems.

Going with the Flow: Current
Electrical current is typically viewed as the flow of electrons through a con-
ductor (wire). Although this process is more properly described as the charge 
that’s flowing through the conductor, most people can get onboard with the 
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thought of electrons moving from one point to another and doing work along 
the way.

 If you want to dive into the electrical theory aspects of current, by all means 
do. Plenty of resources exist, but I don’t cover the topic any further here. I 
don’t mean to belittle the importance of the concept of flowing charges versus 
electrons. It’s certainly valuable to understand, but this topic is really beyond 
the scope of what most PV designers need to know.

In this section, I introduce you to the unit used to describe current, present 
the two different kinds of current, and explain how to measure current.

Understanding amps
 The International System of Units (SI) describes current through the term 

ampere (A), or amp for short. Current is also represented by the symbol I, 
particularly in Ohm’s Law (which I cover later in this chapter). Ampere rep-
resents a flow, or a rate of electron movement. The fact that this is a rate is 
very important because you have to measure and predict the amps flowing 
throughout your systems.

The base units for an ampere are coulombs per second. A coulomb contains 
approximately 6.24 × 1018 electrons, which means an ampere represents a 
whole mess of electrons passing a point every second.

 To better understand current, think of cars on a highway. Each car represents 
an electron, and the number of cars passing a single point over a period of 
time is the traffic flow. As long as all the drivers do their jobs, traffic flows 
smoothly, and the number of cars passing that point isn’t restricted.

The other point to note here is that the electrons don’t go anywhere after 
they do their work, meaning they aren’t used up. They continue in the circuit 
and are pushed along by the electrons behind them. So what does this fact 
mean in terms of understanding amps? Well, after the electrons have done 
their work, they continue flowing and go back “home.” This is an important 
fact to remember when you’re sizing conductors based on the current flow.

Distinguishing between direct current 
and alternating current
PV modules create a flow of current that’s described as direct current (DC) 
because the electrons move in just one direction. As sunlight strikes the PV 
cells, the electrons move off the cells and through a load (any piece of electrical 
equipment) before heading back to the cells, all while staying in a straight line.
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DC is also the form of electricity stored by and delivered from batteries. This 
characteristic is very convenient when charging batteries from PV modules, 
but it’s rather inconvenient when you want to use a standard electrical load 
that runs on AC power. In Chapter 9, I detail the different inverters appropri-
ate for battery-based systems.

 One of the main drawbacks of DC electricity is the limited distance it can be 
transmitted before significant losses make it too inefficient. In PV systems, 
these losses can be overcome by using larger conductors to carry the current, 
but this solution is costly and has some limitations. (I show you how to calcu-
late losses associated with PV wiring in Chapter 13.)

The other form of electricity that’s present in PV systems is alternating cur-
rent (AC). In AC, which is the form of electricity delivered from utilities to 
homes and businesses, the electrons move in a back-and-forth pattern. So 
how does AC work in a PV system? In Chapter 2, I provide a basic description 
of the inverters that are connected in PV systems. These devices take the DC 
electricity in the PV array (in a grid-direct system) and batteries (in a battery-
based system) and turn it into a form that the typical household loads can 
use, which is often AC.

 AC differs from DC mainly in the sense that the current alternates in flow at 
a specific interval of time. The process of alternating the direction of current 
flow can be viewed graphically, as shown in Figure 3-1. Notice the sine wave 
shape of the AC current flow curve? It indicates the back-and-forth movement 
of the electrons. In contrast, the DC current flow is represented by a line that 
remains straight over time.

 

Figure 3-1: 
AC and DC 

current flow 
versus time.

 

Direct

Alternating

Measuring current with a meter
As you install a PV system, you must measure the DC output of an individual 
module (or sometimes even the entire array) in order to troubleshoot an 
issue or verify performance. You may also need to measure the AC output 
of the inverter in order to troubleshoot the inverter. In either case, to mea-
sure current correctly you must have a good, hand-held current meter (also 
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known as an ammeter) that can read both AC and DC. In the sections that 
follow, I describe types of ammeters and explain how to use one safely and 
effectively.

 Many inverters have a way to meter the AC side of the system. These meters 
generally report the power output (I delve into the details of power in the later 
“Pondering Power and Energy” section). Although this isn’t the same as meter-
ing the current, it’s generally helpful. As you discover in the later “Relating 
power to current, voltage, and resistance with the power equation” section, 
you can take the reported power value and calculate the current value.

Checking out different kinds of ammeters
Two types of hand-held ammeters are available: inline and clamp.

 ✓ The inline meter (shown in Figure 3-2a) requires current to flow through 
the meter in order to be read. So to obtain a proper current reading with 
an inline meter, you have to place the meter in the circuit.

  Only use an inline meter when you fully understand how the current 
is flowing through the system and the proper ways to disconnect and 
safely collect the current measurement. Without a firm grasp on this 
knowledge, you can really hurt yourself when using an inline meter.

 ✓ The other (and better) option is the clamp meter, shown in Figure 3-2b. 
Clamp meters have a “jaw” on the top that opens when you press a lever 
on the side of the meter. To measure current with one, place a conduc-
tor in the middle of the open jaw and release the lever, allowing the 
meter to determine the amount of current flowing through the conduc-
tor without exposing any portion of it.

  A digital multimeter (DMM) is a device that can measure multiple electri-
cal components such as current, voltage, and resistance. Because clamp 
meters can encompass all the features of a DMM listed, investing in a 
good clamp meter is wise.

 A lot of meters can handle AC without any issue but are limited when it comes 
to measuring DC. When shopping for a meter, look for one that, at a minimum, 
can measure both AC and DC voltage and current values (I cover voltage in 
full detail later in this chapter). Also, make sure the meter has the ability to 
read DC levels that are high enough for the work you plan to do. I recommend 
a meter that can read at least 100 amps direct current (ADC). Many meters are 
limited to 10 ADC, which hinders your ability to measure many arrays.

Walking through the measurement process
Typically, you measure DC current on a single module when you suspect that 
the module isn’t working properly or on an array when you want to verify the 
proper power output. (For the full scoop on array commissioning and mainte-
nance methods, flip to Chapter 18.)
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Figure 3-2: 
Inline and 

clamp 
meters.

 

a

b

On the AC side, if you suspect that the inverter is underproducing, then you 
need to check the AC current levels. Another common scenario for checking 
current on the AC side is to see what an individual load is pulling; this infor-
mation can be especially useful in battery-based systems where you need to 
know how many amps each load needs.
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As I explain in the preceding section, I recommend using a clamp meter when 
you measure current. Here’s how to properly use one:

 1. Put on personal protective equipment (PPE) such as insulating gloves 
and safety glasses.

  Measuring the current of a PV module can be very dangerous work. 
Electrons are flowing, and the probability of shocking yourself is high. 
Before conducting any current measurements, make sure you have all 
the proper safety gear in place and are correctly connecting and dis-
connecting the circuit to reduce electrical hazards. Yes, using a clamp 
meter helps keep you safer during the testing process, but you still have 
to safely stop the current flow. (Refer to Chapter 15 for full details on 
staying safe during installation work.)

 2. Verify that you can safely place the meter’s clamp around the conduc-
tor you want to measure.

  These conductors will often be in boxes with tight clearances, so make 
sure you don’t come into contact with any live parts, such as wire termi-
nations, fuse holders, or exposed conductors.

  Always expect that power is present and that a shock hazard exists.

 3. Set the meter’s dial to read the appropriate range of DC current.

  Some meters are autoranging, meaning they set themselves to the proper 
range. If yours doesn’t, verify the amount of current you expect to see 
and set the dial to a value greater than that. For most PV modules, this 
amount is in the 10 ADC range.

 4. Zero the meter reading.

  Many ammeters register a small value even if the meter isn’t measuring 
anything. By zeroing out the meter, you give it a baseline that increases 
the accuracy of the reading. To zero out the meter, refer to the manufac-
turer’s instructions that came with the meter.

 5. Open the meter’s clamp and place it around a single conductor.

  Be careful not to place multiple conductors in the meter. If you do, the 
meter will read the sum of the currents, and you won’t get an accurate 
reading.

 6. Read and record the current value from the meter.

 7. Remove the meter from the conductor.

 Never use an ammeter to connect the two terminals of a battery. At best, 
you’ll ruin both objects by creating a short circuit between the two terminals. 
At worst, you’ll place yourself in unnecessary danger.
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May the (Electromotive) Force 
Be with You: Voltage

The amount of push that the electrons have behind them is known as volt-
age (V); voltage is measured in volts (how about that?) and represented by 
the letter E in equations. Another way to describe voltage is as electromotive 
force. In the following sections, I explain the basic concept of voltage, define 
nominal and operating voltage, and tell you how to measure voltage.

Grasping the concept of voltage
You can view voltage as the electrical pressure that encourages electrons to 
move; in other words, voltage makes current (the flow of electrons) happen. 
Very often you see voltage referred to as voltage potential because there 
must be a difference between the source of power’s voltage and the load’s 
voltage so that current can exist. For example, if you want to use a PV array 
to charge a battery, the PV array (the source of power) needs to have a 
greater voltage than the battery (the load). If the PV array has a voltage equal 
to or less than that of the battery, it can’t push the current into the battery, 
which means the battery can’t get charged.

 Both DC and AC voltages are present in PV systems. The concepts and proper-
ties for both types of voltage are the same. You just need to make sure you’re 
thinking about and using the correct one depending on which side of the PV 
system you’re working on. Common convention (and what I use in this book) 
designates the differences by giving a numerical value followed by VDC (for 
volts DC) or VAC (for, you guessed it, volts AC).

Getting a grip on nominal voltage 
and operating voltage
A term you often hear as a PV system designer and installer is nominal volt-
age. This number represents a baseline for measuring voltage. Here’s an 
example: Way back at the dawn of the modern PV industry (the turn of the 
21st century), PV modules were available in one of two nominal voltages, 12 
V and 24 V, because most PV modules at the time were being used to charge 
batteries that generally came in 6 V and 12 V nominal voltages. (Remember: 
PV modules have to produce a voltage greater than batteries, or else there’s 
no current.) So the actual voltage put out by the modules had to be higher 
than the battery nominal voltage to effectively charge the batteries.
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That output voltage is called the operating voltage; it’s the voltage value when 
the module is pushing current into a load. A typical 12 V nominal PV module 
has an operating voltage of 17 V to 18 V. In other words, it has 36 cells inside 
it that are wired to produce the 17 V to 18V. This allows the module to pro-
duce enough voltage to push the current into the battery under all condi-
tions. So when you hear someone talking about a 12 V module, you know he’s 
referring to the nominal voltage.

 The nominal voltages of PV modules have little meaning in grid-direct PV sys-
tems (although you still hear references to 12 V or 24 V modules). Where the 
distinction between nominal and operating voltages really comes into play is 
when you’re installing a small PV array to charge a battery bank. In this case, 
you need to make sure the PV array’s voltage is always high enough to charge 
the batteries. The easiest way to do this is to have an array nominal voltage 
that’s equal to the batteries’ nominal voltage.

 The growth of the grid-direct, utility-interactive market has limited the 
demand for battery-charging PV modules. In fact, many of today’s modules 
have no relation to the battery-charging systems of old. This move away from 
modules that are designed to charge batteries has given module manufactur-
ers a greater amount of flexibility in terms of the number of cells they put in 
each module. The result? PV modules with a wide variety of voltage ranges.

Measuring voltage
It’s your job to be prepared to properly measure the DC voltage for individual 
PV modules and an entire array, which means you need to know how to use 
a digital multimeter (DMM). This is typically the same meter used to mea-
sure current (that is, if you’re not using a dedicated ammeter; see the earlier 
“Checking out different kinds of ammeters” section for details on this tool).

 When you take the voltage measurement of a module, there shouldn’t be any 
load on the PV system. Without a load to power, there’s no current, and the 
modules are at open-circuit voltage (Chapter 6 details the different voltages 
associated with PV modules). This value represents the voltage potential that 
can be delivered from the module; knowing this number is important because 
it allows you to verify the proper voltage levels in your system before you 
start flipping switches.

Figure 3-3 shows a typical DMM that has been set up for reading DC voltages 
on a PV module. To make the measurement:

 1. Put on personal protective equipment (PPE), including insulating 
gloves and safety glasses.

 2. Make sure the disconnects are in the off position.
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  Performing this step stops any current from flowing, which keeps you 
from accidentally touching something that has current flowing through it.

  Don’t give yourself a false sense of safety when making a voltage mea-
surement. PV modules should be considered live as soon as they’re in 
the sun; just because current isn’t flowing doesn’t mean you aren’t at 
risk of getting shocked. See Chapter 15 for details on staying safe during 
installation work.

 3. Make the location where you want to take the voltage measurement 
accessible by removing the lids to the proper boxes, opening discon-
nect covers, or accessing the connectors on the backs of the modules.

  You can take the reading off of an individual module or inside electrical 
equipment.

 4. Place the black meter lead in the connection point labeled Common 
on the meter.

 5. Place the red meter lead in the connection point labeled V on the 
meter.

  Commonly, this point is also labeled Ω, indicating the ability to also 
measure resistance. (I cover resistance in detail later in this chapter.)

 6. Set the meter’s dial to read the appropriate range of DC voltage.

  The appropriate range of DC voltage is the estimated voltage you expect 
to see. You can arrive at this estimate by looking at the modules’ ratings 
and where you’re at in the system.

  When in doubt, set the meter to the highest range and adjust it down if 
you need to. (Note that autoranging meters will set themselves to the 
proper range without any help from you.)

 7. Place the black lead on the negative terminal for the PV module.

 8. Place the red lead on the positive terminal for the PV module.

 9. Read the voltage measurement on the meter’s screen.

 10. Switch the meter leads on the PV module and note the presence of the 
negative symbol.

  This negative symbol is your indication of reverse polarity, which means 
the voltage from the source is backward to the meter (the meter expects 
that the positive terminal is connected to the red lead and that the nega-
tive is connected to the black lead).

  This ten-second test can save you a lot of time and heartache in trouble-
shooting, which is why I strongly suggest you perform it every time 
you check DC voltages. Although some equipment claims to be reverse-
polarity-protected, you can’t rely on this “guarantee.” If the equipment 
isn’t able to protect itself, it’ll let you know by releasing some smoke.
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 11. Remove the leads from the module and pull them from the meter.

  I suggest removing the leads from the meter each time you’re finished. 
Doing so forces you to think about the measurement you’re about to take 
each time you go to use the meter. This is especially helpful if the meter 
can be used as an inline current meter. If you use an inline meter to check 
current and then go to check voltage without resetting the meter leads, 
you may be in for quite a surprise — namely, you’ll allow current to flow 
through the meter when you don’t expect it. Not a good thing.

 

Figure 3-3: 
Measuring a 
PV module’s 
voltage with 

a DMM.
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Making a Stop: Resistance
In the context of DC electricity, the term resistance (represented in equations 
as R) means resisting the flow of current. It’s not much different than the resis-
tance you encounter at home when you try and push that plate of broccoli in 
front of your child. You push the plate toward him, and he resists by pushing it 
back. In the next sections, I explain the unit of measurement for resistance and 
walk you step by step through the process of measuring resistance.

 For AC circuits, the correct terminology for opposition to current flow is 
impedance. The calculations for impedance can get complex quickly and are 
beyond what I think you need to focus on. So for the purpose of the discussion 
here, I refer only to resistance.
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Introducing ohms
In electrical circuits, resistance is measured in ohms (Ω). The greater the 
number of ohms, the greater the resistance. You want the conductors in your 
PV systems to have little resistance so current can flow through them as 
efficiently as possible, but it’s unreasonable to think there won’t be any resis-
tance. The best you can do is keep that resistance to a minimum.

 The size of the conductor used in PV systems has the biggest effect on the 
overall resistance. The bigger the conductor, the more room the electrons 
have to move around, which equals less resistance. Think of the conductor as 
the highway that all the cars in your area are driving on. If the highway is just 
two lanes wide, only so many cars can move down it at a time, which leads to 
increased resistance. If the same number of cars were to travel on an eight-
lane expressway, you’d have far less resistance. (Flip to Chapter 10 for the 
basics on conductors and other electrical and safety devices.)

Measuring resistance
When you install a PV system, you may need to check the resistance in a 
given PV circuit (by this, I mean you may need to determine the resistance in 
the conductors you run from the PV array down to the inverter and/or bat-
tery bank). You look at resistance for two reasons: to verify that the conduc-
tors used allow the current to move with little opposition and to make sure 
that the conductors are properly connected to the electrical equipment.

 The easiest way to determine the resistance in a circuit is to find the total volt-
age drop across that circuit by using Ohm’s Law (which I present later in this 
chapter) to calculate the total resistance. When resistance is present in the 
conductors, the voltage at the source will be greater than the voltage at the 
load (which is at the end of the line). I explain how to calculate this voltage 
drop value in Chapter 13.

Another common way of measuring resistance is to perform a continuity 
test. The goal of a continuity test is to find very little resistance in the circuit, 
indicating an easy path for the electrons to follow. A typical continuity test is 
to check the conductors connecting pieces of equipment. Think of two boxes 
mounted on a wall next to each other. You pull six conductors from Box 1 to 
Box 2, but after you’re done, you can’t tell which conductor in Box 1 is the 
same conductor in Box 2. Perform a continuity test by using a meter that’s 
set on measuring resistance to positively identify the two ends of the same 
conductor. When you touch the ends of the same conductor with your meter, 
there’ll be little to no resistance, and you’ll know for sure that you have the 
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right conductor. (Note that using a meter to verify the points where each 
conductor is connected is far more reliable than using your fingers and eyes 
to trace the path of each conductor.)

 Most DMMs have a resistance-measurement feature that incorporates an 
audible alarm. This alarm indicates that a low-resistance connection exists 
between the two points you’re touching. As soon as you remove one of the 
leads, the alarm shuts off, indicating a high amount of resistance between the 
two leads. This alarm helps you verify that the connections you made are cor-
rect before you turn on the power source(s).

Performing a continuity test doesn’t take very long and can save you a lot of 
time during the commissioning process that I describe in Chapter 18. To use 
a DMM to measure resistance and check continuity between various compo-
nents, just follow these steps (and take a look at Figure 3-4):

 1. Put on personal protective equipment (PPE) such as insulating gloves 
and safety glasses.

  Flip to Chapter 15 for the how-to on staying safe during installation work.

 2. Switch the AC and DC disconnects to the off position to remove any 
power sources present.

 3. Make the location where you want to take the continuity measurement 
accessible.

  You generally take the reading inside electrical equipment, which means 
you have to open the covers to the disconnects and inverter(s).

 4. Place the black meter lead in the connection point labeled Common 
on the meter.

 5. Place the red meter lead in the connection point labeled Ω.

  Commonly, this point is also labeled V, indicating the ability to also mea-
sure voltage. (I explain how to measure voltage earlier in this chapter.)

 6. Set the meter’s dial to read the circuit’s resistance.

  Always start with the highest resistance values on your meter. If you 
need more precision on the readings, you can always turn the dial to the 
smaller numbers (unless of course you’re using an autoranging meter 
that sets itself to display the proper scale automatically).

 7. Place the black lead on the first connection point.

  This connection point is typically found inside a disconnect.

 8. Place the red lead on the second connection point.

  This point is typically the other end of the conductor on which you 
placed the black lead.

 9. Read the resistance measurement on the meter’s screen or listen for 
the alarm that indicates a low-resistance connection.
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  If the alarm doesn’t ring when you expect it to, you’ve either made the 
connection in the wrong location or placed the meter leads in the wrong 
spot. Investigate further by repositioning the leads from your meter to 
the points inside one of the boxes until you determine where the con-
nections are being made.

 10. Remove the leads from the module and pull them from the meter.

 

Figure 3-4: 
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Connecting Current, Voltage, and 
Resistance with Ohm’s Law

As a PV designer and installer, you use three main electrical components in 
all of your calculations: current, voltage, and resistance. Knowing how these 
components relate to each other is critical to the success of your PV system 
designs. Consequently, you need to have a good understanding of Ohm’s 
Law, which relates current, voltage, and resistance to one another. You’ll use 
this formula in a variety of ways, from gauging conductor sizes and determin-
ing voltage drops to calculating power (I explain how to do that later in this 
chapter).

 Ohm’s Law can be stated in many ways:

 ✓ Volts = Amps × Resistance (E = I × R)

 ✓ Amps = Volts ÷ Resistance (I = E ÷ R)

 ✓ Resistance = Volts ÷ Amps (R = E ÷ I)
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So, for example, to determine the resistance in a circuit for a PV array that’s 
operating at 120 DC volts and 10 amps, perform the following calculation:

 ✓ Resistance = 120 DC volts ÷ 10 amps (or R = E ÷ I)

 ✓ Resistance = 12 ohms (R = 12 Ω)

Pondering Power and Energy
The value that everyone in the PV world likes to talk about is the power value, 
but what most folks don’t realize is that power and energy are closely related. 
In the next sections, I set you straight on the differences between power and 
energy and then relate those concepts to commonly used formulas.

Recognizing the differences 
between power and energy
One of the most important concepts to keep straight in your head is the dif-
ference between power and energy. Even though these terms are misused 
everywhere, the differences between them are basic and even obvious, as 
you discover in the sections that follow. Using these terms correctly is cru-
cial to your success as a PV system designer and installer.

Power is a rate
Power is measured in watts (W), and 1,000 watts equals 1 kilowatt (kW). A 
watt is the measurement of the flow of energy, just like current (covered ear-
lier in this chapter) measures the flow of charges. Simply stated, power is a 
rate; it’s an instantaneous value. If you’re talking to someone and he says his 
PV array produces 1,000 kilowatts per year, that makes as much sense as you 
telling him that you drive your car 65 miles per hour per year.

Part of the problem with the term watts is the lack of a time value, which 
people tend to associate with rates. They’re used to seeing a rate given in 
terms of a quantity per rate of time: miles per hour, gallons per second, kilo-
bytes per second, and so on. Truth be told, watts have a time value to them. 
You just don’t see it.

 One watt is equal to one joule of energy per second (that’s your time value).

Energy is a quantity
Energy is the measurement of power multiplied by time; it’s measured in 
kilowatt-hours (not kilowatts per hour). This is the number that your utility 
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charges you for and, if you could hold it in your hand, the quantity of energy 
a load consumes.

 In PV systems, the power value (wattage) gets the spotlight even though the 
energy value (kilowatt-hours) is the value that makes the real difference. The 
energy value is the one you should concern yourself with the most because 
it’s what people are consuming and you’re selling. All PV projects are driven 
by a budget, and kilowatt-hours can be directly converted into dollars and 
cents. For example, if a PV array is installed in a location that doesn’t allow it 
to produce enough energy (kilowatt-hours) on a consistent basis, the owner of 
that system will have to continue buying energy from someone, generally the 
utility. If that array were in a great location, it could produce a lot of energy, 
and the system owner would benefit from lower energy bills from the utility.

Relating power to current, voltage, and 
resistance with the power equation
The power equation is relatively simple and much like Ohm’s Law (which I 
present earlier in this chapter). In fact, it’s really an extension of Ohm’s Law 
because it relates voltage, current, and power.

 You use the power equation when determining the power output of your PV 
array when you’re given the voltage and current specifications and when you 
want to figure out the amount of current your inverter will produce when the 
operating voltage and power value are known. You can also use the power 
equation to figure out voltage.

I like to present the power equation as you see it in Figure 3-5. Power is rep-
resented by P, current by I, and voltage by E. You need to know two of the 
values in order to calculate the third. See? Easy as pie.

 

Figure 3-5: 
A diagram 

of the power 
equation.

 

P

I E
The easiest way to use Figure 3-5 is to cover up the value you want to find. 
What you’re looking at tells you how to do the math. For example, if you want 
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to find power, cover the P and you have I next to E. Mathematically, you can 
view this as follows:

Power = Current × Voltage (P = I × E)

If you’re after current, cover the I and you have P over E, or mathematically:

Current = Power ÷ Voltage (I = P ÷ E)

And, of course, if you want to figure out voltage, cover the E and you get P 
over I, which looks like this:

Voltage = Power ÷ Current (E = P ÷ I)

Figure 3-6 is a common graphic used to relate current, voltage, resistance, 
and power; it combines Ohm’s Law and the power equation. To use this 
chart, choose the value you want to calculate from the four options at the 
center of the circle. Using your two known values, apply the calculation 
shown to obtain your answer.

For example, if you want to determine current flow (amps) through the wires 
in a 3,000 watt (3 kilowatt) PV system that operates at 200 volts, just check 
out Figure 3-6 to see that you need to divide power by voltage:

3,000 watts ÷ 200 volts = 15 amps (P ÷ E = I)

You can also use Figure 3-6 to determine the amount of power any load in 
a home will consume. For example, if a television requires 120 AC volts and 
draws 3 amps, consult Figure 3-6 to determine that you can calculate the 
power draw by multiplying voltage by current:

120 volts × 3 amps = 360 watts (V × I = P)

 

Figure 3-6: 
Ohm’s 

Law and 
the power 

equation 
combined 

into one.
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Calculating energy in terms of watt-hours
After you know the number of watts a PV array can produce or the number of 
watts various loads will consume, keeping in mind that wattage is a rate, you 
can determine the energy production or consumption, which is measured in 
watt-hours (Wh). To do that, you need to know the number of hours the PV 
array will be operating or the load will be in use. Multiply this time value by 
the power draw to find the quantity of energy. Here’s the equation:

Power in watts or kilowatts (W or kW) × Number of hours = Energy in 
watt-hours or kilowatt-hours (Wh or kWh) 

So if I say that my PV array is rated at 3,000 watts (3,000 watts = 3 kilowatts = 
3 kW) and the sun is out for 6 hours, then the energy produced would be:

3 kilowatts (kW) × 6 hours = 18 kilowatt-hours (kWh)

 There’s a big difference between watt-hours (Wh) and kilowatt-hours (kWh), 
so be sure to always keep your units straight. If you’re in too much of a hurry, 
you’ll inevitably confuse the two and end up with some very funny numbers.

Note: This example is a big-picture view, but it’s not entirely accurate 
because no system losses have been taken into account.

You can also calculate energy in terms of watt-hours in order to figure out 
what various loads consume each day. For instance, if a television draws 360 
watts and the screen is on 2 hours a day (regardless of whether anyone is 
really watching it), then the television will consume

360 watts (W) × 2 hours = 720 watt-hours (Wh)

I show you how to take these energy calculations and apply them to sizing 
grid-direct systems in Chapter 11 and battery-based systems in Chapter 12.

Introducing amp-hours, a 
companion to watt-hours
If you’re using batteries, you should know that they’re rated in terms of amp-
hours (Ah) rather than watt-hours because you’re focusing on the current 
flow. As I explain in the earlier “Understanding amps” section, the term amps 
represents a flow of electrons at a certain rate. By multiplying that rate by a 
certain amount of time, you get the following formula:

Amps (A) × Hours = Amp-hours (Ah)
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Amp-hours describe a quantity just like watt-hours do. Current is a rate, just 
like power, so all the term amp-hour means is the quantity of electrons that 
are available to do some work.

The conversion between watt-hours and amp-hours is a pretty simple one. 
Simply divide the watt-hours value by the voltage value to find the amp-hours 
value. The answer lies in the power formula that I describe earlier in this 
chapter.

 If you’re wondering why I want you to use the power equation for finding amp-
hours, which is an energy value, allow me to explain. Amp-hours aren’t truly 
an energy measurement; only watt-hours are because they include a voltage 
component. What you know from the power equation is the relationship of 
power, voltage, and current. So to switch between watt-hours and amp-hours, 
you need to know the voltage. By dividing watt-hours by a voltage value, you 
wind up with the amp-hours you’re looking for. Here’s the equation:

Watt-hours (Wh) ÷ Voltage (V) = Amp-hours (Ah)

Technically this equation isn’t the same as the power equation, but you’re 
applying the same principles, so it makes sense to think of using the power 
equation as the way of calculating amp-hours.

Wrapping Together Current, Voltage, 
Resistance, Power, and Energy

Don’t read this section until after you’ve digested all the terms in the 
previous sections. Why? Because this section is intended to serve as an 
all-encompassing review of electricity basics, not an introduction to the 
concepts. In this section, I use multiple analogies to help convey electrical 
concepts because thinking about things you can touch and feel is generally 
easier than thinking about something as intangible as electricity. Well, what 
are you waiting for? A list of helpful analogies awaits.

Imagine that you’re taking a long road trip with your buddies. Like any good 
traveler, you decide to push the limits of both the car and everyone in it. 
Naturally, you run out of gas short of the next gas station. And just to add to 
the fun, you’re out of cellphone range and have to push the car to the next 
station. You can apply the electrical terms from the previous sections to the 
process of pushing the car:

 ✓ The voltage is the pressure you exert on the back of the car to move it 
down the road.

 ✓ The amperage is the number of steps you take every minute.
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 ✓ The resistance is the number of people who are sitting in the car refus-
ing to help push — after all, it was your fault. (Yes, the resistance would 
also include friction, but just play along with me for now.)

 ✓ The wattage is the car’s rate of speed creeping down the road.

 ✓ The watt-hours is the total distance traveled after pushing the car for 
some time.

 ✓ The amp-hours is the number of steps you take in an hour.

You can apply Ohm’s Law and the power equation to this scenario to see how 
all of these values play a role in getting the car to the gas station. If five people 
are in the car and you’re the only one who’s pushing initially, Ohm’s Law states 
that the amperage is equal to the voltage divided by the resistance. So with 
only one person pushing and four people sitting, the amperage will be small:

I = E ÷ R

I = The pressure of 1 person pushing ÷ The resistance of 4 people sitting

As your friends begin to realize that they’re going nowhere fast, they get out 
of the car (reducing resistance) and start pushing (increasing voltage). This 
in turn increases the number of steps taken each minute (amperage).

Now that you have a voltage and amperage value, you can calculate how fast 
the car is moving (wattage) by multiplying the two together (thanks to the 
power formula). If you time yourself, you can figure out how far you moved the 
car (watt-hours). And if you really want to impress your buddies later, you can 
tell them all how many steps they took (amp-hours) because you know how 
many steps were taken each minute and how many minutes everyone pushed.

Another Electricity Concept: 
Circuit Configurations

When you’re wiring up a PV array (or battery bank), you must configure it 
in a way that the delivered voltage and current values are at the levels you 
need. I walk you through the process of determining these values in Chapters 
11 and 12. In the following sections, I help you understand how voltages and 
current levels are affected based on the wiring configuration used, with a 
little assistance from the power formula I provide earlier in this chapter.

Note: To keep things simple, I focus on the DC side of the systems here and 
show you both PV modules and batteries. The values I use are for reference 
only; they aren’t absolutes by any means.
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Series
Series connections are made by connecting the positive wire from one 
module to the negative wire of the next module. By taking a group of modules 
and placing them all in a series, you create a series string of modules.

 Many people like to refer to creating series connections as daisy chaining the 
modules. A more common, industry-accepted way of describing this process is 
to say you’re stringing the modules together.

These series strings, or simply strings, can be as few as 2 modules or greater 
than 20. The exact number depends on the PV modules, the components 
they’re connected to, and the restrictions from the National Electrical Code® 
(NEC®). If I were to take five modules and place them all in series, I’d call the 
result one string of five.

When making series connections, the voltage values are additive, and the cur-
rent values remain the same. If you look at Figure 3-7, you see five modules all 
wired in series. Each one is rated at 12 V and 4 A. If I were to put my DMM on 
the positive end of the first module and the negative end of the last one, I’d get 
a reading of 60 V (5 modules × 12 V per module). If current was flowing from 
the PV array and I placed my amp meter in the circuit, I’d see 4 A on my meter.

Now that you know the voltage and current vales for the string, you can cal-
culate the power output with the help of the power formula I provide earlier 
in this chapter:

60 volts (V) × 4 amps (A) = 240 watts (W)

 

Figure 3-7: 
Five PV 

modules 
wired in 

series.
 

+−
+−
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Parallel
The number of modules that can be placed in series will be limited at some 
point, so if you need to create more power than one string can provide, you 
must place strings parallel to each other. Parallel connections are comple-
mentary to series connections: The positive wire from one module is con-
nected to the positive wire of the next module; likewise, the negative wires 
are connected to each other.

The electrical characteristics for parallel connections also complement 
those of series connections. When modules are placed in parallel, the voltage 
remains constant, and the current values are additive. See Figure 3-8 for an 
example of five modules wired in parallel.

 

Figure 3-8: 
Five PV 

modules 
wired in 
parallel.

 

+−+
−

+

−
Inverter

+
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−+
−

The modules in Figure 3-8 are the same as the modules used in the series 
example in the preceding section — each module is rated at 12 V and 4 A. If 
you were to take your DMM and measure the total voltage output, you’d see 
12 V on your meter. If you then switched and checked the current value, you’d 
see 20 A (5 modules × 4 A per module). The power output in parallel is the 
same as it was in series (as you find out with the help of the power formula):

12 volts (V) × 20 amps (A) = 240 watts (W)

 So which type of connection is better: series or parallel? It really just 
depends. The voltage and current ratings of the components you connect the 
modules to dictate the configurations, and the performance issues round out 
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the decision-making. In terms of which is better for power output, it doesn’t 
matter. Five modules in series and five modules in parallel, for example, pro-
duce the exact same amount of power.

Series-parallel
Most PV systems boast a combination of series- and parallel-connected 
arrays. Figure 3-9 shows how a sample PV array would be connected if you 
wanted two strings of five modules in parallel.

 

Figure 3-9: 
PV modules 

wired in 
a series-

parallel 
configura-

tion.
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First, the strings of modules are wired together in series to increase the 
voltage. After that, the two strings are wired in parallel in order to increase 
the current output. The result is an array with the following characteristics 
(based on the power equation):

5 modules in series × 12 volts per module = 60 volts

2 strings in parallel × 4 amps per string = 8 amps

60 volts (V) × 8 amps (A) = 480 watts (W)
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Chapter 4

Warming Up to the Solar Resource
In This Chapter
▶ Understanding solar radiation

▶ Seeing the effects of the sun’s path

▶ Making the most of the solar resource with proper module placement

Akey consideration in the overall performance of any PV system is how 
the installed system can use the sun’s energy most effectively. For the 

array to perform at its best, you need to install it so that it has access to as 
much energy as possible. Because sunlight is the “fuel” for any PV array, 
you want to make sure your arrays have full access to as much of the solar 
resource (the sunlight striking your site) as possible. Having a fundamental 
understanding of the relationship between the sun and earth allows you to 
properly site the PV array.

In this chapter, I introduce you to the different forms of solar radiation and 
how they affect the production of a PV array. I also present you with the keys 
to understanding how the sun’s path affects your location. Finally, I give you 
language to use when describing the exact positioning of PV modules in rela-
tion to the solar resource.

Note: I don’t expect you to become an astronomer or dissect solar radiation 
into its different energy values after reading this chapter. I just want you to 
focus on the crucial concepts that’ll affect your everyday decisions when it 
comes to installing any PV array.

High (Or Low) Energy: Solar Radiation
Solar radiation is the term I use to describe the energy that’s sent to the 
earth from the sun. Having a good understanding of solar radiation is vital 
because solar radiation is the driving force for all PV systems. In the follow-
ing sections, I get you familiar with the various components of the radiation 
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that affects PV modules and help you differentiate between the power and 
energy values that come from it. I also explain how you can use readily avail-
able tools to evaluate the amount of energy received from the sun in the area 
where you’re working.

Distinguishing between direct radiation 
and diffuse radiation
The sun, that great nuclear reactor in the sky (and here you thought I 
wasn’t going to acknowledge nuclear energy’s role in the need to address 
the world’s power sources), is constantly hurling radiation toward earth. 
Approximately eight minutes after that radiation leaves the sun, the surface 
of the earth is assaulted by it. The exact amount of radiation and how you 
describe it depends on the planet’s atmospheric conditions. On a clear day, 
there’s little to interfere with the radiation; on a rainy day, the cloud cover 
greatly reduces the radiation that can reach you.

 When you work with PV systems, two main components of the sun’s radiation 
dominate your attention: direct and diffuse radiation. Both contribute to the 
overall radiation levels on earth, but it’s important to remember that they’re 
two separate pieces (see Figure 4-1 for a representation of these radiation 
components).

 ✓ Direct radiation: The direct radiation from the sun isn’t intercepted as it 
travels from the sun to the earth’s surface. It therefore makes the great-
est contribution to a PV array and has the biggest effect on the array’s 
ability to convert sunlight into electrical energy. On clear, sunny days, 
the vast majority of the solar radiation experienced is in the form of 
direct radiation.

 ✓ Diffuse radiation: The sun’s diffuse radiation takes a more roundabout 
path to the earth. Typically clouds, water vapor, dust, and other small 
airborne particles block and scatter the diffuse radiation’s path to the 
planet’s surface. The diffuse component of solar radiation therefore 
plays a minor role in the power output of a PV module. However, on 
days when clouds cover the sky, all the radiation is in the form of diffuse 
light without any direct radiation component.

  Another form of diffuse radiation, albedo radiation (or reflectance), is 
part of the solar radiation at a site. It’s light that’s reflected from physi-
cal surroundings, such as a roof or the ground, and put back into the 
atmosphere as diffuse radiation.

The total global radiation received at a given site is the sum of the direct, dif-
fuse, and albedo components.
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Figure 4-1: 
Direct 
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radiation.
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 To help you better understand solar radiation, think of it as money coming 
into your possession: Direct radiation is like the money you get from your pay-
check, and diffuse radiation is like the money you get from an interest-bearing 
savings account. On days when you get a lot of work (the sunny days), your 
paycheck (direct radiation) is the major contributor to your bankroll; the sav-
ings account interest (diffuse radiation) contributes only a small amount. On 
the days when work is lean (those dark, gray days), your paycheck may con-
tribute very little, if at all, to your wallet, whereas the savings account interest 
still contributes a small amount to your net worth.

 One measurement that affects the solar radiation striking the earth is air mass, 
or the amount of atmosphere the radiation must pass through to reach the 
earth’s surface. You don’t need to spend too much time on the subject, but 
keep in mind that PV module manufacturers use a standard air mass value 
when rating their modules.

Determining the intensity of 
solar radiation: Irradiance
After you know a little bit about the components of the radiation coming from 
the sun (which I share in the preceding section), you can throw some num-
bers into the mix. The term for the intensity of the solar radiation striking 
the earth is irradiance, and it’s a measurement of power over an area (power 
is the rate of the flow of energy; jump to Chapter 3 if you need a refresher 
on power and other electricity basics). The standard units associated with 
irradiance are watts per square meter (W/m2), but you can also easily refer to 
them as kilowatts per square meter (kW/m2).
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The amount of irradiance striking a PV module at any given moment is 
affected by a number of factors, including the location of the module, its posi-
tion relative to the sun, the time of year, and the weather conditions. I cover 
most of these factors later in this chapter; in the next sections, I explain the 
irradiance-related basics that you need to know.

Recognizing special conditions that can affect irradiance
Some common occurrences increase the irradiance levels striking PV modules:

 ✓ Albedo radiation: Also known as reflectance, albedo radiation comes 
from light-colored materials, such as snow or a white roof, in the array’s 
vicinity. Increases due to albedo radiation generally aren’t extreme, but 
they can have a measurable impact, with increases as much as 5 to 10 
percent (see the earlier “Distinguishing between direct radiation and dif-
fuse radiation” section for an introduction to albedo radiation).

 ✓ The edge-of-cloud effect: This is where a cloud passes over the PV array 
and prevents the sun from striking the array. As the cloud moves past 
the sun, the edges of the cloud actually concentrate the solar radiation 
and increase the irradiance values on the array. These occurrences are 
generally short-lived (the longest one I’ve ever seen recorded was 15 
minutes), but they can increase the irradiance by more than 25 percent.

 So should you try to increase irradiance through the use of mirrors or other 
reflective surfaces? The short answer is no. PV modules have been manufac-
tured to operate without these enhancements. Adding them actually causes 
modules to deteriorate faster than normal, so the net effects are a shorter life 
span and a smaller energy output.

Checking out charts to see irradiance differences
One way to really tell the difference between irradiance on sunny versus 
cloudy days is to examine charts that measure all the irradiance values, like 
the ones in Figures 4-2 and 4-3 (the values shown are in W/m2).

 ✓ As you can see in Figure 4-2, the irradiance levels for a location on a 
perfectly cloudless day look a lot like a haystack curve. The irradiance 
values are at 0 W/m2 at night and begin to climb as the sun rises in the 
sky. The irradiance values peak at solar noon and then decrease as the 
sun starts its descent to sunset. (Notice how the y-axis of the graph, 
which represents the irradiance values, doesn’t have any numbers asso-
ciated with it? That’s because this graph is just meant to show you the 
typical look of the irradiance values over the course of one day.)

 ✓ In contrast, Figure 4-3 shows that the irradiance levels on a partially 
cloudy day are much more erratic. The amount of irradiance measured 
moves up and down, indicating the movement of clouds between the 
sun and the array.
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Figure 4-2: 
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Figure 4-3: 
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Relating current and voltage to irradiance
PV modules produce current (the flow of electrons) and voltage (the pressure 
that makes electrons move) when exposed to sunlight and the electrons are 
given a path to flow in. Although voltage isn’t greatly affected by irradiance, 
current is directly dependent on irradiance. As soon as ambient light is present 
(at sunrise or even during a cloudy day), the PV module will have nearly full 
voltage present. Current, on the other hand, will vary throughout the day as 
the irradiance values increase and decrease.
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 The exact amount of current produced by a module is directly proportional to 
the irradiance level. The brighter the sun is (high irradiance), the more current 
will flow. So when you’re inevitably asked whether PV works under cloudy con-
ditions, know that the answer is (a qualified) yes. Because the irradiance levels 
are so low on cloudy days, very little current is produced, which means the PV 
module can provide only a little power on cloudy days (this is true whether the 
PV system uses batteries or is connected directly to the utility).

 As I explain in Chapter 6, all PV modules report their voltage and current 
levels at standard test conditions (STC). For irradiance, this value is 1,000 W/
m2, and it’s often given the name peak sun. You can think of peak sun as the 
intensity of the sun at sea level on a nice, sunny day. It isn’t the maximum 
irradiance you’ll ever see, but it is a point on the chart. (Actually, you have no 
control over the amount of irradiance striking the modules, which is why you 
must add some safety factors when sizing conductors and safety components; 
refer to Chapter 13 for the details on this.)

Measuring irradiance with a pyronometer
You can measure irradiance on the job site to estimate the current value from 
the module or array and compare that to the actual current measurement you 
make with a digital multimeter (see Chapter 3 for details on measuring cur-
rent). Irradiance measurements are used most often for data collection and in 
troubleshooting applications. Because the amount of current flowing from the 
array is directly related to the irradiance, by measuring and comparing both, 
you can quickly determine whether the PV array is performing to expectations. 
I show you how to make this comparison in Chapter 6.

 Never try to measure irradiance without a pyronometer. You’ll do a horrible 
job if you try and “eyeball” it. Pyronometers allow you to point the meter in 
any direction and obtain a numerical value of the irradiance. You can buy 
a small hand-held unit for about $150, or you can invest in a high-accuracy 
meter (like the kind used in laboratory environments) for thousands of 
dollars. Personally, I recommend the less expensive kind, especially if the 
pyronometer is going to live in your toolbox.

To use a pyronometer, simply turn the device on, place the sensor in the 
same plane as the array, and read the meter. Keep in mind that the sensor 
consists of a small PV cell that has been calibrated at the factory. It may not 
be the most accurate tool, but it’s a handy device for what you need.

Calculating solar radiation 
energy: Irradiation
A successful PV system designer and installer not only knows how to track 
irradiance levels over the course of the day (I cover irradiance earlier in this 
chapter) but also how to calculate the energy values from the solar radiation 
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at the site. These energy values are referred to as irradiation and are based 
directly on the irradiance levels received. You use irradiation values to help 
figure out how much energy a PV array will produce at a particular site.

As I explain in Chapter 3, energy is determined by multiplying power (mea-
sured in either watts or kilowatts) by a duration of time, typically an hour. 
Consequently, energy is typically measured in kilowatt-hours (kWh). The 
power received from the sun is measured in W/m2, but with a quick conver-
sion (1,000 W = 1 kW) you can transform that into kW/m2. If you take that 
power value and multiply it by the number of hours that receive that much 
irradiance, the result is kWh/m2.

However, as you can see if you refer to Figures 4-2 and 4-3, irradiance values 
aren’t constant for hours at a time. In fact, they can change with the blink of 
an eye, which leads to the following question: If the irradiance values are only 
constant for seconds, or minutes at best, how am I supposed to take that 
information and turn it into kWh/m2, which is the energy value I really need?

Love it or hate it, the answer lies in calculus. What you’re really after is the 
area beneath the curve, and you can find it with a few quick calculations. 
If you’re a calculus-hater, you’re in luck — I don’t mess with any advanced 
math here. That’s because the good folks at the National Renewable Energy 
Laboratory (NREL) have done the hard work of calculating areas beneath 
curves and have broken down the results into a single number for easy use.

Take a look at Figure 4-4. It’s actually the same irradiance curve as the one 
I present in Figure 4-2 for a perfectly cloudless day, with the exception of a 
square box drawn over the curve. This box represents the equivalent area 
covered by the curve. In other words, the NREL has turned a curve into a 
box. As I show you later in this chapter, the NREL publishes this information 
for a number of locations for your reference.

With the area beneath the curve represented as a box, you have one irradiance 
value to use and an easily defined number of hours. Now you can simply take 
the irradiance value, multiply it by the number of hours, and find the energy 
value (yes, that’s right — irradiation). For example, if the top of the box inter-
sects the irradiance line at 850 W/m2 and the number of hours is equal to 4, 
then you can calculate the energy received at this location as follows:

850 W/m2 × 4 hours = 3,400 Wh/m2 = 3.4 kWh/m2

Just for a day: Peak sun hours
Typically, irradiation values have an associated time period, such as 
the number of kWh/m2 over the course of a day, month, or year. As a PV 
designer, plan to look at all of these periods, but focus on the daily values.
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The amount of solar energy received at a particular location each day is 
measured in terms of the energy per unit area per day (kWh/m2/day). The 
PV design lingo for this numerical value is the number of peak sun hours or 
insolation. In the sections that follow, I explain how to use peak sun hours 
to determine a PV array’s energy output and point you toward some handy 
charts and maps that list peak sun hours.

 The terms peak sun hours and insolation are used interchangeably because 
both refer to the solar energy received at a site over the course of one day. 
They’re also both measures of irradiation (solar energy), but they have a spe-
cific time value (one day) associated with them.

Using peak sun hours to calculate energy output
In the earlier “Relating current and voltage to irradiance” section, I tell you 
that the term peak sun refers to an irradiance value of 1,000 W/m2. Well, the 
number of peak sun hours describes the number of hours each day that the 
irradiance value equals 1,000 W/m2.

You probably don’t even have to refer to Figure 4-4 to remember that the sun 
doesn’t just pop up over the horizon, go to 1,000 W/m2, and sit there all day. 
At times, the irradiance values will be very low; other times, they’ll be very 
high. The number of peak sun hours is merely an estimation of the amount 
of time each day that the irradiance is equal to a peak sun. And because PV 
models are rated for their output under peak sun conditions, the number of 
peak sun hours each day indicates how many hours each day the PV array 
will operate at its full power output.
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I think an example, complete with numbers, would be a good idea here. To 
start, divide your insolation value by peak sun to get a number of hours per 
day. Check out the example in the earlier “Calculating solar radiation energy: 
Irradiation” section, where the box in Figure 4-4 intersects the irradiance line 
at 850 W/m2 and the amount of time is 4 hours. The result of the equation is 
3,400 Wh/m2 of energy (or 3.4 kWh/m2). Because this measurement was taken 
during a single day, it’s actually an insolation value (3.4 kWh/m2/day). By 
dividing that value by one peak sun (1,000 W/m2, which is equal to 1 kW/m2), 
you get the number of hours each day that the PV array will operate at its 
rated output.

3.4 kWh/m2/day ÷ 1 kW/m2 = 3.4 hours/day

You then multiply this number of hours by the power value of a given array 
to figure out the expected maximum energy output. So if I have a 3 kW array 
on my house and the number of peak sun hours today is 3.4, I can calculate 
the expected energy output by multiplying the two together.

3 kW array × 3.4 peak sun hours = 10.2 kWh of energy

Note: The number of peak sun hours varies with a number of factors, most 
notably the time of year and your position on the globe. I show you more 
details on these effects later in this chapter.

Referring to handy charts and maps
After you know how to make calculations using peak sun hours, how do you 
know precisely what peak sun hour numbers to use for your client’s area? 
NREL to the rescue! You can find peak sun hours data for more than 200 U.S. 
locations on the NREL Web site at rredc.nrel.gov/solar/pubs/redbook. 
Granted, other sources of peak sun hours data are out there and you can 
spend a lot of time dissecting all of them, but I show you the NREL data so 
you can acquire a fundamental understanding.

In Figure 4-5, you see an example of the data set NREL publishes in its Solar 
Radiation Data Manual for Flat-Plate and Concentrating Collectors. (Nicknamed 
“the NREL Redbook,” this resource also has a good introduction to help you 
better understand all the terms the Redbook uses in its charts.) Although all 
the values shown are based off of arrays that point true south, these tables 
also list multiple solar resource values based on the tilt of a PV array that’s 
positioned on a horizontal surface rather than a vertical one. On the left-hand 
side of Figure 4-5, you see 0°, Latitude –15°, Latitude, Latitude +15°, and 90°. 
Latitude –15° means the tilt angle of the PV array off of the horizontal is equal 
to the local latitude minus 15°. (I get into the details of these values later in 
this chapter. For now, just focus on the fact that the PV array is moving from 
flat to vertical as you look down the far-left column.)
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Figure 4-5: 
An example 

of NREL 
peak sun 

hours data.
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As you move horizontally across any of these different tilt-angle designations, 
you see numerical values for the number of peak sun hours for each month. 
The unit for these values is kWh/m2/day, or peak sun hours. Think of it as the 
average number of hours each day of that month when your PV array will 
operate at its rated output.

 If you keep moving to the right along any row, you see that the last value is the 
average peak sun hours for the year for an array at that particular location. 
You can quickly compare this value among all the tilt angles listed to get an 
idea of the best tilt angle for an array at the client’s specific location. (I tell you 
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all about tilt angles later in this chapter and about evaluating your client’s site 
in Chapter 5.)

 As a general rule, the number of peak sun hours increases as you move from 
winter to summer and then begins to decrease again as you move back toward 
winter. The exact amount of change is dependent on the tilt angle of the array 
and the latitude.

You can get an idea of the peak sun hours available across the United States 
in Figure 4-6. As you can see, the greatest amount of peak sun hours occurs 
in the southwest, and the numbers decrease as you move north. This chart 
can help you generalize and compare your location to others, but you should 
only use it to create a rough estimate of your location. You always need to 
look up the specific site you’re working in to make an accurate energy-
production estimate.

 

Figure 4-6: 
An insola-

tion map of 
the United 

States.
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Examining the Effects of the 
Sun’s Path on the Earth

To succeed as a PV system designer and installer, you need to have a firm 
grasp on the relationship of the sun and the earth, particularly in terms of how 
they’re positioned relative to each other throughout the calendar year. For 
someone in northern Alaska, these changes are much more dramatic than for 
someone in Hawaii, but you need to understand the concepts regardless.

In the following sections, I describe general seasonal effects based on the 
earth’s movement, the sun’s relationship to your client’s specific location, 
and solar time; I also explain how to analyze sun charts and introduce the 
solar window.
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Getting a grip on seasonal effects
The number of daylight hours each day has an obvious effect on a PV array’s 
production: More sun means more solar energy. As a PV installer, you need 
to be able to visualize how the position of the sun changes with each season 
and the effect that has on the arrays you’re designing and installing. In other 
words, you need to be able to take seasonal effects into account.

One important factor to consider is the motion of the earth around the sun. 
Earth takes an elliptical path around the sun, meaning that on the summer 
solstice (approximately June 21), the earth is actually at its farthest point 
from the sun. On this day, the Northern Hemisphere is tilted toward the sun, 
and that half of the world has its longest day (and shortest night) of the year. 
Time moves on, and the earth continues to orbit the sun. On the winter sol-
stice (approximately December 21), the planet is as close to the sun as it’ll 
ever get; on this day, the Northern Hemisphere is tilted away from the sun, 
creating the shortest day and longest night.

The other factor to consider when it comes to seasonal effects is the tilt of 
the earth’s axis. When viewed from space, the earth’s axis has a tilt of 23.5 
degrees. Because of this tilt, during the times between the spring equinox 
(approximately March 21) and the fall equinox (approximately September 
21), the Northern Hemisphere is actually pointing toward the sun, whereas 
the Southern Hemisphere is pointed away from it (see Figure 4-7). As the 
earth’s orbit continues toward winter, the hemispheres swap their positions, 
so the Northern Hemisphere points away from the sun, and the Southern 
Hemisphere points toward the sun. On the equinoxes, the earth isn’t pointing 
toward or away from the sun; instead, it’s directly perpendicular with it.

 

Figure 4-7: 
The earth’s 
movement 

around 
the sun.
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Take a look at Figure 4-8 and pretend that your perspective of earth is the 
same as the sun’s (doing so helps you visualize how the tilt of the earth 
affects the amount of sunlight striking any part of the earth). Notice how 
the tilt during the winter and summer restricts the sun’s access to the hemi-
spheres that are pointed away from the sun and how the sun has full access 
to the entire globe on the equinoxes.

 ✓ On the summer solstice, the sun is directly over the Tropic of Cancer in 
the Northern Hemisphere, where the latitude equals 23.5 degrees. This 
is the date when the Northern Hemisphere receives the most sunlight.

 ✓ On each of the equinox dates, the sun is directly perpendicular to the 
equator. On these dates, the earth receives equal hours of light and 
darkness because it’s pointed neither toward nor away from the sun.

 ✓ Finally, on the winter solstice, the Northern Hemisphere experiences 
its longest night of the year and shortest day because the North Pole is 
pointed 23.5 degrees away from the sun, and the Tropic of Capricorn in 
the Southern Hemisphere is perpendicular to the sun.

 

Figure 4-8: 
How earth’s 

tilt affects 
the amount 
of daylight 
on the sol-
stices and 

equinoxes.
 

Summer solstice

(as viewed from the sun)

Winter solstice

(as viewed from the sun)

Tropic of Cancer
Northern

Hemisphere
tilted toward
sun by 23.5˚

Equator

Fall or spring equinox

(as viewed from the sun)

Equator

Earth tilted to
either side

Zero solar
declination

Tropic of
Capricorn

Northern
Hemisphere
tilted away from
sun by 23.5˚

Equator

08_598931-ch04.indd   6908_598931-ch04.indd   69 8/2/10   10:49 AM8/2/10   10:49 AM



70 Part I: Here Comes the Sun: Shedding Some Light on PV Systems 

Understanding the sun’s relationship to 
your location: Altitude and azimuth
As I show you in the preceding section, the motion of the sun across the sky 
is due to the tilt of the earth in relationship to the sun and the path the earth 
takes around the sun. (Yes, I know the sun is the stationary object, and the 
earth is actually orbiting the sun. But for simplicity’s sake, I refer to the sun 
moving across the sky and how the sun’s position changes.) In the next sec-
tions, I show you how these facts relate to where you sit on earth because as 
a PV system designer and installer, that’s what you really care about.

 When talking about the sun’s position in the sky, I use a couple key terms: alti-
tude and azimuth. The altitude refers to how high in the sky the sun actually 
is, and the azimuth describes where the position is in relation to north. (Check 
out Figure 4-9 to get an idea of what I’m talking about.)

 

Figure 4-9: 
Altitude and 

azimuth.
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You’re probably well aware that the angle of the sun off the horizon varies 
throughout the year. The amount of variation is consistent across the globe, 
with the exact measurement dependent on the time of day and your specific 
latitude on the earth.

 Latitude is defined as the number of degrees north or south of the equator. 
Your latitude affects where the sun is positioned in the sky throughout each 
day (relative to your position, that is). I explain how to visualize these solar 
positions with the help of sun charts later in this chapter.

To view the changes in the solar altitude, picture yourself standing on the 
equator for an entire year (I suggest picturing yourself with your favorite 
cold beverage in hand because a year can be a long time). On the spring 
equinox, the sun is directly overhead, or 90 degrees from your perspective. 
As the earth continues to orbit the sun, it moves toward the summer solstice. 
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When it gets to June 21, the sun is no longer directly over your head; it has 
actually moved 23.5 degrees to the north. As the earth continues its path, it 
comes back around to the fall equinox, and the sun is directly overhead once 
again. And as you can probably figure out by now, when the earth moves to 
the winter solstice position, the sun is now 23.5 degrees to the south of your 
location on that day. By the time the earth gets back to March 21, your year 
is over, and the sun is again directly overhead.

 You can now apply this motion and sun-to-earth relationship for any latitude 
on earth. The position directly over your head is known as the zenith angle, 
and it has a numerical value of 90 degrees. The sun’s highest altitude on each 
and every equinox is the zenith angle (90 degrees) minus the latitude you’re 
standing at. Alternatively, the sun is at a position of 23.5 degrees greater than 
the equinox position on the summer solstice and 23.5 degrees less than the 
equinox position on the winter solstice (in the Northern Hemisphere, that is; 
in the Southern Hemisphere, the calculations are the same except that the 
summer solstice down there is December 21 and the winter solstice is June 
21). If you’re having trouble with this concept, head to the later “Interpreting 
sun charts” section; the charts really help drive this point home.

Azimuth
Just as the sun has a position in the sky based off of the horizon (altitude), it 
also has a position in the sky that moves from east to west. This position is 
known as the solar azimuth, and it has a steady movement on a daily basis.

The earth rotates around its own axis once every day, or once every 24-hour 
period. Because a full rotation of the earth measures 360 degrees, the motion 
of the sun is 360 degrees divided by 24 hours, which equals 15 degrees per 
hour. So over the course of an hour, the motion of the sun from east to west 
is 15 degrees.

 Typically, north is considered the zero point, and the number of degrees the 
sun is from that point gives you the azimuth angle. The zero point is true 
north (I go over true north and south versus magnetic north and south in 
Chapter 5). Using this convention, when the sun is at a position directly to the 
east of your location, it can be described as having an azimuth of 90 degrees. 
If it’s directly to the south of your position, it has an azimuth of 180 degrees. 
And when it moves due west of you, it has an azimuth of 270 degrees.

 With this convention, you don’t need to give a direction as well as the number 
of degrees because the numerical value tells the whole story. Not all sources 
use this convention though. Some use south as the zero point and require 
you to designate the direction (east or west) along with a numerical value to 
describe the position of the sun along the horizon. I find it easiest, however, 
to keep the convention with zero being north, east at 90 degrees, south at 180 
degrees, and west at 270 degrees.
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Ticking off solar time
One point worth noting is the difference between solar time and clock time 
because the two very rarely match. When looking at your client’s location, 
you care about locating the array based on solar time, not necessarily the 
time on your watch. The sun (and lucky ol’ Arizona and Hawaii) doesn’t have 
a clue about daylight saving time; it operates solely on solar time.

 Jumping from clock time to solar time when you’re in the field isn’t a crucial 
task. You need to be aware of the distinction, though, especially when you’re 
discussing the solar window (which I fill you in on later in this chapter) and 
how that window relates to your client’s site. In Chapter 5, I explain how to 
appropriately apply this window.

Interpreting sun charts
Sun charts allow you to figure out how the sun’s path looks on paper. You 
can use them to pinpoint the sun’s location at any time of day and any time 
of year, which is helpful when you’re evaluating a particular site for potential 
shading issues. The sun charts in this section are the basis for the shading-
analysis tools I describe in Chapter 5, so don’t skip over this material.

 The solar resource available at a location is affected by that location’s posi-
tion on the globe, the time of year, and the local climate. However, the path 
of the sun may look exactly the same in two very different locations. For 
example, from where I sit in Oregon, the path of the sun on a daily basis will 
appear identical to someone in Milwaukee, Wisconsin, because we’re sitting 
at similar latitudes, but the exact number of peak sun hours (solar energy) we 
experience each day will be different because of the differences in our weather 
patterns. So I may not notice any differences in the days when I go to watch 
the Milwaukee Brewers play some baseball, but if I bring my PV array with me, 
it’ll probably perform differently than it does back home in Oregon.

Figure 4-10, the sun chart for 30 degrees north latitude shows a typical sun 
path. The curves represent the path of the sun across the sky for various 
times of the year. The tallest curve is the path of the sun on the summer 
solstice, the middle curve represents the equinox paths (March 21 and 
September 21), and the lowest curve is the path on the winter solstice.

 You can use a sun chart like the one in Figure 4-10 to quickly and accurately 
determine the sun’s altitude and azimuth. The azimuth angle is given along the 
x-axis, and the altitude angle is given along the y-axis. The times of day, which 
are based off of solar time (see the preceding section), are indicated by the 
dashed lines that intersect the sun paths moving east to west.
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Figure 4-10: 
A sun 

chart for 
30 degrees 

north 
latitude.
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Notice that at solar noon on the equinox dates, the altitude of the sun is 
equal to the zenith minus the latitude (90 degrees – 30 degrees = 60 degrees). 
You can further evaluate the sun chart to see that the altitude difference 
between summer solstice and the equinox at solar noon is 23.5 degrees.

See how the sun rises north of east and sets north of west during the summer 
and just the opposite during the winter? All of these parts of sun charts help 
you understand the path of the sun and describe the solar window, which is 
the basis of your solar site assessments; I introduce you to the solar window 
in the next section.

 One thing I find extremely fascinating is the fact that no matter your latitude, 
the sun rises due east of south and sets due west of south on the equinox 
dates. When you stop and think about it in terms of the earth’s relationship 
with the sun, as I describe earlier in this chapter, it makes sense. Nonetheless, 
it always strikes me as an interesting fact of life.
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Opening up to the solar window
If you think about the motion of the sun across the sky at your location, you 
can imagine it appearing at various positions over the course of a year. In 
fact, this movement is very predictable and relatively easy to represent with 
the sun charts described in the preceding section. All the points between the 
solstices can be defined as the solar window. Figure 4-11 shows the portion of 
the sky considered in the solar window.

 

Figure 4-11: 
The solar 
window.
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The path of the sun on each solstice date defines the extreme sun paths for 
a location. By defining these two paths, you know that the sun will always be 
within that “window” every day of the year. (The solar window is represented 
by the half gray, half clear arc in Figure 4-11.) As you design a PV system, 
your goal is to keep as much of that window open for the PV array as pos-
sible. If a tree or building is inside that window, the PV array will be shaded 
for some amount of time, reducing the energy output.

 The exact solar window varies based on the latitude of your client’s site, but 
it’s equally important regardless of location. Because the sun will always 
appear in the solar window over the course of a year, you need to keep this 
window clear from objects that will cast a shadow on the PV array. You don’t 
have to go to the ends of the earth to make every minute of this window clear, 
but you should plan for the window to be open three hours before and three 
hours after solar noon every day of the year. I cover how to apply this window 
when selecting a site for your client’s PV system in Chapter 5.
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Positioning PV Modules to Make 
the Most of the Solar Resource

After you know how the sun moves at your client’s location, you need to 
relate that movement to the placement of the PV modules. The angle off of 
the horizon on which the modules are mounted and the direction they’re 
pointed in reference to true north are the key factors for your installation. I 
explain some basics to know in the sections that follow; flip to Chapter 5 for 
full details on performing a site-survey analysis for a PV system.

Introducing tilt angle
Tilt angle is the number of degrees the PV modules are mounted off of 
the horizon. It’s a critical consideration in any PV system installation. 
Installations vary from nearly flat on some large commercial roofs (called 
low-slope roofs) to a very slight tilt (5 to 10 degrees) in some applications to 
vertical walls (which are at a 90-degree angle) and everything in between.

 Tilt angle is one component in the goal of pointing the PV array toward the 
sun. The exact location and angle you place the modules will likely be based 
on a combination of design considerations, including

 ✓ Aesthetics: Even though the PV nerd in me cringes to think of any sac-
rifice in energy production, the realist in me knows that if PV installa-
tions look like absolute garbage on customers’ houses, the industry as 
a whole loses. So please keep in mind the aesthetics of the final product 
before you go trying to get every last kilowatt-hour out of an array. 
Making aesthetics a priority means you may need to mount the PV array 
on a roof with a tilt angle other than the optimal tilt in order to keep the 
array from looking like an art project gone terribly wrong.

 ✓ The end goal: Another consideration is what the end goal of the PV 
system is. If the system

 • Will be used as the primary power source in an off-grid home, then 
you want to do all you can to tilt that PV array at the optimum 
value for the client’s location

 • Is a grid-direct system in suburbia, you can take a hit on production 
by installing the array at a less-than-optimum tilt to maintain a reason-
able installation because the utility will be present to help with power 
demands that are greater than what the PV array can produce

 • Resides on a commercial rooftop, you may consider keeping a very 
low tilt on the modules to help reduce structural loading on the 
facility
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Knowing about the tilt of the earth’s axis (which is 23.5 degrees) relates to 
tilt angle. How? Refer to Figure 4-5 for a refresher on the solar radiation data 
sets. In particular, look at how the tilt angle of the modules is represented in 
terms of the number of degrees off the horizontal in relation to latitude. The 
tilt angles in relation to the site’s latitude are affected in the following ways:

 ✓ If you adjust the tilt of the array by latitude minus 15 degrees, the PV 
array is perpendicular to the sun just before and just after the summer 
solstice. Because the sun is higher in the sky at these times of year, 
reducing the tilt angle of the array makes the array perpendicular to 
the sun and maximizes the array’s energy output during the summer 
months.

 ✓ If the PV array is mounted with a tilt angle equal to the local latitude, it’s 
perpendicular to the sun twice a year (on each equinox date) and very 
close to perpendicular for the weeks before and after the equinox; this 
makes the array perpendicular to the sun’s position in the sky for the 
greatest number of hours throughout the year.

 ✓ If the desire is to have the array perpendicular to the sun in the winter, 
then a tilt angle of latitude plus 15 degrees is optimum. This helps the 
array maximize energy production during the winter months.

The idea behind varying the tilt angle is to maximize the PV array’s energy 
production by pointing the array perpendicular to the sun as much as pos-
sible. So if your client needs to maximize energy production in the summer 
months (perhaps because she’s running a water pump), you should mount 
the array so the tilt is equal to a value of latitude minus 15 degrees. On the 
opposite end, if the client wants more energy production in the winter, the 
array should have a tilt angle of latitude plus 15 degrees.

 The exact tilt angle that maximizes the annual energy production varies based 
on the local climate. For most locations, the optimum tilt angle (assuming you 
don’t change it) is somewhere between an angle that’s equal to latitude to an 
angle of latitude minus 15 degrees.

 The NREL data for peak sun hours that I present earlier in this chapter can 
help you define the optimum tilt angle (see the “Referring to handy charts and 
maps” section). Simply compare the annual average peak sun hours for each 
tilt angle and see where your client’s site is maximized.

The reason for the magical 15-degree value is the fact that the sun moves 23.5 
degrees between the equinox date and the solstice date and then back again. 
By adjusting the tilt angle by 15 degrees rather than the full 23.5, you allow 
the array to be perpendicular to the sun for the days and weeks surrounding 
the time of year you’re optimizing for.
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Note: If you read almost any older textbook on the subject of PV module 
mounting and how best to determine tilt angle, you’ll see a nearly univer-
sal answer: Tilt the PV array at an angle equal to the latitude for maximum 
annual energy production. Although this would be an absolutely correct 
statement if your client’s site were always free of cloud cover and other 
weather variations, such as a lot of fog in the fall and winter, it may not be an 
absolute truth for your client’s location. In Chapter 5, I show you how to use 
some commonly available tools to help you determine the tilt angle that’ll 
serve your client best.

Orienting your array to the azimuth
Another major component to consider when planning the array location to 
maximize energy output is the orientation with respect to true north, or the 
azimuth. The best way to refer to the azimuth of an array is to refer to the 
number of degrees the array is facing with reference to true north, exactly 
the same as you refer to the sun’s position.

With this notation, the array has an azimuth of 90 degrees if it faces true east, 
180 degrees if it faces true south, and 270 degrees if it faces true west. Bear in 
mind that true east, true south, and true west don’t refer to compass direc-
tions; instead, they take magnetic declination into account. (Magnetic declina-
tion is the difference between true north and magnetic north; flip to Chapter 
5 to discover how to account for magnetic declination.) For an example of 
what I mean, look at Figure 4-12. It shows a PV module that has an azimuth 
that’s east of south. You could also say that this module has an azimuth of 
approximately 165 degrees based on how far it is from true north.

 

Figure 4-12: 
A PV mod-
ule with an 
azimuth of 
about 165 
degrees.
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Azimuth
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 Because irradiance directly affects the amount of current that a PV array pro-
duces (as I explain in the earlier “Relating current and voltage to irradiance” sec-
tion), it stands to reason that you want a PV array perpendicular to the sun (in 
other words, directly facing it) as much as possible. So generally you must point 
the modules as close to true south as possible (for installations in the Northern 
Hemisphere) or to true north (for installations in the Southern Hemisphere), but 
local weather conditions may require you to adjust that reasoning.

 In many scenarios, such as a PV array on an existing house, you as the 
installer don’t have the ability to change the azimuth of the PV array, at least 
not easily. If sufficient room is available, you may choose to place the array 
on a racking system that can track the sun (see the nearby “To track or not 
to track?” sidebar for more on this subject). But often racking the system in 
such a manner that the array’s azimuth is different than that of the house it’s 
attached to isn’t worth it. (I cover mechanical considerations in Chapter 16 
and the overall effect of nonideal array azimuth conditions in Chapter 5.)

To track or not to track?
One of the most requested items in all PV sys-
tems is a tracking system, a mechanical assem-
bly that holds the PV array and follows the sun 
throughout the day. Somewhere along the line, 
a majority of people decided that a tracking 
system is an absolute requirement for any PV 
array. They’re definitely cool and a great idea 
(plus they can increase the overall energy 
output), but an honest evaluation must take 
place before you make the call that a tracking 
system is a necessity for a particular PV array.

First, you need to consider the fact that track-
ing systems contain assemblies that move and 
will eventually fail. One of the inherent beauties 
of PV arrays is the fact that they don’t require 
moving parts — you can’t say that for many 
power-producing systems. The addition of a 
tracking system takes away from that beauty 
somewhat. Not only have PV module prices 
been dropping, but placing additional PV mod-
ules on inexpensive racking allows you to gain 

more energy than by placing a smaller array on 
a tracking system.

Second, consider that tracking systems 
increase the total energy yield of the array 
(after all, they keep the modules pointing at the 
sun a greater number of hours per day) — but 
at a cost. Typically, tracking systems tend to 
cost three to four times as much as a similarly 
sized stationary racking system. In many situa-
tions, the economics of tracking systems and 
the maintenance they require make them less 
viable options.

On the other hand, some installations, such as a 
PV array that’s driving a water pump all summer 
long, are a perfect fit for a tracking system. In 
this type of scenario, the additional hours may 
be a necessity, and a tracking system is the 
only way to achieve them. But for most folks, 
a simple stationary mount (like those described 
in Chapter 16) does just fine without adding 
another piece of equipment that you have to 
service periodically.
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Chapter 5

Properly Selecting a Site 
for a PV System

In This Chapter
▶ Preparing yourself to conduct a site survey

▶ Identifying the basic pieces of information you need to gather about a site

▶ Recording data about magnetic declination, tilt angle, azimuth, and shading

▶ Evaluating the information obtained during your site survey

One of, if not the, most exciting portions of the overall system installation 
process is the site survey. Why? Because you get to work with a blank 

slate (after all, the client shouldn’t have another PV system anywhere on his 
building or property) and create a PV system from the ground (or roof) up. 
As the person who performs the site survey, you need to be able to identify 
any potential trouble spots and the best ways to address the issues they 
pose from the beginning of the project.

The site survey is generally your one chance to obtain all the required infor-
mation about the site to create a proposal that works for both you and the 
client. It’s also the only time you can really work with your client to establish 
his goals and expectations for his PV system before you’re too far along in 
the process. I explain the steps and methods you need for a site survey in this 
chapter. I also give you an idea of what to do with all the data that you gather.

Setting the Stage for a Site Survey
When you’re at a client’s house or business to perform a site survey, you 
must be diligent about collecting the information you need. You don’t want to 
leave out any information that may prove critical for you to provide an esti-
mate and a quality design for your installation crew. Return trips to gather 
information that should’ve been collected the first time around do nothing 
but waste your time and risk making you look less than professional. In this 
section, I provide some pointers on how to prepare for a site survey.
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Putting aside enough time
 You can’t conduct a solid site survey without allowing yourself ample time 

and staying focused (a site-survey form can help focus your itinerary; see the 
next section). I suggest allocating at least an hour of on-site time. If through 
preliminary phone or in-person conversations with the client you get a feeling 
that he’ll require extra time, then schedule yourself enough time to answer his 
questions while leaving enough time to collect the information you need.

Speaking of questions, the one you’ll hear most often (aside from “What’s the 
average cost?”) is “How much money will this save me each year?” Although 
this can be a difficult question to answer without knowing a number of specif-
ics, you should have an answer for it.

Use the PV Watts tool to become familiar with what a 1 kW PV array can 
produce in the client’s area. (Figuring out what a 1 kW system can produce 
means you can easily do the math to adjust the values for your client’s site.) 
This free tool, found at www.nrel.gov/rredc/pvwatts, takes information 
from you and applies weather information from collected data and returns 
estimated energy values for a PV system. One of the best features of this tool 
is the ability to vary input factors such as the direction you want your array 
to point or what tilt angle you want it to have. With just a few mouse clicks, 
you can run some scenarios and be able to determine the best solution for 
your site. (Note: If you’re new to PV Watts, I suggest using Version 1 first and 
then moving on to Version 2 as you become more proficient with the tool.)

By taking the time before the site survey to acquire this information, you can 
give your client an estimate for the array size and the amount of money the 
system can save him each year after you complete the site survey. Just be 
sure to give the disclaimer that you won’t know the exact size of the array or 
how much energy it’ll produce until the design is done.

Creating a standard site-survey form
So that you don’t forget any of the information you need to acquire while 
conducting a site survey, seriously consider carrying a standard site-survey 
form. Using a standardized site-survey form keeps you on track by reminding 
you what to collect and giving you a place to write all of that down. It also 
improves the quality of information you walk away with and can save you 
time when a client whom you gave a bid to a year ago suddenly calls and says 
that he’s ready to buy. With all the necessary information recorded on your 
site-survey form, you can save yourself another trip out to the site.

 A good site-survey form can be easily replicated by others within your orga-
nization, meaning no matter who’s conducting the site survey, the required 
information will be obtained and recorded. In a program such as Microsoft 
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Word, you can quickly create a site-survey form that contains places for the 
following information:

 ✓ The site address and client’s contact information (e-mail and phone 
number)

 ✓ The type of system desired (grid-direct; utility-interactive, battery-
based; or stand-alone, battery-based)

 ✓ The utility company (along with contact information if you’re not famil-
iar with the local utility)

 ✓ The information from the client’s main distribution panel (see the later 
“Collecting Basic Information during a Site Survey” section for the 
how-to on obtaining this data)

 ✓ Space for notes on the proposed inverter location

 ✓ A note section for options for wiring the array to the inverter

 ✓ The roof tilt and azimuth if the array will be roof mounted or the esti-
mated array tilt and azimuth if the array will be ground mounted

 ✓ Information on the type of roofing material and its condition

 ✓ A note section for any issues with the structure

 ✓ A list of pictures to take

 ✓ Space for notes about the customer’s requests or special site considerations

Toting a site-survey bag
When you go to do site surveys, you’ll be climbing on roofs, traipsing 
through fields, and walking through all sorts of buildings — all while carrying 
the tools you need to complete the survey. For these reasons, I can’t stress 
how essential a dedicated site-survey bag is.

I prefer a tool bag with multiple pockets and a heavy-duty strap so you can 
carry the bag over your shoulder. The strap is key because you’ll be carrying 
the bag up and down ladders and in and out of access hatches.

 The following tools should always be in your site-survey bag:

 ✓ A good-quality digital camera (see the next section for tips on using this 
tool during a site survey)

 ✓ Measuring tapes, including a

 • 25- or 30-foot tape

 • 100-foot tape

 • Wheel tape (this one’s critical for commercial applications)
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 ✓ A compass

 ✓ An angle finder (see the later “The tilt angle” section for the scoop on 
this tool)

 ✓ A calculator

 ✓ A clipboard and notebook with pens and pencils

 ✓ A flashlight and extra batteries (note that a headlight works great in 
attics while allowing you to keep your hands free)

 ✓ A shading-analysis tool (I describe several of these tools later in this 
chapter)

 ✓ Screwdrivers (you can get away with just one if you have a 10-in-1 
screwdriver)

 ✓ A digital multimeter (see Chapter 3 for an example)

 ✓ Tinted safety glasses

 Although a ladder won’t live in your bag, make sure you have it on hand. Very 
few site surveys can be completed without accessing a roof or attic.

Picture This: Documenting Your Entire 
Site Survey with Digital Photos

One of the best pieces of advice I ever received regarding site surveys was to 
take enough of the right photos so I could re-create the site when I got back 
to the office. A good-quality digital camera is therefore an essential tool for 
any site-survey bag.

If you’re in the market to buy a new digital camera, do a little research first. I 
suggest looking for a camera that can sustain some abuse (like being dropped 
and/or being exposed to water). Simple point-and-shoot cameras are sturdier 
(for your purposes, anyway) than the fancy digital SLRs out there, plus you 
can get high-enough-quality pictures from them. Compare different models 
within your price range using the solid reviews found at reviews.cnet.
com/digital-cameras.

 Chances are you’ll find yourself doing multiple site visits in a day, so before 
you do anything else during a site visit, take a photograph of the front of the 
building. Doing so helps you establish the location of all the pictures that 
follow. Without establishing your location in the beginning, you can easily 
jumble all of your pictures together.
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 To help yourself make sense later on of the photos you take, be consistent 
with your procedures. By keeping a consistent order to your site survey, you’ll 
be more likely to remember the information needed at each step. I personally 
like to start at the PV array location and follow my way through the rest of the 
system, but I also know some installers who like to work in the opposite direc-
tion. Find the method that makes sense to you and stick with it.

Here are some tips for taking photos during your site survey:

 ✓ When you’re looking at mounting the PV array on a roof or on the 
ground, take multiple pictures from each corner of the array location so 
you can see potential issues from each vantage point during the design 
process.

 ✓ Use reminders as to where you’re taking the pictures from. For example, 
if you’re planning to use a satellite image or a roof plan for recording 
measurements, then take a picture of the image/plan you’re using while 
pointing at the location you’re at. So if you’re on the southwest corner of 
the roof, take a picture of the roof plan while you point at the southwest 
corner of the roof. Then take the pictures from that vantage point. You 
can do the same thing if the array will be mounted on the ground; just 
follow the same process to fully document the site.

 ✓ Repeat these steps for every location where any PV equipment will be 
installed. I recommend identifying alternate equipment locations too. 
After all, you never know whether the location you covet for the inverter 
is really reserved for some prize-winning rose bushes.

 Another trick is to use the video feature of your digital camera and record the 
same vantage point you just photographed. Doing so gives you the ability to 
talk to the camera and remind yourself of certain points or give co-workers 
some insight into factors or considerations worth noting.

Collecting Basic Information 
during a Site Survey

You need to gather certain pieces of information during each and every site 
visit; you also need to look out for oddball things that may cause problems 
later. In the sections that follow, I look at the most basic (yet critical) pieces 
of information you need to acquire.

 When performing a site survey, gathering the information is vital, but so is 
maintaining your safety. Any time you’re climbing on roofs, walking through 
attics, or opening electrical boxes, you’re doing real work. All of these activi-
ties have inherent dangers that you need to think through. If during your 
site survey you find yourself in a situation that feels unsafe or makes you 
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uncomfortable, immediately stop what you’re doing and find a different way 
to perform the task. Chapter 15 covers typical safety issues and how to handle 
them; the guidelines I present there apply to site surveys as well.

General site information
When you show up to perform a site survey, it’s easy to get so focused on all 
the little details you need to document that you forget to look at the big pic-
ture. Yet taking an objective look around and asking a few questions can save 
you from wasting your time. Following are four tidbits of general site informa-
tion you should find out before you start delving into minutiae:

 ✓ What’s the shading like at the proposed location? I explain how to per-
form a basic shading analysis later in this chapter, but you also need to 
account for the other shading-related site conditions that may cause prob-
lems. The one that catches people the most is future shading — objects 
that aren’t there now but may shade the array in the future. For instance, 
those small trees on the south side of the building won’t always be small, 
and the empty land to the south of the property may one day be the home 
of several tall buildings.

  If the view from your client’s site is clear now, you may be able to pro-
tect it from any potential shading issues. Many areas throughout the 
United States have solar-access laws that allow a person to protect his 
solar resource from shading sources on adjacent properties. These laws 
are typically enforced at the municipal level, so check with the local 
building department to see whether solar-access laws apply in your cli-
ent’s region.

 ✓ Are there any restrictions for the site? Such restrictions can include 
but aren’t limited to homeowners’ associations, city covenants, and his-
toric districts.

  At the very least, your client should know whether he belongs to a 
homeowners’ association; you can then ask the association’s contact 
person about any association restrictions. The local building depart-
ment can provide you with any other special requirements that are in 
place based on the building’s location.

 ✓ What agencies need to give approval for the installation? You abso-
lutely need to know what (if any) restrictions are in place due to local 
specialty codes and firefighter access. The best place to find out what’s 
required for agency approval is the local building department (the same 
office that issues permits, as I explain in Chapter 14). You also need to 
check in with the local utility to make sure you meet its requirements 
(Chapter 17 has more on what you need from the utility).
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 ✓ What’s your client’s target budget? You can easily establish a rough 
estimate of the PV system’s cost based on your equipment choices 
and the installation specifics, but you need to know what your client’s 
financial thresholds are. For example, if there are substantial unforeseen 
issues, how much money is the client willing to spend to fix an underly-
ing problem before moving on?

Structural and mechanical information
How much physical space is available for the installation? Typically, PV sys-
tems are installed on the roofs of buildings or on free land space. Your task 
during the site survey is to make sure the space available will suffice for the 
client’s desired PV system. Your client may have an idea of where he wants the 
array to go, but it’s your job to make sure a better alternative doesn’t exist.

 The area you have your eyes on may be the same as someone else. Always 
verify that other plans don’t exist for the space you want to use, such as plans 
for solar thermal collectors or skylights.

Here are some additional structural and mechanical questions that you 
should ask if the array will likely be mounted to a roof:

 ✓ What are the dimensions and shape of the roof area available? Taking 
the dimensions of the roof area you plan to install on will help you 
sketch out the roof later when you’re ready to plan how the array will be 
arranged on the roof (later in this chapter, I give you tips on how to use 
satellite photos and three-dimensional drawing programs to help keep 
this sketch accurate). During the site-survey process, you also need 
to identify obstructions (such as plumbing vents, chimneys, and attic 
vents) on the roof as well as their locations.

 ✓ What condition is the roof material in, and how old is the roof cover-
ing? Placing an array on a roof that will need to be replaced in a few 
years doesn’t make a lot of sense. If a reroof is in order, suggest it be 
done now and be sure to work closely with the client and the roofer 
to coordinate phases of the project so you can continue with the PV 
system design and installation in a timely fashion.

  As I state in Chapter 16, a possibility for dealing with a reroof and keep-
ing your project moving is to do some of the rack installation before the 
roofers come in and allow them to seal the roof attachments.

 ✓ What’s the roof framing like? The roof’s framing plays an important 
role. Most modern homes and commercial buildings (those built since 
the mid-1970s) tend to have roof framing that’s adequate for a PV array 
mounted parallel to the roof so long as a single layer of lightweight roof-
ing material (such as composition asphalt shingles or wood shake) is 
used as the roof covering. Why? Because the roofs of modern homes 

09_598931-ch05.indd   8509_598931-ch05.indd   85 8/2/10   10:45 AM8/2/10   10:45 AM



86 Part I: Here Comes the Sun: Shedding Some Light on PV Systems 

are designed to handle multiple lightweight roof layers. As long as only 
one layer is present, adding the weight of a PV array will be less than the 
structure’s limitations.

  If the building was constructed before the mid-1970s, plan to spend a 
few hundred dollars to have a structural engineer evaluate the roof for 
you and outline any changes you need to make to safely support the 
array. Make sure this consultation happens as early as possible in the 
system design process. Note: Many commercial buildings are built with 
the minimum requirements; therefore, they may not be able to support a 
roof-mounted PV array of any size.

 ✓ What are the dimensions and spacing of the roof framing? Most 
residential roofs have rafters or trusses that are made of dimensional 
lumber that’s either 2-x-4 or 2-x-6 and are spaced 2 feet apart, which 
gives you a relatively narrow space to hit for your array’s attachment 
points. For commercial roofs, the structures vary greatly. Some buildings 
have lumber, similar to residential roofs; others use very large wood sup-
port members; and some use steel supports. Consequently, you should 
take the time to verify the roof structure in order to properly attach the 
array in any system that’s being installed on a commercial roof.

  Always do your best to verify the roof framing composition and orienta-
tion when conducting your site survey. (See Chapter 16 for more infor-
mation about mounting an array.)

  Be sure to carefully evaluate rafters that are overspanned — a situation 
where the rafter has too much space between vertical support mem-
bers. Different spans are allowed based on lumber type and roof-loading 
restrictions, but as a general rule, if the rafters have a span of more than 
7 feet between supports, you should investigate the need for adding sup-
port by consulting a structural engineer.

After roofs, ground mounts are the most popular type of racking system. 
Unless your client’s site has unusually loose soil (like sand), you can work 
with a racking company (and maybe an engineer, if necessary) to determine 
the best possible mounting solution for the array. Of course, before you start 
talking to a racking company, you need to make sure the location is suitable 
for mounting an array. I cover the issues you need to consider for ground-
mounted PV arrays in Chapter 16.

Electrical information
If you’re installing a stand-alone, battery-based system, you don’t really need to 
worry about examining the existing electrical service and equipment because 
the stand-alone system will be providing all the energy for the client moving 
forward. (You will, however, have a lot of components to size and to specify, 
as I explain in Chapters 12 and 13.) For utility-interactive systems (whether 
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grid-direct or battery-based), you have a number of items to review while 
you’re on-site because you’ll eventually connect the PV system to the utility:

 ✓ What are the specifications for the main distribution panel (MDP) 
and the main circuit breaker protecting the panel? The ratings on the 
MDP and the main circuit breaker play a major role in determining a PV 
system’s maximum size. When looking at the existing electrical service, 
you need to document the specifics on the MDP and any subpanels you 
want or need to use (I cover these panels in Chapter 2), including their 
physical locations. The voltage for most electrical services in residential 
applications is 240 VAC at various current levels; for commercial appli-
cations, the voltage is usually 208 VAC or 480 VAC.

  Busbars are the pieces of metal in the back of the MDP that connect the 
circuit breakers in the panel to the wires coming from the utility (you 
can’t see them when the cover of the MDP is on). Every MDP has a rating 
for its busbars on the label attached to the inside of its cover. This 
rating is a value for the amount of current that can flow on the busbars 
inside the panel without causing any problems. Standard residential 
MDPs have either a 200 A or 225 A busbar rating and may simply be 
labeled 200 A Max (or 225 A Max); commercial busbars typically start at 
200 A for small facilities and can exceed 1,200 A in large facilities, with a 
number of options in between.

  The other specification for the MDP (and any subpanel used) is the 
rating of the main circuit breaker protecting the panel. For the MDP, this 
is often the same size as the busbar rating. The ratings for circuit break-
ers in subpanels vary based on the loads located in the subpanels.

 ✓ Are there any open breaker spaces on the main electrical panel? Look 
in the MDP or subpanels to check for available space to put a breaker. 
Then connect the inverter’s output wires to one of these panels by plac-
ing a breaker in the panel and wiring the inverter to it. (This process is 
similar to putting a breaker in the panel for a new set of outlets or a new 
load except that the electrons are running in the opposite direction.) If 
the panel is full, you need to either make room or replace the existing 
panel with a larger panel.

 ✓ Where will the inverter and required disconnects be located? 
Determining a location for the inverter and required disconnects means 
you have to know the specifics of the equipment you’ll be using as well 
as what the local jurisdiction requires. Typically, the inverter needs to 
have disconnecting means (both AC and DC) within sight of the inverter.

  The majority of the inverters on the market today have integrated discon-
nects, but they aren’t all considered AC and DC disconnects, which means 
you need to know for sure what type of product you’re using. If the inverter 
doesn’t have integrated disconnects, make sure it has disconnects next 
to the inverter and in locations that satisfy the National Electrical Code® 
(NEC®). Refer to Chapter 17 for exact location requirements.

09_598931-ch05.indd   8709_598931-ch05.indd   87 8/2/10   10:45 AM8/2/10   10:45 AM



88 Part I: Here Comes the Sun: Shedding Some Light on PV Systems 

  In addition, some utilities require visible, lockable disconnects at the 
utility’s meter location. If this is a requirement at your client’s site, 
become familiar with the utility requirements before conducting a site 
survey so you aren’t surprised later. Ask the utility for its net metering 
or PV interconnection rules. If the utility does have a requirement, make 
sure you reserve the proper space for the required disconnect.

 The electrical connections are a critical part of the whole installation (as you 
find out in Chapter 17). Before you get too far into the system design, how-
ever, you need to know what the licensing requirements are in the jurisdiction 
in which you’re working. Some jurisdictions require that the people doing cer-
tain portions of the work hold specific licenses. (The most common example 
is the requirement that a licensed electrician make the final wire connections 
from the inverter to the utility.) Consequently, you may need to hire certain 
tradespeople to do certain portions of the work.

 To find out the requirements in the state where you’re working, visit the 
state’s construction contractors board or licensing department Web sites. 
These sites will list the requirements for working in the construction trades.

Measuring Information in Degrees
Some factors that are relatively constant on sites within a geographic region 
are the magnetic declination (the direction a compass points toward north 
versus true north), insolation data (the number of peak sun hours), and local 
climate conditions. Factors that differ on nearly every installation, no matter 
the location of the site, include the tilt angle of the array (the number of 
degrees it is off of the horizon), the azimuth the array faces (the number of 
degrees from true north), and the shading considerations.

In the following sections, I explain how to measure the three pieces of 
vital information that are measured in degrees: magnetic declination, the 
array’s tilt angle, and the array’s azimuth. Flip to Chapter 4 to find out how 
to measure peak sun hours and consider seasonal effects; head to the later 
“Exploring Shading-Analysis Tools” section in this chapter for pointers on 
analyzing shading concerns.

Understanding magnetic declination
The term magnetic declination refers to the number of degrees that a compass 
needle differs from true north. (If you do a fair amount of navigation — flying, 
boating, mountaineering, and the like — you may refer to this as magnetic varia-
tion; that’s just another term for essentially the same thing.) For locations in the 

09_598931-ch05.indd   8809_598931-ch05.indd   88 8/2/10   10:45 AM8/2/10   10:45 AM



89 Chapter 5: Properly Selecting a Site for a PV System

Northern Hemisphere, you want a PV array to be facing true south as much as 
possible — something you can’t make happen if you follow exactly what a com-
pass tells you. If you were to use your compass and point the array the same 
direction as the “south” needle on the compass, you’d be as much as 20 degrees 
off from true south, depending on your location. To make sure an array points 
toward true south, you need to know what your magnetic declination is.

Depending on where you are in the United States, a compass’s north needle 
points either to the east of north (the western half of the country) or to 
the west of north (the eastern half of the country); the Mississippi River is 
roughly the dividing point. The designations are referred to as eastern (posi-
tive) declination for locations in the western part of the country and western 
(negative) declination for locations in the eastern region of the country. 
These designations refer to the direction that the north needle is pointing in 
reference to true north.

 Ultimately, you need to concern yourself with true south more than true north 
(which is contrary to what most people are taught). Why, you ask? Well, for 
the Northern Hemisphere, the sun is located in the southern half of the sky, 
which is where you want to point your PV modules. You need to turn yourself 
180 degrees and think about how the declination value affects the magnetic 
south and true south locations. For example:

 ✓ When you’re on the west coast and using a compass to find south, the 
south needle is actually pointing southwest of true south (because the 
north needle is pointing northeast of true north). To account for this, 
you need to turn yourself to the east to find where true south is.

 ✓ When you’re on the east coast, the opposite occurs. The south needle 
points southeast of true south (because the north needle points north-
west of north). Turn to the west to find true south.

Figure 5-1 gives you the visual of these two examples. (Don’t worry if the con-
cepts still don’t make sense; they can be difficult to grasp. I still have to stop 
and think the process through to make sure I get it right on a roof.)

To add to it all, magnetic declination is a dynamic value, meaning the number 
of degrees your compass lies to you is constantly changing. It doesn’t change 
rapidly, but it does change. True south, however, never changes, so after you 
find it, you don’t have to worry about going out to the client’s PV array every 
five years and adjusting it a few degrees.

 The National Oceanic and Atmospheric Administration (NOAA) has a great 
declination calculator on its Web site that can help you find the exact value for 
your client’s location; you can find it at www.ngdc.noaa.gov/geomagmodels/
Declination.jsp. To find the point on your compass that relates to true 
south, you need to know the magnetic declination for your client’s area and 
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subtract that from 180 degrees (north is 0 degrees, so south is 180 degrees on 
the compass):

 ✓ For locations in the western part of the United States, true south is des-
ignated on the compass as 180 degrees – declination.

 ✓ For locations in the eastern part of the United States, you still subtract 
the declination value, but because the declination is a negative number 
to begin with, the equation becomes 180 degrees + declination.
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 Technology can help you evaluate the declination at a site during a site 
survey, but even the greatest technology requires you to input the starting 
information correctly. If you can at least keep the general rules about mag-
netic declination in mind, you should see consistently accurate data — pro-
vided, of course, that you’re not trying to use your compass in a location 
that’s close to steel objects, which cause a compass needle to point in any 
number of directions and prevent it from finding magnetic south. If you can’t 
find magnetic south, you’ll have a tough time finding true south by subtracting 
the magnetic declination value.

Calculating the array’s tilt 
angle and azimuth
In a typical PV installation, the array is located on top of a building. In this sce-
nario, the most cost-effective installation method places the array parallel to 
the roof and pointing in the same direction as the roof because the additional 
requirements for securing an array that isn’t parallel to the roof surface can 
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become overwhelming. Aesthetics are another consideration. I know, I know. 
Beauty is in the eye of the beholder, but an array that looks awkward on a roof 
doesn’t make passersby say, “Gosh, I sure would like that on my roof!”

Knowing an array’s tilt angle and azimuth can help you properly place one on 
a roof. I explain what you need to know to calculate these values during a site 
survey in the following sections. (If these concepts don’t sound familiar to 
you, check out Chapter 4 for a quick introduction.)

Note: The approaches in the following sections refer to roofs and the meth-
ods used to calculate an array’s tilt angle and azimuth in relation to a roof. If 
you’re installing an array on the ground, the same approaches apply; you just 
don’t have a roof to reference and need to use landmarks instead.

The tilt angle
You have a couple options for figuring out the tilt angle of an array that will 
be both functional and eye pleasing:

 ✓ Use an angle finder. To use this tool, which is also called an inclinom-
eter, simply place it on the face of the surface to be measured and wait 
until the rotating dial comes to a stop. The face of the tool has degree 
measurements on it in relation to a flat surface so you can record the 
angle off of the horizon by noting the degree location where the dial 
stops spinning. Because most PV arrays are mounted parallel to a roof, 
this angle is the same for both the roof and the array.

 ✓ Use a little math. If you can measure the amount of height the array 
changes (rise) over a certain horizontal distance (run), you can calcu-
late the corresponding angle. After all, who doesn’t love some good old-
fashioned trigonometry? A common approach is to give the rise of a roof 
over a distance of 12 inches.

  You may hear a roof slope (angle) referred to as X:12. What this is saying 
is that the roof rises X inches for a run of 12 inches. The smaller the X 
number is, the lower the slope is for that roof. If you’re given the roof 
slope this way, you can quickly convert the variable to a number of 
degrees by using a calculator with basic trigonometry functions. The 
calculation is: arctan (rise ÷ run). The arctan function is represented as 
tan–1 on many calculators. Therefore, if I tell you that a roof has a slope 
of 6:12, you can calculate the number of degrees with this operation: 
arctan (rise ÷ run) = arctan (6 ÷ 12) = arctan 0.5 = 26.6 degrees.

  If you aren’t given the roof slope, the easiest way to figure it out is by 
using an angle finder. However, you can also use a bubble level and a tape 
measure. If you choose to go this route, hold the level with one end touch-
ing the roof and the bubble centered in the viewing glass (in other words, 
hold it so that the level is level). Use the tape measure to see how many 
inches the roof surface is from the end of the level that’s above the roof. 
You now know that the roof rises that many inches (from the tape mea-
sure) over a run that’s equal to the length of the level.
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The azimuth
Satellite images are an immense help when conducting a site survey, espe-
cially when you need to calculate the azimuth. With the help of satellite 
images, you can know the azimuth of the roof with magnetic declination 
accounted for before you even set foot on it.

These images show the site in relation to true north and true south. So if you 
find your array location (typically a building) on the satellite image, you can 
determine the roof’s azimuth without having to use your compass. Why? 
Because the satellite images have a built-in compass that’s pointing true 
north. If you can find your client’s building on the satellite image, you can use 
this built-in compass to estimate the true azimuth of the building (with mag-
netic declination accounted for).

 Another handy online tool is available at www1.solmetric.com/tools/
RoofAzimTool.htm#. It lets you find a satellite image of a building and use 
your mouse to determine the building’s azimuth.

 The downsides to satellite images are their resolution and the time when they 
were taken. A remote location may have poor image resolution. Other times, 
the image is a few years old, and the building you’re looking for isn’t in the 
image yet. In these situations, you have to obtain the information you need on-
site. The address look-up tools on these products aren’t perfect either, so you 
may need to confirm with your client which building is the right one before 
you head to the site.

Depending on the services you need, one of these options may work for you:

 ✓ Google Earth (earth.google.com) and Bing Maps (www.bing.com/
maps) let you see the building you’re looking for with a decent amount 
of detail after you type in the address. Some of these images can also 
be used in conjunction with free three-dimensional drawing programs 
(such as Google SketchUp, found at sketchup.google.com) to really 
help you evaluate and analyze your site.

 ✓ Subscription-based programs such as Pictometry (www.pictometry.
com) can give you even more detail.

 ✓ Smartphones offer applications that can come in handy during a site 
survey. You can download apps to your phone that perform shading 
analysis, calculate tilt angles, and even help with some of the NEC® 
calculations I present in Chapter 13. These phone apps are currently 
available solely for the iPhone, but with the speed at which the wireless 
world moves, I’m sure that will all change very quickly.

 If you print a couple copies of the satellite images for your client’s site before-
hand, you can take notes and record measurements directly on the printouts 
without having to re-create the building or array location with hand drawings. 
I recommend printing at least two or three clean copies so you have plenty of 
space to make notes for yourself.
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Exploring Shading-Analysis Tools
When you perform a shading analysis during your site survey, you look at the 
area surrounding the proposed PV array location and estimate the amount of 
sunlight that’s blocked from obstacles like trees and buildings. This analysis 
is what allows you to give your client a realistic expectation of the energy 
that can be delivered by the PV system over the course of a year.

 Shade on a PV array can drastically reduce the array’s power output, which in 
turn reduces its energy production. Although a perfectly sunny spot is prefer-
able, the reality is that shading is a simple fact of life in many locations. Some 
situations can be altered (a tree can be trimmed or removed), but others can’t 
(the neighbor’s house isn’t going anywhere). The goal for any PV site is a loca-
tion that’s shade free three hours before and three hours after solar noon (I 
define solar noon in Chapter 4). This time frame allows the PV array access 
to full sun during the portion of the day when the irradiance values are at 
their highest. (If this time window isn’t an option, like in the winter, look for a 
window of two hours before and two hours after solar noon as a minimum.)

By using a shading-analysis tool, which recognizes the shading objects in the 
PV array’s solar window (all the points between the sun’s lowest and high-
est points in the sky) and calculates the effect that shading has on the array, 
you can effectively determine the shading effects from objects located in the 
array’s vicinity. Figure 5-2 illustrates how a shading-analysis tool transfers 
the obstructions in the site’s solar window to a sun chart that you can ana-
lyze (I explain how to perform this analysis later in this chapter). You can 
also use shading-analysis tools to propose “what-if” scenarios, like what’s the 
overall impact if we remove that tree in the distance?
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The shading-analysis tools I outline in this section work the same way. I’ve 
used all three tools and feel that they’re quality products that deliver good 
information when used correctly. (Because they all work off of the same 
principle, you may want to check out the sun-path information in Chapter 
4.) Of all the tools I suggest you keep in your site-survey bag (see the earlier 
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“Toting a site-survey bag” section), a good shading-analysis tool will be your 
single biggest expense (unless of course you buy the best-of-the-best digital 
camera). It’s a tool you can’t do without though, so research your options 
and think about how (and how often) you plan to use it before buying one.

 Always use a shading-analysis tool at the proposed array location. If you can’t 
get to that, use the manufacturer’s instructions to adjust the information you 
collect so that it describes shading at the actual array location.

 One of the greatest features of the following three shading-analysis tools is 
their ability to evaluate a site for an entire year at once. They all use site-
specific solar charts and local weather data for the site analysis, which means 
you can go out to the site at any time (as long as enough light is available so you 
can see the area surrounding you) and collect all the information you need.

 ✓ ASSET: The Acme Solar Site Evaluation Tool (abbreviated as ASSET and 
found at www.we-llc.com/ASSET.html) is a shading-analysis tool that 
uses a digital camera and software to evaluate a site. All you have to do 
is set the camera up in a special base that incorporates a level and com-
pass. ASSET then takes seven pictures, starting with the camera pointing 
due east and rotating the camera to the west. The result is a panoramic 
picture of the site.

  After you have your panoramic view, you download the pictures into 
the ASSET software so the program can return a single picture (made of 
the seven individual ones) with the solar path on top of the site. ASSET 
also recognizes shading objects and reports the overall loss of the solar 
resource due to shading.

 ✓ Solar Pathfinder: The Solar Pathfinder (found at www.solarpathfinder.
com) has a long history within the solar industry. It consists of a plastic 
base that integrates a level and compass and holds a paper sun chart. 
(The company makes sun charts for various latitudes, so the Solar 
Pathfinder can be used virtually anywhere.) The final piece is a transpar-
ent dome that sits directly over the sun chart in the base. This dome 
reflects the surroundings and allows you to project those objects down 
to the sun chart below. You can then either trace those objects directly 
onto the sun chart or take a digital picture of the tool and download that 
picture into Solar Pathfinder’s optional software for further analysis.

  The software option is a powerful tool that can help you better estimate 
the shading effects on that site. In fact, if you’re purchasing a Solar 
Pathfinder for the first time, don’t even consider the software optional; 
just buy it. The additional information you get from the software is 
worth the investment.
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 ✓ Solmetric SunEye: One of the newest entrants in the shading-analysis-
tool market is the Solmetric SunEye (found at www.solmetric.com). 
It’s a fully digital tool that incorporates a fish-eye camera, compass, and 
level into a base with a screen showing the site complete with sun chart 
and obstructions. The machine evaluates the site by taking a photo at 
the array location and using some site-specific data, such as magnetic 
declination and local climate readings (note that you have to input some 
basic site parameters in order for the SunEye to be able to retrieve the 
proper information). It then returns detailed information about the shad-
ing effects.

Interpreting the Data and 
Bringing It All Together

During your site survey, you go to the site and gather all the data you need 
(described earlier in this chapter). That’s great, but what do you do with all 
that data afterward? As you find out in the following sections, you compile 
it and analyze it to determine the best PV system solution for your client. 
Specifically, you must evaluate the following:

 ✓ The area available for the array

 ✓ The options for mounting the array

 ✓ The electrical considerations

 ✓ The array orientation

 ✓ The shading effects

Analyzing reports from your 
shading-analysis tool
Shading-analysis tools generate a report that’s associated with the site. This 
report helps you during the design and installation portions of a job because 
having this information allows you to avoid shading issues that may reduce 
the overall energy output. Here are some important pieces of information 
revealed in a typical report from a shading-analysis tool (this is the informa-
tion your client is most likely to care about):
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 ✓ The effect of shading on an annual basis: This is the most basic level of 
information you absolutely have to walk away with. It may be reported as a 
percentage of the ideal insolation or as a new amount of insolation. Either 
way, you can have your shading-analysis tool break down this information 
month by month so you can see where the big hits are. Ideally, you’ll have 
very few losses due to shading. In the next section, I show you how to incor-
porate the shading losses and the array’s orientation losses to account for 
all the site-specific losses (note that the combination of shade and orienta-
tion losses shouldn’t reduce the site’s potential by more than 25 percent).

 ✓ Estimations of the energy production based on different scenarios: 
These estimates allow you to vary the tilt and azimuth to see how such 
adjustments may benefit the installation.

 ✓ Predictions of how the PV array would perform if the obstructions 
were removed: You can estimate the array’s production if, say, a tree 
weren’t in the way and allow the client to choose between keeping the 
tree or obtaining additional energy from the array by removing the tree.

Considering the total solar resource factor
 When shading-analysis tools evaluate a site, they typically look at the shading 

effects as well as the effects of the tilt and azimuth. The combination of these 
factors is defined as the total solar resource factor (TSRF). The individual com-
ponents of the TSRF are often referred to as the shading factor (SF) and the tilt 
and orientation factor (TOF). (Orientation is another word for azimuth.) Both 
are reported as a percentage of the ideal situation. For shading, the ideal 
situation is an absence of shading; for tilt and orientation, the ideal situation 
is pointing a stationary array at a specific tilt and azimuth to have the array 
produce the maximum amount of energy annually. You need to figure out 
what the TSRF is so you can accurately predict the amount of energy that the 
PV array will produce annually.

The SF value is, obviously, totally dependent on shading. If a site were to have 
no shading, the SF would equal 100 percent. That’s pretty difficult to achieve, 
but an excellent site has shading factors greater than 95 percent (meaning less 
than 5 percent of the solar resource over an entire year is lost due to shading).

The TOF value, given in terms of a percentage, is estimated by evaluating 
the PV array’s tilt and azimuth compared to what the absolute ideal tilt and 
azimuth for a PV array in that same location would be. These values are typi-
cally represented as a graph with concentric circles (or ellipses) that repre-
sent different levels of the resource. Figure 5-3 shows one such graph. The 
vertical axis represents the tilt angle of the PV array, and the horizontal axis 
represents the array’s azimuth. The innermost circle represents the ideal tilt 
and orientation for this location. As the array moves away from that circle, 
the amount of solar resource is reduced. To estimate the TOF with such a 
graph, simply find the point on the graph where the proposed array lands 
and apply that percentage for the TOF.
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 To calculate the TSRF, you multiply the SF by the TOF. The result is the total 
resource available after these inefficiencies are considered. For example, if 
you perform a shading analysis and find the annual reduction of the resource 
due to shading is 9 percent, that would equate to an SF of 91 percent. If you 
located the array in a location where Figure 5-3 applied and the array was 
tilted at a 20-degree angle and a 165-degree azimuth, the TOF value would be 
97 percent. You can determine this percentage by placing an X at the intersec-
tion of the 20-degree tilt and the 165-degree azimuth on the tilt and orientation 
graph. The X falls between the 95-percent ring and the 100-percent ring, so you 
can estimate the value to be 97 percent. The resulting TSRF value would be 91 
percent × 97 percent, or 88.3 percent. This TSRF value tells you that the site’s 
output will be reduced by nearly 12 percent when compared to a PV array ori-
ented toward the ideal location with absolutely no shading.

 The TSRF should be greater than 75 percent for your PV arrays. Anything less 
than that is marginal at best. Many rebate programs require that the TSRF 
exceed a minimum value (typically 75 to 80 percent), so be sure to find out the 
restrictions tied to any rebate money your client may be expecting.

You can then use the TSRF to estimate the amount of energy the array will 
produce by multiplying it by the peak sun hours data available from sources 
such as the NREL Redbook (see Chapter 4). Another source for this informa-
tion (as well as handy tools to estimate the TOF values) is Solmetric, the 
manufacturer of one of the shading-analysis tools I recommend earlier in this 
chapter; you don’t have to use Solmetric’s tool in order to use some of the 
features of its Web site (www.solmetric.com).
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Using other collected information to 
plan out the design and installation
The other information you collect during your site survey (such as general site 
information, structural and mechanical information, and electrical information) 
comes in handy during the design and installation process. Many municipali-
ties and rebate programs want to see some basic drawings of the site and asso-
ciated hardware used. You’ll need to reference the information you collected 
to establish a bill of materials and the estimated cost of installing the system. 
Using the information gathered during your site survey, you should be able to

 ✓ Determine the size of the PV array that can go in the proposed area. 
The square footage of the area available and the module of choice for 
the array (see Chapter 6) dictate the size of the array. You may also 
need to account for walking paths around and between rows of modules, 
so the total available area may actually be less than what it appears at 
first glance. A good plan for a roof-mounted array is to allow for access 
around the array. If you pack a roof with modules, not only will the 
installation process be difficult and more dangerous, but you’ll also 
make it nearly impossible for anyone to get on that roof in the future.

  A good number to keep in your head is 10 W per square foot of open 
roof area. So if you have 200 square feet of open roof area, an off-the-cuff 
estimation for the PV array is 2,000 W, or 2 kW. This value accounts for 
space that can’t be fully utilized by the array. It’s slightly on the conser-
vative side, meaning you can probably fit more wattage in that area, but 
it’s a great starting point and generally within reason.

 ✓ Establish any potential upgrades to the structure for either the array 
or the other components. If you spot a potential problem area in the 
roof framing information that you collected during the site survey (see 
the earlier “Structural and mechanical information” section), you can 
use this information, along with an engineer’s report, to justify the addi-
tion of more bracing or supports to the existing roof.

 ✓ Identify the racking structure used. You can narrow down your options 
based on the defined array location and the array’s potential size.

 ✓ Decide on the best method to run all the conductors to and from the 
inverter and tie into the electrical system. As part of the site survey, 
you examine the potential wire runs and the best methods for getting 
from the array to the inverter and then to the MDP (or subpanel).

 ✓ Identify all the major components for installation per local require-
ments. By becoming familiar with the local jurisdiction’s requirements 
as well as the local utility’s requirements, you can establish all the major 
components needed and their approximate locations to save yourself 
some time and hassle during the installation process.
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In this part . . .

Are you ready to peek behind the curtain and see how 
the major parts of a PV system function? I hope so 

because in this part, I detail the specific components used 
in PV systems and how they actually work.

Chapter 6 introduces you to PV modules and how they’re 
made; it also explains how you get electricity from sun-
light. Chapter 7 describes the batteries used in PV sys-
tems and helps guide you in choosing the right battery for 
your client’s situation. Charge controllers are examined in 
Chapter 8, including how they act to maximize a PV 
array’s input to the batteries. Chapter 9 covers the differ-
ent inverters available, focusing on the major differences 
in technology and the features you need to look for when 
selecting one. Finally, Chapter 10 touches on the different 
safety components used in PV systems in order to help 
keep you (and your clients!) safe.
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Chapter 6

PV Modules: From Sand 
to Electricity

In This Chapter
▶ Seeing how solar cells form the foundation for PV modules

▶ Understanding the differences in the various PV modules out there

▶ Recognizing key electrical specifications

▶ Examining standard test conditions and calculating the effects of environmental 
conditions

▶ Checking out graphs that link current and voltage

Electricity does pretty powerful work: Electric vehicles move you from 
point A to point B, computers give you access to an unearthly amount 

of information, and electric heaters do a marvelous job of keeping you com-
fortable in the winter. When electricity is properly contained, you can’t see 
or feel it — a fact that causes many people to consider it a magical phenom-
enon. Add PV modules and their ability to harness energy from the sun and 
convert it into electricity, and you have another layer of mysticism.

Electricity generated from PV modules can do a lot for people, but it can’t do 
everything. Certain electrical loads (such as water heaters, electric stoves, 
and anything else that uses electricity to create heat) aren’t good matches 
for solar electric systems, especially battery-based systems. Fortunately, the 
good folks engineering and manufacturing the devices used in PV systems 
have made them capable of integrating seamlessly into existing electrical 
systems. Grid-direct systems (see Chapter 11) operate automatically, and 
battery-based systems (see Chapter 12) are getting smarter all the time.

Because the PV module is the heart of any PV system, you need to know the 
secrets to the magic tricks behind one. In this chapter, I help you become 
comfortable with the terms and concepts used in describing PV modules — 
specifically, I explain their construction and manufacturing, note different 
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102 Part II: Digging into Complete System Details 

types of modules, and walk you through their electrical specifications under 
standard test conditions. Knowing how PV modules are affected by the inten-
sity of sunlight and varying temperatures helps you further understand the 
requirements of installing PV systems. By having a solid understanding of 
what PV modules can do, you can create a PV system that will, at a minimum, 
meet your client’s expectations and requirements.

Creating Solar Electricity: 
It All Starts with a Cell

Many people aren’t willing to accept “magic” as the answer to the ques-
tion “How does a PV module make electricity?” That’s why, in the following 
sections, I provide you with a working knowledge of the basics behind PV 
construction and manufacturing at the cell level. I also explain how cell con-
struction allows solar cells to do useful work through a process known as the 
photovoltaic effect.

Getting a grip on cell construction 
and manufacturing
The basic building block for all PV modules is the solar cell, a roughly 6-x-6-
inch object that starts its life as sand (actually silicon) and is then wired 
within a PV module to produce the voltage and current desired by the 
manufacturer. (Current is the flow of electrons, and voltage is the pressure 
that makes electrons move. Flip to Chapter 3 for an introduction to voltage, 
current, and other electricity basics.) Solar cells are manufactured in such a 
way that when they’re placed in sunlight, the photons in the light excite the 
electrons in the cells. When the module is connected to an electrical circuit, 
useful work, such as turning a fan or powering a refrigerator, can be done.

In this section, I explain the two parts of the cell-manufacturing process that 
help cells do this useful work: doping cells and keeping electrons separated.

Doping solar cells to create semiconductors
When a solar cell is completely manufactured, it becomes a semiconductor, a 
material that acts as both an electrical conductor and insulator. Solar cells 
become conductive when exposed to light, which makes them able to pass 
current. However, silicon — the primary ingredient of solar cells — is natu-
rally a much better insulator than a conductor. Insulators inhibit the flow of 
electrical current, which isn’t a desired feature for solar cells. In order to 
enable the flow of electrons (and therefore become semiconductors), the 
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103 Chapter 6: PV Modules: From Sand to Electricity

cells are doped during manufacturing. Typically two elements, boron and 
phosphorous, are used in the doping process.

Unlike in sports, doping is an acceptable and highly encouraged activity in 
the manufacturing of solar cells. Because the silicon won’t readily produce an 
electrical current in its natural state, the addition of the dopants allows the 
current to flow. Typically, boron is introduced to the silicon during the first 
stages of cell manufacturing, and phosphorous is introduced to the silicon by 
diffusing a vapor directly onto the manufactured cell.

The addition of these dopants adds electrons and electron holes to each side 
of a solar cell. The phosphorous atoms have extra electrons within them, and 
the boron has extra electron holes, waiting to be filled with the electrons. 
The phosphorous-doped side becomes known as the N type, or the negative 
side of the cell (the side facing the sun), and the boron-doped side becomes 
the P type, or positive side (the side facing away from the sun).

Creating a one-way electron path with a PN junction
When sunlight hits the phosphorous-doped (N type) side of a solar cell, 
the electrons in the cell become excited. They’re so anxious to get moving 
that they’ll gladly go to the boron-doped (P type) side of the cell if given the 
proper path.

That path involves a junction between the positive and negative side of the 
cell. This positive-negative junction (or PN junction) acts as a diode, allowing 
the electrons to pass from the positive (bottom) side to the negative (front) 
side of the cell but not in the reverse direction. This means the electrons flow 
from the negative side of the cell through the circuit and to the positive side 
of the cell. As more electrons move from the negative side to the positive 
side, the electrons on the positive side are pushed up through the PN junc-
tion to the negative side of the cell, and the process continues as long as sun-
light is present. The PN junction ensures that the electrons move through the 
circuit. Figure 6-1 shows an example of a solar cell and a PN junction.

 

Figure 6-1: 
A solar cell 

with a PN 
junction.
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104 Part II: Digging into Complete System Details 

Connecting cell construction 
to the photovoltaic effect

 The phrase photovoltaic effect describes solar cells’ ability to produce voltage 
and current when exposed to sunlight. Here’s a step-by-step breakdown of 
how a cell’s construction allows that to happen (check out Figure 6-2 to see 
how electrons move through the PN junction):

 1. Energy from the sunlight’s photons excites the electrons located on 
the solar cell’s N type, giving them the potential (voltage) to move.

 2. When the solar cells are connected to a load, the excited electrons 
start moving (current flow) from the N type to the P type, performing 
useful work along the way.

 3. The electrons go to the cell’s P type and combine with the electron holes.

 4. As sunlight continues to strike the cell and more electrons are sent 
through the circuit, the electrons are forced from the P type back to 
the N type through the PN junction to continue the process.

 

Figure 6-2: 
The move-

ment of 
electrons 

through the 
PN junction.
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Reviewing Common Types of PV Modules
The PV market is expanding rapidly, and manufacturers are constantly intro-
ducing new and emerging technologies. The end result of all these technolo-
gies is the same: You place the module in the sun, and it produces power. But 
each of the commercially available products has its own pros and cons to 
consider when selecting a product for a particular job.
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105 Chapter 6: PV Modules: From Sand to Electricity

In the sections that follow, I focus on the commercially available PV modules 
currently used for residential and commercial systems; the ones you’re most 
likely to run into are crystalline modules and thin film modules.

Note: I don’t cover the technologies primarily used on industrial-scale proj-
ects. And, as with any technology field, a number of materials in research and 
development as of this writing may very well turn the solar industry on its 
head in the future.

Checking out crystalline modules
 Crystalline PV modules, which are made by grouping a number of individual 

solar cells together, are currently the most common module type for resi-
dential and commercial applications. One of the main reasons why crystal-
line modules are used so frequently is that they’re more efficient than other 
PV technologies. Typical crystalline modules are rated at 11 to 14 watts per 
square foot (W/ft2). Some of the higher-efficiency modules are rated in excess 
of 17 W/ft2, which allows a consumer to generate a greater amount of energy in 
a limited space, like on her roof.

 Manufacturers don’t tend to report the number of watts per square foot (or 
power density) for their modules, but you can find out this information pretty 
easily. Just take the module’s rated power output, as described in the later 
“Maximum power point” section, and divide it by the module’s square footage. 
The watts-per-square-foot value can be more telling than any efficiency value 
reported because a common goal of PV systems is to place as much power as 
possible in a given area.

As you find out in the next sections, two main types of crystalline modules 
exist — those containing monocrystalline cells and those containing multi-
crystalline cells (see Figure 6-3). Both types of modules start from the same 
raw material, but the manufacturing processes differ: The monocrystalline mod-
ules have a uniform molecular structure and are more efficient, whereas the mul-
ticrystalline modules have many structures, resulting in a less efficient module.

The monocrystalline kind
Monocrystalline modules begin as a molten vat of purified silicon that has 
been doped with boron to create electron holes (see the earlier “Doping 
solar cells to create semiconductors” section for more information on this). 
A starter seed, a crystal about 4 inches long and 2 inches in diameter, is 
introduced to the silicon-boron mixture that becomes the structure for the 
solar cells. During the manufacturing process, the silicon aligns itself with the 
starter seed and takes the exact same crystal structure of the seed.
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Figure 6-3: 
A mono-

crystalline 
cell module 

(a) and a 
multicrys-
talline cell 

module (b).
 ba

The starter seed is then drawn out of the mixture, and a crystal grows around 
it, forming the beginning of the ingot, a 6- to 8-inch-diameter crystal. The ingot 
continues to be pulled from the molten vat until it reaches the desired length — 
about 6 feet. This ingot comes out as a cylinder, thereby giving monocrystal-
line cells a circular shape (at least initially).

The ingot is then sliced into very thin wafers that are exposed to the diffu-
sion process to introduce the other dopant (phosphorous). At this point, the 
solar cells are complete, and an electrical grid can be placed atop them (in a 
process that best resembles silk-screening onto a T-shirt) to effectively allow 
the electrons to flow. (You can think of this process like the toast you order 
at your favorite breakfast joint. The loaf of bread is like the ingot, the slices 
of bread are the wafers, the pieces of toast are the cells after doping, and the 
jam that makes it all worthwhile is the electrical grid.)

 Monocrystalline modules are typically more efficient than their multicrystal-
line counterparts on the cell level because the molecular structure of the 
ingot is uniform from top to bottom (refer to Figure 6-3). This characteristic 
allows the photons to move the greatest number of electrons when in sunlight 
because the cells are all lined up and facing the exact same direction. In a mul-
ticrystalline cell, the crystals have various shapes and point in different direc-
tions, slightly reducing the efficiency.

Monocrystalline cells are circular when they start out their lives, but because 
PV modules are rectangular in shape, the cells need to be squared off in 
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107 Chapter 6: PV Modules: From Sand to Electricity

order to fit into the module. Because making the circular cells into perfect 
rectangles would result in a high amount of waste, the manufacturers cut 
corners off the cells and square the edges to create octagons. The resulting 
octagonal cells are then capable of being packed into a module frame more 
densely than if they’d remained circles, thereby reducing the amount of dead 
space in the module. As you can see in Figure 6-3a, the octagons allow the 
cells to be placed closely together but not right next to each other, creating 
the dead space within the monocrystalline modules.

 Most manufacturers use a white back sheet so you can immediately spot 
monocrystalline modules due to the small amount of white space at the cor-
ners of all the cells.

The multicrystalline kind
Multicrystalline cells are manufactured differently than monocrystalline 
ones — the ingots are essentially brick shaped or cubes rather than cylin-
ders. The manufacturing process begins with a vat of molten silicon-boron 
mixture, but instead of pulling a crystal out of this mixture, the mixture is 
formed in a cubic crucible, which results in the silicon cooling and forming 
multiple crystals. After the silicon has cooled and the ingot is sliced into thin 
wafers, the dopant (phosphorous) and electrical grid are added to the modules.

 The efficiency of multicrystalline modules is reduced due to the many crystal 
structures in the cubes. When the photons strike the cells, they have a more 
difficult time knocking the electrons free thanks to the many different surfaces 
present. On the plus side, the cells can be made into squares or rectangles 
very easily, a fact that allows the multicrystalline modules to have their cells 
packed one next to the other with very little space between them (refer to 
Figure 6-3b). The end result is that multicrystalline modules have power rat-
ings per unit area that are similar to that of their monocrystalline counter-
parts even though they’re less efficient on the cell level.

Looking at thin film modules
The phrase thin film module is a catchall for a number of different PV tech-
nologies. Saying to a bunch of solar-technology junkies that your PV module 
is thin film is akin to telling dog people that you have a dog. Most folks inter-
ested in solar technology immediately want to know what kind of thin film 
product was used in the module, just like most dog lovers want to know what 
kind of dog you have.

Thin film technologies vary in their raw materials and exact manufacturing 
processes, and I show you some of the technologies in this section. However, 
at the most basic level, all thin film technologies deposit a material that can 
produce the photovoltaic effect onto a backing material (called a substrate). 
This substrate can be a sheet of glass, PVC roofing material, or even a foil 
sheet. The name thin film implies only that the material on the substrate is 
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extremely thin, ranging from just nanometers to a few micrometers thick. As 
a point of reference, a human hair is approximately 100 micrometers thick, 
and crystalline solar cells are approximately 250 micrometers thick — the 
equivalent of two and a half human hairs.

In the following sections, I focus on the thin film modules you’ll see most 
often. (One interesting up-and-coming module type is the hetero-junction 
module, which uses both crystalline and thin film technologies; see the 
nearby “The best of both worlds: Hetero-junction modules” sidebar for 
details.)

Amorphous silicon
Amorphous silicon (aSi) is an extremely prevalent type of thin film module. 
It’s based on a silicon technology that involves depositing silane gas on a 
substrate. One of the advantages of aSi is its ability to be incorporated on 
nonrigid substrates (such as a flexible vinyl sheet or PVC roofing materials), 
which allows aSi PV modules to become part of the roofing material. Using 
aSi has become a popular method for large commercial flat roofs, despite the 
fact that aSi has a reduced power-per-unit-area value (approximately 50 per-
cent to 60 percent less than crystalline modules). But by incorporating it into 
the roofing material and installing it on very large roof areas, aSi can become 
an attractive option, both in terms of aesthetics and overall cost.

 An aSi module can be manufactured in a variety of forms to help accommo-
date the specific application. For example, they can be made to stick right on 
a metal roof or become part of the roofing material used on commercial roofs. 
Even though aSi modules aren’t as power dense as the crystalline kind, they’re 
able to use sunlight when it’s at lower light levels, like in the early morning 
and late afternoon, which means aSi modules have an increased energy output 
compared to crystalline modules.

Cadmium telluride
Cadmium telluride (CdTe) modules are another currently available type of 
thin film technology. To construct CdTe modules, a very thin layer (I’m talk-
ing mere micrometers thick) of CdTe is deposited on the substrate.

 One method is to deposit the CdTe directly onto a glass substrate. To pro-
tect the cells, a second glass layer is adhered to the first. This glass-on-glass 
process means the PV module can be used in place of conventional windows, 
allowing some light to penetrate the building while still producing electricity.

One advantage of CdTe modules is that the costs of the raw materials used 
are relatively low, a fact that allows the technology to be price competitive. 
Yet one of those raw materials, tellurium, is a rare earth element. If CdTe 
technology takes off, the availability of tellurium may become problematic.
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Copper indium gallium diselinide
Another type of thin film module, copper indium gallium diselinide (CIGS), 
uses four different raw materials. The substrates used can be either flexible 
(like those used for aSi modules) or rigid (like glass). CIGS technology has 
been used in the past and has recently regained popularity because it can be 
manufactured with nanometers (0.000000001 meters) of material compared 
to some of the other thin films that require micrometers of material (.000001 
meters). This extreme difference allows CIGS modules to use far less raw 
material, helping reduce manufacturing costs.

 CIGS technology has been incorporated into a relatively new manufacturing 
process for commercial rooftop installations: The cells have been manufac-
tured into cylinders and placed in tubes rather than the traditional rectan-
gular modules. The advantage of this tubular format is that the cells can be 
perpendicular to the sun a greater number of hours per day, thereby increas-
ing the energy production.

Pointing Out Electrical Specifications 
on PV Modules

PV modules have the ability to produce power, and each module has its own 
specific current and voltage characteristics. You can find all of these speci-
fications listed on the backside of every module you buy as well as on every 
specification (spec) sheet from the manufacturers. The power value is impor-
tant because it lets you know the wattage the module can produce. From this 
power value, you can calculate the energy output for the system. The current 
is important so you know how many amps are running through the conduc-
tors (wires), and the voltage is important because it tells you of the module’s 
potential to push the current.

The best of both worlds: Hetero-junction modules
One manufacturer is using crystalline tech-
nology in conjunction with amorphous silicon 
(aSi) thin films. The result is a hetero-junction 
module that provides a greater power output 
simply by taking advantage of the strengths of 
the individual technologies. The aSi surrounds 
the crystalline cell in ultrathin layers and helps 
increase the power output.

Hetero-junction modules, which are typically 
used in high-visibility applications such as patio 
covers or solar awnings, where aesthetics are 
a primary concern, use reflected light around 
the module to help boost the power output. 
They’re a premium product, and their price 
reflects that.
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In the following sections, I show you the different current and voltage speci-
fications associated with PV modules. I also get you acquainted with some 
other key PV specifications that are worth knowing.

Current specifications
The current that a module can produce is represented by the ampere, or amp, 
and is the number of electrons moving per second. As I explain in Chapter 3, 
amps are actually a rate, even though you don’t see the time value in the 
units. The notation for current is typically I (think intensity), but you may 
sometimes see A used as well.

 The amount of current flow is directly proportional to the size of the indi-
vidual solar cells within the modules, so the larger the cells, the more current 
you get. The amount of current flow is also dependent on the intensity of the 
sunlight. As the intensity increases, the electrons move faster, but the mod-
ules can only ever deliver the amount of current that the sun allows, which 
means they’re inherently current limited.

Two current values are reported on PV modules and spec sheets: short 
circuit current (Isc) and maximum power current (Imp). I explain what these 
values mean in the sections that follow. Later in the chapter, I graph these 
values, and in Part III, I show you how to use the module-specific data to 
properly size the wires connecting the system.

Isc
Short circuit current, abbreviated Isc, is the value achieved if the positive and 
negative wires on a PV module come into direct contact with each other and 
there’s essentially no resistance between the positive and negative sides 
on the module. The definition of this condition is that voltage equals zero 
because no potential between the two sides of the cell exists; the electrons 
are just trying to do what’s natural to them, which is to go to the electron 
holes. The Isc values you see reported by manufacturers all occur at standard 
test conditions (STC; I describe these later in this chapter).

 Shorting the conductors (connecting the positive to the negative) won’t harm 
the module while the current is flowing, but it could potentially harm you and 
the equipment if you don’t disconnect the conductors properly or if you try to 
short more than one module at a time. (I present safety concerns and how to 
properly protect yourself in Chapter 15.)

 You use the Isc value whenever you need to calculate the minimum size of the 
conductors connected to your system (see Chapter 13). You must size conduc-
tors so as to satisfy the electrical codes, mainly the National Electrical Code® 
(NEC®), but not necessarily to ensure maximum system performance. The Isc 
value also dictates the ratings of other components you connect to the PV 
modules and array, such as overcurrent protection devices and disconnects.

11_598931-ch06.indd   11011_598931-ch06.indd   110 8/2/10   10:47 AM8/2/10   10:47 AM



111 Chapter 6: PV Modules: From Sand to Electricity

Imp
Maximum power current (Imp) is very similar to the maximum power voltage 
(see the “Vmp” section later in this chapter). It represents the current value 
when the module is producing the maximum amount of power possible. The 
value listed by the manufacturer is at the STC that I describe later in this 
chapter and is variable off of that. The current value varies greatly based on 
the intensity of the sunlight striking the module.

 Use the Imp value when you need help maximizing the performance of the 
system. Note that this current value is often used in conjunction with Vmp to 
size the conductors in the system to maximize the power output from the 
modules and array. (The calculations and methodologies are in Chapter 13.)

 The Imp value is represented in a number of different ways, including Ipm, Ipp, 
and Impp. Typically, a manufacturer determines the notation it wants to use for 
the maximum power values and applies that notation to both the current and 
voltage maximum power values.

Voltage specifications
The voltage from a PV module is the measurement of how much push or 
potential is available to move the electrons. Voltage by itself doesn’t achieve 
any useful work — you need current present for that — but it’s necessary so 
PV modules can have the ability to push electrons somewhere.

 Traditionally, voltage is represented in equations such as Ohm’s Law as E 
because the volt was used as the unit of measurement for electromotive force. 
Nowadays you see voltage represented as V, but you may also see some 
European companies list voltage with the designation U.

 PV modules produce voltage as soon as they’re placed in the sun. Each solar 
cell contributes some voltage — for example, a mono- or multicrystalline 
cell produces approximately 0.5 maximum power voltage (Vmp) when it’s in 
the sun. In addition, it takes very little sunlight to achieve full voltage from a 
module. A module that isn’t in the sun still has voltage present, but it can’t 
produce power because current doesn’t flow (meaning electrons don’t move) 
unless the module is in the sun.

Two voltage values are on PV modules’ listing labels and in spec sheets: open 
circuit voltage (Voc) and maximum power voltage (Vmp). Later in this chapter, 
I show you where these values are in relation to each other on a graph. In 
Part III, I show you how to apply these values when designing PV systems.

Voc
Open circuit voltage, abbreviated Voc, is the voltage value in the absence of 
current flow. Resistance between the positive and negative wires on the PV 
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module is infinite because the circuit is open. (Resistance, as I explain in 
Chapter 3, refers to resisting the flow of current.) The Voc value listed on a PV 
module is at STC; it varies based on environmental conditions (I explain STC 
and environmental conditions later in this chapter).

 When calculating the number of modules to use in conjunction with specific 
equipment, you must use the Voc value to determine the maximum circuit 
voltage.

Vmp
Maximum power voltage (Vmp) is, not surprisingly, the value where the PV 
module produces the greatest amount of power. Just like the Voc, this value 
moves, particularly in response to the temperature of the cells. Vmp is often 
referred to as the operating voltage of the modules, although the true operat-
ing voltage is generally lower than this value due to the loss of voltage as 
temperature increases. The Vmp value you see is always reported at STC.

 The Vmp value is important because this voltage is associated with the current 
flowing from the PV modules. When thinking about Vmp, you need to keep two 
things in mind: Voltage drops as temperatures rise, and PV modules always 
need to have enough voltage (push) to keep the current flowing. These facts 
mean you must adjust the Vmp value for high temperatures to make sure the 
modules are arranged such that they always have enough voltage present to 
push the current, regardless of the temperature.

 One important point to note about the maximum power voltage is the incon-
sistency in the terminology. Somehow the PV manufacturers of the world can 
agree on testing conditions, but they can’t agree on the terms used to report 
the data they collect. Maximum power voltage is commonly represented as 
Vmp, but you’ll also see it listed as Vpm, Vpp, Vmpp, and Vp. All of these varia-
tions really say the same thing; they just use different notations to say it. 
(Thankfully, I’ve never seen a spec sheet list the open circuit with anything 
other than the Voc notation, so regardless of what the various manufacturers 
use for the maximum power voltage notation, you have one constant when 
checking a module’s electrical specifications.)

Maximum power point
The maximum power point (MPP) is the product of Vmp × Imp (refer to the 
power equation in Chapter 3), and the units associated with it are watts 
(W). MPP is listed by every manufacturer at the STC I describe later in this 
chapter and is typically the numerical value in a module’s name. The MPP of 
an individual module is often referred to as the rated power output because 
that’s the amount of power the module can produce at the environmental 
conditions at which the modules are tested.
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 The MPP is important because it’s used to determine the following (I show 
you these relationships in Part III):

 ✓ The rated power output of the entire array and the components you’re 
going to connect to: The array’s rated power output is the number of 
modules used in that array multiplied by the individual module’s MPP 
value. You then use this value in relation to the inverters you connect 
to the array. For example, if you have ten modules that are each rated at 
200 W, the array’s rated power input is 10 × 200 = 2,000 W, or 2 kW.

 ✓ The expected energy production of the PV array: You start with the 
MPP value for all the modules and apply system losses and local envi-
ronmental conditions to help compute the number of kilowatt-hours the 
PV array will generate.

Because the MPP is a product of voltage multiplied by current, it represents 
a variable value. The value listed by the manufacturer will rarely, if ever, be 
seen on operating meters because the module’s voltage changes based on 
temperature and because the current changes based on irradiance. The like-
lihood of both the current and voltage being at STC when the modules are 
operating in the field is slim. Nonetheless, MPP is an important value because 
it provides a reference point when you’re comparing multiple modules.

Voltage temperature coefficient
As I note in the earlier “Vmp” section, a PV module’s voltage is related to the 
temperature of the cells within the module. This relationship is considered 
to be inversely proportional because as the temperature increases, the volt-
age decreases. Likewise, as the temperature decreases, the voltage increases. 
This is an important consideration because PV modules are exposed to some 
of the most extreme temperatures, and their voltages react based on those 
temperatures.

 The change in voltage due to temperature is a linear relationship, meaning the 
change happens in the exact same increments regardless of the temperature. 
The amount of change is referred to as the voltage temperature coefficient. This 
value is often reported in terms of a percentage per degrees Celsius (%/°C), 
and it tells you that for every degree change in Celsius, the module’s voltage 
changes by a corresponding percentage. I provide some examples of voltage 
coefficient values in the later “Environmental effects on standard test condi-
tions” section.

Ideally, the modules you’re working with have a small voltage temperature 
coefficient, meaning the voltage changes very little with changes in tempera-
ture. You can’t do anything to change this value, so you need to consider it 
when designing your systems and specifying modules.
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 Most crystalline-based modules (mono- and multi-) have very similar voltage 
temperature coefficients with most manufacturers reporting values that are 
comparable to their competition’s. This is due to the nature of the cells and 
how they react to temperature. Thin film modules, on the other hand, typi-
cally have smaller voltage temperature coefficients than their crystalline coun-
terparts, so they don’t lose as much voltage in high-heat conditions.

Power tolerance
All module manufacturers share what the power output of their modules are 
under STC (which I describe later in this chapter). They also tell you what 
the power tolerance of that module is, which is basically how close they guar-
antee to come to hitting that value. The manufacturers monitor the produc-
tion process so they can accurately predict each module’s power output. 
Because the manufacturing process inevitably creates some inconsistencies, 
the manufacturers guarantee that their modules’ output will be within a cer-
tain percentage of the rated power output.

Many manufacturers offer power tolerances that are 0% to +3%. This says to 
the consumer, for example, that a module rated at 100 W will produce 100 W 
to 103 W. Again, this is at STC, so it’s highly unlikely you’ll ever see that 100 
W thanks to system losses (I cover such losses in Part III), but at least the 
starting point is accurately represented.

Series fuse rating
The last major specification you should be aware of is the series fuse rating; 
it represents the largest overcurrent protection device (the fuse or circuit 
breaker) that can be placed on any series string (which is made by connect-
ing the positive wire from one PV module to the negative wire of the next 
PV module). The series fuse rating for PV modules is typically 10 A or 15 A 
(occasionally it’s even 20 A). The exact value has an effect on the wiring methods 
and overcurrent protection devices used. I touch on series strings in Chapter 3 
and reveal how to properly size overcurrent devices in Chapter 13.

Surveying Test Conditions 
for PV Modules

PV modules have to undergo some very stringent tests and certifications before 
they ever reach the consumer (or the installer, for that matter). An Underwriters 
Laboratory (UL) test protocol, UL1703, covers PV modules and requires testing 
of both the electrical and mechanical portions of each and every PV module.
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 Any module you want to consider purchasing or installing should have UL1703 
certification.

As part of the UL certification process, the PV manufacturer has to provide 
prescribed information on the module itself by applying a label on the back. 
Plan to use the information on the electrical characteristics most often. Other 
high-value information, such as mechanical data, isn’t always found on the 
listing label, but you can usually track it down on the module’s spec sheet.

After you’re familiar with the different electrical specifications (which I cover 
earlier in this chapter), you can appreciate the consistent baselines that 
allow you to more easily compare the performance characteristics of differ-
ent modules. I cover these baselines, as well as the effects of various environ-
mental conditions on them, in the sections that follow.

Standard test conditions
 All PV module manufacturers test their modules under standard test conditions 

(STC). The three main elements to the STC are: cell temperature, irradiance, 
and air mass — all of which are variable conditions that the PV modules will 
be exposed to after they’re installed. Because these conditions affect the 
modules’ power output, PV manufacturers had to establish a value for each 
of these elements that everyone could test to and report their results. Those 
standard values are as follows:

 ✓ Cell temperature: The STC for cell temperature is 25 degrees Celsius or 
77 degrees Fahrenheit. (Note that it’s cell temperature, not air tempera-
ture.) When a PV module is operating in the sun, it typically gets much 
hotter than 25 degrees Celsius. Depending on the location and the way 
the module is mounted, cell temperatures of 75 degrees Celsius aren’t 
uncommon when the modules are in full sun.

 ✓ Irradiance: Irradiance, simply stated, is the intensity of the solar radia-
tion striking the earth. The STC value for irradiance is 1,000 watts per 
square meter (W/m2). Irradiance values vary from 0 W/m2 to 1,250 W/m2. 
The 1,000 W/m2 value represents full sun, or peak sun, which is common 
to many terrestrial locations. (Flip to Chapter 4 for an introduction to 
irradiance.)

 ✓ Air mass: Air mass is a representation of how much atmosphere sun-
light must pass through to strike the earth. The STC value for air mass 
is 1.5 (AM 1.5). Actual air mass values vary widely depending on one’s 
location on the globe, the time of year, and the time of day.

Of these three elements, you should concern yourself with compensating for 
differences in cell temperature and irradiance values because these two vari-
ables directly and measurably affect a PV module’s voltage and current in the 
following ways:
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 ✓ Voltage: The higher the cell temperature, the lower the module voltage — 
and vice versa.

 ✓ Current: The higher the irradiance value, the more current is pushed 
through the module.

 You maximize a PV module’s electrical output by keeping the module as cool 
as possible and pointing it directly at the sun as much as possible.

Environmental effects on standard 
test conditions
When you’re in the field and need to verify a module’s power output, you 
must be able to apply voltage temperature coefficients (which I present ear-
lier in this chapter) and calculate the module’s current output based on the 
irradiance received at that time; the following sections introduce the info you 
need to know. (I show you how to apply these concepts when sizing a module 
to an inverter and charge controller in Part III.)

Temperature
 You need to be able to calculate the change in voltage due to cell temperature 

because every electrical component connected to a PV array has input volt-
age requirements that must be met. Regardless of the type of PV system used, 
if you apply a voltage in excess of what the equipment is rated for, you may 
damage it beyond repair; if you don’t send enough voltage, the electronics will 
shut down. The excessive voltage is considered a safety concern, whereas the 
lack of voltage is considered a performance concern.

The 2008 version of the NEC® (which is the most recently updated version) 
states that if the manufacturer supplies the voltage coefficient data, you must 
use that information to calculate the temperature-adjusted voltage. If the manu-
facturer doesn’t supply this information, you can use a table, which is included 
in Article 690.7 of the NEC®, to calculate it. The NEC® offers no provision for a 
loss of voltage due to high temperatures, but this consideration is still important 
to keep in mind. One of the worst calls you can get from a client is the one where 
she tells you her system shut down on the sunniest day of the year because the 
voltage loss was too excessive. In Chapter 11, I walk you through the steps you 
need to take to account for voltage loss in high-temperature conditions.

 There are two distinct voltage coefficient values, one for Voc and one for Vmp. 
The coefficient value for Voc is always less than the coefficient for Vmp. After 
all, there’s a greater change in the voltage when the module is operating (Vmp) 
than when it isn’t doing any useful work (Voc).

When working with a crystalline PV module, check the module’s spec sheet 
for the Voc and Vmp values. If they’re not there, the manufacturer should be 
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able to supply them because they’re known quantities; you just have to ask 
either the person you’re buying the modules from or the manufacturer for 
this information. If the information isn’t readily available, you can use the 
following values and be within reason (unless of course you’re working with 
thin film PV; in that case, you have to obtain the data from the manufacturer 
and can’t use these values):

 ✓ Temperature coefficient for Voc = –0.35%/°C

 ✓ Temperature coefficient for Vmp = –0.5%/°C

 Notice the negative number in front of the coefficient; it represents the inverse 
relationship. So as the temperature increases (a positive change in tem-
perature), the voltage decreases. As the temperature goes down (a negative 
change in temperature), the voltage increases.

 Your reference temperature is always going to be the STC temperature of 25 
degrees Celsius. So when you calculate the change in voltage, you have to 
compare the cell temperature in that scenario to 25 degrees Celsius. For exam-
ple, if you want to find out what percentage change the module’s Voc will have 
when the cell temperature is 15 degrees Celsius, you need to subtract the STC 
temperature from the cell temperature:

Cell temperature – STC temperature = Difference in temperature

15°C – 25°C = –10°C

You now know that the cell temperature is 10 degrees Celsius less than the 
STC temperature, which means you can use this information in conjunction 
with the given temperature coefficient to determine the percentage change.

Difference in temperature × Voltage temperature coefficient = Percentage 
change in voltage

–10°C × –0.35%/°C = +3.5% change in rated Voc

I go into more detail on this in Chapter 11, so jump there to see how to use 
this calculation when sizing a complete PV system.

Irradiance
The change in irradiance directly affects a module’s current output. You 
may need to verify the performance of a single module or an entire array. 
By measuring the irradiance value and the current output of the module (or 
array), you can compare the two to see whether the modules are operating 
as expected. Without knowing the exact irradiance measurement, you can’t 
accurately determine whether the current values are reasonable.

To calculate this change (which is an important task when commissioning, 
or turning on, an array; see Chapter 18), you first need to know what the 
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irradiance value is. You can figure this out by using an irradiance sensor that 
points in the same direction as the module (or array). If you’re using a hand-
held sensor, place the bottom of the sensor on the frame of the module and 
read the digital display to see the irradiance value at that moment.

 Because the module’s output is directly proportional to the irradiance and the 
STC value for irradiance is 1,000 W/m2, you can estimate the percentage change 
of current by measuring the irradiance and dividing that by 1,000 W/m2. For 
example, if the measured irradiance is 650 W/m2 and you want to know what the 
effect is on the current value, then you’d perform the following calculation:

650 W/m2 ÷ 1,000 W/m2 = 0.65

The current is therefore 65 percent of the module’s STC value. The irradiance 
sensor reports the values in terms of W/m2, and because the STC is 1,000 W/
m2, this makes the conversion easy on you. When you’re in the field, you can 
expect to see irradiance values at or below 200 W/m2 and up to 1,250 W/m2. 
Regardless of the value you see, you can simply multiply the current value at 
STC by the percentage you calculate (as I show you in this section) to deter-
mine the estimated current value under those irradiance conditions.

Relating Current and Voltage 
in IV Curves

As a PV system designer and installer, a graph that you’ll soon come to know 
and love is the current-versus-voltage curve, also known as the IV curve. (I 
stands for current, and V stands for voltage.) The IV curve graphically rep-
resents the relationship of a module’s current and voltage. See Figure 6-4 for 
a sample of a typical IV curve at STC, which is the most common way manu-
facturers represent the curve (I cover STC in the earlier “Standard test condi-
tions” section).

 

Figure 6-4: 
A typical IV 
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Following are the five major electrical characteristics graphed in Figure 6-4:

 ✓ MPP: Where current multiplied by voltage results in the highest power 
output

 ✓ V
oc

: Where the voltage is at its maximum for a particular temperature 
and current equals zero

 ✓ V
mp

: Where the voltage value intersects the MPP

 ✓ I
sc

: The point on the curve that represents a voltage value of zero and 
the amount of current that would flow if the positive and negative wires 
were placed in direct contact with each other

 ✓ I
mp

: The point where the current value intersects the MPP

You can also use an IV curve to show how environmental conditions such as 
the temperature of the solar cells and the intensity of the sunlight affect a PV 
module’s current and voltage output, as I explain in the next sections.

An IV curve with varying temperature
As I mention in the earlier “Temperature” section, a module’s voltage 
decreases as the cell temperature increases. This is a very linear and measur-
able effect. In Figure 6-5, I show how a typical PV module’s IV curve varies 
with changing temperatures. Notice how the curve moves left and right along 
the horizontal voltage axis but moves relatively little along the vertical cur-
rent axis. This movement in the curve results in the MPP moving along with 
the voltage, allowing you to see that the temperature changes directly affect 
the voltage output, which in turn directly affects the power output.

 

Figure 6-5: 
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 The amount of current actually increases as the temperature increases, but 
the amount of that change is so much less than the change in voltage that you 
don’t really need to consider it during the design process.

An IV curve with varying irradiance
Irradiance varies greatly each day, starting at 0 W/m2 just before daybreak 
and climbing higher than 1,000 W/m2 at any given time. The amount of irradi-
ance striking a PV module directly affects how much current the module can 
put out. Just like the relationship of voltage and temperature, this is a linear 
relationship that you can calculate over various conditions.

Figure 6-6 shows how the IV curve varies with changes in irradiance. Notice 
how the curves move in the vertical direction much more than they move 
horizontally. This movement indicates that the module’s voltage isn’t affected 
very much due to changes in irradiance even though the current is affected 
dramatically. The MPP also moves a lot due to the changes in irradiance.

 

Figure 6-6: 
IV curves 
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levels of 
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 PV system designers generally don’t consider the effect of irradiance on 
voltage when designing a system. Many consider the module voltage to be 
at full Voc as soon as the sun comes up and simply adjust this voltage based 
on temperature (I show you how to perform this calculation in the earlier 
“Temperature” section and in more detail in Chapter 11). This is a conserva-
tive approach that will serve you well in your own designs. It’s conservative 
because as the sun comes up, a module’s voltage jumps quickly, as much as 
90 percent of Voc with only 200 W/m2, but it isn’t at full Voc until the intensity 
increases. Using this conservative method allows you to build a safety buffer 
into your system design and installation.
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Chapter 7

The Basics of Batteries
In This Chapter
▶ Taking a peek at the guts of a battery and discovering what makes one tick

▶ Getting to know the various battery technologies

▶ Becoming familiar with the concept of capacity

▶ Knowing what to consider when selecting batteries for a client

So your clients want to store energy? For PV systems, the need for energy 
storage leads most people to battery banks. With the exception of 

petroleum-based fuels, batteries are currently the most practical and cost-
effective way to store enough energy for human use. Fortunately, you can 
incorporate batteries into virtually any PV system.

 ✓ If the utility grid is present, you can design a utility-interactive, battery-
based PV system, also known as a battery-backup PV system. In this 
system, batteries are used only when the utility grid fails.

 ✓ In the absence of the utility grid, you can design a stand-alone (or off-
grid) system. Batteries in this system are used when the PV array can’t 
provide all the power draw for the loads at any specific time (cloudy 
weather, nighttime, or if a number of loads are running during the day). 
Stand-alone systems can actually go a step further and incorporate mul-
tiple battery-charging sources in addition to the PV array (think wind- or 
water-powered generators and fuel-based AC generators).

In this chapter, you get to see the types of batteries being used in PV sys-
tems. Here’s your chance to explore their basic functions and features and 
get to know the fundamental criteria used to choose battery banks for PV 
systems.

 Even if you think you’ll never install a battery throughout the course of your 
PV career, you should still know all about the design and installation compo-
nents regarding batteries. Offering this service will increase demand for your 
work because clients will see you as a true expert.
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The Fundamentals of Battery 
Anatomy and Operation

When I talk about batteries, I like to refer to them as buckets of energy. 
Batteries are a convenient way to store electrical energy for people to use 
at will. More accurately, batteries are a group of cells that store electrical 
energy and, through a chemical reaction, can deliver power to loads. In the 
following sections, I introduce you to the typical components and operation 
of the batteries used in PV systems.

Constructing a battery, from cell to bank
The fundamental construction of individual batteries and how they’re 
grouped together is very similar to the solar cells, PV modules, and arrays I 
describe in Chapter 6. For batteries, the most basic portion is the battery cell. 
Battery manufacturers take these battery cells and make batteries of various 
electrical and physical characteristics. As an installer, you take these individ-
ual batteries and make a battery bank to serve the needs of your client.

Going cellular
Just as solar cells are the basic building blocks of PV modules and arrays (as 
I explain in Chapter 6), battery cells are the basic building blocks of battery 
banks. Each battery cell has a specific voltage potential; this voltage value is 
dependent on the battery technology but independent of the cell’s size. The 
amount of energy stored is directly proportional to the cell’s size, though; in 
other words, the bigger the cell, the greater the amount of stored energy or 
capacity (I cover capacity in greater detail later in this chapter).

Battery cells designed for PV systems are configured by the battery manu-
facturer to produce a desired voltage and store a desired capacity. Every cell 
has either a single plate with positive and negative sides or multiple positive 
plates and negative plates together within an individual compartment. The 
negative plates are separated from the positive plates by a special electri-
cally insulating material. Each plate holds the active material, which is the 
material that reacts in the chemical process I describe later in this chapter. 
These plates are then immersed in an electrolyte, either a liquid or a gel, that 
allows the charged particles to flow between the positive and negative plates 
when given an electrical path in which to move, such as a DC load connected 
to the batteries or an inverter that’s running AC loads.

If multiple plates are used in a cell, all the negative plates are connected together 
with a metallic bar, and all the positive plates are connected together with a sim-
ilar metallic bar, creating parallel connections within the cell. Depending on the 
desired effect, many thin plates or a few thick plates may be together in a cell.
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 ✓ Multiple thin plates allow for an increased amount of surface area of the 
active material in contact with the electrolyte, creating a greater amount 
of current flow in a short period. These batteries work well as starting 
batteries (like the one found in your car).

 ✓ A few thick plates allow a battery to move from charged to discharged 
many times without damage (unlike batteries with multiple thin plates). 
If your system design calls for a battery to run electrical loads continu-
ously, you need a deep-cycle battery (also known as a deep-discharge bat-
tery). A deep-cycle battery’s thick plates allow it to deliver nearly all the 
energy stored and then be recharged fully. All the batteries used in PV 
systems are deep-cycle batteries because they’re expected to deliver a 
majority of their capacity many times in their lives.

You can see multiple plates in a battery cell in Figure 7-1.

 

Figure 7-1: 
The con-

struction of 
a typical PV 

system 
battery.
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Making a connection to create a battery
To create a battery, multiple battery cells are connected together within a 
case. The exact number of cells connected together varies by manufacturer, 
but the most common configurations result in 6 V and 12 V nominal batteries. 
The nominal designation indicates that the batteries are close to that voltage 
but can vary (I tell you about nominal voltages in Chapter 3).

 The exact voltage and capacity of a battery depend on the technology used, 
but you can gain some quick knowledge just by looking at the top of a battery 
case. Each cell has its own vent, so if you look at a battery and see three vents, 
you know that three individual cells are in that battery.
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Taking it to the bank
Typically, individual batteries don’t have the required voltage and capacity 
values necessary for an entire PV system, which is why you must connect 
them to create a battery bank (the total number of batteries used). By wiring 
batteries in series, you create a string of batteries, which allows the voltage to 
increase while the capacity remains constant. This concept is identical to the 
PV series string connections I show in Chapter 3.

 If you require additional capacity, you can create multiple strings of batteries 
and place them parallel to each other. Doing so allows you to keep the voltage 
constant while increasing the overall capacity of the battery bank. (I explain 
how to properly size a battery bank later in this chapter.) This practice is the 
same as the parallel connections for PV strings I show in Chapter 3.

Discovering how batteries 
charge and discharge
Batteries store energy in the form of direct current (DC; see Chapter 3 for 
an introduction). This is the same form of current delivered by PV arrays, 
which means batteries can be charged directly from a PV source with mini-
mal losses. A charge controller makes this charging possible. I fill you in on 
charge controllers in Chapter 8, but in the sections that follow, I describe 
the fundamental concepts of charging and discharging and explain the basic 
chemistry of the charging and recharging processes.

Getting a grip on the concepts of charging and discharging
 Deep-cycle batteries (described in the earlier “Going cellular” section) are 

designed to deliver nearly all of their stored energy to loads in a PV system, 
but limitations exist. The phrase depth of discharge (DOD) describes the 
amount of energy drawn from the battery. For most deep-cycle batteries, the 
maximum DOD you want to experience is 80 percent, meaning you remove 80 
percent of the stored capacity from the battery. Although deep-cycle batteries 
are designed to deliver as much of their stored energy as possible, if the DOD 
frequently reaches a high value, such as 80 percent, the overall battery life will 
be reduced. Therefore, increasing a battery bank’s overall life while delivering 
as much energy for the loads as possible becomes a balancing act that you, as 
the PV system designer and installer, must master.

 The opposite term for DOD is state of charge (SOC), and it reflects the amount 
of energy still stored in a battery. So if I say a battery has an SOC of 20 percent, 
then I’m telling you that the battery has delivered 80 percent of its energy 
and has 20 percent of it left. This is another way of saying the battery has an 
80-percent DOD. Because these terms are the opposite of each other and PV 
folks refer to them most often in percentages, a handy trick for remembering 
the relationship is that SOC + DOD = 100%.
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All batteries designed for use in a PV system are rated by their voltage and 
capacity as well as by how many cycles they can deliver that energy. A cycle 
is when the battery goes from being fully charged to fully discharged and 
then recharged again. The exact number of cycles a battery can undergo 
during its life is affected by a number of factors, including temperature and 
how fast the battery is being discharged (these factors also affect the bat-
tery’s capacity, as I explain later in this chapter). Typically though, battery 
manufacturers relate the number of cycles a battery can withstand against 
the DOD. So, logically, the greater the DOD a battery experiences, the fewer 
cycles it’ll experience.

Understanding basic charge and discharge chemistry
Batteries are able to deliver electrical current to loads in a PV system 
through a chemical reaction that’s contained within that battery. The exact 
chemical reaction is dependent on the type of battery used and the materials 
used to push the electrons around. You don’t need to get too hung up on the 
chemical reaction I show in Figure 7-2 (unless you do chemistry in your spare 
time for fun). All you need to take away is how the electrons move from one 
side to the other depending on whether the battery is charged or discharged.

 

Figure 7-2: 
The chemi-

cal reaction 
that occurs 

when 
discharg-

ing and 
charging a 

battery.
 

Discharge – 2e
Pb + PbO2 + 2 H2SO4 2 PbSO4 + 2 H2O

Charge + 2e

On the left side of Figure 7-2 is a chemical equation for a fully charged bat-
tery composed of lead, lead oxide, and sulfuric acid (this type of battery is 
a lead-acid battery; see the later related section for details). As the battery is 
discharged, the lead and lead oxide become lead sulfate, and the sulfuric acid 
becomes water. So a fully discharged battery contains lead sulfate and a very 
watery acid solution (see the right side of Figure 7-2). The electrons don’t go 
away; they merely move to a different form and are stored in the lead sulfate.

During the charging cycle, the lead sulfate breaks up, lead oxide re-forms, 
and the water becomes a strong acid again. Hydrogen gas is also released 
into the atmosphere, although the amount of gas released varies greatly 
among battery technologies. As for the electrons, they move similarly to the 
way electrons move in solar cells (see Chapter 6). During the charging pro-
cess, current is applied into the batteries to force the electrons back. When 
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the electrons are back where they started, they look for a way to return to 
the other side. You provide this path with a load, and the whole process 
repeats.

In theory, the recharging portion of the battery cycle should remove all the 
lead sulfate that has accumulated on the plates and return it to the sulfuric 
acid solution. However, that’s not the reality. In real life, the plates become 
corroded as batteries age. In the case of lead-acid batteries, that corrosion 
is in the form of sulfation, and it reduces the batteries’ ability to store as 
much energy as they did when they were new. As a result, lead-acid batter-
ies become discharged quicker and appear to recharge quicker, but they’re 
really not performing at their optimal effectiveness.

 The best way to prevent corrosion in a battery is to follow the charging cycles 
specified by the manufacturer when you set the charging levels for the differ-
ent battery-charging sources (PV array, utility, and generator).

 Batteries aren’t smart creatures by any means, and they can’t differentiate 
between wires connected to their terminals and a load or wrench that was 
accidentally dropped across their terminals. If you ever drop a wrench across 
a battery’s terminals, the battery will short-circuit and discharge very quickly 
because the electrons start flowing through the wrench from the negative 
plates directly back into the positive plates. Ideally the only damage will be to 
the wrench and the battery, but if you get caught in the path, you’re in serious 
danger. To avoid this scenario, only use tools that are specifically made for 
use on batteries. You can buy tools that have specially insulated handles to 
protect you from connecting the positive and negative terminals.

Charging correctly
As an installer, you need to make sure the pieces of equipment used to 
charge the battery bank — the charge controller and inverter — are set up 
so that the charging voltages and current values are correct. These values 
depend on the battery technology, overall battery bank size, and the bat-
tery temperatures. Consult the battery manufacturer’s requirements and the 
charge controller and inverter installation manuals to set the charging points 
correctly, and flip to Chapter 8 to see the steps a battery goes through when 
being recharged.

Comparing Different Types of Batteries
Even though a number of battery technologies are available commercially, 
relatively few are found in PV systems. The next sections get you familiar 
with the types of batteries that are regularly used in PV systems and help you 
differentiate among them to make the selection process a little easier.
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Lead-acid batteries
Far and away the most common type of battery used in PV systems, the lead-
acid (LA) battery has been around since the 1860s and commercially avail-
able since the turn of the 20th century. In LA batteries, the active material 
used on the negative and positive plates is lead and lead oxide (sometimes 
with small amounts of antimony added); the electrolyte that allows charges 
to flow in LA batteries is sulfuric acid. Each cell is approximately 2.12 V when 
fully charged, so the cells in LA batteries are referred to as 2 V nominal.

LA batteries are so popular in PV systems due to their relatively low cost, 
robust design, and ability to achieve a high depth of discharge. LA batteries 
are available in either flooded or valve-regulated versions; both types have 
their pros and cons, as you find out in the following sections.

Flooded lead-acid batteries
As the name implies, flooded lead-acid (FLA) batteries have a liquid elec-
trolyte inside them that floods the cells. These batteries have removable 
caps on each cell and require the person maintaining the batteries (typically 
the system owner) to check the electrolyte level regularly and add distilled 
water when the fluid level begins to get low (I explain how to perform this 
task in Chapter 18). FLA batteries work well in stand-alone systems in which 
the batteries are cycled on a regular basis; they hold up better than their 
sealed counterparts in this environment of constant cycling because they’re 
designed for more regular cycling and can accept maintenance charging (as 
I describe in this section). FLAs are much more cost effective for stand-alone 
clients; the additional maintenance is more than offset by the increased bat-
tery life they’re able to achieve in these environments.

 FLA batteries require a high level of client interaction and maintenance if you 
expect them to last as long as possible and perform to their specifications. 
Why? As I describe in the earlier “Understanding basic charge and discharge 
chemistry” section, the chemical reaction that occurs during the charging 
process creates hydrogen gas and reduces the amount of water in the battery. 
Because flooded cells need to remain immersed in the electrolyte solution 
(when they’re not, they become damaged beyond repair), the client must add 
distilled water to the cells on a regular basis. When properly maintained, an 
FLA battery bank should perform for ten years or more.

FLA batteries also require a periodic intentional overcharge, or equalization 
charge. This process involves intentionally increasing the charging voltage 
into the batteries to stir up the electrolyte solution and “scrub” the sulfation 
(corrosion) that accumulates on the plates. During this process, the batter-
ies produce large amounts of hydrogen gas, and you smell rotten eggs. Every 
battery manufacturer has its own recommendation for the time between 
equalization charges and voltage levels.
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 An equalization charge must always be performed in a controlled and regu-
lated manner. If the system owner is properly trained and feels comfortable 
with this task, he can take it on. Otherwise, you, as the system installer, 
should make arrangements to provide this service on a regular basis.

 I explain how to equalize flooded batteries in Chapter 18, but you should 
know that before you even begin the equalizing process, you need to remove 
the battery cell covers to allow the extra hydrogen gas to escape easily and 
check that the batteries are venting to the outside (preferably through the use 
of a brushless fan) to reduce the possibility of fires — after all, hydrogen is a 
very flammable gas. Also, make sure you place the proper signs in the battery 
bank’s location to warn others about the potential fire and explosion hazards.

Valve-regulated lead-acid batteries
The other type of lead-acid battery used in PV systems is the valve-regulated 
lead-acid (VRLA) battery. Also known as a sealed lead-acid battery, VRLAs 
are sealed from the environment and possess no internal components that 
the client must maintain. The valves on the individual cells keep the batteries 
sealed but also allow gas to escape when necessary. As a VRLA charges, the 
chemical process produces small amounts of hydrogen gas and increases the 
pressure within the battery. As soon as the pressure reaches a certain level, 
the valve is pushed up, the hydrogen gas “burps” out, and the valve resets.

 VRLA batteries are quite popular in utility-interactive, battery-based systems. 
They generally aren’t cycled on a regular basis because, in most locations, the 
grid is relatively stable and power outages are the exception, which means the 
batteries are sitting in a constant state of full charge. (Note: VRLA batteries 
should be cycled every three to six months to help increase their life span, but 
they aren’t hurt by sitting fully charged a majority of the time.)

Other positive reasons for using VRLA batteries in utility-interactive, battery-
based systems are as follows:

 ✓ Reduced maintenance: VRLA batteries need less maintenance than FLA 
batteries because they don’t require watering. Considering the fact that 
most homeowners have a difficult enough time remembering to change 
the filter in their furnace, not having to worry about adding water to a 
PV system’s batteries is a major plus.

  The reduced maintenance aspect of VRLAs has also led to the misnomer 
“maintenance-free batteries.” Yes, it’s true that you don’t have to add 
water to the cells, but VRLAs still need monitoring and evaluation on a 
regular basis if your client expects them to last within his PV system. 
Hearing the words maintenance-free batteries makes people feel as if they 
never have to think of the batteries again, so avoid using these words 
and stick with the term valve-restricted or sealed.

  To help a client with VRLAs stay on top of their performance, have him 
cycle the battery bank once or twice every six months and monitor the 
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energy delivered by the system. This exercise helps the client establish 
the health of his battery bank and gives him an idea of the bank’s capac-
ity for the times when the batteries really need to perform.

 ✓ Less hydrogen gas: VRLAs don’t produce as much hydrogen gas as 
FLAs, which can make placing them an easier task because the venting 
requirements are less restrictive.

 ✓ Stackability: VRLAs are stackable, a characteristic that allows you to 
use vertical space (along a wall, for example) rather than a large amount 
of floor space.

 With all the benefits of VRLAs, you may wonder why anyone wouldn’t want to 
use them. Well, VRLAs have a few downsides to consider:

 ✓ Excessive charging is a no-no. VRLA batteries can’t accept excessive 
charging voltages (unlike FLA batteries, which can). Because a VRLA 
battery may produce too much gas when exposed to higher voltages, 
its valve may not be able to effectively release the buildup and properly 
protect it. VRLAs therefore require careful charging per the manufac-
turer’s specifications, as well as monitoring to make sure the proper 
voltage levels are maintained.

 ✓ The expected life span is pretty short. A properly maintained and used 
VRLA battery should last from five to seven years. However, I’ve seen 
VRLA battery banks go bad in less than one year. Even though FLA bat-
teries can also be ruined, they generally have the ability to withstand 
more abuse and come back to life to charge another day.

 ✓ The cost is greater. VRLA batteries cost considerably more than their 
FLA equivalents, which makes them a greater expenditure now and in 
the (relatively) near future.

Lead-calcium batteries
Lead-calcium batteries, which add calcium to the active material of the bat-
tery rather than antimony, are another type of battery used in PV systems, 
and they come in both flooded and valve-regulated varieties (see the previ-
ous sections). Lead-calcium batteries are 6 V and 12 V nominal, just like lead-
acid batteries, and the capacities are dependent on the manufacturer and 
the physical dimensions of the battery. The addition of calcium to the active 
material reduces water consumption, makes the plates more resistant to cor-
rosion, and decreases the battery’s self-discharge rate.

All of these advantages come at a cost, though: Lead-calcium batteries are 
more expensive than their lead-acid counterparts. Also, few companies man-
ufacture deep-cycle lead-calcium batteries at this time, which makes them 
less popular than the traditional lead-acid batteries.
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Nickel-cadmium batteries
Nickel-cadmium batteries (which are often referred to as NiCd batteries) 
have been used as rechargeable batteries for many years now. Nickel oxide 
hydroxide and metallic cadmium are the base materials for the positive and 
negative plates, respectively, and potassium hydroxide is the electrolyte 
in the cells. These batteries are manufactured in both valve-regulated and 
flooded varieties (see the earlier related sections), and they come in 6 V and 
12 V nominal configurations, like the other batteries I cover in this chapter. 
However, they provide less voltage per cell, which means you need more 
cells in series in order to achieve this voltage. A 12 V nominal NiCd battery 
therefore has to have ten cells in series.

NiCd batteries aren’t widely used in PV systems, but they do have an 
advantage over other battery technologies in that they can be excessively 
discharged with less of an effect on the overall life of the battery. This char-
acteristic means NiCd batteries can have an increased number of cycles 
during their life spans.

NiCds are more expensive than other types of batteries, which is a major 
drawback for many folks. In addition, they react worse to cold temperatures 
than lead-acid batteries do, meaning they need a temperature-controlled 
environment to perform at their best.

 If you design a system that uses NiCd batteries, be sure to adjust all the 
charge set-points for the chargers due to the difference in charging voltages 
associated with NiCds. I cover the different charge set-points in Chapter 8.

Comprehending Battery Capacity
A battery’s capacity, the amount of energy stored in it, plays a large role in 
the overall design of PV systems and the use of batteries within them. In 
order to select the right battery for your client’s PV system, you need to have 
a solid understanding of how batteries’ capacity values are determined and 
reported and how to apply those ratings to the system you’re designing (I 
introduce you to this process of specifying batteries later in this chapter).

Batteries are rated according to the number of amp-hours (Ah) stored in 
them. Although this seems like an easy concept to grasp, multiple factors 
change this value. In the sections that follow, I describe a capacity rating 
called the C rate, and I explain the various factors that affect capacity.
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Considering the C rate for capacity
In order to sell batteries, manufacturers have to put labels on the sides of 
their batteries that list the voltage and capacity of each unit. (The voltage 
depends on the type of battery and the cell count inside the battery; see the 
earlier “Comparing Different Types of Batteries” section for more.) They can’t 
very well say the capacity of their batteries is “around X Ah, depending on 
a number of variables,” but in reality, that’s precisely the case. Just like PV 
modules (which I cover in Chapter 6), the characteristics of a battery vary 
with the environmental conditions affecting it. And just like PV modules, bat-
tery manufacturers have to pick a point at which to rate their batteries.

 Batteries used in PV systems are typically rated at a temperature of 25 degrees 
Celsius and at a discharge rate over a time period of 20 hours. This rate is 
referred to as the C rate and is notated as C/20 (C over 20). The C represents 
the capacity value, and the 20 represents the number of hours of discharge 
time. Many battery manufacturers use a C/20 rate, but some manufacturers 
use the C/24 value (for 24 hours) or something close to that.

Here’s a numerical example to help you make sense of the C rate: If a battery 
manufacturer lists its battery as a 100 Ah battery at the C/20 rate, you can do 
the math to figure out what kind of load that represents:

100 Ah ÷ 20 hrs = 5 A

This means that if a 5 A load were placed on that battery, in 20 hours the 
battery would deliver all of its stored energy and would no longer have 
any capacity. In reality, getting all 100 Ah out of that battery isn’t realistic 
because the battery can’t really deliver all of its capacity.

 As I explain in Chapter 3, amp-hours aren’t really an energy measurement; 
that’s watt-hours (Wh). Amp-hours are actually the quantity of electrons that 
flow through a circuit in a given amount of time; as you discover in the earlier 
“Understanding basic charge and discharge chemistry” section, the electrons 
are always there — they just temporarily reside in different sections. You can 
gauge the capacity of a battery in watt-hours by multiplying the amp-hour 
value by the voltage, but this isn’t how battery manufacturers rate their bat-
teries, so you have to make the conversions yourself.

 The C rate can also describe the charging half of the cycle, but in this case 
you’re talking about replacing the capacity rather than drawing it out. For 
example: If I say that my battery charger has a C/10 rate, I’m saying that I’ll 
replace the entire capacity in a matter of ten hours. The best rate of recharge 
varies with battery technologies and even manufacturers. Finding the correct 
value is very important when sizing your charging sources, as I reveal in the 
later “Thinking about the rate and depth of discharge” section.
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Recognizing factors that affect capacity
A battery is somewhat at the mercy of its surroundings when it comes to 
energy delivery. As you find out in the following sections, environmental 
conditions dictate a battery’s ability to deliver energy, as do the age and 
discharge rate of the battery. By understanding these factors, you can avoid 
costly mistakes that will require a battery replacement sooner than necessary.

Temperature
Temperature has a very significant effect on a battery’s ability to deliver and 
accept current.

 ✓ A cold battery has a reduced capacity due to the fact that the chemical 
reaction inside the battery is slowed down and isn’t as efficient.

 ✓ A hot battery has the ability to deliver a greater number of amp-
hours because the heat actually aids the chemical process. However, 
increased temperature ultimately reduces a battery’s life, so intention-
ally keeping a battery hot to increase its capacity in the short term will 
only have the effect of reducing its life in the long term.

 In a sense, batteries are a lot like humans. We’re finicky creatures who want 
things just the way we like them, and we’re pretty happy when we’re in an 
environment that’s around 25 degrees Celsius (77 degrees Fahrenheit — a 
pretty comfortable room temperature any time of the year). So spread the 
word to your clients! This is also the reason manufacturers rate their batteries 
at 25 degrees Celsius (as I cover earlier in “Considering the C rate for capac-
ity”); it makes for a more impressive rating.

Ideally, the battery bank should be located in a temperature-controlled cli-
mate that’s around 25 degrees Celsius. In reality, this task is difficult. When 
helping your client decide where to place the battery bank, aim for a location 
that doesn’t experience extreme temperatures. A location such as an insu-
lated garage that isn’t heated or cooled is a good choice.

Age
As a battery ages, the chemical reactions don’t work as well as they did when 
the battery was young and fresh from the factory. The active material on the 
batteries becomes layered with parts of the electrolyte that didn’t return into 
acid solution during the recharging process.

This aging process is evident in both the charging and discharging parts of a 
battery’s cycle. Aged batteries discharge quickly due to their reduced capac-
ity. They also seem to finish recharging quickly due to the reduced amount of 
active material that’s actually available to the battery, allowing the battery to 
appear fully charged when it really isn’t.
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 A common question asked about battery banks and aging batteries is this: Can 
you install a new battery into a bank of older batteries? Adding a new battery 
to an existing battery bank isn’t a great idea because the old batteries drag the 
new battery down to their level in a short period, but depending on your cli-
ent’s reality, it may be workable. So the question becomes this: What’s the 
state of the battery bank? If the bank is relatively young and well-maintained, 
the idea of adding a new battery to replace a failed unit may seem reasonable. 
If, on the other hand, the entire bank is on the verge of replacement in a short 
period, adding a new battery may not make any sense.

 A bad battery makes itself known relatively quickly by dragging down the 
whole bank almost instantly. An aging battery bank, on the other hand, has a 
slow decline. When an aged battery bank can’t hold a charge for a required 
amount of time (as dictated by what your client considers acceptable), the 
whole bank needs to be replaced.

Discharge rate
A battery’s capacity is directly affected by the rate at which the battery 
is discharged. This rate is the theoretical number of amp-hours a battery 
could deliver to a load. So, for example, a 100 Ah battery could, theoretically, 
deliver 1 A for 100 hours (1 A × 100 hours = 100 Ah) or 100 A for 1 hour before 
it was completely discharged.

 Because a battery delivers power via a chemical reaction, the slower the reac-
tion, the greater the battery’s capacity. The opposite is also true: The faster 
the reaction, the smaller the capacity.

Figure 7-3 shows a typical graph of battery voltage versus energy delivered 
from the battery. The battery voltage is a good indicator of the battery’s 
state of charge (high voltage means there’s a high state of charge), so this 
graph shows the battery’s capacity (how full it is) versus how much energy 
has been delivered. Figure 7-3 shows that a slow discharge rate (C over the 
number of hours) results in a greater number of amp-hours delivered from 
the same battery than a fast discharge rate. So in reality, that 100 Ah battery 
delivers more than 100 Ah if the load is only 1 A; similarly, it delivers less 
than 100 Ah if the load is 100 A.

 As I mention in the earlier “Considering the C rate for capacity” section, bat-
tery manufacturers typically rate their batteries at the C/20 rate (or something 
very close to that). They then generally report the capacity values for their 
batteries at other C rates for your information so you can establish the dis-
charge rate that most closely reflects your client’s load profiles and use the C 
rate in your designs accordingly. See Chapter 12 for full details on sizing and 
designing a battery-based PV system.

12_598931-ch07.indd   13312_598931-ch07.indd   133 8/2/10   10:50 AM8/2/10   10:50 AM



134 Part II: Digging into Complete System Details 

 

Figure 7-3: 
Battery 
capac-

ity versus 
discharge 

rates.
 Energy removed (Ah)

Vo
lta

ge
 (V

)
C/500
discharge
rateC/50

discharge
rate

C/5
discharge rate

Specifying Batteries
When specifying (selecting) the batteries for a client’s PV system, you get to 
take all of your battery-related knowledge and sift through the available bat-
teries to pick the type of battery that best meets your client’s needs. The sec-
tions that follow help you sort through this decision-making process.

Specifying the type of battery to use
The first question to ask when specifying batteries is, “What’s the right 
battery technology for my client’s system?” As I show you in the earlier 
“Comparing Different Types of Batteries” section, the vast majority of PV sys-
tems currently being installed use lead-acid batteries. However, a lead-acid 
battery isn’t your only option. In order to choose the right type of battery, 
you need to ask the key questions posed in the next sections.

What kind of PV system will your client use?
 The type of system your client wants installed helps dictate the type of bat-

tery you need to use. In general, a utility-interactive system benefits more 
from sealed batteries than from flooded batteries because of the reduced 
maintenance and better ability to sit in a full state consistently. A stand-alone 
system tends to be a better candidate for flooded batteries (even though 
these require additional maintenance) because they last longer and provide 
more delivered energy in this environment.

How much owner involvement and maintenance will there be?
A client who plans to be directly involved in the battery upkeep and main-
tenance is a much better candidate for a battery-based system in general 
(and a flooded battery bank in particular) than a client whose commitment is 
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questionable from the beginning. If a battery system is used, it must be main-
tained, either regularly by the system owner or periodically by you (as the 
system installer).

For sealed batteries, the amount of involvement on the part of the owner isn’t 
huge, assuming the maintenance is done as required. A flooded battery bank 
requires more attention and therefore more direct involvement from the client.

 You may want to set up an ongoing service contract with clients installing 
a utility-interactive system. Such a contract provides for you to come in on 
a predetermined schedule to review the system and perform the necessary 
maintenance. An ongoing service contract is truly a win-win for you and your 
client because you receive a steady revenue stream for several years, and 
your client receives the peace of mind that his investment is being maintained 
as necessary. (See Chapter 18 for all the details on PV system maintenance.)

Specifying the battery bank size
Whenever you’re dealing with a battery-based PV system, one of the easiest 
ways to guarantee you wind up with a happy client is to make sure you size 
the battery bank correctly. Specifying the size of a battery bank (both volt-
age and capacity) is as much art as it is science because you have to take a 
number of considerations into account (sometimes you even have to bust 
out a crystal ball and gaze into your client’s future). If you undersize the bat-
tery bank, your client won’t be happy because the batteries will constantly 
be running out of power before their system can recharge the bank. If you 
oversize the bank, your clients may not realize it for a while, but they’ll spend 
more money initially and may not be able to properly maintain the bank 
because the charging sources can’t ever get the battery bank 100-percent full.

This section introduces what you should think about and why when it comes 
to sizing battery banks. For specific sizing instructions, head to Chapter 12.

Calculating the required energy delivery
Your chief concern when sizing a battery bank is determining the desired 
amount of energy consumption. This can be a difficult, time-consuming pro-
cess, but for anyone willing to make the investment in a battery-based PV 
system (either utility-interactive or stand-alone), the time is well spent.

 If you try to design a battery bank for a PV system without thinking about 
the energy consumption first, you’re headed for trouble because you won’t 
be able to accurately determine the amount of energy to store in the battery 
bank or the amount to produce from the PV array. It’d be like trying to buy 
one year’s worth of gasoline at once. To do that, you’d have to think about the 
number of miles you drive and what the rate of consumption is based on the 
type of car you drive.
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 With a battery-based PV system, you’re buying all your energy at once and 
storing it in a battery bank. (Yes, you can recharge the battery bank, but I 
think you get my point.) This fact means you have to evaluate the electrical 
loads the client wants to connect to the battery bank. If the battery bank is for

 ✓ A stand-alone system, you need to evaluate all the electrical loads

 ✓ A utility-interactive system, you only need to evaluate the loads on the 
backup load center (I cover this in Chapter 2)

Sizing to the charging source
Another consideration when sizing a battery bank is the amount of charg-
ing that’s available from the main charging source, which is typically the PV 
system. A battery bank that’s too small in comparison to the PV array won’t 
allow the PV array to operate at its full potential, and a battery bank that’s 
too large in comparison to the PV array will never become fully charged and 
will suffer in the long run.

 When evaluating the PV array and battery bank together, look at the charge 
rate of the PV array in comparison to the overall capacity of the battery bank. 
Think of the PV array as your kitchen faucet and the battery bank as a glass 
you’re trying to fill from it. If the PV array has a lot of ability to deliver current 
(the faucet is on at full blast) and the battery bank is small (you’re trying to fill 
a shot glass), the PV array will quickly send a lot of current to a small battery 
bank (the glass has a hard time filling up effectively without spilling a bunch of 
water). Conversely, if the array can deliver only a minimal amount of current 
to an overly large battery bank, the current will only trickle in to the large bat-
tery bank. (It’s like when you barely have a drip coming from the faucet and 
you’re trying to fill a coffeepot — you’re stuck waiting a long time.) Sizing the 
PV and battery bank properly is just like choosing the right water flow from 
the faucet to match the container you’re trying to fill.

Considering other charging sources
All homes and commercial properties using solar technology need to have 
some type of charging source in addition to the PV system. What that source 
is affects what you choose for your client:

 ✓ If the secondary charging source is the utility grid, the only recharg-
ing limitation is the battery charger built into the inverter. The utility 
grid can supply a huge amount of current, but the charger built into the 
inverter can allow only a limited amount of current to the batteries.

 ✓ If the charging source is another renewable energy source, such as a 
residential-scale wind system or a microhydroelectric system that pro-
duces power from a small creek or stream, the recharging limits are 
based on these resources and their availability.

 ✓ If the secondary charging source is an engine generator, recharging of 
the battery bank is limited to the size of the generator.
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Delving into days of autonomy
The number of days a client wants to go without needing his battery bank 
recharged is known as days of autonomy. It’s a number that’s defined by the 
client and his desires. Many people are comfortable with two to four days of 
autonomy. However, if the site has some critical loads that can’t be without 
power under any circumstance, the number of days of autonomy may need 
to be increased into multiple weeks. The number of days of autonomy has a 
direct effect on the battery bank’s size — the greater the number of days, the 
larger the battery bank needs to be.

 Even though the owner ultimately sets the number-of-days-of-autonomy 
requirement, it’s your responsibility to guide him toward a number that’s 
realistic. For most residential customers who’re using a PV system in a stand-
alone capacity, a few days of autonomy is adequate. Typically, a generator is 
included in such a system, and it can be started to help augment the lack of 
solar resource. For clients with utility-interactive systems, don’t suggest they 
request too many days of autonomy. The utility typically isn’t out for too long, 
and by building in extra days of autonomy, the battery bank may get too big 
and expensive.

Thinking about the rate and depth of discharge
When designing a PV system’s battery bank, you need to consider both the 
rate at which the battery bank is discharged and how deeply it’ll be dis-
charged. These values affect the decision-making process for battery size and 
should be considered independently.

 As I explain in the earlier “Discharge rate” section, the rate at which a battery 
is discharged affects the overall capacity that the battery can deliver. Most 
batteries’ rated capacity values are their 20-hour rate. For most residential 
battery-based systems, this is an appropriate value to use because residen-
tial applications tend to use a small amount of power on a continuous basis. 
Sure, people have brief times when they experience increased power needs, 
which results in an increased discharge rate, but you aren’t going to put huge 
electrical loads such as electric water heaters and electric clothes dryers on 
such a system. If you do, expect a significantly higher rate of discharge on a 
consistent basis and plan to evaluate the battery bank at a rate other than 
the 20-hour rate provided, specifically a value that’s less than the C/20 rate 
(because batteries have decreased capacities at greater discharge rates).

The depth of discharge (DOD) is the other consideration. Again, you have 
to look at the whole picture to help define the DOD value to use. All battery 
manufacturers publish charts that tell you the number of cycles expected 
from their batteries versus the DOD. The greater the DOD chosen, the 
smaller the battery bank can be because you’re drawing more energy from 
the bank. The choice of DOD level does have its trade-offs, though. A lower 
DOD value (low DOD means little energy is removed from the battery) results 
in a greater number of overall cycles, whereas a higher DOD value results in 
fewer cycles.
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 You shouldn’t necessarily design systems for an extremely low DOD. As a 
battery manufacturer pointed out to me once, a low DOD may increase the 
overall number of cycles (battery life), but it may end up reducing the 
amount of energy delivered. So you really need to evaluate the energy deliv-
ered over the life of the battery to get an idea of the ideal DOD to design to. 
For many batteries, this thinking results in a designed battery DOD of 
between 50 percent and 75 percent.

Surveying the number of strings
One of your goals when sizing a battery bank is to keep the overall number 
of battery strings in parallel to a minimum so that all the batteries charge 
and discharge equally. If you use a single string of batteries, all the electrons 
have to flow through each and every battery in order to complete the circuit, 
which is great in the sense that all the batteries are charged and discharged 
exactly the same way. However, if you add a second string of batteries in par-
allel to the first, now the electrons begin to have choices along their path.

 If you keep all the wires connecting two parallel strings equal in length and 
resistance, you won’t see too many problems. In fact, two strings in parallel 
can have the benefit of allowing your client to limp along on half a battery 
bank if one battery or even one cell goes bad.

The trouble starts when you begin to get too many strings in parallel. When 
you have three or more strings in parallel, properly managing the connections 
and maintaining equal resistances becomes incredibly difficult. Therefore, you 
really need to keep the number of strings in parallel to a minimum.

 The lower a battery’s voltage, the higher its capacity. This isn’t a universal 
truth, but it’s a good guideline. Consider using a battery with a smaller volt-
age and a higher capacity to keep the overall number of strings in parallel to a 
minimum.

Examining environmental conditions
The conditions where the batteries will be stored play a role in the battery 
size. If the batteries will be in a non-temperature-controlled space, such as a 
garage or free-standing shelter, you should evaluate (and try to minimize) the 
temperature swings. A cold battery can’t deliver the same amount of capacity 
as a room-temperature or hot battery, and a fully discharged battery in frigid 
conditions may freeze, which can potentially ruin the battery. A battery stored 
where temperatures are consistently high experiences a shortened life span.

 Temperature also plays a role when batteries are recharging. Fortunately, 
you can connect a temperature-compensation meter to charge controllers to 
alleviate this concern (I cover charge controllers in depth in Chapter 8). This 
meter tells the charge controller what the battery temperature is, thereby 
allowing the charge controller to vary the charging voltage and current to 
meet the requirements of the battery at the specific temperature.
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Chapter 8

Keeping Current and Voltage in 
Check: Charge Controllers

In This Chapter
▶ Looking at basic charge controller functions

▶ Scoping out the two main controller types: MPPT and PWM

▶ Selecting the option that meets your client’s needs

The process of naming equipment in the PV world (and the electrical 
world in general) can be classified as unimaginative at best. This is unfor-

tunate in the sense that the components don’t sound like some space-age, 
whiz-bang item. But it’s actually fortunate in that the names are generally 
very descriptive, allowing you to determine an item’s function quickly.

Charge controllers are a prime example. When introducing charge control-
lers in my classes, I always give my students one guess to name their primary 
function. Needless to say they always guess “to control charging.” Even 
though you may not know exactly what charge is being controlled from the 
name of the item, you immediately get a sense that charge controllers are 
somehow manipulating the current coming from a power source.

The charge controllers that are commercially available come in a variety of 
sizes and have an assortment of features. Small charge controllers can be 
used in very small systems with one or two PV modules charging a small 
battery bank. Larger charge controllers are designed for use with multiple-
kilowatt arrays and large battery banks.

In this chapter, I tell you all about the main functions, special features, and 
types of charge controllers. I also explain how to specify (select) a controller 
for the particular system you’re designing.
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The Essentials of Charge Controllers
Simply stated, in order to properly maintain a battery bank that’s being 
recharged by a PV array, you must include a charge controller in the system 
design. In the sections that follow, I introduce the basic functions of a charge 
controller and describe the features offered on some models.

Seeing how a charge controller 
works in stages

 A charge controller’s main role in a PV system is to properly control the 
charge from the PV array into the battery bank by controlling the current and 
voltage from the array into the batteries. Without a charge controller, like the 
ones pictured in Figure 8-1, the PV array would be able to send all of its cur-
rent into the battery bank without any regard for the batteries’ needs. The bat-
teries, in turn, would become overcharged and eventually ruined.

 

Figure 8-1: 
Some 

examples of 
charge 

controllers.
 

Charge controllers regulate the voltage and current sent to the batteries during 
the charging process. Each charge controller has multiple stages for which it 
regulates different voltage and current levels; in Figure 8-2, you can see three 
such stages. This figure shows how both the voltage and current vary over 
time based on the charge set-points, which are the voltage levels that you want 
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to charge the batteries to; each battery manufacturer publishes its own charge 
set-points that you should use if you want to maximize the batteries’ life span. 
(Note: During the installation process and before commissioning the system, 
you must adjust the charge set-points as necessary.)

 

Figure 8-2: 
Three-stage 
charging for 

a charge 
controller.

 Time

Ch
ar

gi
ng

 c
ur

re
nt

 (A
)

Ba
tte

ry
 v

ol
ta

ge
 (V

)

Voltage

Charging
current

Float voltage

100% state
of charge

Gassing voltage

Bulk charge Absorption charge Float charge

Approximately
80% state of charge

In the following sections, I describe a charge controller’s role during the 
three charging stages.

Bulk charging
The first charging stage is bulk charging. It happens first thing in the morning 
after the batteries’ voltage and capacity have been drained down since the 
sun set the previous day. Bulk charging pushes as many amps as possible 
back into the battery bank from the PV array and gets the voltage up in the 
process.

 To better understand bulk charging, it may help to equate it with trying to fill 
a large glass of water from your faucet. The voltage is the water level in the 
glass. If the voltage in the battery (or the water level in the glass) is relatively 
low, then you need to allow as much current from the PV array as possible 
into the battery (in other words, you need to open that faucet all the way). In 
this analogy, the charge controller is the faucet that controls how much water 
(current) can flow into the glass. Both the PV array and the faucet are limited 
in the flow they can provide to their respective containers, but as long as the 
level of energy (or water) in the container is low, the container (the battery 
or the glass) will gladly and readily accept the flow. As the current (or water) 
continues to flow, the battery voltage (the water level in the glass) continues 
to rise. This charging process continues until the battery voltage reaches a 
predetermined level known as the bulk voltage set-point. At this point, the cur-
rent needs to slow down. If it doesn’t, the battery can’t effectively accept the 
charge, and the current becomes heat (or, in the case of the water glass, the 
water simply starts spilling over the edge).
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 The exact bulk voltage set-point is determined by the battery manufacturer. 
Some batteries are able to take a higher charging voltage than others, so you 
need to make sure your controller is set correctly for the batteries you’re 
using, as indicated in the owner’s manuals provided by the controller and bat-
tery manufacturers. The voltage is taken above this set-point on purpose 
during the equalization charge that I tell you about in Chapter 7; this is a delib-
erate act that requires monitoring and should only be done according to the 
manufacturer’s recommendations. If the batteries are consistently charged 
above the bulk voltage set-point, the overall life of the battery bank will be 
greatly reduced.

Absorption charging
The second charging stage in the three-stage charging process is absorption 
charging. After a battery bank has been brought up to the bulk voltage set-
point (see the preceding section for more on this), it can’t really accept high 
levels of current. If it’s forced to, the end result will be heat generation and 
excessive gas production — not a good thing.

When a battery reaches its manufacturer’s bulk voltage set-point, it’s really only 
about 80-percent full. The point of the absorption charge is to top off the battery. 
Think about a glass of water under a faucet. If you stop the flow just before the 
water spills over the edge, when you turn the faucet off, the glass isn’t 100-
percent full because the force of the water was pushing it over the top.

During the absorption-charging stage, the charge controller holds the battery 
voltage constant and reduces the amount of current sent into the battery 
bank. (It’s like reducing the flow from the faucet to top off the water level in 
the glass.) When this process is done, the bank is fully recharged.

 Typically, a full battery-charging cycle (bulk and absorption) is a multiple-
hour event; the exact length of time required depends on the size of the bat-
tery bank and the PV array. The charge controller automatically starts and 
stops the charging stages, but if the charging source is the PV array, there’s 
always the chance that the sun will disappear before the controller has the 
opportunity to finish its work. In this scenario, the battery bank doesn’t reach 
100-percent capacity and needs an additional charging source, such as the 
utility grid or an engine generator, to help it get there.

Float charging
The final charging stage is float charging, and it’s designed to keep the battery 
in a full state of charge after the absorption-charging stage has topped off the 
battery bank. Typically, a PV array spends only a small amount of time float-
charging the battery bank due to the limited number of hours it has each 
day to recharge the bank. A charge controller enters into a float-charging 
stage only after the first two charging stages have been completed and when 
there’s enough power from the array to send a float charge into the batteries.
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When the number of peak sun hours is very limited (like during the winter), 
a PV array may not be able to get the battery bank to the float voltage at all 
because the lack of sun doesn’t allow for a full charging cycle and because 
the bank may be drained relatively low due to greater use. In the summer, 
an array may be able to recharge the battery bank in a short amount of time, 
allowing it to spend a fair portion of the day in the float-charging stage.

Surveying special effects provided 
by some charge controllers
Some of the small charge controllers used in PV systems have only one fea-
ture: the ability to regulate the charge entering the battery from the PV array. 
Others, like those designed to work with larger systems (greater than 500 W), 
may include a variety of additional features to complement the main battery-
charging feature. The need for and use of these features, which I explain in 
the next sections, vary among PV systems, but all of these features are avail-
able in every type of charge controller.

Load control
In systems that support direct current (DC) loads (namely, stand-alone, 
battery-based systems, although DC loads can be supported anytime batteries 
are present), some charge controllers employ a load-control feature to make 
sure the batteries don’t become excessively discharged. This feature works 
by pulling electricity directly from the battery bank and sending it to the 
loads through the charge controller. As the loads continue to run, the bat-
tery bank’s capacity is reduced and monitored by the charge controller. If the 
loads run long enough, the charge controller senses the batteries’ reduced 
capacity and cuts off the flow to the loads, which ensures the connected 
loads don’t drain the batteries too low and cause them harm. The load-control 
feature doesn’t allow the loads to receive power again until the battery bank 
has been recharged to a certain point, eliminating the possibility of the loads 
being reconnected to the bank before sufficient capacity is restored in 
the batteries.

 DC lighting loads are some of the most common devices used in conjunction 
with the load-control feature, although most any electrical appliance that can 
run off of DC electricity can be controlled.

Auxiliary load control
In certain situations, there may be a need (or desire) to run loads only when 
the battery bank is being charged excessively or when the battery bank is 
running low and needs attention. These auxiliary loads (additional loads on 
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top of what the building is using) are used to enhance the safety or perfor-
mance of the entire PV system. Fortunately, some charge controllers include 
relays that can close an electrical switch when the battery reaches a certain 
level and send power to an auxiliary load.

 One common auxiliary load is a fan connected to a flooded battery bank’s 
enclosure. (I introduce flooded batteries in Chapter 7.) When the PV array 
(or other charging source) brings the battery voltage up to a certain charge 
level, the flooded batteries begin to release hydrogen gas. The auxiliary-load-
control feature of a charge controller is activated when the batteries reach the 
predetermined voltage and power is sent to the fan (which in this case is the 
auxiliary load). Other auxiliary loads such as warning lights or alarms can be 
connected to warn your client about a battery’s excessive or reduced voltage 
levels.

Status meters
Some charge controllers feature status meters that can either be integrated 
into the face of the controller or be run remotely for a client to see in a con-
venient location (such as the kitchen or other living space). Status meters 
allow PV system owners to evaluate the battery and PV array voltage levels 
of their system with a quick glance.

 Other, more sophisticated status meters also track the energy values into 
and out of the battery bank. These amp-hour meters are especially useful to 
owners of stand-alone, battery-based systems who rely on their battery banks 
for the majority of their power. By using a status meter that includes an amp-
hour meter, your client can accurately know the status of her battery bank 
and know when she needs a secondary charging source, such as an engine 
generator, to bring the battery capacity back up. This level of monitoring is 
actually quite important for stand-alone systems because the batteries are the 
user’s main power source; as such, she should know their status at all times.

Maximum Power Point
Tracking Technology

The technology that allows a PV array to deliver the maximum amount of 
energy to a battery bank is known as maximum power point tracking (MPPT). 
MPPT charge controllers gained popularity in the early 2000s when manu-
facturers released highly reliable and accurate versions that allowed users 
to maximize the charging ability of their PV array and, in some cases, reduce 
the required PV array size for battery charging compared to some of the 
older technology.
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In the following sections, I explain the magic behind MPPT controllers and 
outline their pros and cons so you can evaluate whether this technology is 
the right solution for your clients.

Note: All commercially available grid-direct inverters also use MPPT technol-
ogy; see Chapter 9 for an introduction to inverters.

How MPPT works
An MPPT charge controller uses the three charging stages presented earlier 
in this chapter to allow a PV array to operate at its maximum power point 
(abbreviated MPP) regardless of the voltage of the battery bank connected 
to the controller. Other charge controller technologies, such as pulse-width 
modulation (covered later in this chapter), can’t fully use a PV array’s MPP.

In Chapter 6, I explain that the MPP is defined as the point on the IV curve 
where the current multiplied by the voltage yields the highest power value. 
(In other words, it’s the product of the maximum power voltage, Vmp, and the 
maximum power current, or Imp.) For a typical 12 V nominal panel, the voltage 
associated with the MPP is somewhere around 17 V. PV manufacturers real-
ized early on that this was the voltage value required to effectively charge 
a 12 V nominal battery bank in nearly all worldwide geographic locations. 
(Keep in mind that module voltage decreases when the module temperature 
rises, so the extra voltage is necessary to push the electrons into the battery 
bank when the module’s temperature is elevated.)

The maximum power voltage of 17 V doesn’t always equate directly to the 
required voltage needed to charge a battery bank, though. Depending on the 
technology and the charge set-point, the voltage necessary for charging a 12 
V nominal battery bank can range anywhere from 13 V to 15 V. Therefore, a 
PV module can produce more voltage than a battery bank can fully use. Enter 
the MPPT controller.

 MPPT controllers take the power from a PV array at the MPP, regardless of the 
required battery voltage, and deliver that same amount of power (minus effi-
ciency losses, of course) to the battery bank because they’re able to reduce 
the voltage from the array to the battery’s required level. And because power 
is the product of voltage and current, if the voltage is decreased, the current is 
increased in order to keep the same power level. MPPT controllers boost cur-
rent into the battery bank in relation to the current received from the array.

I think this concept is best illustrated in Figure 8-3, which depicts the power 
curve for a typical 12 V nominal PV module. The peak of the curve represents 
the maximum power value, which is the level that the PV module can produce. 
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The graph also shows the location of a typical battery charge set-point. If 
you move straight over to the right from that point, you’ll see the power 
level associated at the battery-charging voltage. The difference in the MPP 
and the power level associated with the battery-charging voltage represents 
the increased power output due to the use of the MPPT technology. The PV 
array’s power levels move throughout the day depending on the environmen-
tal conditions, and MPPT controllers adjust right along with them.

 

Figure 8-3: 
The power 
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The pros and cons of MPPT controllers
 MPPT controllers have become the most popular charge controllers for larger 

battery-based PV systems (both stand-alone and utility-interactive) thanks 
to their ability to fully use the power produced by a PV array. Another good 
thing MPPTs have going for them is their ability to take a PV array wired for a 
higher voltage and still charge a low-voltage battery bank. For example, with 
the help of an MPPT controller, you can take a PV array that’s wired in a series 
configuration up to 150VDC and still charge a battery bank all the way down 
at 12 V nominal. Having a higher-voltage array allows your client to locate 
the PV array farther from the battery bank and not have to take out a second 
mortgage for the length of wire connecting the two. Finally, MPPT manufactur-
ers are constantly adding features and increasing efficiencies. These improve-
ments help you, the designer and installer, by increasing the flexibility in your 
design.

 A major drawback to MPPT controllers is the cost. This technology comes at 
a price (about $800 for a standard unit as of early 2010). Justifying the extra 
expense for very small systems that don’t fully realize all the benefits can be 
difficult, which is why MPPT controllers are often used only in larger arrays.
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Pulse-Width Modulation Technology
Although not as sleek and sophisticated as MPPT (which I fill you in on ear-
lier in this chapter), pulse-width modulation (PWM) charge controllers are 
very effective in charging battery banks and will likely be a popular tech-
nology used in PV systems for years to come. In the sections that follow, I 
describe the workings of PWM technology and note the pros and cons of 
using it so you can decide what’s best for your clients.

How PWM works
 Just like MPPT controllers, PWM controllers regulate battery charging via 

multiple set-points. However, unlike MPPT controllers, PWM controllers can 
only use the voltage from the array that equals the voltage required by the 
batteries. (For example, if the battery bank needs 14 V to charge and the array 
can supply 17 V, the controller can only accept the 14 V.) This characteristic 
inherently reduces the overall power available from the PV array because the 
battery-charging voltage rarely matches the array’s maximum power voltage. 
Because the battery bank dictates the voltage, the amount of current sent into 
the battery from the array is also limited (so the current value from the array 
that’s associated with the battery-charging voltage is different from the maxi-
mum power point current).

As the battery bank gets full, the PWM controller regulates the charge into it 
by pulsing the charge (turning the power on and off) from the array into the 
bank many times each second. Because the pulsing of the power happens so 
fast, the batteries “see” the current flow from the array as a slowly declining 
line, as shown in the graph. This pulsing of the current, where the controller 
starts and stops the current flow for various amounts of time, allows the bat-
tery to accept the charge and become fully recharged.

 I like to think of the way a PWM controller works as standing with your hand 
on a water faucet and rapidly turning the water on and off as your glass begins 
to fill up. By stopping the flow for brief periods, the glass can accept all the 
water coming into it without losing any of it.

The pros and cons of PWM controllers
 PWM controllers may not be as technologically advanced as MPPT control-

lers, but they’re a proven technology that works well in many applications 
because they can be used with all battery technologies — even with small 
PV systems that have just a few PV modules charging a few batteries. Also, 
they’re a lower-cost option compared to MPPT controllers, and they come in 
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sizes to match very small PV applications (of course, they can also support 
multiple-kilowatt installations). They can even serve as effective load control-
lers for wind and microhydroelectric systems if your client needs that.

 The main drawback of PWM controllers? Because they aren’t as efficient as 
MPPT controllers in transferring the power generated by a PV array into a bat-
tery bank, you may need more PV modules in an array to get the same charge 
as you’d get with the help of an MPPT controller — a fact that ultimately costs 
your client more money.

Specifying a Charge Controller
When it comes time to specify the charge controller in a client’s system, you 
need to look at the system as a whole and how the charge controller will 
fit into it. Chapter 12 outlines the methods used to size a charge controller 
based on the system design and electrical requirements in relation to both 
the PV array and the battery bank.

 Make sure you always consider the voltage and current values during the 
charge controller selection process. As I note earlier in this chapter, MPPT 
and PWM controllers come in a variety of sizes. Each size of controller is rated 
according to its maximum and minimum voltage levels, but the current level a 
controller can handle is actually the more critical specification. Every charge 
controller is limited in the amount of current it can process due to its type 
(MPPT or PWM) and size (small or large). Consequently, you need to evaluate 
the amount of current the PV array will produce to specify the correct charge 
controller for your client.

 If the controller needs only to handle the battery charging and maybe control 
a single load, a basic PWM charge controller should suffice. However, if the 
application requires advanced metering and the ability to run auxiliary loads, 
a more advanced MPPT controller is generally your best bet (although you 
may also need to suggest multiple MPPT controllers to efficiently address the 
client’s needs).
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Chapter 9

Inverters: AC (From) DC
In This Chapter
▶ Getting the scoop on grid-direct inverters

▶ Exploring the ins and outs of battery-based inverters

▶ Selecting the right inverter for the system you’re designing

If PV modules (see Chapter 6) are the heart of any PV system, inverters are 
the brains. These devices take the direct current (DC) power produced by 

the modules (and stored in batteries) and turn that electricity into the alter-
nating current (AC) electricity that people use in their homes and businesses. 
Not only that, but inverters are smart enough to realize when the utility is 
gone and when the batteries need some extra attention. Impressive, huh?

As I reveal in Chapter 2, you use one of two inverter types in any PV system:

 ✓ Utility-interactive inverters are classified into two subcategories:

 • Grid-direct (for use in grid-direct PV systems)

 • Battery-based (for use in utility-interactive, battery-based PV 
systems)

 ✓ Stand-alone inverters (for use in stand-alone, battery-based PV sys-
tems) are all battery-based.

In this chapter, I describe the operation and features of both grid-direct and 
battery-based inverters. I also help you discover what the considerations are 
when specifying the inverter for any PV system you design and install.

Getting the Goods on 
Grid-Direct Inverters

The majority of PV systems installed today feature inverters that connect 
directly to the PV array on one side and to the utility on the other side. 
These inverters don’t use any method of energy storage and are most often 
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referred to as grid-direct inverters. They’re the most widely installed invert-
ers due to their increased efficiencies and relatively simple installation, and 
they’re used only in grid-direct (battery-less) PV systems (I describe these in 
Chapter 2).

 All grid-direct inverters are considered utility-interactive because they require 
the presence of the utility in order to operate; they work in parallel with the 
utility to supply power to common loads (including the lights in your home, 
your television, and anything else that uses electricity). They even have the 
ability to send power back into the utility’s grid.

In this section, I describe the basic operation of grid-direct inverters as well 
as their standard features, power output sizes, and technological differences.

Basic operation
Although the actual electronics inside a grid-direct inverter aren’t simple, the 
basic process of how they work is.

 1. First, DC power is delivered from the PV array to the inverter.

  With very few exceptions, all types of grid-direct inverters work well 
with high-voltage PV arrays. The voltages typically fall between 150 V 
and 600 V, with 600 V being the absolute limit for residential and com-
mercial grid-tied systems due to electrical code limitations.

 2. The inverter then takes this DC power and turns it to AC power 
through various methods.

  The exact method for turning the DC to AC depends on the manufac-
turer and its choice of technology. I present the major technologies later 
in this chapter.

 3. Usually, the AC output from the inverter is then connected directly to 
a load center that’s also connected to the utility grid.

  The load center is usually the main distribution panel (MDP; see 
Chapter 2).

 4. The AC power then either flows into loads that are connected to the 
load center, such as a refrigerator or lights, or goes back into the util-
ity’s power lines and runs the meter backward.

  This utility interconnection requires you to work with the client to let 
the utility know that the PV system will be connected to its utility grid 
and will have the potential of sending power back to the grid. (I present 
the different ways that system owners can connect to the utility and 
receive full credit for their PV systems in Chapter 2.)
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 Grid-direct inverters don’t employ any form of energy storage, so if the utility 
doesn’t provide them with a stable, consistent power source, they can’t run. 
In fact, grid-direct inverters are so aware of small changes in the utility’s 
power that they shut down on occasion to meet the necessary safety stan-
dards. This characteristic can be seen as a limitation, but it’s a deliberate fea-
ture of the inverters that allows them to operate safely with the utility grid 
(see the later “Safety features” section for more information).

Standard features
All grid-direct inverters have some basic standard traits, regardless of their 
size or technology. They all incorporate some basic safety features, use maxi-
mum power point tracking, and possess some type of user interface.

Safety features
 One of the most important safety features in all grid-direct inverters (as well 

as utility-interactive, battery-based inverters, which I cover later in this chap-
ter) is the ability to detect when the grid is suddenly disconnected. Grid-direct 
inverters have very sophisticated monitoring equipment that can detect the 
absence of the grid in fractions of a second and turn off the inverter automati-
cally in response. The name given to this process is anti-islanding, and it’s a 
requirement for all grid-direct inverters connected to a utility grid.

The term islanding refers to a situation in which the utility grid is out and 
alternate power sources from people’s homes are still connected to the grid 
and sending power back into those “dead” lines. Islanding presents a safety 
issue for utility workers who may be working on those lines; they may think 
the lines are safe to touch when in fact electricity is present from a different 
source. That’s why grid-direct inverters are required to recognize utility dis-
turbances and stop producing power immediately. The inverters look at two 
parts of the utility power: the electrical frequency and the voltage. If either 
part goes out of the specified allowable range for the inverter’s operation, the 
anti-islanding feature activates, and the inverter turns off.

 In the U.S. market, all grid-direct inverters require testing to the same stan-
dard to meet the anti-islanding requirement. The test is known as UL1741, and 
the testing procedure covers several safety issues for many of the electrical 
components used in PV systems. Many companies perform this test, but they 
all follow the same rules when doing so.

After the inverter turns off for anti-islanding, it monitors the grid to verify 
that the voltage and frequency values are within the specified ranges. When 
these two parameters are met for five continuous minutes, the inverter can then 
turn back on and resume producing power. This entire process is automatic 
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within the inverter and doesn’t require any interaction from the user. (That’s 
good news for your client!)

 Grid-direct inverters have to react to the frequency and voltage parameters 
they see from the grid. Therefore, it may be possible for the grid to experience 
a brownout situation where power isn’t entirely lost but the inverter still shuts 
down. Another situation that may cause a grid-direct inverter to shut down 
even though the grid is still up is when there are excessive voltage drops in 
the wires connecting the inverter to the utility.

Another important and standard safety feature in residential grid-direct 
inverters is ground fault protection (GFP). GFP is integrated into the invert-
ers and is there as a fire-safety device. GFP is different from the ground fault 
circuit interrupter (GFCI) that most folks are familiar with. GFCI outlets, the 
ones with two buttons in the center, are used in homes and are required in 
locations such as bathrooms. The difference between GFP and GFCI is that 
GFCI outlets are installed to protect people from receiving a shock, whereas 
GFP devices are meant to prevent faults from starting fires. (I cover ground 
faults and GFP in depth in Chapter 10.)

Maximum power point tracking
All grid-direct inverters employ maximum power point tracking (MPPT) to 
produce as much power as possible from the PV array. MPPT allows the 
inverter to harvest the maximum amount of power and deliver it to the load 
center, just like some charge controllers (see Chapter 8) use it to deliver the 
maximum amount of power to a battery bank.

Note: Only one MPPT tracker in a grid-direct inverter looks at a system’s PV 
array. See the nearby “Multiplicity: Inverters with more than one MPPT” side-
bar for when to use inverters with multiple MPPT inputs.

User interface
 Because you can’t simply look at a PV array and know whether it’s working, 

inverter manufacturers have decided that some sort of display or interface 
is necessary to indicate how the array is functioning. Consequently, today’s 
inverters generally include options for the user to see what his entire PV 
system is doing. With very few exceptions, grid-direct inverters now come 
standard with a display built into the unit, a feature that allows your client to 
obtain critical information such as voltage, power output, and total energy 
production from the inverter itself.

In addition, inverter manufacturers offer a wide variety of ways to collect, 
store, and display the data gathered by the inverter. Many have methods for 
connecting the inverter to the Internet and allowing the user to visit a Web 
site and see real-time information about his system. Some even make it pos-
sible to connect the inverter directly to a computer, a feature that allows the 
system owner to collect and store data locally so he can review it periodi-
cally to identify potential issues if they occur.
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Power output sizes
 Even though all grid-direct inverters operate on the same principles, they 

come in a variety of power output sizes (which are very often referred to 
simply as the inverters’ size). Following are the three power output sizes you 
can expect to run into:

 ✓ Microinverters: These are inverters that connect to a single PV module 
rather than a string of modules. PV folk like these inverters because 
their ability to turn the individual modules’ power to AC reduces total 
system losses from factors such as shading. Microinverters are typically 
less than 250 W each, which matches well with the commonly used PV 
modules.

 ✓ String inverters: Although the true definition of a string inverter is an 
inverter that’s connected to a single series string (see Chapter 3 for 
details on series strings), the term has become synonymous with small 
(less than 15 kW) inverters that attach strings of PV modules for power 
outputs ranging from 1 kW to 15 kW.

 ✓ Central inverters: Associated with larger commercial projects, central 
inverters range in size from 15 kW to 1 MW. Central inverters operate 
a lot like the string inverters used in residential applications, just on a 
much larger scale (so they’re kind of like string inverters on steroids).

Multiplicity: Inverters with more than one MPPT
The majority of grid-direct inverters available 
for the PV industry use a single maximum power 
point tracker (MPPT), which means if you have 
an array that needs multiple orientations, you 
should consider an inverter that can track the 
maximum power point (MPP) of arrays facing 
multiple directions.

Say you have two strings of PV modules on 
the same house but they’re facing different 
directions. The IV curves for the two strings 
are therefore different because the strings 
aren’t receiving the same amount of irradi-
ance from the sun (Chapter 6 introduces you to 
IV curves). If you use an inverter that has only 
one MPPT and both strings are connected to 

the same inverter, the inverter will have a hard 
time locking onto the true MPP for the array. In 
fact, there really isn’t a true MPP for the array 
but rather two separate MPPs for the strings. 
The severity of the difference is dependent 
on how different the two orientations are. The 
solution? If you use an inverter with multiple 
MPPT devices, each string can be connected 
to its own MPPT, and then the inverter can lock 
onto the individual MPPs and be able to deliver 
the maximum amount of power for the whole 
array. Currently your options for inverters with 
multiple MPPT inputs are minimal, but you can 
find them; contact the company you buy your 
equipment from for help.
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Regardless of their power output size, grid-direct inverters usually look 
pretty similar; Figure 9-1 shows you a typical one.

 

Figure 9-1: 
Your 

average 
grid-direct 

inverter.
 

The importance of transformers
Just like all cars perform the same basic function — transporting people 
from here to there — all grid-direct inverters have the same purpose: to take 
DC power from the PV array and turn it into AC power for the load center 
or the utility. But just like cars, a grid-direct inverter can have a number of 
different forms. The biggest difference between one inverter and the next is 
transformer related: Different manufacturers may use different transformers 
in their inverters, and some manufacturers may not use transformers at all. I 
present the main transformer-related differences among grid-direct inverters 
in the sections that follow.

Large transformers and low-frequency technology
Low-frequency grid-direct inverters are currently pretty common in PV sys-
tems. They take the high DC voltage from the PV array and, through a series 
of switches, turn that DC into AC with the help of a transformer that keeps 
the AC and DC isolated by inducing the switched DC voltage across the trans-
former and creating the AC current on the other side of it. Low-frequency 
inverters get their name because the frequency at which these switches 
are operating is relatively low in comparison to high-frequency inverters 
(described in the next section).

 The advantages of low-frequency inverters include a very robust design that 
allows manufacturers to reduce the number of parts required to make AC 
from DC and keep overall costs low. However, because these inverters use 
a large transformer, power losses occur across that transformer. (Also, the 
transformer adds a lot of weight to the unit.)

Small transformers and high-frequency technology
High-frequency inverters use a switching technology that’s similar to that 
of their low-frequency counterparts. The difference is that high-frequency 
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inverters do their switching much faster, which means they can use small, 
lightweight transformers rather than large, heavy ones.

Some manufacturers who work with this technology are able to use the high-
frequency transformers to create multiple small inverters inside the same 
box. What’s the advantage of that, you ask? Well, if the PV array is producing 
low levels of power, one inverter can be off, letting the second inverter oper-
ate at a higher efficiency level. After the power level gets high enough, the 
second inverter turns on, preventing the first inverter from being overworked.

Transformer-less technology
Some inverters on the market don’t use any transformers at all. These 
inverters keep the DC and AC separated electronically and prevent any DC 
injection into the AC line by using firmware (small electronic programs) spe-
cialized for the inverter.

 Transformer-less inverters are commonly referred to as ungrounded inverters 
because a connection to the grounding electrode system isn’t required due 
to the lack of a transformer. However, transformer-less inverters still need 
to include an equipment ground in order to reduce shock hazards. Turn to 
Chapter 17 for information on grounding requirements in PV systems.

 The largest positive feature for transformer-less technology is the increase in 
overall inverter efficiency. Without a transformer present, the inverter has one 
less step to make and can turn the DC power from the array into AC power 
more efficiently. The major downside involves all the additional requirements 
you have to go through when installing a transformer-less inverter in order 
to be compliant with the NEC®. These extras can translate into higher costs 
during the design and installation process.

Investigating Battery-Based Inverters
When energy storage is a requirement for your client (calling for a utility-
interactive, battery-based or stand-alone, battery-based PV system), a battery-
based inverter is your go-to choice. Actually, battery-based inverters are 
better described as inverter/chargers because they have the ability (when 
needed) to accept an AC power source, such as the utility grid or a genera-
tor, and then turn the AC electricity into DC electricity for battery charging. 
Figure 9-2 illustrates your average battery-based inverter.

Utility-interactive, battery-based inverters operate almost identically to 
stand-alone, battery-based inverters, but a few major differences exist. These 
sections tell you all you need to know about the workings of both types of 
inverters and describe the features that come standard on any battery-based 
inverter.
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Figure 9-2: 
A typical 
battery-

based 
inverter.

 

Utility-interactive inverter operation
A utility-interactive, battery-based inverter works in different ways depending 
on whether the utility is up and running or down and out. I explain the differ-
ences in operation in the following sections.

When the utility is working
When the utility is up and running and the battery bank is full, power moves 
through a utility-interactive, battery-based inverter in the following route:

 1. The PV array starts producing DC power in the morning and sends it 
to the battery bank.

 2. If the battery bank is full, the charge controller “talks” to the inverter 
and sends the DC power toward it.

  The battery bank will always be full unless there has been a power 
outage and the client has run loads using the battery bank.

 3. The inverter accepts the power from the PV array, changes it into AC 
power, and passes it through to the backup load center.

  If the PV array is producing more power than the backup load center is 
consuming, the inverter takes the excess power, turns it into AC power, 
and sends it to the main distribution panel (MDP).

 4. The MDP then disburses power to the loads connected to it.

  If the PV array is producing more power than the MDP and the backup 
load center combined, the inverter can push the AC power back into the 
grid, running the meter backward.

 5. As the PV array slows down and eventually stops producing power, 
the inverter stops sending power back toward the utility; the utility 
power then begins to flow into the MDP, just like it would if no PV 
system were present.
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 6. The utility power continues through the inverter into the backup load 
center so that the loads always have power available and the batteries 
remain full.

 The connection between the utility and a utility-interactive, battery-based 
inverter allows current to flow both ways (think of it as a two-way street). 
Stand-alone, battery-based inverters can’t do this; they only allow current 
to flow from the power source to the loads. Note: In both types of inverters, 
the AC output connection goes directly to a load center, so no power source 
is available to send power back toward the inverter (consequently, the AC 
output connection acts as a one-way street).

When the utility is down
No utility can stay live all the time, which is why utility-interactive, battery-
based inverters are ready for the occasions when one goes out. They’re able 
to recognize the outage and automatically disconnect themselves from the 
utility connection, eliminating any possibility of the inverters islanding and 
sending power back to the utility. (I explain islanding in the earlier “Safety 
features” section.)

 Because utility-interactive, battery-based inverters are connected to the util-
ity, they have to conform to the same anti-islanding standards that grid-direct 
inverters do, which means they have to monitor the utility and disconnect 
themselves when the voltage and frequency levels are out of the specified 
parameters.

At the same time that it disconnects from the utility, a utility-interactive, 
battery-based inverter immediately begins drawing DC power from the battery 
bank and sends AC power to the backup load center. It then continues pow-
ering the loads from the battery bank until either the utility power returns or 
the batteries discharge and can’t support the loads.

 If the power outage is extensive, the PV array can and will continue to charge 
the battery bank through the charge controller (I outline this process in 
Chapter 8), giving the battery bank an extended run time. When the utility 
power returns, the inverter reconnects to it, allowing the battery bank to 
recharge directly from the utility. This way the battery bank can be ready to 
supply power if another outage occurs. (Note: Most utility-interactive, battery-
based inverters allow you to defeat this function if you’d rather have the PV 
array charge the batteries.)
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Stand-alone inverter operation
 During normal operation in a stand-alone system, the battery-based inverter 

accepts DC power from the battery bank, turns it into AC power, and delivers 
that AC power to the loads connected in the main distribution panel. Simple, 
right? As long as the capacity in the batteries remains high enough, the 
inverter is able to continue delivering power to the loads.

After a battery bank discharges to the level you’ve designed for, the inverter 
can either alert the system owner to manually start a generator or it can 
automatically start one in order to make sure the batteries don’t discharge 
more than he wants them to and cause damage (you can read all about the 
effects discharging has on a battery in Chapter 7). As soon as the generator 
connects to the inverter, the latter stops drawing DC power from the battery 
to make AC and starts passing the generator’s power through to the loads 
and charging the batteries with any remaining available power.

The charger built into a stand-alone inverter performs a multistage charging 
cycle similar to the one I describe in Chapter 8. Most systems are set up to 
allow the batteries a deep discharge before calling for help from the genera-
tor, so this cycle generally takes several hours to fully charge the battery 
bank. After the batteries are full again, the generator can be turned off (manu-
ally or automatically), and the inverter can return to its regular job of power-
ing loads through the battery bank.

Standard features for all 
battery-based inverters
Battery-based inverters are the workhorses of the inverter world. They’re 
capable of handling a variety of environments and delivering high-quality, 
reliable power. In the sections that follow, I describe some standard features 
found in all battery-based inverters.

 Most, but not all, of the battery-based inverters used in PV systems are actu-
ally inverter/chargers. On the other hand, some battery-based inverters are 
exactly that — inverters without the ability to charge a battery bank from an 
external AC source (such as the utility grid). With battery-based inverters, a 
number of features vary from manufacturer to manufacturer, so if you need 
a specific function, verify that the inverter can deliver what you want it to 
before you get too far into your design.

Considering safety
The safety features built into battery-based inverters tend to focus on the 
safety of the system. These inverters keep batteries from becoming too 
deeply discharged by alerting the system owner of a low-battery situation, 
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starting a generator, or even shutting down; when they act as chargers, they 
make sure batteries are charged correctly by using multistage charging. And 
of course, when battery-based inverters are connected to the utility, they 
isolate themselves from the utility during power outages (just like grid-direct 
inverters do; see the earlier “Safety features” section for more information).

 Unlike grid-direct inverters, ground fault protection (GFP) isn’t a standard fea-
ture of battery-based inverters, although it can be added to battery-based sys-
tems elsewhere. Other safety features, such as disconnects and overcurrent 
protection, are installed in external boxes located adjacent to battery-based 
inverters. See Chapter 10 for more details on these types of protection.

Interacting with users
So many variables require programming in battery-based inverters that some 
level of interface with the system user is necessary. Depending on the invert-
er’s manufacturer, this interface can take the form of a screen and touchpad 
built into the inverter or a hand-held controller wired directly to the inverter. 
Typically, the interface not only allows for inverter programming but also 
gives the user some basic system information (think battery voltage and cur-
rent levels).

Sizes of battery-based inverters
Battery-based inverters come in a large range of power outputs (sizes). You 
can buy a small 100 W inverter that connects to the DC plugs in your car all 
the way up to 6 kW units. The most common types used in PV systems start 
at 1 kW of AC output and range up to 6 kW.

For battery-based systems that require more power than a single inverter can 
provide, multiple units can be stacked, or connected together in such a way 
that they can provide more power to the loads. Depending on the manufac-
turer, you can stack individual inverters together to provide up to 36 kW. Of 
course, having multiple inverters means the inverters need to talk with each 
other. This communication is typically handled by connecting the inverters 
together via a communications cable (similar to the cable you use to connect 
your computer to the Internet).

Low-frequency transformer technology
All battery-based inverters use inverter technology that’s similar to the low-
frequency, transformer-based, grid-direct inverters. However, the battery-
based inverters are limited to a 48 VDC nominal input.
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Specifying Any Inverter
To specify an inverter is to decide which kind of inverter to use, either grid-
direct or battery-based, depending on the system you’re designing. The fol-
lowing sections note the big-picture considerations you should have in mind 
as you work to pick the make and model of inverter that’s a good fit for your 
client’s needs. (When you’re ready to size the inverter you’ve chosen, head 
to Chapter 11 if you’re working with a grid-direct one or Chapter 12 if you’re 
working with a battery-based one.)

 After designing and installing a few systems, most PV pros have one or two 
brands of inverters that they prefer, and they tend to stick with these brands. 
But just because you like a certain brand doesn’t mean you should stop check-
ing out the market every now and again. Because the PV industry is growing rap-
idly, manufacturers are constantly releasing new and improved products that 
may serve future clients even better than your current favorite. You may wind 
up discovering your new favorite inverter simply by giving a new one a shot.

Grid-direct
Grid-direct inverters are designed to operate within all the AC voltages 
offered to residential and commercial buildings from the utilities in the 
United States. Consequently, you need to consider the operating range 
for the DC voltages from the PV array and the overall power output of the 
inverter when specifying an inverter for a grid-direct PV system. Of course, 
you also want to ensure that the inverter you choose works well for your cli-
ent’s needs (as well as your own). The next sections are here to help you out.

Matching the inverter to the PV array
 The DC voltage window (the range of allowable voltages for an inverter) and 

the AC power output value are your two big concerns when matching an 
inverter to a PV array. Following are some specifics about each one:

 ✓ DC voltage window: The manufacturer defines this window and what-
ever type of technology the inverter uses to turn DC power from the PV 
array to AC (this technology can be low frequency, high frequency, or 
transformer-less; I describe all three earlier in this chapter). The typical 
DC voltage window for grid-direct inverters used in residential systems 
is from 250 VDC (minimum) to 600 VDC (maximum). At first glance, this 
window seems extremely wide and relatively limitless, but as you dis-
cover in Chapter 11, this window narrows very quickly when you start 
evaluating real-world operating conditions.

 ✓ AC power output value: For grid-direct inverters, the AC power output 
value is directly tied to the DC input power value. The inverter’s power 
rating is therefore evaluated in relation to the PV array’s rated power 

14_598931-ch09.indd   16014_598931-ch09.indd   160 8/2/10   10:50 AM8/2/10   10:50 AM



161 Chapter 9: Inverters: AC (From) DC

values. As you find out in Chapter 6, PV modules vary in power output 
based on environmental conditions. PV systems also have inefficien-
cies all along the way, so grid-direct inverters are typically matched up 
with PV arrays that have larger power output ratings to make up for 
the energy losses. The exact amount of “extra” power from the array to 
the inverter is affected by a number of variables, but most grid-direct 
inverter manufacturers recommend between 15 percent to 25 percent 
more PV input power than the inverter’s power output rating. For exam-
ple, if you have an inverter that’s rated to produce a maximum of 3,000 
W (3 kW), the maximum recommended PV array (in terms of power 
output) would be between 3,450 W (3,000 W × 115%) and 3,750 W (3,000 
W × 1.25%). Note: Generally, you already have a desired PV array size 
you want to install, so use this relationship to define the inverter size 
you need to match your chosen array.

Supplying the right features for you and your clients
During the specification process, you also need to evaluate the feature set 
associated with the grid-direct inverters available for your system require-
ments. Some features may be very important to you as the installer; others 
will be there mainly for the user to enjoy over the years.

One of the features that’s of chief interest to you as the system installer is 
that many grid-direct inverters now come standard with disconnects that 
integrate to the inverter, allowing for fewer components during installation. 
This feature helps the installation process because the NEC® requires the 
installation of disconnects and specifies their location to the equipment they 
serve. By incorporating the disconnect into the inverter, you have less equip-
ment to buy and install, which makes the system less expensive for your 
client and faster for you to install. (I cover safety components in Chapter 10).

 From the client’s perspective, an important feature is the ability to access as 
much information about the system’s performance as he’s interested in. Some 
PV system owners go out to their inverters daily to check the energy-production 
values. Others, like me, know that if the information isn’t readily available 
(and in their faces), life will likely prevent them from checking the system on 
a daily basis. Find out what your client’s monitoring preference is and then 
seek out the user interface that makes the most sense for him based on those 
preferences, whether that’s a wireless display set up in a noticeable spot in 
his home or a data-transfer arrangement that puts the PV system’s data online 
or in a text message or e-mail.

Battery-based
 Your first consideration when specifying a battery-based inverter should be 

this: What’s the AC power source — the utility grid or a generator? Answering 
“grid” means you need a utility-interactive, battery-based inverter; answering 
“generator” means you need a stand-alone, battery-based inverter. From there, 
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the questions and considerations (including what special features are desired) 
are very similar to the kinds you’d have if you were specifying a grid-direct 
inverter. (Note that the considerations that follow are all unique to battery-
based inverters.)

 In some cases, you’ll want to have both the grid and a generator for multiple 
power sources. In this situation, you need to confirm that your chosen utility-
interactive inverter can accept multiple power sources (not all of them can) 
before getting too far into the specification process.

After establishing the AC power source, you must determine the amount of 
power the inverter needs to supply continuously. As I show in Chapter 12, 
this means determining all the loads that the user plans to run simultane-
ously and comparing the amount of power needed to operate them all to the 
inverter’s continuous power output rating.

 For stand-alone, battery-based systems, the inverter’s power output rating 
doesn’t need to account for the PV array’s power output because the bat-
tery bank is between the inverter and the PV array, acting as a buffer. When 
you’re installing a utility-interactive, battery-based system, however, you need 
to look at the relationship between the two. If the batteries are full and no 
loads exist, the inverter must have the ability to send all the PV power into 
the utility grid. In this situation, if the PV array can supply more power than 
the inverter can process into AC power and send into the grid, the additional 
power won’t be used, and the PV array won’t be operating at its maximum effi-
ciency. Consequently, the client won’t send as much energy into the grid as he 
could have (which won’t make him too happy with you).

Another power-related item to consider is the surge rating. Any electrical 
load with a motor creates an electrical surge when started. The battery-based 
inverter you select for your client’s PV system must be able to handle this 
surge; if it can’t, the loads won’t start and could possibly cause the inverter 
to crash, stopping the power flow to all the loads. An inverter’s surge rating 
is listed on its spec sheet; this rating can show up as either watts or amps, 
so you may need to do some conversions to accurately compare the loads to 
the inverter (see Chapter 3 for help making the conversion).

 Just as grid-direct inverters need a steady power source from the utility 
grid, battery-based inverters need a steady power supply from batteries and 
require a narrow supply voltage window from the batteries for operation. 
These inverters are designed to work in conjunction with a low-voltage bat-
tery bank — typically 12 V nominal, 24 V nominal, or 48 V nominal.

Finally, you need to make sure the inverter can deliver the correct voltages 
needed for the loads. Most deliver 120 VAC but can be configured for other 
voltages as necessary. For instance, some battery-based inverters come stan-
dard as 120/240 VAC for convenience, and a few manufacturers offer the abil-
ity to configure three inverters together for a 120/208 VAC system.
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Chapter 10

Staying Secure: Wiring 
and Safety Components

In This Chapter
▶ Figuring out circuits

▶ Examining conductors and conduit

▶ Taking disconnects and overcurrent protection into account

▶ Protecting your systems from ground faults

▶ Labeling for the benefit of safety personnel

When you install a PV system, you must make safety your top priority. 
That means giving the wiring and safety components of your PV designs 

special consideration, particularly during installation. In this chapter, I describe 
some common wiring and safety components used in PV systems, specifically 
conductors, conduit, disconnects, overcurrent protection devices, ground fault 
protection, and labels. (See Chapter 13 for how to size these items.)

 Every utility and jurisdiction, the government entity (typically a city or county 
office) that dictates the requirements for building and electrical work, you 
deal with will likely have slightly different wiring and safety component 
requirements that you must follow. I make it a point to show you the require-
ments as laid out by the National Electrical Code® (NEC®), but when it comes 
down to it, a local jurisdiction can make its own rules or have its own interpre-
tations of the NEC®. If you ever have doubts as to what the requirements are 
in a particular area, talk with the local inspectors to find out what they want 
to see. (Of course, you should also purchase of copy of the NEC® and research 
it so you can become as familiar with it as possible. See Chapter 1 for how to 
obtain a copy of the NEC® Handbook.)

Defining the Circuits in a PV System
A circuit is the path needed to complete the circle the electrons must run in 
to do useful work. (For instance, in a grid-direct PV system, the DC circuit is 
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the path the electrons take from the PV modules, through the inverter, and 
back to the modules.) Different conductors, or wires, throughout a PV system 
connect circuits, and these conductors are commonly placed inside conduit, 
or pipes, that protect them as they run from one point to the next.

 The size of the conductors needed and the specific safety devices used are 
determined by the circuit type and location. Figure 10-1 shows a basic sche-
matic of a PV system with the following circuits:

 ✓ PV source circuit: The circuit that comes from the individual PV strings 
is the PV source circuit. These circuits are often run along the back of the 
strings during installations; they lead to a junction box (a box where you 
can transition from outdoor wiring to indoor wiring) or a combiner box 
(a box where you can transition your wiring and also place strings in 
parallel; typically these boxes also have fuses inside).

 ✓ PV output circuit: The PV output circuit consists of the wires between the 
junction box or combiner box and the DC disconnect(s), which are often 
referred to as the DC disconnecting means, indicating that this is the method 
to disconnect the DC (PV) conductors from the rest of the system.

 ✓ Inverter input circuit: The conductors from the DC disconnect(s) to the 
inverter make up the inverter input circuit.

 ✓ Inverter output circuit: The conductors on the AC side of the system on 
the output side of the inverter comprise the inverter output circuit.

 

Figure 10-1: 
Different 

circuits in a 
PV system.

 

Inverter input
circuit

PV source
circuit

PV output
circuit

Inverter output
circuit

Point of interconnection
with utility

Note: The NEC® defines conductors based on their role in circuits. For exam-
ple, the NEC® makes references to grounded current-carrying conductors (for 
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both AC and DC circuits) and grounded conductors (for both types of circuits). 
I suggest you become familiar with the Code language and terms for your PV 
installations by digging into the NEC® and picking up a book on understanding 
the NEC®.

Checking Out Types of Conductors
For the components of a PV system (meaning the array, batteries, charge 
controller, and inverter) to work together and produce energy, something 
needs to join them together — enter wiring. The wires used to connect all the 
individual pieces of equipment in a PV system are known as conductors. The 
PV side of the system has positive and negative conductors, and each one is 
connected to its respective part of the PV modules.

The most common material for the conductors used in PV systems is copper 
because it has high conductivity (the ability to pass current) and is compatible 
with the conductor terminations (the place where the conductors are attached 
to the disconnects, circuit breakers, inverters, and charge controllers).

 Less expensive aluminum conductors can be an option, but aluminum is 
often viewed as an inferior wiring method. If you choose to use aluminum, the 
conductors generally need to be larger because aluminum doesn’t possess 
the same conductivity as copper, and all the conductor terminations in a PV 
system would require explicit aluminum ratings. (Flip to Chapter 13 for full 
details on sizing conductors and safety devices.) The terminations portion of 
the requirement can be the most difficult part to meet. If aluminum conduc-
tors (or copper conductors, for that matter) are connected to terminals that 
aren’t rated for that material, the connections can eventually fail, increasing 
the risk of fire. My verdict: In comparison to the overall system costs, the sav-
ings associated with aluminum conductors in residential and commercial PV 
installations just isn’t worth it.

Selecting the proper conductor isn’t difficult, so there’s no excuse for ever 
installing a conductor just because it was in the truck. Numerous conductor 
types are available, and each one has its proper uses and limitations, as you 
find out in the following sections.

 A few things to note regarding conductor classification:

 ✓ Conductors are always designated by an acronym that describes the 
conductor’s properties. For example, USE is an underground service 
entrance cable.

 ✓ Conductors typically have multiple acronyms listed on them. As long as 
one of the properties noted by the acronyms meets the requirements for 
your installation, you can use that conductor.
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 ✓ Some conductors have the designation -2 at the end. This designation 
indicates that the conductors are rated for 90 degrees Celsius (194 
degrees Fahrenheit) in wet or dry conditions. (I explain the significance 
of this temperature rating in Chapter 13.)

USE-2
Standard PV modules come with two copper conductors preinstalled with 
quick-connect plugs for connection to adjacent modules and to help make 
the installation process easier. These factory-installed conductors, which are 
often underground service entrance (USE-2) cables, connect from module to 
module (or directly to a microinverter, which I describe in Chapter 9) and are 
secured to the backside of the PV array using specially designed clips and 
wire ties, as I describe in Chapter 17.

Because USE-2 is often installed along the backside of a PV array as part of 
the PV source circuit wiring, it gets exposed to some extreme conditions, 
including full sunlight and temperatures exceeding 60 degrees Celsius (140 
degrees Fahrenheit). USE-2 conductors work in these extremes because 
they’re inherently sunlight-resistant as well as heat- and moisture-resistant.

 USE-2 conductors are readily available in a variety of sizes and can even be 
ordered in various colors (which can help when color-coding the wiring). For 
the portion of the PV source circuit that runs from the modules to the com-
biner box, you can buy rolls of USE-2 cable and install the quick-connect plugs 
yourself, or you can purchase USE-2 conductors that have the plugs prein-
stalled on the ends.

 Don’t run USE-2 inside conduit and then inside buildings. It doesn’t have the 
proper fire retardants in the insulation and isn’t rated for these locations. 
For wires that go through buildings, you need to transition to building wiring 
(which I describe later in this chapter).

PV wire
A double-insulated conductor known as PV wire uses cross-linked polyethyl-
ene for the insulation. This durable conductor was born out of the need for a 
conductor that could be used with a transformer-less inverter (see Chapter 9) 
because the NEC® requires additional protection in the form of conduit 
or multiple layers of insulation for the conductors on the PV side of these 
inverters. The two layers of insulation in PV wire help protect the copper 
conductors more than the single-insulated USE-2 conductor.
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 PV wire is usually used inside PV source circuit wirings, but you can also use 
it as PV output circuit wiring. However, because it’s more expensive than 
building wiring, most PV pros don’t opt for this application.

 PV wire isn’t used in PV systems as often as the USE-2 conductor, but it has 
begun to gain popularity, and I recommend using it rather than USE-2 when 
you can. You can use it regardless of the inverter technology associated with 
the PV array, thereby reducing the different types of conductor you have to 
buy and manage on-site. Although PV wire is more expensive than USE-2, it’s 
also more durable. Just like USE-2, for the conductors running from the mod-
ules to the combiner box or junction box, you can purchase PV wire in plug-
free rolls or with preinstalled plugs.

Building wiring
Conductors that leave the junction box or combiner box on their way to the 
inverter or charge controller are usually transitioned into a standard type of 
building wiring, such as heat-resistant thermoplastic (THHN) or moisture and 
heat-resistant thermoplastic (THWN-2). They can be aluminum or copper.

Building wiring is usually used for PV output circuits, inverter input circuits, 
and inverter output circuits. You can use it on both the DC and AC sides of 
a PV system, but you need to make sure you protect the conductors from 
damage by running them inside conduit (see the later related section). Note 
that building wiring can’t be run in exposed locations because it doesn’t have 
the sunlight-resistant characteristics of USE-2 and PV wire.

 I recommend always using the THWN-2 conductor because it has additional 
temperature ratings. The -2 at the end indicates that the conductor is rated 
for 90 degrees Celsius (194 degrees Fahrenheit) in wet and dry conditions. 
Because you may have these conductors running in conduit along a roof, 
inside an attic, or down the side of a building, they may be exposed to some of 
the most extreme temperatures imaginable. Sticking with THWN-2 lets you use 
the same conductors in a variety of locations without too much concern.

 You can buy rolls of wire that are rated as both THHN and THWN-2, but this 
isn’t considered standard. So if you go to your electric supply house and order 
THHN without specifying the THWN-2 requirement, you probably won’t get 
what you want.

Battery wiring
The most widely available conductors for use from the battery bank to the 
inverter in battery-based systems are moisture-resistant thermoset (RHW), 
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moisture- and heat-resistant thermoplastic (THW), and underground service 
entrance (USE). All of these conductors are commonly made with copper.

 Another battery wiring alternative is a highly flexible cable, which can have 
thousands of small, finely stranded copper wires wrapped together to make 
a large cable. People like to use these cables because tight spaces require a 
minimal bending radius, and the flexible wires are much easier to work with 
than the relatively stiff RHW, THW, and USE types.

 If you opt for flexible cables, make sure the connectors you use with them are 
properly listed for use with flexible stranded cables. In the past, flexible cables 
were used with terminals and crimp lugs that weren’t properly rated. The 
result? The conductors failed and put the systems at risk of starting fires.

Any conductors used for battery wiring are in corrosive environments, so 
you need to verify with the manufacturer and the NEC® that the conductor 
type you want to use is appropriate for the location. Chapter 3 in the NEC® 
covers wiring methods and materials, so refer to the Code for more info.

Ground wiring
All the exposed metal parts of PV systems need a connection to ground, 
which means you need to connect the PV module frames, racking, and metal 
boxes to a conductor that’s connected to a large conductor that’s in contact 
with the earth. (I get into grounding in Chapter 17.) The conductors used to 
make the ground connections between PV modules are almost always bare 
copper. After the PV system’s conductors are transitioned into conduit, 
either bare copper or insulated ground conductors can be used.

Ground wiring can be run with all the circuits mentioned earlier in this chap-
ter: PV source, PV output, inverter input, and inverter output. Using bare 
ground wire to ground the PV modules is preferable because it’s properly 
rated for that environment and readily accessible. Using building wiring, like 
THWN-2, for ground wire in conduit is great; it’s easier to pull and has the 
appropriate color-coding on the insulation. (I explain the importance of color-
coding in Chapter 17.)

Considering Kinds of Conduit
With the exception of the PV source circuit wiring, the conductors used in 
PV systems need proper protection from potential damage; this protection 
is referred to as conduit. (PV source circuit wiring doesn’t require conduit 
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because NEC® allows you to use USE-2 or PV wire in these locations.) You can 
see some examples of conduit found in PV systems in Figure 10-2. Conduit 
can come in a wide range of sizes, as you discover in Chapter 13, and a vari-
ety of materials. Selecting the right conduit for the system you’re designing 
depends on the location where the conduit will be used and any additional 
NEC® requirements. (Chapter 17 outlines some of the specific requirements 
surrounding conduit installation in PV systems.)

 

Figure 10-2: 
Conduit 

used in PV 
systems.

 

Electrical metallic tubing Flexible metallic tubing

Rigid polyvinyl chloride conduit Liquid-tight flexible nonmetallic conduit

You have two main options for conduit: metallic and nonmetallic. Both pro-
vide protection for the conductors they house, but they have different instal-
lation and usage requirements.

Metallic conduit
According to the NEC®, you can install PV circuits (I explain what these are in 
the earlier “Defining the Circuits in a PV System” section) for the PV output 
circuits inside a building prior to a disconnecting means as long as they 
remain in metallic conduit. A variety of metallic conduit options are available 
for use in PV installations, and each one offers excellent physical protection. 
Two of the more popular metallic conduit types are as follows:

 ✓ Electrical metallic tubing (EMT): A thin-walled, stiff pipe, EMT is used 
for the majority of the PV output circuit. It’s an inexpensive choice that 
you can use both indoors and outside. You can bend it (with the help 
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of a tool) when you need to change the conduit’s direction, and you can 
change the conduit run using a wide variety of fittings. EMT requires 
more labor to install than flexible metallic tubing, but when you get the 
hang of it, working with EMT is easy.

 ✓ Flexible metallic tubing (FMT): As the name indicates, this is a flexible 
metallic conduit, which makes it great when you’re working in a con-
fined space. It’s more expensive than EMT, but sometimes the time sav-
ings in using FMT versus EMT more than makes up for the initial cost. 
FMT is typically used for short runs, and it can be used in conjunction 
with EMT to make your job easier. FMT isn’t allowed in wet locations, 
though, so you can only use it inside buildings.

 One wiring method for PV circuits run inside a building that isn’t explicitly 
allowed by the 2008 NEC® is the use of metal-clad cables. Metal-clad cables are 
a cable assembly (conductors bundled together and wrapped with an outer 
protective covering); consequently, they don’t comply with the wording of the 
NEC® in this situation. (Note that this guideline may change in the 2011 version 
of the Code.)

Nonmetallic conduit
Nonmetalllic conduit is acceptable in PV systems as long as the conduit has 
the proper ratings (such as UV protection) and is listed for installation in a 
particular location (such as exposed wet locations). You can use nonmetallic 
conduit for any of the circuits in PV systems. Common types of nonmetallic 
conduit include the following:

 ✓ Rigid polyvinyl chloride (PVC): An inexpensive and easy conduit to 
work with, PVC is similar to EMT (see the preceding section) in the 
sense that the material is stiff and can be bent or attached to specific 
fittings. One feature to be aware of is that PVC expands and contracts 
a great deal with changes in temperature, which requires you to install 
special expansion fittings on long PVC runs. (The NEC® has specific 
requirements for this expansion and contraction.) PVC is used for PV 
output circuits that run underground or on the outside of a building.

 ✓ Liquid-tight flexible nonmetallic (LFNC): LFNC is appropriate when you 
need to use a flexible conduit in an outdoor location. It’s easy to work 
with and used to connect PVC conduit to a disconnect or inverter. It’s 
more expensive than PVC conduit, and the fittings used aren’t cheap 
either, which means you’ll generally run PVC as close as possible to the 
desired endpoint and use LFNC to make the final connection.
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Delving into Disconnects
The conductors used in PV systems carry the current from the array down to 
the inverter and then to the loads. For safety and maintenance reasons, you 
need to install a way for those conductors to disconnect themselves from 
all sources of power. The exact location and specifications for disconnects 
depend on the specifics of the system installed, but all PV systems, regard-
less of their size, must possess the ability to disconnect the conductors.

Figure 10-3 shows two types of disconnects used in PV systems:

 ✓ Figure 10-3a is a disconnect integrated into an inverter. These can often 
disconnect both the PV output circuit (DC) and the inverter output cir-
cuit (AC) at the same time. They’re an excellent way to meet the NEC® 
disconnect requirements for inverters, but they don’t meet the require-
ments of utilities that insist upon visible, lockable disconnects.

 ✓ Figure 10-3b shows two disconnects positioned outside of an inverter. 
Each disconnect is dedicated to a single circuit (PV output and inverter 
output, respectively). Installing two disconnects requires more space 
around the inverter and increases your installation time, but if the util-
ity calls for a visible, lockable disconnect on the inverter output circuit, 
these disconnects satisfy both the utility and the NEC® requirements.

 

Figure 10-3: 
A disconnect 

integrated 
into an 

inverter 
(a) and 

separate 
discon-

nects (b).
 a b

According to the NEC®, DC and AC disconnects must be provided to stop 
power flowing in the conductors and allow for safe access to all components 
of the PV system. Generally, this guideline means supplying disconnects at 
the inverter location(s) as well as at points of interconnection with the utility 
(this last part applies only to utility-interactive systems).
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 One common (and unpopular) required disconnect is a visible, lockable dis-
connect at the utility meter location. The utility typically requests this discon-
nect for its personnel. It must be physically placed next to the meter (so the 
utility can access it 24 hours a day) and electrically placed between the 
inverter and the utility point of interconnection. The idea is that if a utility 
power outage occurs and a utility worker wants to, she can disconnect the PV 
array from the grid and lock the disconnect for safety. When you ask the util-
ity to send a net-metering agreement, look through the packet you receive for 
disconnect requirements. If you have any doubt or want to install the 
disconnect(s) slightly differently than specified by the utility, be sure to con-
tact the utility for clarification.

 The NEC® doesn’t require any disconnects at the PV array, but some local 
jurisdictions do. Always check with the electrical inspector to see whether 
your client’s jurisdiction has any additional requirements for disconnects.

Note: Disconnects can also serve as the form of overcurrent protection, like a 
circuit breaker that makes the utility interconnection for a utility-interactive 
inverter. See the next section for the full scoop on overcurrent protection.

Perusing Overcurrent Protection Devices
When conductors are installed in PV systems, they need protection from 
the possibility of too much current passing through them. Enter overcurrent 
protection devices (OCPDs). When too much current begins to pass through 
a conductor, an OCPD opens the circuit, preventing additional current from 
passing through until someone manually resets or replaces the device.

The following sections cover the two types of OCPDs used in PV systems — 
circuit breakers and fuses — so you can get a feeling for exactly how they 
protect conductors and where you should install them. (I show you how to 
size these devices in Chapter 13.)

Circuit breakers
Circuit breakers are the devices you most likely have installed in the main 
distribution panel at your home. The circuit breakers used in PV systems 
are very similar. They may have a different look based on the manufacturer, 
but for the most part they operate in the same way: When too much current 
passes through a circuit breaker, the breaker trips, opening the circuit and 
stopping the current from flowing. Most breakers are thermally activated, 
so they trip when they reach a certain temperature. The nice feature about 
circuit breakers is that when they trip, you can simply reset them instead of 
replacing them.
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 Circuit breakers are manufactured for specific enclosures. Consequently, you 
can’t install just any circuit breaker inside a load center; instead, you have to 
buy the breaker that was manufactured for the exact panel you’re using. 
Circuit breakers are also manufactured for specific current and voltage levels 
as well as the current type (AC or DC). Always make sure the circuit breakers 
are listed for the circuit you want to install them in.

 Circuit breakers are typically used as the OCPD on the AC side of PV systems 
(in other words, the inverter output circuit) as well as on the DC side of low-
voltage, battery-based arrays (meaning the PV source circuit, inverter input 
circuit, and inverter output circuit).

 Don’t use circuit breakers on the DC side of high-voltage PV installations 
because they don’t carry the proper ratings for high-voltage applications 
(which is anything greater than 150 VDC).

Fuses
When you’re dealing with a high-voltage DC circuit or when the OCPD needs 
to be placed outside of a load center, you need to install a fuse. Fuses come 
in all shapes and sizes, and they can fit any PV system requirement.

Fuses work pretty similarly to circuit breakers, which makes them a good 
substitute when you can’t use circuit breakers. Inside every fuse is a fila-
ment that remains intact as long as it doesn’t get too hot. If too much cur-
rent passes through the fuse, the fuse overheats and pops, and the current 
is interrupted. Note: A popped fuse must be replaced; it can’t be reset like a 
circuit breaker.

Like circuit breakers, fuses have specific listings associated with them. The 
main one you need to be aware of is the DC rating. Many fuses carry both 
AC and DC current ratings but at very different voltage levels. You need to 
make sure you order the fuses with the proper DC voltage and current rat-
ings when you use them on the DC side of a system (typically the PV source 
circuit).

 The most common locations for fuses are in a combiner box for the PV source 
circuit and inside an inverter for the connection between the PV output con-
ductors and the inverter. Fuses are also good for when an inverter’s output 
circuit can’t be connected to the utility through a circuit breaker. In this last 
example, a fused disconnect provides both overcurrent protection and a 
method for disconnecting the inverter in one device (I cover disconnects ear-
lier in this chapter).
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Focusing on Ground Fault Protection
To help reduce the risk of fires when a PV array has experienced a fault, 
ground fault protection (GFP) devices have become a requirement for all but 
a few PV installations. When you deal with grid-direct systems, you need only 
consider the proper installation techniques because GFP comes standard 
in grid-direct inverters (see Chapter 9). When you’re working with battery-
based systems, however, expect to have an additional component to install. 
(Fortunately you only have one option in terms of current ratings. Check the 
NEC® for its specific requirements regarding interrupting faults.)

GFP is added to PV systems at the inverter inside a DC wiring box to reduce 
the risk of fire if an array’s conductors become compromised. If either the 
positive or the negative conductor is damaged, that conductor can come into 
contact with a metal component in the PV system such as a module, the rack-
ing, or the inverter. This contact between the conductor (which contains the 
current from the PV array) and metal pieces allows current to flow and pres-
ents a fire (and shock) hazard.

 The GFP merely reduces the fire risk and alerts the system owner of the prob-
lem; it does nothing to reduce the risk of shock. In fact, after the GFP has been 
activated, the shock hazard is even higher because there’s now a voltage 
potential between anything metal and ground. So if you were to grab the por-
tion of the array that was faulted, the current would flow through your body, 
causing a shock throughout your body at best and death at worst.

A GFP works by purposely connecting one of the current-carrying conductors 
across the GFP circuit. This circuit is kept closed through a small-amperage 
fuse (generally just 1 A). The circuit is looking for any current that’s flow-
ing from one of the current-carrying conductors to ground. Under normal 
circumstances, there’s no current to ground, but as soon as a wire comes 
into contact with a grounded portion of the array (anything metallic), cur-
rent then flows to ground. This improper current flow causes the fuse inside 
the GFP to pop and a visible sign to appear, like a warning light or a circuit 
breaker in the off position, indicating the presence of the ground fault. So 
when the GFP is open, a reference to ground is no longer present for the con-
ductors. This situation is known as floating, and it’s a dangerous one for who-
ever’s troubleshooting the array.

 If the GFP has been activated, you must track down and fix the ground fault 
before the array can continue operation. This process can take some time and 
skill because tracking down a ground fault can be difficult and complicated. 
(One resource for you to research the methodology and safety precautions is 
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SolarPro, solarprofessional.com, a magazine that has covered this topic 
in great detail.) After the ground fault has been fixed, you can replace the fuse 
with a properly rated replacement and restart the system.

Looking at the Basics of Labels
Proper labeling is growing increasingly important as PV systems become 
more popular. Inspectors are now requiring PV system installers to do a 
better job of meeting Article 690 of the NEC®, which lists a number of labeling 
requirements for PV systems. I outline the exact language needed on system-
specific labels in Chapter 18, but in this section, I outline the general require-
ments and the generic labels needed for every job.

 PV system labels give safety personnel, such as firefighters, quick information 
they can use in an emergency. Consequently, you should always design your 
system labels so they present the necessary information simply and accurately.

 Here are some of the major labeling requirements you must meet in any PV 
system you design (you can purchase premade versions of the generic labels, 
but you’ll need to have the system-specific ones made at a local sign shop):

 ✓ The DC disconnect needs labeling with specific information about the 
different voltage and current levels (see Figure 10-4a).

 ✓ The point of interconnection with the utility needs labeling indicating 
voltage and current levels (see Figure 10-4b).

 ✓ The building exterior needs a plaque or label identifying the secondary 
power source (the PV array) and all disconnects for the system (see 
Figure 10-4c).
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Figure 10-4: 
Sample 

labels for PV 
systems.

 

Interconnection point for photovoltaic system
power source and utility power source.

Nominal AC operating voltage

Rated AC output current

Volts AC

Amps AC

NOTICEPhotovoltaic System DC
Disconnect

Maximum system voltage

Rated maximum power-point voltage

Rated maximum power-point current

Maximum short circuit current

Maximum charge controller output current
(if system has battery storage)

Volts DC

Amps DC

Volts DC

Amps DC

Amps DC

a b

c

WARNING

POWER TO THIS SERVICE IS
ALSO SUPPLIED FROM

PHOTOVOLTAIC EQUIPMENT
LOCATED ON THE WEST ROOF

DISCONNECTING MEANS
LOCATED INSIDE THIS PANEL
AND ON ROOF AS SHOWN

ROOF TOP SOLAR
ARRAY

ROOF TOP SOLAR
DISCONNECT

MAIN SERVICE PANEL
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In this part . . .

Here’s your chance to walk through the process of 
properly sizing both grid-direct and battery-based 

PV systems. The different methodologies in this part are 
presented based on the type of system you’re going to 
install and your goals for the system.

Chapter 11 details the process for sizing and specifying a 
grid-direct PV system, the most popular type of PV system 
currently installed. If you’re installing a battery-based 
system, either utility-interactive or stand-alone, then 
Chapter 12 is your go-to resource for sizing and specification 
assistance. And because all PV systems require safety 
components, Chapter 13 shows you what you have to 
consider when sizing and specifying the different safety 
components.
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Chapter 11

Sizing a Grid-Direct System
In This Chapter
▶ Understanding the role budget and space play in limiting an array’s size

▶ Evaluating energy production and consumption

▶ Calculating power values and temperature-adjusted voltages

▶ Checking the maximum current input as the final piece of the puzzle

So you’ve used the information in Chapter 2 to determine that a grid-direct 
system is the best fit for your client, and you’ve familiarized yourself with 

the elements of such a system in Part II. Now the fun really starts — it’s time to 
size the system! By that, I mean it’s time to match the array to the customer’s 
needs and to the inverter and associated safety equipment.

When you set off on the task of sizing a grid-direct PV system you need to 
account for many variables. As you find out in this chapter, the overall pro-
cess results in a PV system that’s based on the client’s budget, the available 
area, the annual energy production and consumption at the site, and your 
choice of materials for the job (notably, the array and the inverter).

 In comparison to stand-alone PV systems (which I show you how to size in 
Chapter 12), grid-direct sizing is much less complicated. You also don’t have 
to make nearly as many assumptions and leaps of faith. Because the utility 
grid is always (well, almost always) present, and because a grid-direct inverter 
operates in parallel with the utility, you don’t have to size the array to meet 
electrical consumption at any given time. If the loads within the building 
require more power than the array can provide, the utility can supply the 
difference. And even though the PV system goes down when the utility goes 
down, the system automatically restarts when the grid comes back to life. 
A grid-direct system, therefore, should be viewed as a way to supplement 
(rather than replace) the utility grid.

Note: Sizing a grid-direct PV system requires you to know a few temperatures 
and be able to make calculations with those temperatures. The calculations 
get pretty messy when you try throwing Fahrenheit into the mix, which is 
why all the temperature-related calculations presented in this chapter use 
Celsius.
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First Things First: Evaluating the Budget 
and the Available Array Area

Whenever you’re looking to install a grid-direct PV system, the overall system 
size will generally be limited by one or more factors, but the first two you 
need to consider are your client’s budget and the amount of space available 
for the PV array. People with unlimited budgets and unlimited space for a PV 
system are out there, but those clients are few and far between.

 Before you establish anything else, find out what your client’s budget is. Of 
course, everyone would love to offset 100 percent of their electrical energy 
consumption with solar power, but most people simply can’t do that. So 
before you spend too much time sizing the best-possible system for your cli-
ent’s desires, find out what his budgetary realities are first and work from 
there. By establishing your client’s budget in the beginning of the process, you 
can prevent yourself from wasting a lot of time and energy designing a system 
that never has a chance of being installed.

The next limitation to consider is the area available for mounting the array. 
For the majority of grid-direct PV systems, this area is the roof of the house 
or business. (Other options include the ground outside of a building or the 
top of a pole.) To determine the amount of space available for the system, 
you need to perform a site survey; Chapter 5 goes over the site-survey pro-
cess and the major considerations, such as shading issues and various roof 
obstacles, you need to make when evaluating where to place the array.

After you conduct a site survey, you can calculate the available square foot-
age by measuring the length and width of the array area and multiplying 
those two values together. You can then take that area and multiply it by 
the module’s power density, or the number of watts per square foot for the 
module you’re thinking about using based on the client’s budget and what’s 
available from your suppliers (Chapter 6 has details on power density and 
different types of modules). The resulting number gives you an idea of the 
total power in watts (W) that can be placed in the available area.

 I recommend you don’t attempt to use every last square inch of a roof surface 
when installing an array. Squeezing a few more modules up there whenever 
possible is tempting, but don’t do it! Cramming the roof will not only make the 
installation more difficult but it’ll also make it tricky (and possibly downright 
dangerous) to try and maneuver on the roof when the system needs mainte-
nance. Also, wind loading at the edge of the roof is much greater (requiring 
more mechanical support), and some jurisdictions have requirements based 
on access for firefighters and other safety personnel. (The same goes for array 
sites other than roofs — when it comes to placing PV modules in a given spot, 
less is definitely more.)
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Be sure to consider “dead” spaces (the areas around the array that can’t be 
used due to shading or the need to maintain sufficient paths for access) as 
well as the small spaces between the modules when determining the overall 
area available for the PV array. Suddenly that decent-sized roof may be very 
limited to account for all of these issues. To account for dead spaces, simply 
subtract the area needed for the access paths from the overall area and use 
one of the shading-analysis tools in Chapter 5 to determine the area that’s 
unavailable due to shading. By taking these areas out of the picture, you can 
establish a realistic idea of the total power rating of the potential array.

 The size of the PV array may change over the course of your design process. 
For example, you may estimate that you can fit 24 modules on a roof, but as 
you progress, you may realize that the string configuration requirements (cov-
ered later in this chapter) won’t allow that many modules. Or perhaps you 
have to consider a different module type entirely. Consider your initial esti-
mate of the available space a starting point and use it only for reference.

Estimating the Site’s Annual 
Energy Production

When you know roughly how much space you have for the array, you can 
begin to estimate the annual energy production for that site. This estimate 
is helpful to have when designing grid-direct PV systems because you need 
to evaluate the type of agreement the utility will be willing to enter into. (I 
review some common agreements and how they affect your decision-making 
process in the later “Looking at contract options with the utility” section.)

You can estimate the annual energy production in a variety of ways. For 
larger commercial systems or in situations where advanced techniques are 
required, you can use modeling programs to evaluate multiple scenarios and 
change parameters to estimate the energy production (PV*Sol and PVsyst 
are two popular programs). For residential and small commercial systems, 
one of the best ways to estimate energy production is to use the PV Watts 
tool (available at www.nrel.gov/rredc/pvwatts).

PV Watts is a free Web-based tool provided by the National Renewable 
Energy Laboratory. Many people in the solar industry use PV Watts on a 
regular basis. To use it correctly, you need to know

 ✓ The amount of power the PV array you’re thinking of using can poten-
tially produce (in kilowatts [kW])

 ✓ The tilt, orientation, and shading effects of the array (see Chapter 5)

 ✓ Some basic information about the equipment you’re thinking about 
using (the PV Watts program makes some good assumptions about the 
performance of the equipment)
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The PV Watts tool takes the information you enter and creates a total solar 
resource factor (TSRF), the percentage of the solar resource available for 
that specific site in relation to a perfectly oriented and shade-free array, 
as I describe in Chapter 5. It then provides a simple report that estimates 
monthly and annual energy production values measured in kilowatt-hours 
(kWh). It also calculates the dollar value for that energy, which is nice 
because this is a value everyone can relate too (unlike peak sun hours or 
system efficiencies).

 I suggest you use the first version of the PV Watts calculator until you become 
familiar with the program. Then you can move on to Version 2 if you like. (I 
rarely use Version 2 because Version 1 gets me all the information I generally 
need.) Either way, PV Watts is relatively self-explanatory; it even has help-
ful links for commonly asked questions and ways to manipulate the program 
based on your needs.

 The annual energy production you calculate at this point is only an estimate. 
Don’t treat it (or let your client treat it) as the promised production value. The 
energy produced from the array will be affected by installation methods to an 
extent, but ultimately, the available solar resource dictates how much energy 
is produced. So if your client experiences an abnormally cloudy or sunny 
season, the energy-production number you gave him will be off.

Sizing the Array to Meet Your 
Client’s Energy Consumption

I promise that if you’re in the PV industry for more than two weeks, you’ll 
be asked this question before you finish telling someone what you do for a 
living: “How big of a PV array do I need to power my average-size house?” My 
favorite response: “Gosh, I’m not sure. What color is your house?”

Neither question makes much sense, does it? Sure, I can figure out what the 
average American household’s energy consumption was two years ago, but 
that number rarely means much to anyone individually. The energy con-
sumption of an individual, family, or business has little to do with the size of 
a house or commercial building and more to do with people’s lifestyles. Does 
your client have all-electric heating? How does he heat his water? Does he 
have an electric car hidden in the garage, just charging away? Is his business 
home to a welding shop or a number of refrigerators?

After you establish the maximum array size and estimate the site’s annual 
energy production, you need to look at some utility bills (preferably all 12 
bills from the previous year) to get a sense of how much energy the house 
or business consumes and what the impact of a rooftop or yard-based PV 
system will be. You also want to guarantee that the energy the system 
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produces provides the maximum financial benefit for your client based on 
the agreement with the utility. I explain what you need to know in this 
section.

Determining annual energy consumption
Grid-direct PV systems have the advantage of built-in energy record keeping 
from the utility provider. To determine the annual energy consumption for 
the household or business in question, simply collect the last 12 months’ 
worth of bills from the utility. This snapshot will give you a great idea of the 
amount of energy consumed annually (so long as you look at the total kilowatt-
hours consumed). Of course, if you have access to more than one year’s 
worth of utility bills, go ahead and take a look at them all. The extra informa-
tion can only add to your knowledge of your customer’s energy habits.

 One thing to ask is whether there are any recent changes to the electrical 
consumption. For example, did your client install a solar hot-water system a 
few months ago? Or did he just put an electric water heater in the master bed-
room suite? Such changes affect future electrical consumption, which is why 
you should always base your estimates on the most recent information.

Note: If you can’t obtain the energy records for the client’s current home or 
past home because the current electrical consumption is dramatically differ-
ent, you may have to estimate the annual energy consumption by using the 
same process I describe in Chapter 12 for sizing battery-based systems.

Looking at contract options 
with the utility
Your client has a few options for entering into a contract with the utility, but the 
most common approach is net metering. In a net-metering agreement, the utility 
agrees to “pay” your client the exact amount it charges him for energy — given 
that your client doesn’t produce more energy than he uses in a given time period 
(typically a year). The exact restrictions are included in the interconnection 
agreement provided by the utility. Usually, if a PV user produces more energy 
than he consumes in a year under a net-metering agreement, the utility can say 
thanks very much for the extra energy and move on. The PV user (in this case, 
your client) doesn’t get any extra accolades or cash for producing more energy 
than he consumes.

 Many utilities allow customers to essentially bank up their kilowatt-hours 
when they produce more than they consume — kind of like when your extra 
calling-plan minutes roll over. At some point, though, the utility will start 
over; this is known as the true-up period. Some utilities make this true-up 
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period occur monthly, which means your client doesn’t get the full benefit of 
the energy produced in any month that he doesn’t use that same amount of 
energy. As the installer and designer, be sure to confirm with the utility how 
its true-up period works before getting too far into the design process.

Another component of net metering to consider is the time-of-use metering 
option (TOU). With TOU, the utility charges your client different rates based 
on the time of day he uses energy. Typically, TOU rates are highest during 
the middle of the day when overall consumption peaks. This means that for a 
PV system installed under a net-metering agreement that uses TOU, the times 
of the day when the PV array is producing the greatest amount of energy cor-
respond to the times when the utility rates are at their highest. If your client 
can maximize PV production and minimize consumption to correspond to 
peak energy rates, say he’s at work all day with as many appliances powered 
down as possible, the overall effect can be beneficial financially.

The other contracting system that may be available is the feed-in tariff system 
(FIT). With a FIT contract, your client doesn’t really care about annual energy 
consumption because there’s no direct relationship between his PV array 
size and his energy consumption due to the fact that he receives more money 
per kilowatt-hour generated from the PV array than he’s charged from the 
utility. So if your client signs a FIT contract with the utility, you want to 
design the PV system so it maximizes the amount of energy the array pro-
duces regardless of your client’s energy appetite.

Note: Regardless of the utility contract, I encourage you to advise your client 
to conserve energy as much as possible even though he doesn’t really have 
to worry about comparing his energy consumption to the size of the array. 
Energy conservation should be the mantra of anyone installing a PV system. 
Besides, conserving energy helps your client financially — the less energy he 
consumes, the less he has to buy.

Using consumption and contract options to 
select an array’s needed power value
At this point, you’ve collected data about how much energy your client con-
sumes and established a starting point for the total amount of energy the 
proposed PV array will produce annually. Now you can begin comparing the 
two numbers and working with your client to establish the best option based 
on the utility agreement he has to enter into.

If your client consumes less energy annually than the PV array will likely 
produce, he’s in great shape. He can either reduce the overall wattage of the 
array or be prepared to overproduce annually and not receive full financial 
credit for every kilowatt-hour produced by his system.
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A more likely scenario is that the energy produced by the PV array is less 
than the energy consumption of the people in the building. In this case, you 
can work with your client to help him reduce his overall energy consumption 
(common techniques for this include changing to compact fluorescent light 
bulbs and installing better insulation). You can then compare the estimated 
production to the assumed reduced energy consumption and establish the 
percentage of electrical energy that will be provided by solar power and the 
associated dollar savings. For example, if your client’s PV system can pro-
duce 2,000 kWh but the client consumes 5,000 kWh annually, the PV array 
will offset 40 percent of his total energy consumption.

 Keep the true-up period that the utility uses in mind (see the preceding sec-
tion for the scoop on this). If the utility looks at the values monthly, you need 
to evaluate the production and consumption ratio on a monthly, rather than 
annual, basis. Make sure your client is aware of how the interconnection 
agreement works so he isn’t surprised if he doesn’t get full credit from the util-
ity because he produced twice as much energy as he consumed.

Applying the right consumption numbers and contract options may seem 
like a lot of upfront work, but after you go through the process a few times, 
you can establish some good working numbers based on the equipment you 
like to use, local utility requirements, and the site-specific information you 
gather. Having these numbers in mind helps you finalize the proposed array’s 
design, including its size.

Getting Ready to Match an 
Inverter to an Array

After you nail down the right PV array wattage for a client’s grid-direct 
system, you’re ready to establish the relationship between the inverter and 
the PV array. To do so, plan to look at all the electrical characteristics — 
power, voltage, and current.

 I suggest looking at power, voltage, and current in that order so you can 
narrow down your inverter choices with each step. Another benefit to follow-
ing this sequence? The final check, current levels, typically becomes a simple 
verification.

 Every inverter manufacturer has online PV sizing calculators to help you with 
matching an inverter to a PV array. Even though I use them on a regular basis, 
I do so as a check of my calculations, not the source of my calculations. As a 
PV system designer and installer, it’s vital that you perform your own calcula-
tions instead of relying on the online calculators. Here’s why:
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 ✓ The potential for error: The data plugged into the online calculators is 
entered by humans who’re fully capable of making mistakes. Trust me; 
I’ve seen some of these mistakes firsthand.

 ✓ The inevitable disclaimer: Every inverter manufacturer requires you to 
accept a disclaimer before you can access its tool. In essence, the dis-
claimers all say the same thing: The information here may or may not be 
accurate, and if you use the tool, we (the manufacturer) aren’t respon-
sible for any problems.

 ✓ The National Electrical Code® (NEC®): One section of the NEC® says 
that “you shall do the calculations.” At some point, the local electrical 
inspector may ask you to show him these calculations. If you can’t, you 
run the risk of having your system fail inspection. (Shall in NEC® terms is 
pretty strong language. It’s equivalent to the sideways look you used to 
get from mom and grandma — something not worth messing with.)

 Occasionally, you may want (or need) to use multiple inverters in a system. In 
grid-direct systems, the most common reason for having multiple inverters is 
that the desired PV array wattage is greater than a single inverter can handle. 
Many of today’s inverters are rated at less than 10 kW, but fewer options exist 
between 10 kW and 30 kW, so if the PV array wattage falls into this range, you 
may need to design for multiple inverters. Another popular reason for having 
more than one inverter in a grid-direct system is that sometimes the PV mod-
ules are installed in different locations or sometimes they’re all on a roof but 
pointing in different directions.

Matching Power Values for an 
Array and an Inverter

As I note in Chapter 9, all inverters are rated by their maximum continuous 
power output, which is measured in watts or kilowatts. (More often than 
not, this number is incorporated into the inverter’s model number, giving 
you a quick idea of the inverter’s rating.) This value is the AC power output. 
Inverters actually limit their power output, so you can use this value to figure 
out the maximum power input coming into the inverter from the PV array.

When you look at PV module ratings, you find that the power output ratings 
are based on standard test conditions (STC) where the cell temperature is 25 
degrees Celsius and the intensity of the sun is equal to 1,000 W/m2. PV mod-
ules rarely operate in these conditions due to the motion of the sun across 
the sky and increased PV operating temperatures (see Chapter 6). So, the 
power output from the array (in other words, the power input coming into 
the inverter) is typically considerably less than the rated values.
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 On top of that, both the inverter and the array (along with all the other equip-
ment in a grid-direct system) have efficiency losses that must be taken into 
account. Fortunately, you can quickly estimate all of these system inefficien-
cies by adopting the industry standard that any PV system will operate at 
approximately 80 percent overall system efficiency, which means that about 
80 percent of the array’s rated value will be “processed” by the inverter and 
pushed on to the load center. Even though a PV system as a whole can be 
more efficient or less efficient at times, approximately 80 percent is a good 
industry standard to use when relating the PV array output power to the 
inverter’s output power.

So how do you get started? Well, because you’ve already established the 
approximate wattage of the PV array you want to install (if you haven’t, refer 
to the earlier “Sizing the Array to Meet Your Client’s Energy Consumption” 
section), you can now take that array wattage and relate it to the inverter’s 
rated output power. Because inverters are limited in the amount of power 
they can process, it doesn’t make a lot of sense to try and make an inverter 
work any harder than it can. You therefore need to put enough, but not too 
much, PV power into the inverter in order to have the inverter efficiently pro-
duce AC power on the output side.

The industry standard for turning PV-rated DC power into AC output power is 
80 percent. You can use this value to help determine the size of the inverter 
based on the array you’re working with. For example, if you go through the 
process I describe in the beginning of this chapter and decide that your client 
is a good candidate for a 5 kW array, you can use that array size to narrow 
down your inverter choices. Because the overall system efficiency will be 
around 80 percent, you can multiply the 5 kW array size by the 80-percent 
efficiency rating to calculate the minimum inverter rating.

5 kW array × 80% efficiency = 4 kW minimum inverter rating

This calculation tells you that for a 5 kW array, you should have at least a 4 
kW inverter. This inverter-sizing methodology is within the specifications of 
most inverters. Of course, you should confirm with the inverter’s manufac-
turer that it supports this sizing method.

 To find the maximum rated input power from the PV array, refer to the 
inverter’s specification (spec) sheet. You can put less power on an inverter 
than what the calculated maximum array size suggests, but you should put 
on more only in very rare circumstances (and only after careful consideration 
of the effects). If you were to put on more power, the inverter would limit the 
output to its rated value, so your client wouldn’t get any benefit from the extra 
modules anyway.
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Believe it or not, I encourage you to put fewer modules on inverters than 
what they can handle. If you think about the last example, if you went ahead 
and put 5,000 W on that 4,000 W inverter, you’d be limiting the overall system 
efficiency to 80 percent. On days when the efficiencies are higher than 
normal (say, a cool day with high irradiance conditions), the inverter would 
have to limit its output, resulting in a lost opportunity. Also, I don’t like to 
see inverters pushed so hard for long-term reliability. An inverter’s internal 
temperature rises as the number of watts out of the inverter rises. As with all 
electronics, the hotter an inverter runs, the shorter its life will be.

 When I design a PV system, one of my first goals is to multiply the PV array’s 
power value by 87 percent rather than the 80-percent maximum value. Doing 
so gives me a larger inverter wattage that’s closer to the PV array’s wattage. 
By keeping the PV array size closer to the inverter’s rating, you keep the 
inverter cooler, increase its life, and allow the array to operate at maximum 
efficiency values at all times.

So in the earlier example, the minimum-size inverter for a 5,000 W array 
would be:

5,000 W × 87% = 5,000 W × 0.87 = 4,350 W

However, a 4,350 W inverter isn’t an option (because inverters come in nice 
round numbers like 4 kW or 4.5 kW), which means you need to look for an 
inverter that’s close to this value. You may be able to find a 4,500 W inverter, 
or you may need to jump all the way up to a 5,000 W inverter. (Note that this 
efficiency level allows the system to operate at approximately 87 percent, a 
value that won’t limit the array’s power output. The real world may of course 
interfere, but the 87-percent efficiency level is still a solid starting point.)

Coming Up with the Right Voltage 
Values for Your Array and Inverter

After you know the necessary power values for the PV array and the inverter, 
you can look at operating voltages in real-world conditions to further narrow 
your search for an inverter.

 ✓ On the inverter’s DC side (which is connected to the array), there’s a 
minimum number of volts required to allow the inverter to produce the 
maximum amount of power from the array and a maximum voltage that 
can be applied without damaging the inverter.

 ✓ On the inverter’s AC side (which is connected to the loads), a minimum 
and maximum voltage value is dictated by testing requirements and anti-
islanding values (see Chapter 9 for details on anti-islanding).
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 The minimum to maximum voltage values on both the AC and DC sides define 
the inverter’s two voltage windows (a voltage window is a range of allowed 
voltages). If the voltage values fall outside of these windows, the inverter 
won’t work; in the case of too much DC voltage, the inverter can actually be 
damaged. Keeping the voltages inside these windows is an important design 
consideration. After all, it’s your job to keep the PV array operating and maxi-
mizing your client’s investment.

To keep the voltage values within the inverter’s voltage window on the DC 
side, you must define the adjusted voltage values of the PV array and the 
DC voltage window based on temperature. In Chapter 6, I explain how PV 
modules are affected by temperature, so head there if you need to see those 
relationships. (You also need to remember the relationships between open 
circuit voltage, Voc, and maximum power voltage, Vmp, for this portion of the 
design; I cover these in Chapter 6 as well.) For the inverter’s AC voltage, you 
must choose an inverter that matches the available AC voltages. I explain 
what you need to know in the sections that follow.

Establishing the inverter’s AC voltage
On the AC side, you need to determine the nominal AC voltage that the utility 
power is operating at (and which you’ll be interconnecting to) and make sure 
you specify (choose) an inverter that operates at that same voltage. A quali-
fied person (such as an electrician), should verify this voltage, preferably 
during your initial site survey (covered in Chapter 5).

 The nominal AC voltage for residential systems is usually 120/240 VAC. For 
commercial systems it’s either 120/208 VAC or 277/480 VAC. (Note: You 
should still check with the individual utility, just to be safe.)

 Many inverters allow you to field select (change the voltage settings on-site) 
the nominal AC voltage, but not all do. For those that operate at a specific 
nominal voltage, you need to make sure you specify the correct inverter for 
the voltage present. For example, if you’re installing an inverter at a residential 
location where the voltage is 120/240 VAC, you can’t install an inverter that’s 
meant for a 120/208 VAC system. You can’t mix up the inverters and expect 
the inverter to ever work.

Completing this step of matching the inverter to the AC voltage present helps 
reduce the pool of eligible inverters even further. Now you can evaluate your 
PV array in relation to very specific models of inverters and the DC require-
ments for those units.
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Defining the inverter’s DC voltage window
In Chapter 9, I introduce you to the concept of an inverter’s voltage window. 
This window consists of a maximum input voltage that you must stay under 
if you want to avoid damaging the inverter and a minimum voltage you must 
stay above to keep the inverter operating at the array’s maximum power 
point. As a PV system designer, you need to identify these values from a spec 
sheet and make sure the array can operate within this window throughout 
the year. If you allow the array to move outside this window, you risk damag-
ing the inverter or shutting down the system for the day.

As you can see in Figure 11-1, the DC voltage window can be viewed in rela-
tion to the PV array in an IV curve (refer to Chapter 6 for an explanation of 
these curves). The goal is to keep the Voc portion of the IV curve below the 
maximum inverter voltage value and the Vmp portion within the operating 
voltage range. Each of the voltages gets adjusted based on temperature, so 
this window can actually become very narrow very quickly.

 

Figure 11-1: 
The DC volt-
age window 

in an IV 
curve.
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 The minimum and maximum DC voltage values dictate the number of modules 
that can be placed in any string that’s connected to an inverter. Typically, 
the calculations I show you in the next two sections result in multiple string 
lengths — different numbers of modules you can place in series for proper 
inverter operation.

 Most inverters have just a single maximum power point tracker installed. 
Unless you’re using an inverter that has multiple built-in maximum power 
point trackers, you must keep the strings of PV modules equal in size. 
Therefore, if you calculate that an inverter can accept multiple strings of 11 
modules or strings of 12 modules, all the strings must be either 11 or 12 
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modules in length. In other words, the string lengths must remain equal, or 
else the inverter can’t operate correctly.

Calculating the modules’ maximum 
DC voltage contribution
When working with the DC side of an inverter, I like to consider the inverter’s 
maximum DC voltage input first because providing too much voltage to the 
inverter can cause damage. You see, all inverters have capacitors inside them 
that act as shock absorbers. They accept the array’s power and are able to 
smooth out any bumps along the way, which means the capacitors are one 
of the very first things connected to the PV array. If too much voltage is con-
nected to these capacitors, they’ll eventually become compromised and fail, 
meaning the inverter can’t operate.

 You should also know that all inverters record the maximum voltage values 
ever seen by the inverter. So if you design or install your client’s system incor-
rectly and apply too much voltage to the inverter, that information will be 
recorded. If your client sends the inverter in for a warranty repair, the manu-
facturer will check the stored data, see that the voltage was too high, and void 
your client’s warranty. This is an expensive mistake that can be easily avoided 
in both the design and installation processes.

 As I explain in Chapter 6, as the temperature decreases, a PV module’s voltage 
actually increases (voltage and temperature therefore have an inverse rela-
tionship). To make sure an array’s voltage never exceeds the inverter’s input 
value, you need to adjust the modules’ STC open circuit voltage value (Voc) for 
cold temperatures; this value is reported on spec sheets.

The most common way to approach this problem is to look at the record 
cold temperature wherever the array is to be placed and adjust the modules’ 
open circuit voltage based on that temperature. By using the record cold 
temperature, you’re accounting for the fact that it takes very little irradiance 
to produce voltage from a module (irradiance is the intensity of the solar 
radiation striking the earth). And because current won’t be flowing immedi-
ately (because the irradiance value is very small when the sun breaks over 
the horizon), the inverter will be connected to this initial high voltage.

In reality, this is a conservative approach because, as I note in Chapter 6, a PV 
module reaches approximately 90 percent of its full voltage at 200 W/m2. By the 
time the module is producing full voltage, the array has sufficient irradiance to 
produce current, and the voltage will automatically drop to maximum power 
voltage values. The exact values are difficult to calculate accurately, so in all 
the calculations I show you in the following sections, I use the record cold tem-
peratures and say that the voltage will jump to full open circuit voltage as soon 
as the sun breaks over the horizon each morning.
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With that in mind, you’re ready to calculate a PV module’s adjusted open 
circuit voltage based on temperature. First things first: Keep the big picture 
in mind. You must determine the maximum voltage produced by the module 
based on the record cold temperatures and then use this adjusted voltage to 
determine the maximum number of modules you can place in a series string 
without exceeding the inverter manufacturer’s requirements for the maximum 
DC voltage input. I walk you through the process in the sections that follow.

Talking about temperature coefficients
In order to accurately calculate a PV module’s adjusted open circuit voltage, 
you need to know how the module’s manufacturer measures how its mod-
ules’ voltage values will react at temperatures less than and greater than the 
STC of 25 degrees Celsius. This number is known as a temperature coefficient, 
and it can be reported for both Voc and Vmp. (Note: The two different volt-
age values have two different temperature coefficients, but many PV module 
manufacturers report only the temperature coefficient for Voc. When I get to 
adjusting the Vmp in the later “Crunching the numbers” section, I show you 
how to estimate this rarely provided coefficient fairly accurately.)

 A typical Voc temperature coefficient value for crystalline modules is 
–0.35%/°C. This value indicates that for every degree change in the PV mod-
ule’s temperature, the voltage changes by slightly more than a third of a per-
cent. The negative number in the coefficient is very important; it shows the 
inverse relationship between temperature and voltage. (Keep in mind that 
–0.35%/°C is a close approximation for all crystalline PV modules, but it’s by 
no means an absolute value. As for thin film modules, the temperature coef-
ficient values vary widely among technologies.)

According to STC, the base temperature for all PV modules is 25 degrees 
Celsius, so you have to look at the change in temperature as it relates to 25 
degrees Celsius. For example, if the module is on a rooftop and the tempera-
ture at dawn is 15 degrees Celsius, the module’s voltage will be 10 degrees 
Celsius less than STC: 15°C – 25°C = –10°C (the negative sign indicates a tem-
perature less than STC). So if you were asked what the percentage change in 
voltage is due to temperature, you could run the numbers like so:

–10°C × –0.35%/°C = +3.5%, or a rise of 3.5%

Another way you may see temperature coefficients reported is as a certain 
number of volts per degree Celsius. The exact number is dependent on the 
Voc for a particular module and should only be used for that module. To see 
what I mean, suppose an array was in a 15 degrees Celsius environment. If I 
told you that the temperature coefficient for the module was –0.158 V/°C, you 
could take that information and tell me how many volts the module would be 
reading off of the STC of 25 degrees Celsius:

15°C – 25°C = –10°C

–10°C × –0.158 V/°C = +1.58 V, or a rise of 1.58 V
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 You can use either value reported as long as you use them correctly in the 
equations. However, the second temperature coefficient mentioned, the 
number of volts per degree, is generally easier to visualize because you can 
imagine the numbers of a meter changing.

Working the steps
 To determine the change in voltage due to temperature, you need to apply the 

temperature-adjustment equation. Here’s how to do just that:

 1. Collect the temperature coefficient for the PV module.

  You can find this information on the manufacturer-provided spec sheet 
that comes with the module.

 2. Collect the record cold temperature for your client’s location in 
degrees Celsius.

  The Web site weather.com is a great resource for this data.

 3. Calculate how many degrees Celsius less than STC the site will be on 
that record cold day.

 4. Multiply the temperature coefficient for the module by the number of 
degrees calculated in Step 3.

  The result of this equation is the change in voltage the module will 
produce.

 5. Add the number of volts calculated in Step 4 to the V
oc

 for the module 
at STC.

  What you’re left with is the adjusted maximum module voltage based on 
the area’s record cold temperature.

To help you grow more at ease with the temperature-adjustment equation, 
try the following example. The PV module in question is a typical crystalline 
module located in a place that has a record cold temperature of –5° Celsius. 
The module specifications you need to collect are as follows:

 ✓ Voc = 45.0 V

 ✓ Temperature coefficient = –0.158 V/°C

At this point, you have all the information you need to determine the maxi-
mum voltage for this module at the area’s record cold temperature. Follow 
the previously outlined steps to find that

 1. The given temperature coefficient is –0.158 V/°C.

 2. The lowest recorded site temperature is –5°C.

 3. The number of degrees this temperature is from STC is –5°C – 25°C = 
–30°C.
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 4. The voltage change is therefore –30°C × –0.158v/°C = +4.7 V.

 5. The adjusted module voltage is thus 45.0 V + 4.7 V = 49.7 V.

 But what if the module manufacturer gives you the temperature coefficient 
in the percent per degree Celsius? The easiest thing to do is convert that per-
centage into a number of volts per degree Celsius by multiplying the percent 
per degree Celsius by the open circuit voltage. For example, if the module 
you’re using is rated at 45 Voc and the temperature coefficient is given as 
–0.35%/°C:

45 Voc × –0.35%/°C = 45 Voc × –0.0035/°C = –0.158 Voc/°C

 The steps for working the temperature-adjustment equation can be used with 
any PV module so long as you find the temperature-adjustment data specific 
to the module manufacturer — the PV technology (crystalline versus thin film) 
doesn’t matter.

 The different PV module technologies all have their own temperature-adjustment 
factors, which means you can’t swap the values of a crystalline module for 
those of a thin film module just because the manufacturer doesn’t supply the 
information. If you do, you’ll wind up with false information that may cause 
you to design and install a PV system that’ll damage the inverter on the first 
cold morning.

Using NEC® info in a pinch
If you’re using a crystalline PV module, either single or multicrystalline, and 
the module manufacturer doesn’t supply a temperature coefficient, the NEC® 
states that you can use the values presented in Table 690.7 (see Figure 11-2). 
This table allows you to look up a multiplier based on a temperature range 
and use that to determine the temperature-adjusted voltage.

If, for example, you’re using a crystalline PV module with a Voc value of 45 
V and the manufacturer doesn’t supply a temperature coefficient, you can 
turn to Table 690.7 in the NEC®. If the record cold temperature is –5 degrees 
Celsius, just find –5 degrees Celsius in the table and look straight across to 
find the appropriate multiplier, which is 1.12. To determine the temperature-
adjusted maximum voltage, simply multiply the module Voc value at STC by 
the multiplier. Here’s what the equation looks like:

45 V × 1.12 = 50.4 V

 Obviously, using the NEC® table is a lot easier than performing the temperature-
adjustment equation yourself. So why would you ever want to take the time 
to run the calculations when you can easily find what you need in the NEC® 
table? Well, there are a few reasons:

17_598931-ch11.indd   19417_598931-ch11.indd   194 8/2/10   10:51 AM8/2/10   10:51 AM



195 Chapter 11: Sizing a Grid-Direct System

 ✓ First off, Article 690.7 of the NEC® has a requirement that when the infor-
mation is provided from the manufacturer, “you shall calculate the new 
voltage.”

 ✓ Second, you may want to use thin film technology in the PV system you’re 
designing, in which case the table doesn’t even apply. If you’re using any 
PV technology other than crystalline, you have to use the calculations I 
show in the previous sections to determine the maximum voltage.

 ✓ Finally, the NEC® will always be more conservative in its method. 
Therefore, relying solely on the table may result in a maximum voltage 
that doesn’t work well in the system you want to install.

 

Applying the adjusted open circuit voltage to come 
up with the right number of modules in a string
After you calculate the module’s temperature-adjusted voltage, you need to 
see how that temperature-adjusted voltage will affect the number of modules 
you can place in any one string that will connect to your grid-direct inverter.

 As I explain earlier in this chapter, every inverter has a maximum allowable 
voltage it can receive from the array. For grid-direct inverters, this value typi-
cally ranges from 500 VDC to 600 VDC, although it can be even lower than that 
(the maximum allowable voltage really depends on the components used by 
the inverter manufacturer). To determine the maximum number of modules 
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you can place in a series string, you need to look up the maximum input volt-
age from the spec sheet of an inverter you’re thinking about using and divide 
that value by the module’s maximum Voc value (which you calculated based 
on the record cold temperature in the area).

Say you want to use an inverter that has a 600 VDC maximum input value and 
you select the temperature-adjusted module Voc from the earlier “Working the 
steps” section. You can calculate the maximum number of modules like so:

600 VDC ÷ 49.7 V = 12.07

This equation tells you that you can place 12.07 modules in a string without 
exceeding the 600 V rating of the inverter. But because you can’t buy frac-
tions of a module, you have to round this number down to the nearest whole 
number, which is 12 modules.

Note: I used the maximum voltage I calculated in this example, but you can 
also run the numbers by using the maximum voltage you find with the help 
of the NEC® table in the earlier “Using NEC® info in a pinch” section. To save 
you flipping some pages, that voltage was 50.4 V. If 50.4 V was in fact the cor-
rect adjusted voltage, the maximum number of modules you could place in a 
series string would be

600 VDC ÷ 50.4 V = 11.9

In this case, you have to round down to 11 modules in a string. If you were to 
round up to 12, the 600 V value would be exceeded, and you’d run the risk of 
killing the inverter. This is an example of why taking the time to perform all 
the calculations can be beneficial: The array using 11 modules in a string may 
not be the best scenario for your client’s installation, and having the ability 
to add an extra module could make a big difference.

At this point, all you’ve done is define the maximum number of modules you 
can place in a string. You haven’t necessarily determined the right number 
of modules for the system because the number of modules in a string doesn’t 
need to exactly match the physical layout of any one row or column of mod-
ules. Therefore, you must repeat this process for voltage loss due to high 
temperatures (see the next section) and then use that info, combined with the 
initial criteria you established — the client’s budget, the available area, and so 
on (see the earlier sections in this chapter) — to define the whole array.

Figuring out the modules’ minimum 
DC voltage contribution
On the other end of the voltage window is the minimum power point tracking 
voltage. If the voltage from the array ever drops below this value — usually 
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due to high heat conditions that occur on the sunniest days (as in the days 
system owners expect their arrays to produce the maximum amount of 
energy possible) — the inverter won’t be able to continue operating and will 
shut down. Although this scenario won’t damage the inverter, it may damage 
your reputation. If your client sees his inverter shut down on a bright, sunny 
day because the voltage isn’t high enough, expect to have a not-so-pleasant 
conversation with him (and possibly lose recommended business from your 
client if you can’t salvage his opinion of your work).

A PV module’s voltage decreases as the temperature increases (see Chapter 6 
for more on this), which means that in the heat of the day — while the array is 
operating — the modules’ voltage will be reduced. In this situation, you need 
to look at the maximum power voltage, Vmp, and make adjustments from there 
because the array will be operating and the voltage will be reduced from the 
Vmp value. I explain what you need to do in the next sections.

Keeping long-term performance considerations in mind
PV modules are great and can perform for many years, but they aren’t per-
fect. The typical power output warranty for a module says that the manu-
facturer guarantees that the module will produce at least 80 percent of its 
original power output in 25 years. This verbiage means that over the course 
of 25 years, the module’s power output will be reduced by less than 1 percent 
per year — at the expense of both voltage and current over the course of the 
module’s life. Being aware of this voltage loss is critical because voltage is so 
important when matching PV arrays to inverters.

 So what does long-term voltage loss mean to you as you go about sizing 
systems? Simple. You don’t want to design a PV array for connection to an 
inverter that barely fits inside the voltage window today. For example, if an 
inverter needs 250 VDC to operate, you don’t want to design your PV array 
to operate at 255 VDC at the hottest time of the year starting in the first year. 
If you do, you’re not allowing for much voltage degradation before the array 
can’t keep up with the inverter’s requirements.

 In the next few sections, I show you how to calculate the minimum number of 
modules you need to place in a string to allow the inverter to operate when 
the module temperature is elevated. When you go through these steps and 
arrive at the minimum number of modules needed, add one module to that 
value and consider that your minimum (unless of course adding one module 
makes you have too many modules in a string; see the previous section for 
more on that). By adding just one module, you build in protection against fall-
ing out of the inverter’s voltage window due to natural degradation, thereby 
preserving the long-term performance of the system.

Picking the temperature to use in your math
Just like you need to calculate the adjusted Voc for the record cold temperatures, 
you need to calculate the adjusted Vmp for hot temperatures. But which hot 
temperature should you use? After all, the NEC® doesn’t have any requirements 
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when it comes to keeping an array above an inverter’s minimum voltage 
because you can’t cause any damage with a low-voltage scenario like you can 
when too much voltage is applied. You also can’t rely on a table to tell you 
the multiplier value because no such table exists.

Here’s what to do: Start by defining the ambient summertime temperature, 
which is the high temperature at the array location during the summer. Then 
increase the estimated module voltage above the ambient temperature based 
on the method used to hold the PV array.

You have to know how to use the temperature-adjustment equation I present 
in the earlier “Working the steps” section. The method used to calculate an 
array’s voltage in hot weather is exactly the same as for cold weather; you 
merely use different numbers. Here are your ambient temperature options:

 ✓ The average high summertime temperature for the array’s location: 
If you use the average high summertime temperature for the array’s 
location, you’ll design around a realistic value that’ll be reached often. 
Then again, there’ll be many days of the year that the average high tem-
perature is exceeded. If you use the average high temperature and don’t 
allow for those extremely hot days, the array may just turn off on those 
record hot days.

 ✓ The record high temperature: By designing with the record high tem-
perature in mind, you ensure that the PV array will operate in all condi-
tions, which isn’t a bad situation in my opinion. On the other hand, using 
the record high temperature can lead to overly conservative arrays 
because the calculated voltage loss is on the extreme end and doesn’t 
really happen on a regular basis.

 ✓ The American Society of Heating, Refrigerating, and Air-Conditioning 
Engineers’ (ASHRAE) 2-percent design temperature: This is the value 
that I like to use. ASHRAE’s 2-percent design temperature says that for the 
given site, the temperature rises above the reported value only 2 percent 
of the time. In other words, 98 percent of the time, the temperature is less 
than or equal to the number given. Using this value allows you to design 
for nearly every situation without requiring excessive calculations.

  In 2009, Solar ABCs, a group that advocates for the solar industry on 
a wide variety of topics, released a document titled “Expedited Permit 
Process for PV Systems.” In this document, Solar ABCs publishes the 
average 2-percent temperature data for June through August for a 
number of cities across the United States. This resource (found at www.
solarabcs.org/permitting/Expermitprocess.pdf) gives you a 
quick reference for the 2-percent data.

Accounting for mounting in your math
After you know which hot temperature you intend to use for your calcula-
tions, you need to consider how you plan to mount the PV array because 
the mounting method affects the module’s temperature. To account for the 
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mounting method, add a certain number of degrees to the ambient tempera-
ture based on the array’s proximity to a mounting surface. The values shown 
in this section are estimates based on measurements made at multiple loca-
tions over a number of years. They can be used in the design process and 
represent rises in a PV module’s temperature at the hottest time of the year.

 To estimate a PV module’s temperature at the hottest time of the year, you 
should add one of the following temperatures to the ambient temperature:

 ✓ 35 degrees Celsius for arrays with fewer than 6 inches between the 
backs of the modules and the mounting surface

 ✓ 30 degrees Celsius for arrays with more than 6 inches between the back 
of the array and the mounting surface

 ✓ 25 degrees Celsius for arrays that are mounted on top of a pole

By adding these values to the ambient temperature, you can arrive at a 
best estimate for your array’s operating temperature — the temperature you 
expect to see at the module level if you were to measure the temperature in 
the middle of the summer.

Crunching the numbers
When you know the temperature you’re going to estimate for the modules 
when they’re operating in the summer, you can begin the process of adjust-
ing the Vmp value. To do so, you need to apply a specific temperature coeffi-
cient to the Vmp as the array grows hotter.

 PV module manufacturers often report the temperature coefficient for Voc, but 
they rarely provide it for Vmp. Also, they almost all universally report the tem-
perature coefficient for power. Although voltage isn’t the only factor affecting 
the temperature coefficient for power, it’s what affects it the most. Therefore, if 
the module manufacturer doesn’t supply a temperature coefficient for voltage, I 
suggest taking the value reported for power and substituting it for the voltage 
coefficient. Doing so results in slightly more conservative values when it comes 
to the adjusted voltage, but your numbers will be reasonably close to the exact 
answer (and in most scenarios, the end result will be exactly the same).

 For crystalline modules, the coefficient for power (and unless specified other-
wise, for voltage) is very close to –0.5%/°C, which is a slightly greater change 
when compared to the coefficient that applies to Voc.

Here’s how to apply all the factors when calculating the adjusted Vmp values 
for your modules:

 1. Collect the temperature coefficient for your PV module in volts per 
degrees Celsius.

 2. Collect the 2-percent design temperature for your client’s location in 
degrees Celsius.
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 3. Determine how many degrees Celsius to add to the ambient tempera-
ture based on how you plan to mount the array.

 4. Add the ambient and mounting method temperatures to estimate the 
operating temperature of the array in the summertime.

 5. Calculate how many degrees Celsius greater than STC the modules 
will be on 98 percent of the days.

 6. Multiply the temperature coefficient for the module by the number of 
degrees calculated in Step 5.

  The result of this equation is the change in voltage that the module will 
produce.

 7. Add the number of volts calculated in Step 6 to the V
mp

 for the module 
at STC.

  Because the Step 6 number will always be negative, you must subtract 
the calculated value instead of adding it in order to find the adjusted 
maximum module voltage based on that temperature.

Suppose the Vmp for a particular module is 37.2 V and the manufacturer 
reports that the temperature coefficient for power is –0.5%/°C. Because the 
manufacturer doesn’t provide the temperature coefficient for voltage, you 
must apply the power coefficient to the voltage. To calculate the number of 
volts per degree Celsius, multiply the coefficient by the Vmp.

37.2 V × –0.5%/°C = 37.2 V × –0.005/°C = –0.186 V/°C

The array location has an ASHRAE 2-percent design temperature of 33 
degrees Celsius, and the array will be mounted parallel to a roof with only 4 
inches of space between the roof and the backs of the modules. Apply this 
information to the preceding steps to get the following:

 1. The reported temperature coefficient is –0.5%/°C.

 2. The ambient design temperature is 33°C.

 3. The altered ambient temperature (to accommodate the mounting 
method, which calls for fewer than 6 inches between the backs of the 
modules and the mounting surface) is 68°C (33°C + 35°C = 68°C), the esti-
mated module temperature when the array is operating.

 4. The number of degrees off of STC is therefore 68°C – 25°C = 43°C.

 5. The voltage loss due to temperature is thus 43°C × –0.186 V/° = –8.0 V.

 6. The new adjusted voltage for the module at the design temperature is 
therefore 37.2 V + –8.0 V = 37.2 V – 8.0 V = 29.2 V.

As you can see, the loss of voltage will be 29.2 V in the summertime — that’s 
pretty significant. If you continue to look at how the voltage will be reduced 
as the module ages, you’ll soon recognize the importance of keeping an eye 
on this calculation in the design process.
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Totaling the minimum number of modules needed in a string
After you have the adjusted Vmp value, you can calculate the minimum 
number of modules needed in any string in order to operate the inverter. 
Continuing with the earlier example, if the inverter you’re thinking about 
using has a minimum input of 250 VDC, the minimum number of modules 
necessary will be that minimum voltage divided by the temperature-adjusted 
module voltage.

250 VDC ÷ 29.2 V = 8.56, or 9 modules minimum

 Although this calculation defines the absolute minimum number of modules 
needed to keep the inverter running, a good practice is to make your minimum 
number of modules be the calculated number plus one. This practice gives 
you plenty of room for degradation and allows for the array to operate signifi-
cantly hotter than anticipated and still keep the inverter running. So I’d want 
to use at least 10 modules in the strings for the earlier example.

Bringing It All Together: Combining Your 
Power and Voltage Information

This section is your chance to put all the information you’ve acquired (spe-
cifically, matching the array’s power to the inverter and defining the string 
length based on the maximum and minimum number of modules allowed in 
each string) and put it to use for your client’s site.

Earlier in the sizing process, you determined the number of modules you can 
fit on the roof and possible inverter sizes (see the earlier “Matching Power 
Values for an Array and an Inverter” section). Now, with the string lengths 
defined, you can see whether that array size is a real possibility. For example, 
in the earlier “First Things First: Evaluating the Budget and the Available 
Array Area” section, you determined that the roof (or ground, the physical 
site isn’t crucial, just the space limitations) could hold 24 of the modules and 
that the inverter you based your calculations on can handle the power from 
24 modules. Can you really fit all 24? The minimum string length was 9 mod-
ules (or 10, if you follow my advice), and the maximum was either 11 or 12, 
depending on how you calculated the temperature adjustment (see the ear-
lier “Working the steps” and “Using NEC® info in a pinch” sections).

If you took the time to calculate the adjusted Voc by hand instead of using 
Table 690.7 from the NEC®, then yes, you can fit all 24 modules on the roof by 
placing two strings of 12 modules in parallel. If, however, you only used Table 
690.7 and calculated a maximum of 11 modules in series, then no, you could 
place only 22 modules on the roof because you’d be limited to strings of 11 
modules (because the space is limited to 24 modules or less, two strings of 11 
is the closest you can get).
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 Unless you’re using an inverter that can handle different maximum power 
point inputs, the strings must be the same length and face the same direction. 
Otherwise, they’ll have different maximum power points, and the inverter 
won’t be able to harvest all the potential power.

What if the roof could hold only 18 modules? In that case, the array and 
inverter relationship in this example will work, but you can probably do 
better. I suggest finding a different inverter that has a lower DC input voltage 
than 250 VDC, just to make sure the system doesn’t shut off in high heat con-
ditions or in a number of years as the modules degrade.

One Last Check: The Inverter’s 
Maximum Current Input

The maximum amount of power input and the DC voltage window are gener-
ally the only considerations you need to make when sizing a PV array to the 
DC side of the inverter. One final check to make, though, is the maximum cur-
rent input from the array to the inverter.

All inverter manufacturers list the maximum current input allowable on their 
inverters, but this value isn’t always the easiest specification to find because 
the manufacturers tend to list it in the backs of their installation manuals. Be 
sure to find out the maximum current input value so you can make sure the 
array size you’ve calculated doesn’t exceed it.

To verify that the array you’ve sized doesn’t exceed the inverter’s maximum 
current input, divide the value reported by the inverter manufacturer by the 
short circuit current rating of the array at STC.
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Chapter 12

Sizing a Battery-Based System
In This Chapter
▶ Performing a load analysis

▶ Determining the battery bank’s capacity

▶ Calculating required power output for a PV array and a charge controller

▶ Making sure the inverter fits

▶ Adding a generator to the system

In addition to grid-direct PV systems, which I show you how to size in 
Chapter 11, the other major PV system type you’ll likely have the oppor-

tunity to design and install is a battery-based system. You can install one of 
these systems on the grid (utility-interactive) or off the grid (stand-alone). The 
basics of the design and installation process for both are similar, including 
the fact that sizing any battery-based system is equal parts art and science.

The science comes into play when you analyze specific site information and 
calculate the power values of the battery bank and the array. The art part is 
apparent when you work with clients to define realistic load profiles so you 
can size the entire system (people generally don’t like to admit to how much 
television they watch). The art of sizing battery-based systems is also appar-
ent in the assumptions and estimations you have to make given that the vari-
ables affecting system sizing are always changing.

In this chapter, I show you how to approach sizing battery-based systems for 
utility-interactive and stand-alone applications. I walk you through the calcula-
tions to make when sizing the elements of either system and give you guidance 
on some of the assumptions and estimations you’ll need to make. (Chapter 2 
has details on the configuration of a battery-based system and guidelines on 
selecting the right type of battery-based system for your client.)

 Although battery-based systems are currently installed far less frequently 
than grid-direct systems, customers often ask about them. If you can be 
informed on the subject, you may be able to make yourself stand out from 
other PV system designers and installers and add a valuable service to your 
business.
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 As with grid-direct systems, the customer’s budget and available space for a 
PV array are the initial considerations you should make. After all, you don’t 
want to spend a ton of time designing a system the client can’t afford or put on 
her property due to space constraints. Establish these limitations early on fol-
lowing the process I describe in Chapter 11.

Get Loaded: Looking at Loads in 
a Battery-Based System

A load is any piece of electrical equipment people want to use in their homes 
and offices. When sizing a battery-based system, you need to establish 
exactly what loads your client wants to run and how long she plans to run 
those loads. This information serves as the basis for all of your other calcula-
tions throughout the design process.

For utility-interactive, battery-based systems, the battery bank provides 
power for backup loads (loads that the client wants to have on regardless of 
the utility availability). In this scenario, you have two load centers: the main 
distribution panel (MDP) and the backup subpanel. Any of the loads con-
nected to the backup subpanel will always be available, whereas the loads 
connected to the MDP will only be powered when the grid is present. For 
stand-alone, battery-based systems, the battery bank is designed to power all 
the electrical loads the client wants to run.

The sections that follow help you and your client take a critical look at the 
loads the battery bank will serve in both utility-interactive and stand-alone 
systems. They also help you figure out the energy needs of the loads that will 
rely (at least in part) on the battery bank.

Evaluating the loads that the 
battery bank must serve
After determining your client’s budget and available space, your next task 
when sizing any battery-based system is to evaluate the loads the batteries 
will be serving. When I say loads, I mean all the loads — everything from the 
barely there energy drain (think small cellphone chargers) all the way up 
to the electrical hogs (think air-conditioning units). When using batteries 
to power loads, you have to generate and store every watt-hour (Wh) used, 
which means you need to find out whether a more efficient alternative exists. 
For example, compact fluorescent light bulbs (CFLs) produce the same 
amount of light as incandescent lights, but they use a lot less power. If you 
can convince your client to replace her incandescent bulbs with CFLs, her 
battery bank will be able to deliver power for more loads due to the reduced 
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power requirements. Ultimately, the less energy your client consumes, the 
less expensive the system will be to install and maintain.

Following are some points to consider about the common loads powered 
entirely or partially by battery banks:

 ✓ For well pumps: In many situations, a well pump is the sole source of 
water for a home. Well pumps can be large electrical loads with the 
potential to cause problems for the inverters and batteries in a battery-
based system. With advancements in inverter technologies, however, 
inverters are much better about running these large pumps.

  Look at the well pump’s power draw and try to determine the energy 
consumption (see the next section for details). If the pump is being 
replaced or hasn’t been installed, try to work with the pump supplier to 
get the most energy-efficient version available.

 ✓ For refrigeration and lighting: Refrigeration and lighting will be present 
in most homes or offices, so you need to be able to account for them 
accurately. In the next section, I show you how to account for the energy 
consumed by these appliances and how to make sure you design the 
battery system to handle these loads.

 ✓ For phantom loads: The small loads that are on 24/7 are the so-called 
phantom loads. Many televisions and entertainment centers draw power 
even when they’re “off,” and chargers for small electronic devices and 
digital clocks incorporated in microwaves and stoves can cause major 
problems. If these small loads are always present, then the inverter can 
never turn off and must always supply power. Therefore, the inverter 
requires a small amount of power to produce a low level of power, caus-
ing it to operate at its worst efficiency level.

  The solution to phantom loads? When no major loads are running, allow 
the inverter to go to sleep by unplugging the phantom loads. By remov-
ing these small loads, the inverter can go to sleep and wake up (and 
operate more efficiently) when the larger loads are turned on.

 One type of load that should never be placed on a battery bank is anything 
that uses electricity to generate heat (these are called resistive loads). That 
rules out water heating, space heating, and electric stoves (incandescent 
lights also fall into this category). In a stand-alone, battery-based system, 
petroleum-based fuels generally support resistive loads, with propane being 
one of the most common in off-grid applications. For people connected to the 
grid with a utility-interactive, battery-based system, these loads can still be 
present; you just can’t back them up with the batteries.

In a utility-interactive, battery-based system, loads served by the batteries 
should generally be kept to a minimum; the batteries should only supply 
power to loads that are truly necessary (which means you need to have a 
frank conversation with your client to help her evaluate what’s really 
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necessary in her daily life). This is because the utility grid is the primary 
power source, and the batteries are merely the backup power source.

 When talking about utility-interactive, battery-based systems, people often 
refer to loads the battery bank needs to back up when the grid fails as critical 
loads. Strike this phrase from your vocabulary when talking about these sys-
tems. The National Electrical Code® (NEC®) defines critical loads as loads used 
for life support, public safety, and other truly vital functions. If you list the 
system as backing up critical loads when it really isn’t, a persnickety system 
inspector or plan checker may make your life harder.

 When deciding what loads to power in utility-interactive, battery-based sys-
tems, the loads you should always consider include water-supply loads (well 
pumps and pressure pumps); lighting; refrigeration; and maybe one or two 
outlets to plug small appliances into, like a radio and a cellphone charger. 
(You must be careful, though; if you make it too easy to pull power from the 
battery bank, the system owner will do exactly that and then be disappointed 
in the lack of time that the batteries back up those “few” loads.)

For a stand-alone battery-based system, a load is just a plain old load, not 
a backup load or a critical load. People who live in off-grid homes typically 
have major lifestyle differences from people who live in homes that are on 
the grid. They have to evaluate the necessity of anything that requires elec-
tricity to run because they don’t have unlimited access to electricity. This 
doesn’t mean that your client can’t lead a “normal” life (whatever that means 
anymore); she just has to become selective in her electrical consumption.

Some clients with stand-alone systems may want to run some loads straight 
from the DC electricity stored in the battery bank. Generally, the loads you can 
run from DC are limited to lighting and refrigeration. These DC loads are nice 
in the sense that they can pull power directly from the battery bank without 
the help of an inverter, which increases the overall efficiency of the system 
because the loads use the same type of electricity produced by the PV array 
and stored in the batteries. However, DC loads are found in specialty locations 
and must be matched to the voltage available from the batteries.

 Keep DC loads separate on your list of loads. When you have to account for 
system efficiencies, you’ll use the DC loads in your calculations.

Calculating the energy required during an 
outage for utility-interactive systems
For a utility-interactive, battery-based system, you need to know how much 
energy your client will need to use over a very short period of time. After 
all, most people experience power outages that are measured in hours (or 
a few days at the most). On top of the short duration, typically only a few 
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loads need to be backed up during an outage. If, however, your client insists 
on powering the entire house/office or a number of major loads, you need to 
incorporate a generator into the system design. I cover generators and how 
to include them later in this chapter.

 When designing a utility-interactive, battery-based system, look at the loads 
the client wants to run during an outage and estimate how much energy they’ll 
consume during the specific amount of time required. You can do this by mul-
tiplying the total run watts for a load by the number of hours it needs to run 
during a utility outage to find the total energy consumption during the outage. 
Generally, 24 hours is enough, except for those clients who want to have mul-
tiple days of backup.

Determining the average daily energy 
consumption for stand-alone systems
After you’ve identified all the loads (both AC and DC; turn to Chapter 2 for 
the full scoop on loads), you need to evaluate how much energy each load 
consumes in order to begin the process of sizing all the required compo-
nents. Going through the load analysis may seem like a real pain, but if you 
don’t take the time to estimate each load’s energy consumption, the installed 
system will be either grossly under- or oversized for your client’s needs. Both 
situations result in a waste of time and money.

 To determine the amount of energy consumed by each AC load in kilowatt-
hours (kWh), you need to know the number of watts the load draws, the 
amount of time it runs each day, and the number of days it’s used each week. 
Certain loads may only run a few times a week, whereas others may run daily. 
By averaging out the loads over a week’s time, you can establish a consistent 
pattern of energy consumption. Use the following equation:

Energy (in watt-hours) = (Watts × Hours per day × Days per week) ÷ 7 
days per week

 When estimating weekly energy consumption, include all the watts drawn. For 
example, if you’re looking at lighting, don’t just calculate the energy based off 
one light — look at all the lights that will be on at the same time.

Here’s another example: Pretend that the washing machine isn’t run each 
day in your client’s home. If you calculated the washing machine’s energy 
consumption based on the days it runs, you’d end up with a value that’s 
higher than normal. By instead averaging out the washing machine’s energy 
consumption over the course of a week, you wind up with a daily energy 
consumption that’s slightly higher than the reality for the days the washer 
doesn’t run and slightly lower than the reality for the days it does run. This 
results in a good approximation for the week.
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Imagine a washing machine that draws 175 W for 45 minutes. If it’s run four 
days a week, you can determine the average daily energy value by multiply-
ing the power draw by the number of hours to get

175 W × 0.75 hrs = 131 Wh, or 0.131 kWh

So the washing machine uses 0.131 kWh each time it’s run, and it’s on four 
days per week. Therefore, the average daily energy consumption is 131 Wh × 
4 days ÷ 7 days = 75 Wh per day.

 With all the loads that clients want their battery-based systems to support, 
tracking the individual energy-consumption amounts can get confusing. I rec-
ommend using a spreadsheet to help keep all the calculations straight. Having 
a spreadsheet also makes it easier to make major changes should the client 
decide any are necessary. Keep your load-analysis spreadsheet simple, like 
the one in Figure 12-1. In this chart, you see a few loads that are to be powered 
by a battery-based PV system. The first column denotes the itemized loads; 
the second column indicates how many of each item there are. The third 
column indicates the power draw (in watts) of an individual load; the next two 
columns represent the number of hours per day and the number of days per 
week each load is estimated to run, respectively. The second-to-last column 
denotes the number of watts each load draws multiplied by the number of 
items; the final column calculates the average daily energy consumption of 
each load by multiplying the total run watts by the number of hours per day 
multiplied by the days per week and then divided by seven.

To get a good feel for the table, look at the television row. This client has a 
nice new big-screen TV that draws 200 W when it’s on, and she has admitted 
that the TV is on for 4 hours on the days that her family watches it. So each 
day anyone in the client’s family watches TV, the set consumes 200 W × 4 
hours = 800 Wh. But there’s one day every week that the family doesn’t watch 
TV, so to determine the average daily energy consumption for the week, 
you multiply the 800 Wh by the 6 days per week the client’s family actually 
watches it and divide that number by 7 days per week. Doing so puts the 
average daily energy consumption for the TV at 686 Wh, or 0.686kWh.

 

Figure 12-1: 
An example 

of a load-
analysis 

spreadsheet.
 

AC Load Description

19 cubic feet fridge/freezer

Television sets

DVD/VCR

Stereos

Well pump 1½ hp, 240 VAC

Compact fluorescent lights

Solar DHW system

Total 1931 5780

Total Watt hours/day divided by 1000 = kWh/day

Total kWh/day x 365 = kWh/year

5780/1000 = 5.780 kWh/day

5.78 x 365 = 2109.07 kWh/year

Quantity

1

1

1

1

1

10

1

Run Watts

120

200

21

50

1300

20

40

Hours/Day

11.00

4.00

2.00

3.00

2.00

4.00

5.00

Days/Week

7.00

6.00

4.00

7.00

7.00

7.00

7.00

Total Watts

120

200

21

50

1300

200

40

Total Watts/Week

9240

4800

168

1050

18200

5600

1400

Total Whrs/Day

1320

686

24

150

2600

800

200
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If your client wants to use any DC appliances, such as lighting or refrigera-
tion, you need to account for the energy consumption for those loads as well. 
You calculate this consumption the same way you do for AC loads, but keep 
the numbers separate in your tables; you have to account for the efficiency 
losses associated with converting the DC in the batteries to AC for the AC 
loads. After you take the efficiency losses into account, you can add the two 
values together to find the total energy consumption of all the loads.

 The inverter itself is a load that’s always present unless advanced energy-
management techniques are used when programming the inverter. This load 
isn’t large, but if you don’t consider it as being left on 24 hours a day, the 
inverter’s idle draw can have a significant effect on the rest of your system 
sizing and the overall performance of the system. You can find the exact 
amount of energy an inverter draws when it’s sitting idle by looking at the 
manufacturer-provided specification (spec) sheet. Simply grab the spec sheets 
of the inverters you’re most likely to use, and estimate each inverter’s power 
consumption from its respective spec sheet.

Sizing the Battery Bank
After you know what your client’s electrical lifestyle is on an average day, you 
need to translate that into the amount of energy stored in her battery bank 
(also known as the battery bank’s capacity). For any battery-based system — 
whether utility-interactive or stand-alone — when you size the battery bank, 
you take the view that no other source of power exists (at least for a certain 
amount of time) and that the battery bank is the primary source of energy 
(the PV array, a generator, or the utility merely replenishes the battery bank 
when it discharges). Consequently, you need to size the battery bank to run 
the electrical loads your client wants, when she wants — which means you 
need to establish some criteria that you expect the battery bank to follow. All 
of the following dictate the battery bank capacity you’re looking for:

 ✓ The efficiency of the inverter

 ✓ The number of days you expect the battery bank to last without 
recharging

 ✓ The batteries’ operating temperature and voltage

 ✓ How much of the battery bank your client is willing to use

 ✓ The voltage at which you want the battery to operate

The next sections provide greater details on these variables. They also 
explain how to put them all together so you can accurately determine the 
battery capacity needed and create the battery bank.
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 When you buy batteries to make up the entire battery bank, you have a few 
options. The most common battery type for battery-based PV systems is a 6 V 
nominal battery. (This battery has three individual cells in it that are all wired 
internally to deliver 6 V across the terminals.) You then take these batteries 
and wire them in a series-parallel arrangement to achieve the voltage and 
capacity characteristics you’re after. Other options include 12 V nominal bat-
teries as well as individual 2 V cells in their own plastic cases; these cells look 
like batteries, but because there’s only one cell, technically they’re cells and 
not batteries. (Batteries also come in 4 V and 8 V nominal arrangements, 
although these are less common.)

Inverter efficiency
There’ll always be some losses associated with turning DC into AC, which is 
why no inverter can deliver 100 percent of the energy from a battery bank 
to the loads. However, if the inverter can be more efficient at inverting, the 
battery bank can be smaller. Consider the AC loads attached to the proposed 
inverter and the inverter’s size (in terms of power output) in order to maxi-
mize efficiency levels. What I mean by this is don’t put in a 4 kW inverter if 
all the client will ever draw is 1 kW. Instead, try to match the loads and the 
inverter. (I explain inverter sizing in more detail later in this chapter.)

 Inverter manufacturers list the efficiencies of their units on all of their spec 
sheets. What you need to remember is that the number listed by the manufac-
turers is the peak efficiency value. As such, it’ll almost always be an impres-
sive value that’s somewhere near 95 percent. Although 95-percent efficiency 
may be possible, it’s not achievable on a frequent basis. Most battery-based 
systems are regularly closer to 90-percent efficiency. Like all variables, this 
percentage will vary, but 90 percent is a fair value that represents a typical 
operating efficiency for an inverter.

The days of autonomy
The number of days your client wants her battery bank to sustain her electri-
cal lifestyle is known as the days of autonomy. In other words, it’s the number 
of days the client expects her battery bank to provide her with her average 
daily energy requirements without needing to be recharged by the PV array 
and the charge controller, generator, or utility. This number is completely 
up to the system owner but you (as the system designer) should offer sug-
gestions that will keep your client satisfied. The local climate usually plays 
a major role in this decision, as does the available budget for the project. As 
you can imagine, the more days of autonomy, the more batteries you need 
and the higher the system cost climbs.
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 Many stand-alone residential applications use two or three days of autonomy 
as the starting point, whereas most utility-interactive systems use just a single 
day. For commercial applications, the grid is typically present, so one day of 
autonomy should suffice (although your commercial client may want more 
than that based on her business and the amount of lost revenue associated 
with a power outage). You can consider adding more days of autonomy, but 
then you have to play a balancing game with the size of the battery bank and 
the size of the PV array (and your client’s checkbook). I explain how to size 
the PV array to the battery bank later in this chapter.

The temperature used for battery operation
As I explain in Chapter 7, the temperature that batteries operate at affects 
their capacity. The colder a battery is, the less capacity it can deliver. Why? 
Because the efficiency of the chemical reaction occurring inside the battery 
increases and decreases at different temperatures. Battery manufactures 
publish the exact effects that temperature has on their batteries, so you 
should be able to find that data for the battery you’re considering in order 
to apply the correct temperature derate factor (the percentage of the capacity 
you can expect from a battery based on the temperature). I show you how to 
apply the temperature derate factor later in this chapter.

 Because most systems use lead-acid batteries and the technology is pretty 
consistent among the different manufacturers, I use a single temperature 
derate factor: 90 percent. This percentage corresponds to a battery tempera-
ture of approximately 60 degrees Fahrenheit and indicates that at that temper-
ature, the battery will only be able to deliver 90 percent of its rated value (the 
battery’s capacity at 77 degrees Fahrenheit).

The depth of discharge
Depth of discharge (DOD) is the amount of energy drawn from the battery 
bank; it’s generally given in terms of a percentage, as I note in Chapter 7. The 
higher the DOD value, the more energy has left the battery bank. As with 
days of autonomy (which I explain earlier in this chapter), DOD can (and 
should) be dictated in the system-design process because it affects the over-
all size of the battery bank. When you look at a typical chart provided by bat-
tery manufacturers that shows the number of cycles versus DOD, it becomes 
apparent that the smaller the DOD is, the greater the number of cycles (a 
cycle is the period from when the batteries’ capacity is drawn down to when 
it’s recharged). Although this fact probably isn’t surprising, it doesn’t mean 
you should try to baby the batteries and design a system around a small 
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DOD. What you really need to do is evaluate where on the curve the maxi-
mum amount of energy will be delivered over the battery bank’s life.

To determine the ideal DOD to use with a battery bank, look at the whole pic-
ture in graph form; a graph shows a battery bank’s number of cycles against 
the percentage of its discharge. Figure 12-2 shows an example.

 

Figure 12-2: 
A battery 

bank’s 
number 

of cycles 
versus its 

depth of 
discharge.
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If the battery bank in Figure 12-2 is rated at 400 amp-hours (Ah), you can use 
that information to estimate the energy delivered over the course of the bat-
tery bank’s life. From the graph in Figure 12-2, you can see that this battery 
bank will last for approximately 3,200 cycles if the DOD is only 50 percent. 
The number of cycles is reduced to approximately 2,100 when the DOD is 
80 percent. So which DOD delivers more energy over the life of the battery 
bank? Run the numbers to figure it out:

400 Ah × 50% DOD per cycle × 3,200 cycles = 640,000 Ah

400 Ah × 80% DOD per cycle × 2,100 cycles = 672,000 Ah

 Even though the idea of reducing the DOD looks good at first glance because it 
increases the overall life of the battery bank, it results in fewer amp-hours 
delivered. Because the battery bank’s job is to store and deliver energy, you 
may want to tell your client to consider discharging the batteries more often 
to maximize her investment (and reduce the system’s initial cost). When eval-
uating the DOD, most battery bank designs use a value that’s somewhere 
between 50 percent and 80 percent, but there’s really no exact “right” answer. 
You have to evaluate the options and make a suggestion based on the informa-
tion in the charts from the manufacturer of the batteries you use in the bank.
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 Be careful to never exceed an 80-percent DOD in your design. Repeatedly 
reducing a battery bank’s capacity more than 80 percent harms the batteries 
and causes premature failure of the bank.

Nominal voltages
For any battery-based system you install, you need to look at battery bank 
nominal voltages of 12, 24, or 48 VDC. (Nominal voltage is a reference voltage; 
see Chapter 3 for an introduction.) These voltages correspond to the inverter 
input requirements for the majority of commercially available inverters. It 
also corresponds to the nominal voltages of lead-acid battery cells, which are 
2 V nominal.

 Recently, battery-based systems have moved to higher voltages, which means 
that even modestly sized battery systems are commonly wired for 48 VDC. If 
you’re wiring a battery bank for a very small PV system (less than 200 W or 
so) or a system that’s using DC loads directly (such as recreational vehicles), 
you may consider wiring the batteries for only 12 V. Systems using invert-
ers that produce relatively small AC power levels (less than 2,000 W) may be 
able to justify using a 24 V battery bank, but with the advancements made in 
inverter and charge controller technologies, 48 V battery banks have become 
very popular. (Note that the wattage levels listed here are by no means abso-
lute values. Rather, they’re common guidelines you can follow. They represent 
the goal of keeping conductor [wire] sizes down by increasing voltages and 
reducing current values.)

Figuring out the battery 
capacity you need
At this point, you should’ve defined the variables needed to determine the 
overall battery bank capacity (if you haven’t, see the previous sections). Now 
you just need to apply them. The easiest way to do that is to consider each 
variable individually, starting with the average daily energy consumption 
value you determined during your load analysis.

 If you follow the steps in this section, you can estimate the required capacity 
for a battery bank in both a utility-interactive and stand-alone system.

 1. Determine the average daily AC watt-hours (or kilowatt-hours) con-
sumption level.

  I explain how to do this in the earlier “Determining the average daily 
energy consumption for stand-alone systems” section. For the purposes 
of providing an example, refer to Figure 12-1 to find that the average 
daily energy consumption of my sample client is 5,780 Wh, or 5.78 kWh.
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 2. Divide the watt-hours value from Step 1 by the estimated inverter 
efficiency.

  This step increases the required capacity due to the fact that an inverter 
loses some of its stored capacity during the process of turning DC into 
AC (10 percent loss is common). Continuing with the example, you find 
that 5.78 kWh ÷ 0.9 = 6.42 kWh (90 percent is a fair inverter efficiency to 
estimate).

 3. Add any energy consumption from DC loads to the watt-hours value in 
Step 2.

  This value represents the total daily energy consumption for all the 
loads connected to the battery bank. If the client has three 20 W DC 
lights that she runs for two hours each day, the total DC energy con-
sumption is 3 lights × 20 W × 2 hours = 120 Wh, or 0.12 kWh. The total 
energy consumption is therefore 6.42 kWh + 0.12 kWh = 6.54 kWh.

 4. Multiply the energy value from Step 3 by the desired days of 
autonomy.

  Doing so tells you the amount of energy the battery bank needs to store 
(two or three days is a pretty typical value). My example client has a 
stand-alone, battery-based system and wants three days of autonomy, 
so that makes the new energy value 6.54 kWh × 3 days = 19.62 kWh.

 5. Divide the value calculated in Step 4 by the temperature compensa-
tion value provided by the battery manufacturer.

  Ninety percent of manufacturers estimate the adjusted capacity at 60 
degrees Fahrenheit. Apply the manufacturer’s value here for the esti-
mated temperature of the battery bank you’re considering. So if the 
example battery bank will be stored at 60 degrees Fahrenheit, perform 
this calculation: 19.62 kWh ÷ 0.9 = 21.8 kWh.

 6. Divide the value from Step 5 by the allowable depth of discharge.

  The greater the DOD, the smaller the battery bank can be because you’ll 
be using more of the capacity (approximately 50 to 80 percent). This 
client and I settled on a DOD of 75 percent, so the math looks like this: 
21.8 kWh ÷ 0.75 = 29.1 kWh.

 7. Divide the value from Step 6 by your desired nominal voltage for the 
battery bank.

  Batteries are rated in amp-hours, not watt-hours. By using the nominal 
battery bank voltage, you can determine the required amp-hours for the 
battery bank (use a 12 V, 24 V, or 48 V value here). The system in my 
running example will be installed at 48 V to keep the current values at a 
minimum and reduce the conductor sizes. Here’s the math: 29.1 kWh ÷ 
48 V = 0.606 kAh, or 606 Ah.
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Strung along: Wiring the battery bank
As soon as you know what the capacity of the battery bank should be and the 
nominal voltage (see the “Nominal voltages” section earlier in this chapter), 
you’re ready to evaluate the different battery options and decide which one 
is best for the battery bank you’re constructing.

 When wiring batteries into a battery bank, you need to consider the voltage of 
each individual battery as well as each battery’s capacity because you’re cre-
ating a string of batteries by placing multiple batteries in series (see Chapter 3 
for details on both series and parallel configurations). As you make the series 
connections, the voltage will increase while the capacity (measured in amp-
hours) remains constant. To increase the capacity of the bank, you must place 
more strings in parallel with the first in order to keep the voltage constant 
while increasing the capacity. I’m only talking about the design aspects here; 
for the installation and safety concepts, jump to Chapter 15.

If you install a single string of batteries in series and in a few years your client 
has an issue with any one battery (or cell), the system will likely need to be 
shut down until that one battery is replaced. That may seem extreme, but 
when you have a single string, the electrons have to flow through each bat-
tery to complete the circuit. If one battery is dead or shorted, the current 
can’t get past that battery. This fact is why many PV pros regard placing two 
strings in parallel as a more desirable solution. With two strings in parallel, 
you can keep all the parallel connections equal in length (and resistance, 
which is simply resisting the flow of current; see Chapter 3) and the battery 
bank as a whole can perform well. If any one battery or cell peters out, you 
can just remove one string from the bank, allowing the system to continue 
limping along until the situation is corrected.

 As much as possible, avoid placing more than two strings in parallel. As soon 
as you begin placing three or more strings in parallel, it becomes increas-
ingly difficult to keep the parallel conductors’ resistance equal. The individual 
strings have the tendency to charge and discharge at different rates, causing 
imbalances in the bank and reducing the overall life of the batteries.

To determine the specifications for the batteries, I like to first look at the 
required capacity of the battery bank. Because you want to wire the battery 
bank with either one or two strings of batteries, you need to find a battery 
with a capacity amount equal to or half of the capacity you calculated in the 
preceding section. When you have an idea of the battery capacity needed, 
you can evaluate different battery spec sheets to decide on the battery for 
your system. Find the batteries with the correct capacity first and then look 
at how many you need based on your nominal voltages.

 When you’re evaluating battery specifications, use the C/20 capacity value 
reported by the battery manufacturer (I cover C rates in Chapter 7). The C/20 

18_598931-ch12.indd   21518_598931-ch12.indd   215 8/2/10   10:51 AM8/2/10   10:51 AM



216 Part III: Sizing a PV System 

rate is a good value to use unless you know that your discharge rate will be 
something dramatically different.

 To determine the number of batteries required in a string, divide the nominal 
battery bank voltage by the individual batteries’ nominal voltages.

From the example in the last section, I calculated that the battery bank would 
need to have a capacity of 606 Ah at 48 V. And because I want to have two 
strings of batteries in my bank, I need to look for a battery that has a C/20 
rate of 303 Ah (which is difficult to find, so I may need to settle on a battery 
with a C/20 rate of 300 Ah or buy into a bigger 350 Ah battery). Batteries with 
this level of capacity are commonly found in 6 V nominal options. So if you’re 
going to wire a bank for 48 V and each battery is 6 V, you know the battery 
strings should be eight batteries long. Here’s the math:

48 V ÷ 6 V = 8 batteries per string

Sizing the PV Array
When it comes to sizing the PV array in a battery-based system, a number 
of considerations are required. This is one area where the type of system — 
utility-interactive or stand-alone — makes a big difference in your approach.

 ✓ For utility-interactive systems, the PV array generally operates more 
like it does in grid-direct systems; the utility is present most of the time, 
and the inverter sends excess power into the grid to run the meter 
backward. The major difference between utility-interactive, battery-
based systems and grid-direct systems is that in the former system, 
a battery bank is ready to power any loads on the backup load panel. 
Consequently, the PV array’s primary responsibility is to produce as 
much power as possible at all times to offset loads and send energy back 
into the grid.

 ✓ For stand-alone systems, the actual performance of the PV array in 
relation to the battery bank is more important because the array is the 
primary source of power and the primary battery charger. The owner of 
this type of system may be willing to adjust the tilt of her array season-
ally to optimize for the sun’s position in the sky with the goal of maxi-
mizing performance and minimizing generator run time.

Sizing the array in a utility-interactive 
system
If a battery-based PV system will be used simply to back up a few loads for 
a home or business that’s connected to the utility grid (in other words, the 
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system is utility-interactive), the process of sizing the array works similarly 
to the process of sizing an array for a grid-direct system (see Chapter 11). Of 
course, any system that’s connected to the utility requires interconnection 
agreements (see Chapter 11 for more on these).

 In a utility-interactive, battery-based system, the batteries spend the majority 
of their lives full and waiting to go to work during a utility outage. Also, the 
battery bank is typically sized to last the duration of the outage, which means 
the PV array isn’t used as a daily battery charger. Instead, it’s merely used to 
reduce the power required by the utility (and, if the system owner is lucky, 
send power back into the grid). Given this fact, you should size the PV array 
in a utility-interactive, battery-based system based on the client’s available 
budget, the area available for the array, and the annual energy consumption.

Sizing the array in a stand-alone system
When the battery-based system you’re sizing is of the stand-alone variety, 
the PV array needs to produce an amount of energy equal to your client’s 
average daily energy consumption (as calculated in the earlier “Determining 
the average daily energy consumption for stand-alone systems” section); if 
it doesn’t, the battery bank will never be able to recharge fully. In addition, 
the array should be able to help recharge the battery bank after there has 
been little to no charging by any source (such as the PV array or a generator) 
and the battery bank has dipped into the reserve supplied by your client’s 
desired days of autonomy. (I cover days of autonomy earlier in this chapter.)

In reality, the amount of energy consumed isn’t a constant value; it changes 
throughout the year. Typically, people use more energy during the winter, 
which happens to correspond to the time of year with the lowest solar 
resource (if your client has large cooling loads, such as air conditioners, this 
may be different). This situation presents a problem for you as a PV system 
designer. If you design the PV array around the scenario of high consump-
tion and low solar resource, you’ll end up with a PV array that’s very large. 
Come summertime, when the energy consumption is reduced and the solar 
resource is increased, the PV array will be oversized and have the batter-
ies charged very early in the day, which is bad because the PV array will be 
underutilized those times of the year, and the initial system cost will be 
outrageous.

To determine the appropriate array size in watts, you need to gather some 
information about the site and make some assumptions regarding the opera-
tion of the system. These values will help you estimate the array size needed 
based off of the total energy consumption you calculated in the very begin-
ning of the process (as I explain earlier in this chapter).
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Examining efficiency values
 For the array to produce enough energy for the loads, you need to look at the 

losses within the system. This means considering two main efficiency values: 
the batteries’ charging and discharging efficiency and the efficiency of the PV 
array to deliver the energy. These values vary, but you can use the following 
estimations, which are based on typical equipment and technologies:

 ✓ Battery efficiency: A common value for battery efficiency is 85 percent, 
which represents the fact that you can never get 100 percent of the 
energy used to charge the battery when discharging the battery. This 
efficiency value represents losses internal to the battery as well as the 
ability for the charge controller to charge the battery.

 ✓ PV array efficiency: This value is affected by, among other things, the 
temperature of the array, how dirty the modules are, voltage losses in 
the wiring, and the age of the array. You can look at all the individual 
losses and estimate their effect on the total array, but I prefer to esti-
mate the average value at 75 percent. This percentage is on the con-
servative side in terms of estimating the losses, but for a stand-alone 
situation, this approach allows you to supply all the energy required 
more often.

Considering the total available solar resource
Another consideration you must make is the total solar resource factor (TSRF), 
which is a combination of shading effects and the effects of the array’s tilt 
and azimuth. You determine what this value is when you conduct the site 
survey. Flip to Chapter 5 for a review of the TSRF.

Settling on a number of peak sun hours
Most off-grid clients who want a stand-alone system quickly come to the real-
ization that they’ll need to use a generator part of the time. Your goal when 
designing a stand-alone, battery-based system for them is to minimize that 
run time. Consequently, you need to choose a certain number of peak sun 
hours for your design. The addition of an external charging source, like a gen-
erator, allows you more flexibility with the solar resource data.

 When designing an array for an off-grid system that has a generator, I typi-
cally use the average number of peak sun hours for the site (see Chapter 4). If, 
however, your client doesn’t want a generator, you need to design the system 
based on the lowest amount of solar resource, which is typically the value 
found in the middle of winter.

Running the numbers
After you define the variables related to array sizing, you’re ready to estimate 
the PV array size in watts. Use the following steps:

 1. Gather the total energy value calculated in the load analysis.
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  This is the same total energy value you used when sizing the battery 
bank (see the earlier “Figuring out the battery capacity you need” sec-
tion). In that example, the total energy consumption (of both AC and DC 
loads) was 6.54 kWh.

 2. Multiply the estimated battery and PV array efficiencies.

  Based on what I tell you in the earlier “Examining efficiency values” 
section, take 85% × 75% to get 64%. Even if you choose not to use these 
numbers, what you wind up with after completing this step is the total 
efficiency of the PV array in charging the batteries.

 3. Multiply the efficiency value from Step 2 by the TSRF that you deter-
mined during the site survey.

  The client in this example has a TSRF of 90 percent (in other words, she 
loses 10 percent of the potential resource due to shading and the array 
tilt and orientation). Here’s the calculation: 0.64 × 0.9 = 0.57.

 4. Divide the total energy value found in Step 1 by the total efficiency 
value found in Step 3.

  Doing so gives you the total daily amount of energy the array needs to 
produce. In this case, that’s 6.54 kWh ÷ 0.57 = 11.5 kWh.

 5. Divide the energy value from Step 4 by the peak sun hours value you 
decided to use.

  The result of this equation is the array size in watts. So if the average 
peak sun hours is 4.2 for the client’s site, then the array needs to pro-
duce 11.5 kWh in 4.2 hours, or 11.5 kWh ÷ 4.2 = 2.73 kW = 2,730 W.

 The array size you calculate by using the preceding steps is the size needed 
to produce the amount of energy consumed on an average day with an aver-
age amount of solar resource available. The actual performance of the system 
once installed will vary over the different seasons.

When you know the appropriate array size in watts, you can calculate the 
number of modules needed. Divide your previously calculated array watt-
age by the standard test conditions (STC) rating of the modules you want 
to use. For example, if the module you want to use is rated at 195 W, you 
can divide 2,730 W by 195 W to find that you need 14 modules. (Note: More 
often than not, this calculation doesn’t result in a whole number. You need to 
round up to the next whole number and oversize the array a bit. Don’t worry; 
you’re better off designing a system that will produce more energy than not 
enough.)

Sizing the Charge Controller
After you size the battery bank and PV array, your next step is to size 
the charge controller. For both types of battery-based systems, the most 
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common controller choice is the maximum power point tracking (MPPT) 
controller, although you can also use a pulse-width modulation (PWM) con-
troller; I cover both types in Chapter 8. The sections that follow walk you 
through the steps of sizing a charge controller for any battery-based system.

 As with inverters in grid-direct systems, the charge controller connected to 
the PV array in a battery-based system needs to be large enough to handle all 
the power provided by the array. Consequently, you may end up with multiple 
charge controllers in your system. Each charge controller is connected to a 
dedicated PV array, but they all connect to the same battery bank. (I walk you 
through the process of determining how many charge controllers to specify 
[select] in the following sections.)

Voltage specifications
All charge controllers have a voltage window that you must stay within. 
Specifically, they have a maximum input voltage that they can accept and a 
minimum voltage value that they need to stay above. Your job is to look at 
the temperature-adjusted voltages from the PV modules to correctly account 
for the charge controller’s window. You evaluate the voltage window for 
charge controllers the same way you do for inverters (see Chapter 11).

 When you know the temperature-adjusted voltages for the PV modules, you 
can use the number and type of modules you decided on (see the earlier 
“Running the numbers” section if you haven’t yet) to figure out the number of 
modules you can place in series for each string. Just like with inverters, all the 
strings connected to the same charge controller must be the same length. But 
unlike grid-direct inverters, the charge controller in a battery-based system 
usually operates at a much lower voltage. You therefore have to use fewer 
modules per string. For example, it’s common to see strings of just three or 
four modules connected to a charge controller; in a grid-direct system, you 
say see a string of eight to ten modules running a grid-direct inverter. After 
you know how many modules are in each string, you can determine how many 
strings to place in parallel based on the power requirements for the desired 
PV array and finalize the charge controller specification by looking at the 
amperage requirements (see the next section).

After you determine the required voltage window based on the PV array 
you’re using, you can narrow down your choice of charge controller a bit by 
looking at the relationship between a PV array’s voltage and a battery bank’s 
voltage. This is another area where the difference between MPPT and PWM 
controllers makes itself known.

 ✓ Most, but not all, MPPT controllers have the ability to take a higher 
voltage on the input side (the PV array) and reduce that voltage to a 
smaller amount on the output side (the battery bank). By using MPPT 
controllers that have the ability to step down the array voltage, you 

18_598931-ch12.indd   22018_598931-ch12.indd   220 8/2/10   10:51 AM8/2/10   10:51 AM



221 Chapter 12: Sizing a Battery-Based System

give yourself more design options and open up the possibility of using 
a greater number of PV modules. (On a charge controller without this 
feature, the voltage window is extremely narrow, so you’re forced to use 
a PV module (or string of modules) that has the same nominal voltage as 
the battery bank.) Also, by wiring the array at a “high” voltage, you can 
reduce the size of the wires running between the array and the control-
ler. (To deliver the same amount of power, a higher-voltage array needs 
to push less current through the conductors, and the amount of current 
flowing through directly affects conductor sizing.)

  You also get the benefit of using modules that have been manufactured 
with voltages that don’t correspond to traditional battery-charging 
voltages, which opens up your choice of modules even more. Many PV 
manufacturers now make their modules with the grid-direct market in 
mind, which means their modules can’t be connected to a PWM control-
ler and effectively charge a battery. If you try to use a grid-direct style 
module with a PWM controller, you’ll end up with either a PV module 
that doesn’t have enough voltage to push the current into the battery or 
too much voltage that may damage the controller.

 ✓ A PWM controller, unlike an MPPT controller, needs the PV array nomi-
nal voltage equal to the battery bank’s nominal voltage. When looking at 
the voltage specifications for a PWM controller, you really don’t need to 
go through the trouble of adjusting the module voltages for temperature 
and then comparing that to the controller’s voltage window. Because 
the nominal input must equal the nominal output, this work has essen-
tially been done for you. The downside is that this convenience means 
you can’t use just any old module you want for your system. You must 
use modules that have been manufactured specifically as 12 V or 24 V 
nominal and wire them in series as required by the battery bank.

 Essentially, the features of MPPT charge controllers make it easy to justify the 
added expense of one when looking at PV systems with large arrays meant to 
provide the energy for a home or small commercial building. The main benefit 
of an MPPT controller, compared to a PWM controller, is the ability to use the 
full power output of the PV array regardless of the batteries’ charging volt-
age. In other words, you can get closer to the full benefit of the array’s power, 
which equates to more efficient battery charging.

Power or amperage specifications
In addition to voltage specifications, the other half of charge controller sizing 
is the power or current specifications. You need to consider these limitations 
when sizing a controller to make sure you get the full benefit of the control-
ler. Depending on the charge controller technology used, you have to look 
at either the power or the current values from the PV array. Note: After com-
pleting the math described in the next sections, you may end up with a final 
PV array size that’s different from what you calculated earlier. The number of 
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modules per string and the number of strings may dictate that you adjust the 
array size.

Some simple math: PWM charge controllers
 For PWM controllers (or for MPPT controllers that use a PV array nominal 

voltage equal to the battery bank’s nominal voltage), determining the current 
specifications is easy as long as you know the specifics for the PV array. For 
example, if you’re using a PV module that has a nominal voltage of 24 V and 
the battery is wired for 48 V, the modules will be wired with two in each string. 
If you have five strings in parallel, you can calculate that the maximum power 
current, Imp, for that array will be the individual modules’ Imp value times 5. 
With a PWM controller, the current rating of the controller must be at least 
that much current. For example, if the 24 V nominal PV module being used has 
a Imp value of 6 A and 5 strings are in parallel, the total current output from the 
array will be 5 strings × 6 A = 30 A. So the PWM controller should have a mini-
mum operating current rating of 30 A.

For safety, you should always verify that the charge controller can handle the 
short circuit current from that same configuration by multiplying the mod-
ule’s Isc value by the number of strings in parallel and comparing the result to 
the controller’s maximum short circuit current input value.

A little tougher: MPPT charge controllers
When you’re working with an MPPT controller and you want to step down 
the array’s voltage to a lower value, figuring out the current specifications 
becomes slightly more difficult. In this situation, you’re mainly concerned 
with the current value leaving the controller. You need to make sure you 
don’t apply too much power to the controller and try to push more current 
out of the controller than its rating. If you do, then the controller will current 
limit itself (send out a certain amount of current even though there’s more 
available from the array) and the “extra” power will be turned into heat. This 
situation won’t damage the controller, but it isn’t ideal.

 To guarantee that you don’t exceed the charge controller’s abilities, relate the 
controller’s limitations based on its output current and the battery bank volt-
age. If you multiply the controller’s maximum output current value by the bat-
tery bank’s nominal voltage, you get a certain number of watts, which is a 
power value that you can then relate directly to the PV array’s size. How so? 
Well, you want to make sure that the PV array doesn’t exceed this wattage 
value, or else you run the risk of applying too much power to the controller 
and creating too much heat.

Consider this example. A common MPPT charge controller has a current 
output value of 60 A. If you want to use an MPPT controller to charge a 24 
V nominal battery bank from a PV array, you need to ensure that the array 
doesn’t exceed 24 V × 60 A = 1,440 W. By keeping the array below this power 
value, the controller can take all the available voltage and current from the 
array and effectively push that into the battery bank.
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 If in this calculation you find that the controller’s power value is less than the 
PV array size you calculated, you can either look for a controller with a larger 
current output value or buy multiple controllers and wire the PV array into 
subarrays so that each subarray’s power doesn’t exceed the controller’s 
limits.

A check before you move on: Comparing 
the array size to the battery capacity
After you finish sizing the charge controller but before you go too much 
further, you should check that the PV array’s power output and the battery 
bank’s capacity are sized within reason. What you’re concerned with here is 
the PV array’s charging ability as compared to the battery bank’s capacity.

 You want the PV array’s charging ability to be somewhere between a C/10 rate 
and a C/20 rate (the number listed represents the hours needed to charge the 
battery bank). If the PV array is too large (above the C/10 rate), it’ll charge 
the battery bank too fast, and the batteries won’t be able to charge efficiently 
because they won’t be able to take all the current sent by the array. If the PV 
array is too small (below the C/20 rate), the charge rate will be small, and 
the PV array will never be able to fully recharge the battery bank. To deter-
mine where you stand, use the battery bank’s capacity and figure out what 
the C/10 and C/20 values are. Your PV array’s charging current (the output 
of the charge controller) should be somewhere between those two numbers. 
(Note: The slower C/20 rate is typically more realistic due to budget and space 
restraints.)

Here’s an example to help you see what I mean: If you have a 600 Ah battery 
bank, you want the charging current from the PV array to land somewhere 
between 60 A and 30 A (600 Ah ÷ 10 hours = 60 A and 600 Ah ÷ 20 hours = 30 
A). If the battery bank is at 48 V nominal, then the PV array would be between 
1,440 W and 2,880 W in size.

Sizing the Inverter
The final step in sizing a battery-based system is sizing the inverter. When 
specifying an inverter for any battery-based application, you need to con-
sider the voltage for the loads, the maximum power draw, charging capabili-
ties (from an AC source), and the ability for the inverter to supply power 
when certain loads surge (draw a large amount of power for a very short 
duration).

 When I refer to inverters, I’m really referring to inverter/chargers (this is con-
ventional terminology in the solar industry). Always verify that the inverter 
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you’re working with is really an inverter/charger. Sure, you could design the 
system with a regular inverter and have the client buy a separate battery 
charger for use in conjunction with an AC power source (see the later section 
on generators), but this isn’t a great solution. Besides, with all the reliable 
inverter/charger choices out there these days, why add the hassle of specify-
ing and installing an additional device?

 The battery-based systems you install can use either a single inverter or mul-
tiple ones. When installing more than one inverter, you have to make sure 
the inverters communicate with each other and work together (the different 
inverter manufacturers have specific methods for this communication). Bear 
in mind that if you do add multiple inverters, their power output values will 
be additive. So if you have two 3 kW inverters installed in a system, they can 
work together to provide 6 kW of power to loads.

Viewing voltage output
Your load analysis (I explain how to conduct one earlier in this chapter) 
helps you know what voltages your client’s loads require. For most residen-
tial applications, this voltage is 120/240 VAC, which is the voltage required by 
AC household loads. Small commercial buildings typically have 120/208 VAC 
voltage requirements. Note: The need for 240 VAC is limited to a select few 
loads, with the primary one being water pumping.

 Most inverters are available with 120 VAC output only; these have the ability 
to be stacked (connected together) to supply 120/240 VAC to the load centers 
(and some can be stacked to provide 120/208 VAC for commercial applica-
tions). A small number of inverters are available with a standard output of 
120/240 VAC; these don’t need to be stacked to provide the right voltage. So 
for residential and small commercial applications, an inverter’s output voltage 
isn’t a restriction.

Calculating the power draw
Inverters don’t care about energy consumption. They’re simply concerned 
with delivering voltage and current (power) to loads. How long those loads 
run doesn’t concern them, which is why you need to take care to determine 
an inverter’s power output requirements by using the data that you gathered 
during your load analysis regarding the power draw of individual loads.

 Inverters for battery-based PV systems are always rated at their continuous 
power output value (just like grid-direct inverters), which means you need to 
make sure that the inverter(s) you select can provide the amount of power 
required by your client’s loads. You need to estimate which of the loads will 
be running at the same time and then add up those power values to determine 
the minimum power rating for the inverter.
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Refer to the load analysis shown in Figure 12-1, and you’ll see that if every 
load were turned on in that home, the total power draw would be 1,931 W — 
that’s almost 2 kW. As the system designer, if you even think there’s a chance 
that all those loads would run at the same time, you’d buy an inverter/char-
ger rated at a minimum AC output rating of 2 kW.

 If you add up the loads and they require more power than a single inverter can 
supply, you can consider adding more inverters and allowing them to work 
together to power the loads. Most inverters have this ability, to a limit. To be 
safe, just verify that the inverters you want to use can be stacked.

 Consider future loads that may require power so that the inverter installed 
today can handle growth in the next few years. Consider the users; the poten-
tial for growth in a system designed for a retired couple is a lot different from 
that of a system designed for a young family.

Staying in charge
 When connected to an AC power source (such as a generator or the utility), 

an inverter stops turning DC into AC and becomes a battery charger, taking 
the AC source and recharging the batteries for you. Inverters have a limited 
charging capability, though, so you should consider that value in your design. 
Ideally an inverter can charge the batteries at a C/10 rate.

All inverters list their maximum charging capabilities in amps so you can 
directly compare the charger portion of the inverter/charger to the bat-
tery bank when you divide the batteries’ capacity (in amp-hours) by 10 (the 
number of hours required to recharge the battery).

Looking at surge ratings
Any load with a motor (such as refrigerators, washing machines, and well 
pumps) causes a brief power surge when it starts operating. If the inverter 
can’t deliver enough power to the loads during that brief surge period, the 
entire system may crash, and all the loads may go out. Fortunately, today’s 
inverters can surge three to four times their rated output to start motor 
loads.

 In order to account for inevitable surges, you need to estimate the amount of 
power the inverter will be providing just prior to the surge and then estimate 
what the power draw will be when the surge happens. By adding these values 
together, you can verify whether the inverter can handle regularly occurring 
surges. For example, if the inverter is delivering 2 kW of power to all the loads 
and the refrigerator kicks on, requiring a surge of 1 kW, the inverter has to be 
able to deliver 3 kW during that surge time.
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 The amount of surge is specific to the appliance and is typically noted on the 
listing label as the maximum current draw. If you can’t get to the listing label 
on the load, you can either estimate the surge by multiplying the load’s power 
draw by three or you can use a clamp meter and record the current draw as 
the load starts (see Chapter 3 for guidelines on using a clamp meter).

Evaluating inverter and 
array power output
For utility-interactive, battery-based systems, you need to consider all the 
items presented in the preceding sections plus the relationship between the 
array’s power output and the inverter’s power output. These systems want to 
send as much power back to the utility as possible, so you need to make sure 
the inverter can handle the power output of the array under all scenarios.

 Presumably, the batteries will be full and the inverter will want to take all the 
array’s power and send it somewhere. First, it’ll satisfy any loads within the 
house or office, and then it’ll push the current back into the grid. Either way, 
the inverter will be taking the array’s power and processing it. Chapter 11 
explains how to size an inverter’s power output based on an array’s output.

Incorporating a Generator
Most people installing a battery-based PV system want to incorporate a gen-
erator into the system. Why?

 ✓ For utility-interactive systems, a generator provides peace of mind. In 
other words, it guarantees that the building will have power regardless 
of the length of a power outage.

  Many clients who have the grid present and either have an existing gen-
erator or plan to incorporate a generator want to back up their entire 
home or office through the MDP. Be careful, though; if the generator 
isn’t hooked up correctly, the utility-interactive inverter may see the 
generator as the utility and try to send power back into the generator. 
Although this scenario is good for a utility, it’s dangerous for a genera-
tor. Work with the inverter manufacturer to make sure that the inverter 
can’t send power back to the generator.

 ✓ For off-grid homes, many people consider a generator to be a necessity 
because producing 100 percent of energy needs solely from a PV source 
is difficult. Generators are used in off-grid systems primarily to charge 
the batteries when the PV array can’t keep up.
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Note: Generators are also perfectly suited for equalizing flooded batteries as 
a part of the required maintenance for any battery-based system that uses 
flooded batteries.

The sections that follow outline the fundamental features of generators as 
well as the basic requirements for sizing a generator for off-grid systems so 
you can recommend the right generator for your client’s needs.

Generator features
 When the time comes to determine the best generator for your client’s 

system, consult with a reputable generator dealer and consider the following 
features:

 ✓ Engine speed: Lower speeds generally equate to higher overall life. Look 
for a generator that operates at 1,800 rotations per minute (RPM).

 ✓ Fuel source: Try to match the generator’s fuel source to one that your 
client will have handy. For instance, many off-grid homes use propane 
for cooking and water heating. Propane is a good fuel source for a gen-
erator as well.

 ✓ Remote start: The inverters used in battery-based PV systems can incor-
porate remote and even automatic generator charging. Make sure the 
generator has a remote-start feature as well. If the generator doesn’t, 
your client will have to walk to the generator to turn it on every time 
(which isn’t a lot of fun in the middle of winter).

 ✓ Output voltage: You need to match the generator’s voltage to that of the 
inverter. A generator output voltage of 240 VAC is most common, but 
some generators can be configured to 120 VAC. (I explain how to size an 
inverter earlier in this chapter.)

 Generators are a source of frustration for many people because they require 
regular maintenance and are prone to Murphy’s Law — they break down only 
when you absolutely need them. So, when working with a generator distribu-
tor, verify that it offers full warranties for generators used in any stand-alone, 
battery-based PV system. Some generator manufacturers have a blanket state-
ment that their warranties don’t apply for stand-alone applications. Make your 
distributor aware that this generator will still be used as a backup, only it’ll be 
backing up a PV system and not the grid.

Generator sizing
The generator portion of the sizing calculations for battery-based systems is 
often the part of the design that doesn’t receive enough attention — largely 
because a generator may already be in place.
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You may install a stand-alone, battery-based PV system where a generator 
is already in place and the owner doesn’t want to switch to a different one. 
Another scenario I’ve seen is where the generator used by the construction 
crew to build the home becomes a permanent resident and is incorporated 
into the PV system. Using generators that aren’t fully designed into the PV 
system is far from ideal, but it’s a reality for many systems.

When the generator can be properly designed into the system, there are a 
few key parameters to keep in mind:

 ✓ The amount of current available for running loads and charging bat-
teries is a major consideration. After the generator is turned on, the 
inverter locks onto that power source and passes generator power 
through to the loads in the house or office and uses whatever’s left over 
to charge the batteries. Therefore, the generator’s power output needs 
to equal at least the amount required by any simultaneously running 
loads plus the maximum amount of power the inverter can use to charge 
the batteries. So if the home draws 2 kW and the charger needs 3 kW to 
properly charge the battery bank, the generator should be sized at 5 kW 
at an absolute minimum.

  Encourage your clients to run their major electrical loads — washing 
machines, vacuums, and the like — when the generator is operating in 
order to drown out the noise from the generator.

 ✓ Generators are rated by their power output, a value that’s typically at 
240 VAC. If you’re running a single inverter at 120 VAC, you’ll probably 
only get half of the inverter’s rating, which means that a 5 kW rated gen-
erator can only deliver 2.5 kW when operating at 120 VAC. If you were 
to run only 120 V off of a 240 V generator, that’d cause damage to the 
generator eventually because the generator’s output wouldn’t be prop-
erly balanced. A select few generators can be rewired to get their fully 
rated output at 120 VAC, so there may be a way around that issue — but 
I have an easier method for sizing a generator.

  Base the generator’s power output off of the inverter’s power output. 
As an inverter manufacturer taught me years ago, a generator’s power 
output is based off of the unit being pushed downhill with the wind at 
its back. (This is a kind way of saying that the rating system is overly 
optimistic.) If you size the generator’s output by three to four times the 
inverter’s output, you should be able to meet the needs of your client’s 
loads and battery-charging requirements. So if you size an inverter at, 
say, 2 kW, the generator should be a minimum of 6 kW to 8 kW.

18_598931-ch12.indd   22818_598931-ch12.indd   228 8/2/10   10:51 AM8/2/10   10:51 AM



Chapter 13

Sizing Conductors, Conduit, and 
Safety Components

In This Chapter
▶ Calculating the correct conductor size

▶ Making sure you have the right size (and type) of conduit

▶ Protecting the conductors with properly sized overcurrent protection devices

After you identify all the components your client’s PV system requires, 
you need to determine the correct sizes for all the conductors (wires), 

conduit, and mandatory safety equipment that must be installed (I walk you 
through what all of these are in Chapter 10). Some of these components may 
need to be special ordered, so sizing them correctly during the initial design 
process is critical. After all, one missing piece can bring an entire job to a 
grinding halt, frustrating everyone involved.

In many cases, the methods used in this chapter are the same as the ones 
used by electricians for sizing standard electrical equipment. However, there 
are a few places where you need to look at the process a little differently. 
Don’t worry, though, because I share what they are in this chapter. I give 
you methods for making sure the conductors used in the PV system you’re 
designing are large enough for proper system performance and sized to meet 
the requirements of the National Electrical Code® (NEC®). I also explain how to 
size conduit and overcurrent protection devices. (For details on the installa-
tion of these components, see Chapter 17.)

Conductor Sizing 101
When I start sizing the safety components of a PV system, I like to size the 
conductors used throughout the system based on National Electrical Code® 
(NEC®) requirements to ensure that they’re large enough to safely allow cur-
rent to flow through them. To do this correctly, you must conduct some cir-
cuit identification. In other words, you need to pinpoint where in the system 
the conductors go because the conductors from one part of the system to 
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another don’t have the same requirements. For example, the conductors 
from the PV array to the inverter are subject to different requirements than 
the conductors from the inverter to the AC main distribution panel (MDP). 
Note: The actual conductors used can be the same on the DC and AC sides of 
the system as long as they’re installed properly (I cover different conductor 
types and where they go in Chapter 10).

Following are the proper circuit designations and where they’re located in 
relation to the installed equipment (see Chapter 10 for more details about dif-
ferent types of circuits):

 ✓ The PV source circuit comes from the array and ends in a junction box 
or combiner box.

 ✓ The PV output circuit comes from the junction box or combiner box and 
goes to a DC disconnect.

 ✓ The inverter input circuit goes from the DC disconnect to the DC input 
of the inverter.

 ✓ The inverter output circuit comes from the AC side of the inverter and 
goes to the MDP.

In the next sections, I show you how to determine the proper conductor size 
for the PV systems you design. I also present the safety factors you should 
use during the conductor sizing process.

 The method I show for calculating conductor sizes is a simplified version from 
what other PV pros may choose to use. When you use my method, you’ll occa-
sionally end up with a conductor that’s a size larger than you absolutely need 
in order to satisfy NEC® requirements. I like the idea of simplicity, though (I’m 
sure you do, too), and unless you’re installing a very large system, the differ-
ence in cost (larger conductors are more expensive than smaller conductors) 
is outweighed by the time you save.

Defining the PV circuits’ maximum 
and continuous current
Starting at the PV array, you can look at the individual circuits and size the 
conductors as they work their way to the inverter; these circuits are known 
collectively as the PV circuits. To size the conductors in these circuits, you 
have to define the maximum amount of current they’ll ever carry.

 To define the maximum current that’ll ever be produced by the PV circuits 
(and therefore the maximum current that’ll be carried by the conductors), 
you need to look at Article 690.8(A)(1) of the NEC®, titled “Circuit Sizing and 
Current.” The maximum current value is as follows:
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The number of modules (or strings) wired in parallel × The short circuit 
current, Isc, rating of the module (or string) × 1.25

Note: The 1.25 factor is in place to recognize that PV modules produce cur-
rent based on the available irradiance (irradiance is the intensity of the solar 
radiation striking earth; flip to Chapter 4 for more information). The NEC® 
also recognizes that a PV array can (and will) produce more current than its 
modules are rated for if given the opportunity.

If you keep reading to Article 690.8(B)(1) of the NEC®, you’ll see that a second 
safety factor of 1.25 is applied. It’s there because the NEC® dictates that the 
conductors and overcurrent protection devices (OCPDs) used in electrical 
systems “shall not continuously carry more than 80 percent of the maximum 
current.” The NEC® is calling for you to oversize the conductors so that when 
current is run continuously (more than three hours at a time), the conduc-
tors won’t overheat, fail, and cause fires.

 To make sure the conductors and OCPDs don’t carry more than the predeter-
mined limit of 80 percent of the maximum current, you need to multiply the 
maximum current by 1.25 (1.25 is the inverse of 80 percent). Doing so tells you 
the continuous current requirement.

 If you want to take a shortcut, you can multiply the two 1.25 safety factors 
together first to find out the overall safety factor to apply to PV circuits, which 
is 1.56 (1.25 × 1.25 = 1.56).

At this point, all you’ve done is define the ampacity (amount of current flow) 
required by the conductors on the PV side of the system. As I explain in the 
later “Putting together the details to determine conductor sizing” section, you 
have to adjust this ampacity value based on the locations of the conductors.

For example, if you have an array that consists of ten modules in series with 
each module short circuit current rated at 5.5 A, the maximum current from 
that series string of ten modules will be 5.5 A × 1.25 = 6.9 A. To define the 
ampacity required for the conductor connected to this string, multiply the 
maximum current by 1.25 again to get 6.9 A × 1.25 = 8.6 A. These results mean 
that the individual string is rated at 5.5 A but that the conductors and any 
OCPD connected to that string must be rated for at least 8.6 A.

Calculating non-PV circuits’ 
maximum current
Unlike the PV circuits covered in the preceding section, inverter input cir-
cuits on battery-based systems and inverter output circuits (anything from 
the inverter’s AC output to the load panels) aren’t subject to varying current 
levels based on irradiance. The maximum current levels for battery-based 
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inverter input circuits or any inverter output circuits are actually based on 
the equipment to which they’re connected. (Note: The inverter input for a 
grid-direct inverter is on the PV side and falls into the previous section’s 
requirements.)

 The maximum current of an inverter is defined by its manufacturer and is dic-
tated by the maximum power the inverter can produce and the voltage it can 
churn out. Look for this value on an inverter’s specification (spec) sheet listed 
as maximum output current, as well as in the inverter’s manual.

To calculate the ampacity required by the conductors and OCPD, you only 
have to apply one 1.25 factor so you don’t continuously run more than 80 per-
cent of the maximum current across these components. Here’s the formula:

Maximum output current × 1.25

For example, a 4 kW inverter operates at 240 VAC and has a maximum cur-
rent output of 16.7 A. According to the preceding formula, the conductors 
and OCPDs connected to this inverter’s output circuit would need a minimum 
rating of 16.7 A × 1.25 = 20.9 A.

 For battery-based inverters, the inverter input conductors run between the 
batteries and the inverter (or inverters if the system you’re designing calls 
for more than one; I outline circumstances that call for multiple inverters in 
Chapter 11). When applying the NEC® factors for these circuits, you need to 
consider the maximum amount of current that could flow across the wires. 
According to Article 690.8 of the NEC®, the maximum current for these conduc-
tors is calculated by the following formula:

Maximum continuous power output ÷ Minimum operating voltage

Performing this calculation tells you the largest amount of current that can 
continuously run through the conductors.

If the specified inverter has a continuous power output rating of 3 kW and it can 
operate all the way down at 42 VDC, the conductors between the battery bank 
and the inverter need to be able to handle at least 3,000 W ÷ 42 VDC = 71.4 A.

Considering conditions of use 
with some handy tables
At this point, you’ve calculated the maximum amount of current each con-
ductor will need to carry based on the NEC® requirements for each circuit (if 
you haven’t, refer to the earlier sections in this chapter for help). Now you 
need to take the conditions of use into consideration; in other words, you 
have to adjust the maximum current levels you found based on the locations 
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where the conductors will be used (on the roof, in the attic, through the 
basement . . . you get the idea) as well as how many will be run together.

 As conductors heat up, their ability to pass current is reduced, which is why 
you need to consider the conditions that’ll increase the temperature of the 
conductors and reduce their ampacity values. The two conditions to account 
for are the number of current-carrying conductors running inside a single con-
duit and the ambient temperature to which the conductors are exposed.

Prepare to turn to the following four tables in the NEC® when determining the 
proper application of the conditions of use:

 ✓ Table 310.15(B)(2)(a), titled “Adjustment Factors for More Than Three 
Current-Carrying Conductors in a Raceway or Cable”

 ✓ Table 310.15(B)(2)(c), titled “Ambient Temperature Adjustment for 
Conduits Exposed to Sunlight On or Above Rooftops”

 ✓ Table 310.16, titled “Allowable Ampacities of Insulated Conductors 
Rated 0 Through 2000 Volts, 60°C Through 90°C (140°F Through 194°F), 
Not More Than Three Current-Carrying Conductors in Raceway, Cable, 
or Earth (Directly Buried), Based on Ambient Temperature of 30°C 
(86°F)”

 ✓ Table 310.17, titled “Allowable Ampacities of Single-Insulated 
Conductors Rated 0 Through 2000 Volts in Free Air, Based on Ambient 
Air Temperature of 30°C (86°F)”

The following sections provide basic instruction on using each of these tables.

The tables in Article 310.15: Temperature 
considerations for conductors
Conductors used in PV systems must be evaluated under the conditions typi-
cal of where they’ll be used, and the tables in Article 310.15 of the NEC® can 
guide you on what derate factor (the values used to reduce conductor ampac-
ity values from the starting points listed in the tables) to apply based on a 
conductor’s location.

 Use the (B)(2)(a) table if three or more conductors are being run together 
and the (B)(2)(c) table if the conductors are exposed to the sun on or above 
a roof. (I explain how to apply these factors in the later “Putting together the 
details to determine conductor sizing” section.)

 In 2008, Table 310.15(B)(2)(c) was added to account for increased tempera-
tures on rooftops. This addition also addresses the American Society of 
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) temperature 
I refer to in Chapter 11 — specifically, the expected summertime tempera-
ture. By using the temperatures listed in the ASHRAE tables I direct you to 
in Chapter 11, in conjunction with the NEC® table when appropriate, you can 
establish a proper design temperature to use in your calculations.
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Tables 310.16 and 310.17: Conductor ampacity values
The values listed in Tables 310.16 and 310.17 (which are represented in 
Figures 13-1 and 13-2; both figures show only a portion of the tables) rep-
resent the amount of current each type and size of conductor is rated for. 
The columns marked “Size AWG or kcmil” represent the physical size of the 
conductor. AWG stands for American Wire Gauge; the AWG convention is that 
large numbers represent small wires and small numbers represent big wires. 
After 0000 (pronounced four aught), the big wires are represented by their 
cross-sectional area instead of the AWG convention. The other columns list 
different types of conductors by abbreviation.

The ampacity values are based on an ambient air temperature of 30 degrees 
Celsius (86 degrees Fahrenheit) and no more than three current-carrying con-
ductors (the ground wire isn’t a current-carrying conductor) run together. 
You adjust these values when applying the appropriate conditions of use.
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Note that the tables listing the conductor ampacities also include different 
columns labeled with different temperatures. These are the temperature 
limitations of the conductors due to the insulation protecting the conduc-
tive material. Table 310.16 in Figure 13-1 differentiates between copper and 
aluminum conductors. Aluminum has less ampacity than copper, so to carry 
amounts of current that are equal to their copper counterparts, aluminum 
conductors must be physically larger. In all the examples I give in this book 
(and in most PV installations), copper conductors are used exclusively.

Conductor sizes are also limited by the rating of all the terminals, connection 
points where a conductor is physically connected to a termination such as 
a disconnect, fuse holder, or circuit breaker, that the wires are connected 
to. These terminals are where the conductors from the PV system connect 
inside the various combiner boxes, disconnects, inverters, and other pieces 
of electrical equipment. When you make calculations related to terminals, be 
sure to use Table 310.17.

 The equipment used in PV systems that are less than 600 V (which are all the 
residential and commercial systems out there) is either 60 degrees Celsius 
(140 degrees Fahrenheit) or 75 degrees Celsius (167 degrees Fahrenheit). This 
fact means that when you use conductors rated at 90 degrees Celsius (194 
degrees Fahrenheit), you need to evaluate the rating of those conductors at 
the terminal’s maximum value. Occasionally, this check will require you to 
size the conductor even larger to accommodate the temperature limitations of 
the terminal. The majority of the terminals used in equipment associated with 
PV systems are 75 degrees Celsius (167 degrees Fahrenheit), but don’t assume 
this is the case. Instead, verify the proper ratings so you don’t get caught 
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installing the wrong equipment. To avoid any possible issues in the field, I 
suggest you only install conductors that are rated for 90 degrees Celsius (194 
degrees Fahrenheit). Doing so gives you the maximum flexibility in sizing and 
appropriately installing the conductors.

 When installing equipment with different ratings, you must use the lowest 
rating. For example, if the conductors are connected to a disconnect on one 
end with terminals rated at 60 degrees Celsius (140 degrees Fahrenheit), 
and a combiner box at the other end with 75 degrees Celsius (167 degrees 
Fahrenheit) terminals, you must use the 60 degrees Celsius terminals for the 
basis of your conductors’ size.

Putting together the details to 
determine conductor sizing

 To calculate the required conductor sizes, follow these steps:

 1. Determine the maximum circuit current.

  See the earlier “Defining the PV circuits’ maximum and continuous cur-
rent” section for the how-to.

 2. Calculate the continuous current requirement.

  For help determining the continuous current requirement, refer to the 
related section earlier in this chapter. (Note that the continuous current 
requirement defines the OCPD value you need to use in the later “Sizing 
Overcurrent Protection Devices and Disconnects” section.)

 3. If the conductors will be installed in conduit and there will be more 
than three current-carrying conductors in the conduit, divide the Step 
2 value by the appropriate derate value from Table 310.15(B)(2)(a); if 
the conductors will be exposed to sunlight on the roof, add the appro-
priate temperature adjustment to the ASHRAE ambient temperature 
value from Table 310.15(B)(2)(c), based on the height of the conduc-
tors off of the roof surface.

 4. Divide the value in Step 3 by the appropriate temperature-correction 
factor for the expected temperature the conductors will be exposed to 
from the 90 degrees Celsius (194 degrees Fahrenheit) column in Table 
310.16 to find the corrected conductor ampacity required.

  Choosing the temperature-correction factor from the 90 degrees Celsius 
(194 degrees Fahrenheit) column assumes you’re installing only conduc-
tors with 90 degrees Celsius (194 degrees Fahrenheit) ratings, as I sug-
gest in the preceding section. If you want to use conductors rated at 75 
degrees Celsius (167 degrees Fahrenheit), be sure to use that column of 
Table 310.16 instead.
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 5. Use the value from Step 3 to find the smallest 90 degrees Celsius/194 
degrees Fahrenheit (or 75 degrees Celsius/167 degrees Fahrenheit) 
conductor that exceeds the ampacity requirement in Table 310.16.

 6. Verify that the conductor selected has a large enough ampacity based 
on the lowest terminal ratings that will be used.

  To do this, look at the ampacity value listed in the appropriate column 
in Table 310.17 (which consists of terminal temperature listings) and 
check that the ampacity value listed for the chosen conductor is greater 
than or equal to the continuous current value in Step 2.

I know how tricky these calculations can be to make, so I want to share an 
example with you. For the purposes of this example:

 ✓ The array has eight strings in parallel, and each string has an Isc of 5.9 A.

 ✓ All the strings are placed in parallel inside a combiner box.

 ✓ The THWN-2 conductors are in conduit and exposed to temperatures of 
45 degrees Celsius, but they aren’t exposed to sunlight on a roof.

 ✓ The terminals inside the combiner box, as well as the disconnect on the 
other end of the conductors, are all rated at 75 degrees Celsius.

With this information, you can apply the previously described steps to deter-
mine the minimum conductor size necessary to satisfy the NEC®:

 1. Find the maximum current.

  8 strings in parallel × 5.9 A per string × 1.25 = 59 A

 2. Determine the continuous current.

  59 A × 1.25 = 73.75 (round up to 74 A)

 3. Derate for more than three current-carrying conductors.

  In this example, all the PV source circuits are placed in parallel and a 
single PV output circuit leaves the combiner box. Therefore, no derate 
factor is applicable.

 4. Apply the conditions of use.

  74 A ÷ 0.87 = 85 A

  You find the appropriate temperature derate factor from the bottom of 
Table 310.16. The 90 degrees Celsius (194 degrees Fahrenheit) column, 
which you use for THWN-2 conductors, has a temperature derate of 0.87 
at 45 degrees Celsius.

  Note: If the conductors were exposed to sunlight on a roof, you’d also 
used a factor from Table 310.15(B)(2)(c).
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 5. Check Table 310.16, using the value from Step 3.

  4 AWG in the 90 degrees Celsius (194 degrees Fahrenheit) column at 
the top of Table 310.16 is the smallest conductor that exceeds 85 A. A 
THWN-2 conductor therefore has an ampacity value of 95 A.

 6. Confirm that the conductor ampacity is large enough.

  According to Table 310.17, 4 AWG conductors rated at 75 degrees 
Celsius (167 degrees Fahrenheit) — the terminal ratings — have an 
ampacity of 85 A. This value exceeds the continuous current value of 74 
A from Step 2. You now know that a 4 AWG conductor installed in this 
location meets the NEC® requirements for ampacity and can safely carry 
current from this array.

You can follow this process for all the circuits used within a PV system. 
When calculating for circuits other than those on the PV side (the inverter 
output circuit, for example), you start at Step 1 with the maximum current 
value as given by the manufacturer as I describe in the earlier “Calculating 
non-PV circuits’ maximum current” section. You then proceed through the 
rest of the steps as normal.

Accounting for voltage drop after 
you size your conductors
The NEC® requires that the conductors you use in any PV system must be 
large enough to carry current from the source to the load safely, but no NEC® 
requirement dictates that you must deliver the power as efficiently as pos-
sible. As a PV system designer and installer, though, you want to make sure 
that the power supplied by the PV system is never reduced because the con-
ductors are too small.

No matter how large you size the conductors in your system (see the previ-
ous section for guidelines), some amount of voltage drop will occur. As cur-
rent flows in the conductors, resistance in the conductors fights that current 
flow. As you discover in Chapter 3, voltage has a direct relationship to cur-
rent (which is measured in amps) and resistance via Ohm’s Law, which can 
be stated in several ways:

 ✓ Volts = Amps × Resistance (E = I × R)

 ✓ Amps = Volts ÷ Resistance (I = E ÷ R)

 ✓ Resistance = Volts ÷ Amps (R = E ÷ I)
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This interplay between current flow and resistance means you need to evalu-
ate the conductors used in your system and make sure they aren’t so small 
that excessive resistance causes too much loss.

Because the NEC® doesn’t dictate the maximum amount of voltage drop, you 
get to decide which amount suits you best. Within the solar industry, the 
level of voltage drop is referred to in terms of the DC and AC sides of the 
system.

 ✓ The accepted amount of DC voltage drop is 2 percent from the PV array 
down to the inverter input. This isn’t a hard value, though. If you want 
to, you can evaluate the financial effects of running larger conductors to 
reduce voltage drop and find that a 3-percent drop makes sense.

 ✓ A tolerable amount of voltage drop on the AC side is between 1 percent 
and 1.5 percent for utility-interactive systems (either grid-direct or 
battery-based). If the PV system is of the stand-alone, battery-based 
variety, between 2 percent and 3 percent voltage drop is okay.

I show you how to calculate the voltage drop values for DC and AC circuits in 
the next sections. In both examples, I use Ohm’s Law and some given proper-
ties for copper conductors (but you can solve for any of the pieces of infor-
mation as long as you can define all the other parts of the equation). Note: 

In the real world, you may need to take slight differences in the nature of AC 
circuits into account when calculating the AC voltage drop. For all practical 
purposes, though, using Ohm’s Law as I show you is accurate enough.

 If you calculate the voltage drop and come up with a gauge that’s different 
than the calculations in the preceding section, use the larger of the two con-
ductors. This way you always satisfy both requirements.

DC voltage
The first step in calculating the voltage drop from the PV array down to the 
inverter is to break down the individual parts of the PV circuit(s).

 To estimate the total voltage drop, you need to consider the longest PV source 
circuit length (from one of the strings to the combiner) and the PV output cir-
cuit (from the combiner to the inverter) and make two separate calculations 
that you then add together.

Note: By considering the longest PV source circuit length, you’ll be slightly 
more conservative for the shorter lengths, which results in slightly better 
performance in those circuits.

Before you can run your calculations, you need to collect the following infor-
mation about the PV system:
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 ✓ The maximum power output rating of the array from the modules’ 
spec sheets: You use the Vmp value because you’re most concerned 
about the voltage drop when the array is producing its greatest amount 
of power.

 ✓ The maximum current value for each circuit from the modules’ spec 
sheets: You use the Imp value for the same reason you use the Vmp value.

 ✓ The total circuit length: This number tells you how far the electrons 
have to travel to complete their circuit. You generally have to estimate 
this number by measuring the distances for the proposed equipment 
locations. Convert this distance into kilofeet (a goofy measurement, I 
know) because the table you have to reference supplies conductor resis-
tances in terms of resistance per thousand feet of conductor. To convert 
to kilofeet, divide the estimated distance by 1,000.

 ✓ The resistance of the conductor: Refer to the “Conductor Properties” 
table in the NEC® (a portion of which is in Figure 13-3) to see the differ-
ent resistance characteristics of conductors. When you have an idea of 
the conductor size to use (because you did the NEC® calculations in the 
previous section or because you’re installing modules with preinstalled 
conductors), go to this table and use the resistance per kilofeet to swap 
into the equation and solve for voltage drop.
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Calculating the DC voltage drop requires you to apply the information you 
collected regarding the module specs and the conductor properties (length 
and resistance) to a form of Ohm’s Law a little differently than Herr Ohm 
intended (although if given the chance, I think he’d approve). The difference 
is that a length value is associated with the equation:

Vdrop = Imp × Rc × L

Vdrop = The maximum number of volts you’re willing to lose based on the 
array’s Vmp (it’s the variable you solve for)

Imp = The maximum power current rating of the circuit

Rc = The resistance of the conductor (Ω/kft)

L = The total circuit length in thousands of feet (kft)

Suppose you have an array that consists of three strings of ten modules and 
all the strings are arranged on a roof in rows of ten. These three strings are 
all wired to a roof-mounted combiner box that runs down from the roof to 
the inverter mounted outside next to the utility meter and MDP. This setup 
means you have three PV source circuits running from the strings to the com-
biner box and a single circuit running the rest of the way out.

Each PV module is 36.2 V and 4.9 A, and the strings are wired with 12 AWG 
conductors. With all of this information, you can measure the total circuit 
length for the circuit and calculate the total voltage drop. In order to deter-
mine the voltage drop in the PV source circuit, you need to collect the follow-
ing module and conductor information:

 ✓ V
mp

 for the modules is 36.2 V, so the string Vmp = 362 V.

 ✓ I
mp

 for the module is 4.9 A, which means the string Imp is also 4.9 A.

 ✓ The total circuit length is 75 feet, or 75 ÷ 1,000 = 0.075 kilofeet.

 ✓ The resistance, R
c
, in the 12 AWG wire used is 1.98 Ω/kilofeet (from the 

NEC® table).

Here’s how to calculate the number of volts that will be lost in this circuit (in 
other words, the voltage drop, or Vdrop), using the preceding information:

Vdrop = Imp × Rc × L

Vdrop = 4.9 A × 1.98 Ω/kilofeet × 0.075 kilofeet

Vdrop = 0.73 V

This number indicates how many volts will be lost due to the resistance in 
the conductor. Your next step is to relate this voltage drop to a percentage of 
the entire circuit. To determine the voltage drop in a percentage, divide the 
calculated loss by the original Vmp value for the array:

Vdrop % = Vdrop / Vmp of the array
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So when you apply the values calculated in the example, you get the 
following:

0.73 V ÷ (36.2 V × 10) = 0.73 V ÷ 362 V = 0.002 = 0.2%

This result indicates that a 0.2-percent voltage drop exists in the PV source 
circuits. To determine the voltage drop in the PV output circuit, repeat this 
process. If when you add these two voltage drop percentages together, the 
total voltage drop is less than your desired amount of 2 percent, the con-
ductor sizes check out. If the total voltage drop is greater than your desired 
amount, you need to upsize one of the conductors to minimize the loss.

AC voltage
When you go to look at the voltage drop on the AC side, you use the exact 
same equation that I feature in the preceding section with different numbers 
for the voltage and current values.

 ✓ The nominal AC voltage replaces the maximum power output rating of 
the array.

 ✓ The maximum inverter current output value tells you the current input.

 ✓ You can reference the conductor resistance from the table in Figure 13-3.

 ✓ The circuit length is still the total circuit length (twice the physical dis-
tance between the inverter and the utility interconnection).

Say you have an inverter that’s operating at 240 VAC and a maximum current 
output of 24 A. The inverter output circuit is 10 AWG, and the inverter is 75 
feet from the MDP. To find the AC voltage drop in this example system, you 
need to collect the following information:

 ✓ The AC operating voltage is 24 VAC.

 ✓ The maximum current output is 24 A.

 ✓ The inverter output circuit is 10 AWG, with a resistance of 1.24 Ω/kilofeet.

 ✓ The total circuit length is 150 feet or 0.15 kilofeet.

You can apply these values to the voltage drop equation in the preceding 
section:

Vdrop = Imax × Rc × L

Vdrop = 24 A× 1.24 × 0.15

Vdrop = 4.5 V
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To determine what this is in terms of a percentage value:

Vdrop % = Vdrop ÷ Vnominal

Vdrop % = 4.5V ÷ 240 V = 0.19 = 1.9%

This percentage exceeds the recommended maximum voltage drop of 1.5 
percent for utility-interactive systems, so in this case, I recommend looking 
at the next-largest size of conductor to minimize the effects of excessive volt-
age drop on this circuit.

Sizing Conduit
Almost all conductors require proper protection. The exceptions are con-
ductors used in PV source circuits and a type of conductor called ground 
wiring.) For PV systems, most conductors are run inside a conduit, which is 
either a metal or PVC tube that protects conductors from their surroundings.

 The exact type of conduit required depends on where you’re placing the con-
ductors. For PV output circuits run inside a building before a readily accessi-
ble disconnect, the conductors must be contained in a metallic conduit body. 
If the same conductors are kept outside the building, PVC would be an accept-
able conduit material. You can also run PVC conduit underground to connect 
PV arrays to inverters. (Chapter 10 details conduit types and uses.)

After you establish the appropriate conduit type and the size and number of 
conductors you need to run, you can use the tables in Annex C of the NEC® to 
look up what size conduit is required. When you find the appropriate conduit 
table, you can then go to the appropriate section of that table — the one that 
lists your specific conductor type (for example, THWN-2). The tables then list 
all the available conductor sizes in a column. Find your conductor size and 
then move across the table to find the conduit that can hold the minimum 
number of conductors you want to use.

 If you find a conduit size that can hold the exact number (or maybe one extra) 
of conductors you plan to run, go ahead and bump up to the next conduit size. 
Doing so will cost your client a little bit more money, but this move saves you 
time in the field, which in turn saves the client money on your labor costs, 
making it a worthwhile extra equipment expense. Look at it as an investment 
in your sanity. After all, just because a table says you can pull eight conduc-
tors through a conduit doesn’t mean you actually want to do that.
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Sizing Overcurrent Protection 
Devices and Disconnects

When wiring the components of a PV system, it’s your responsibility to pro-
tect the conductors from the possibility of too much current flowing through 
them. Enter overcurrent protection devices (OCPDs). These devices come 
in the form of either circuit breakers or fuses. The exact requirements and 
locations for OCPDs vary based on the current’s source (see Chapter 10 
for details). In the sections that follow, I provide guidelines for basic OCPD 
sizing, as well as specifics for sizing OCPDs on PV and inverter circuits.

Note: You size disconnects exactly the way you size OCPDs, but for simplic-
ity’s sake, I just refer to OCPDs in the following sections.

Beginning with a few basics
Believe it or not, in the process of sizing the PV system’s conductors, you 
also defined the required size of the OCPDs for the conductors. (It’s based off 
the continuous current requirement in Step 2 of the process described in the 
earlier “Putting together the details to determine conductor sizing” section.)

 If you can find an OCPD that’s listed for 100 percent of its rating, use the maxi-
mum current rating of your circuit as the size of your OCPD (Step 1 of the 
conductor sizing process). OCPDs with 100 percent ratings aren’t common, 
though. Check the spec sheet provided by the manufacturer to verify whether 
a particular OCPD can really handle as much current as an array produces.

When you calculate an OCPD size, most likely it’ll be a value that isn’t com-
monly available. Fortunately, the NEC® allows you to round up to the next 
available OCPD size. These commonly available sizes can be found in Article 
240.6 of the NEC®. In the example I use earlier to show you how to calculate 
the conductor size, the continuous current value was 74 A. OCPDs sized at 74 
A aren’t regularly available, so the OCPD size you’d need to use for the circuit 
in question would be rated at 80 A (the next available size).

 If the circuit uses small conductors, be aware that the NEC® limits the size of 
OCPD you can connect these wires to, regardless of the conductors’ ampacity. 
As reported in Article 240.4(D) of the NEC®, the limitations are as follows:

 ✓ 14 AWG connected to 15 A or less

 ✓ 12 AWG connected to 20 A or less

 ✓ 10 AWG connected to 30 A or less
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To put these limitations in perspective, if you run the calculations and deter-
mine that a 35 A OCPD is required for your installation, then you can’t use 
a 10 AWG conductor, even though in some situations that conductor has an 
ampacity value of 40 A.

 Manufacturers of PV modules and inverters are required to specify the maxi-
mum OCPD their equipment can be connected to, known as the maximum 
series fuse rating for PV modules. It’s listed with every module you ever buy. 
So when you’re buying OCPDs for the PV strings, know that the manufacturer 
has defined the largest amperage rating its OCPD can have.

Placing protection on PV circuits
Although you may be used to placing OCPD on each and every circuit you 
wire in a regular electrical system, placing OCPD in every PV source and 
output circuit isn’t an absolute requirement. When your system meets Article 
690.9 of the NEC®, you can actually place two strings of PV modules in paral-
lel without having to put OCPDs on either string. As soon as you add a third 
string, though, you should place OCPDs on the strings.

To meet NEC® requirements eliminating OCPDs on PV circuits, you first have 
to size your conductors to meet Article 690.8. Next, you can’t have any poten-
tial backed currents, current that can come back from sources such as batter-
ies and inverters. (This is true when using grid-direct inverters, but if you’re 
using battery-based inverters, you won’t meet the requirements, so you have 
to use OCPD on all PV circuits.) Finally, the short circuit current (Isc) from all 
sources can’t exceed the ampacity of the conductors. (This last requirement 
is where the limit of two strings in parallel comes into play.)

The idea is, if you have three strings in parallel and a fault occurs on one of 
the strings (meaning that string becomes a load and starts accepting cur-
rent), the Isc values from the other two strings (the external sources) will 
exceed the conductors’ ampacity and the modules’ rating.

 Follow this general rule for grid-direct systems: When you have one or two 
strings, skip the OCPD; when you have more than two strings, put an OCPD 
on each string. (Note that battery-based systems require an OCPD on every 
string.)

 Rooftop combiner boxes are a common and acceptable location for series 
string OCPDs. These devices are affected by temperature though, so check the 
manufacturer’s specifications for proper OCPD sizing when installing an OCPD 
in high-temperature locations (like rooftops).
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Protecting inverter circuits
As for the AC output of your inverter, you always need an OCPD for this circuit. 
A variety of options exist for installing this protection, with the most common 
being a circuit breaker located in the MDP. This circuit breaker serves as both 
a way to disconnect the inverter and a method of protecting the conductors. 
(Some installations call for a fused AC disconnect to be installed rather than a 
circuit breaker; I cover such installations in Chapter 17.)

To determine the amperage rating of the OCPD connected to the inverter, 
you need to refer to the inverter manufacturer’s specifications. Many inverter 
manufacturers list this value on their spec sheets. If you encounter one that 
doesn’t, you may need to dig into the installation manual; if nothing else, that 
should indicate the maximum OCPD sizing you can use in conjunction with 
the inverter.
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Installing a 
PV System
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In this part . . .

This part is dedicated to taking your system design and 
putting it into service. It covers all the factors you 

need to consider to stay safe during and after the 
installation.

Chapter 14 explains how to obtain the permits you need 
to begin the installation process, and Chapter 15 covers 
all sorts of installation-related safety information. For 
insight into installing the structural and electrical compo-
nents of a system, turn to Chapters 16 and 17. Last but not 
least, Chapter 18 fills you in on how to turn the system on, 
handle the local building department’s inspection, and 
maintain the system. (Your client is responsible for the 
bulk of the maintenance, but you need to know how to do 
it too so you can pass the information along and conduct 
an annual maintenance visit.)
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Chapter 14

The Permitting Process
In This Chapter
▶ Dealing with permitting toward the start of a project

▶ Drawing the right stuff

Before you can even begin a PV project, you must obtain the proper 
permits from the local building department. Most jurisdictions are able 

and willing to work with individuals and companies who want to install PV 
systems. And even for those locations where PV systems aren’t as common, 
the local building departments have multiple resources available to them 
(although you may need to help guide it and supply any information the local 
folks need). This chapter reveals the details you should have ready for the 
permit office to ensure that this portion of your job goes smoothly.

Keep in mind that you need to document your installations as well as you 
possibly can. In this chapter, I also tell you all about how to make drawings 
of your systems to help in permitting, design, construction, and inspection. 
(I don’t expect you to become an expert in making these drawings, but you 
should find a program you like or work with somebody who can help you 
create clean, professional drawings.)

Obtaining Permits before 
You Install a PV System

The permitting process for PV systems calls for you to collect specifica-
tion (spec) sheets for the products you plan to use, document your design, 
and present all of this information to the local building department (city or 
county, depending on the location of the site). In some parts of the United 
States, building departments are very familiar with PV systems; they may 
even have a standard set of procedures in place for handling permits. In 
other locations, you may as well be speaking Greek when you come in and 
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ask for a permit for the photovoltaic system you want to install. No matter 
the situation, I suggest you show up at the building department with multiple 
supporting documents and take some time to talk with the person issuing 
the permits (and even one of the inspectors if you have the opportunity — 
addressing any unusual electrical topic sooner rather than later will help you 
install the entire system up to the inspector’s expectations).

Of course, no such thing as a “typical” permitting process really exists. The 
requirements from one location to the next (such as the timeline associated 
with obtaining the permits) can vary dramatically, making matters rather 
difficult for PV system designers and installers who work in multiple jurisdic-
tions. To help make the process move as quickly as possible, call the building 
department ahead of time and verify the documentation you need to bring to 
satisfy its requirements.

 The cost of permits is another huge variable from location to location. One 
community may charge a small fee for a permit, but the fees may be hundreds 
of dollars more just one town over. My advice to you? Get to know the fee 
structure the local building department uses for determining permit fees. If 
you quote a client a price for his PV system without including the costs of 
permit fees, it may be an unpleasant surprise for someone to pay later on. 
Your best bet is to contact the building department well ahead of time, obtain 
an estimated permit cost, and include that number in the total system cost 
you quote to your customer. (Turn to Chapter 5 for more information on dis-
cussing costs with customers.)

Although the actual processes involved in obtaining permits vary, the type 
of information required for both residential and commercial applications is 
pretty consistent. Most jurisdictions mandate permits for both the electrical 
and mechanical elements of PV systems because they want to make sure the 
systems you install will be safe for many years to come. Your job is to obtain 
the necessary licenses and certifications and present well-organized, under-
standable packets of information for use in the permitting process. The fol-
lowing sections help you figure out what information to gather and give you 
some insight into the differences between permits for residential applications 
and permits for commercial applications.

In the beginning: Having the right 
licenses and certifications
The first step in the permitting process is to make sure you have all the 
licenses and/or certifications required by the jurisdiction you’re working in. 
Here’s the major difference between a license and a certification:
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 ✓ Licenses are issued by authorities who maintain minimum qualification 
and education requirements. Typically these authorities are a state 
office that requires license holders to meet a set of minimum qualifica-
tions and pass a written exam before being issued a license.

 ✓ Certifications can be just as difficult to obtain as licenses, but they don’t 
have the same legal status licenses do. They’re issued by independent 
national organizations.

In order to obtain a permit (commonly referred to as pulling a permit), build-
ing departments need to make sure you’re properly licensed. These require-
ments vary greatly from state to state, so check in with the state’s licensing 
board for the exact requirements in the state(s) in which you’re working.

 In the PV industry, one particular certification is considered the standard: the 
North American Board of Certified Energy Practitioners (NABCEP)–Certified 
PV Installer. To qualify for this exam, you must meet the NABCEP’s criteria for 
on-the-job experience as a lead PV installer and meet a minimum education 
requirement. Passing the NABCEP’s installer exam doesn’t give you the legal 
right to work in any state, but it does show consumers and rebate programs 
that you’re educated and experienced in working with PV systems — a per-
ception that can make you stand out from your competition. (For more infor-
mation about the NABCEP, check out www.nabcep.org.)

 Be sure to check with the rebate programs in your client’s area to verify the 
eligibility requirements before you get too far down the line. They may require 
that the installer hold a certification such as NABCEP to be eligible for rebate 
money.

Note: Time for full disclosure here. I’m a certified PV installer, and I teach a 
number of courses under the NABCEP program. So, I’m a firm believer in the 
organization’s mission, and I support its efforts. I appreciate the level of pro-
fessionalism the NABCEP has brought to the whole industry and how it has 
helped move PV installations and the PV-installing trade into the mainstream.

Home grown: Permitting 
for residential systems
For residential systems, the permitting process is relatively painless (aside 
from the cost, of course, but if you’ve done your due diligence by including 
the permit cost in your quote to the client, that’s not your responsibility). 
Of course, if you don’t have the right documentation, the permitting process 
can be a complete pain in the you-know-what. Rest easy, though, because I 
explain what you need to obtain mechanical and electrical permits for resi-
dential PV systems in the sections that follow.
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Permits for mechanical components
The other half of the permitting process is generally for the mechanical and 
structural aspects of the PV system. Before issuing this permit, the building 
department wants to make sure that the PV array is properly supported and 
that the structure it’s attached to can withstand the new loading. (Chapter 16 
goes through some of the common locations for, as well as issues involving, 
mounting an array.)

For homes that have been built since the mid-1970s, building codes have 
been fairly consistent. In nearly all situations, the building is able to take on 
the addition of a rooftop PV system. However, this fact doesn’t mean you 
don’t have to calculate the building loading or show the effects of the array 
on the roof; I’m just saying that you generally won’t have problems. When 
possible, bring supporting documentation (pictures work great) regarding 
the existing roofing system so the building department can better determine 
the appropriateness of the existing structure.

For homes built before the mid-1970s, or whenever you come across a roof 
that you suspect isn’t properly supported, you need to find a structural engi-
neer in the local area who’s willing to help you document the existing roof 
and guide you in any requirements necessary for adding additional support. 
The local building department can tell you what the exact requirements are 
in that area.

For PV arrays mounted at locations other than the roof, many jurisdictions 
want to see your plan for installing the array and the racking manufacturer’s 
installation instructions (which typically include drawings that show the 
array and support footings installed). These jurisdictions are typically much 
more comfortable when the manufacturers can show the resistance to wind 
loading because, to them, you’re installing a huge sail just waiting to take off 
in a windstorm. Some building departments may even require a structural 
and/or geotechnical engineer to review the installation method and have you 
submit a wet-stamped drawing set (I fill you in on wet stamping in the next 
section).

 Regardless of the PV array location, your drawing package should include an 
overall plan view of the site with the equipment locations called out. Think 
of a plan view as a bird’s-eye view that gives anyone looking at it a quick ref-
erence to the location of the site, the existing equipment, and the proposed 
equipment.

 One relatively easy way to create this drawing is to use satellite views that you 
can obtain for free online and use a basic computer drawing program to indi-
cate all the equipment locations. Two commonly used satellite programs are 
Google Earth and Bing Maps (I describe these programs in Chapter 5). A stan-
dard drawing program is Paint, available on any Windows-based computer. 
(Flip to the later “Not Just Pretty Pictures: Creating Drawing Sets” section for 
more details on drawings.)
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253 Chapter 14: The Permitting Process

Permits for electrical components
The electrical components of a PV installation require permits as well as an 
inspection by someone from the building department. Before issuing electri-
cal permits, the local building department wants to make sure the proposed 
equipment can be integrated into the home’s electrical components. First, 
though, you must go through the electrical sizing and design process I out-
line in Part III. You also need to make sure the system you plan to install 
meets the requirements set by the National Electrical Code® (NEC®). (I cover 
the major highlights of the NEC® and installing electrical components in PV 
systems in Chapter 17 if you need to jump there.)

 When going to get your electrical permits, bring in copies of the spec sheets 
for all the electrical components you plan to install (the spec sheets help con-
firm the voltage and current values you use in the design process) as well as a 
simple one-line drawing of your system design. A one-line drawing uses boxes 
to represent the different components and lines to represent the conductors 
and conduit used to connect all the components. It’s called a one-line draw-
ing because you connect the individual components with a single line, even 
though that single line represents multiple conductors.

 Your electrical one-line drawing can be a simple electrical drawing. At a mini-
mum, your one-line drawing should include

 ✓ The site address and the installer’s (your) contact information

 ✓ The make and model of all specified equipment

 ✓ The design temperatures (cold and hot) you used for voltage correction

 ✓ The wire and conduit sizes for all circuits

 ✓ The general location of all the equipment

 ✓ Specifications for the point of interconnection with the utility (if you’re 
installing a grid-direct system or a utility-interactive, battery-based 
system)

 ✓ A note indicating the lack of the utility if you’re installing a stand-alone, 
battery-based system

 ✓ Required information for labels that will be installed

Figure 14-1 shows an example of a one-line drawing used to obtain residential 
permitting. (See the later section titled “Not Just Pretty Pictures: Creating 
Drawing Sets” for more information on drawings.)
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255 Chapter 14: The Permitting Process

 Many rebate and tax credit programs require that the installation application 
include drawings and documentation similar to the permitting office. However, 
they’re interested in the system’s performance as well as its safety. For this 
reason, you may need to include information on your one-line drawing such 
as conductor lengths, voltage drop calculations, and system-performance 
estimations.

Most of the time you won’t be required to hire a professional electrical engi-
neer to review and wet stamp your drawings. A wet stamp is when an engi-
neer applies her stamp to a drawing or document, indicating that she has 
reviewed all portions of the material and approves of the design. It generally 
holds a lot of weight in a permitting office because it indicates that someone 
(other than the building department staff) has reviewed the information and 
is willing to take the responsibility (and liability) for its accuracy. However, 
you may need to bring in outside expertise to verify the proper way to install 
electrical components in special situations. The most common scenario is 
for the home that was built with less-than-conventional methods (or maybe 
before a convention existed). In this case, you should consider hiring an 
engineer to help calculate the steps needed to install the system’s electrical 
parts.

 If you’re working in a jurisdiction that has never seen a PV system, or if you’re 
dealing with an oddball electrical issue, ask to speak with one of the inspec-
tors while you’re getting your electrical permits so you can bring up the issue 
at hand or discuss some of the more interesting parts of the installation, like 
grounding (covered in Chapter 17). I’ve found that grounding is an area where 
asking for forgiveness after the fact rather than permission upfront leads to 
trouble.

Big business: Permitting 
for commercial systems
Unlike with residential systems, many jurisdictions include a mandatory plan 
review for PV systems installed on commercial facilities, which means one or 
more plan checkers have to look at the documentation provided by you, the 
installer, and verify that the electrical and structural components meet the 
minimum requirements. Consequently, you need to provide enough informa-
tion to the reviewers so they can make informed decisions about the system. 
After they’ve gone over the proposed system, they’ll either issue the permit 
or ask for more information before letting you proceed. In the next sections, I 
explain what you need for the mechanical and electrical permits that apply to 
commercial PV systems.
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256 Part IV: Installing a PV System 

Mechanical permits
Before issuing a mechanical permit for a commercial PV system, a building 
department wants to guarantee that the building will be able to handle the 
addition of a PV array on the roof. The process for this type of mechanical 
permit is a bit more complicated than it is for a residential PV system.

 On commercial projects, the structural integrity of the building needs con-
sideration very early on. Many commercial buildings are built only to the 
minimum structural requirements, which means adding a PV array on top of 
them isn’t possible. If you’re looking to install a PV system on a commercial 
building’s roof, ask the client to pay for a full structural analysis before you go 
too far in the design and permitting processes. It can be very disappointing for 
all involved to kill a project because you discover that the building isn’t strong 
enough to hold the array.

Only a structural engineer can perform a full structural analysis. This engi-
neer needs a certain amount of information from you regarding the PV instal-
lation, so you’ll have to do some initial design work. Generally, though, the 
amount of design work you need to do (specifically, analyzing the site and 
estimating the total array size) is minimal and time well spent upfront. (If for 
some reason you can’t provide the drawings, the engineer can always do a 
site visit, but using the drawings is the preferable method.)

 If the structural engineer gives you the go-ahead for a roof-mounted array, 
you can then move on to the actual permitting process with the jurisdiction’s 
building department. Just like you need to prepare some minimum electrical 
drawings, you need to draft some mechanical and structural documents as 
well. A structural engineer can handle the building’s structural elements, but 
you need to take care of the system-specific mechanical drawings. At a mini-
mum, these drawings should include

 ✓ A racking plan: This drawing shows the entire roof with a racking 
system (minus the modules). It’s helpful to see how the array is held in 
place (with ballast or penetrations; see Chapter 16) and where the rack 
will be located in relation to the other equipment on the roof.

 ✓ Racking details: This drawing typically shows a close-up of one or two 
rows of modules to give the person looking at the plans an understand-
ing of the way the racks and modules will be installed. Racking details 
often include a specific detail for the roof penetrations or ballast meth-
ods for clarity.

 I suggest using computer-aided drafting (CAD) programs to create these draw-
ings. A number of CAD programs exist, and the right one for you depends on 
the number of features you require. All of these programs have a steep learn-
ing curve, though, so you may want to find someone in your area who can take 
your ideas (and hand-drawn sketches) and turn them into professional draw-
ings while you get up to speed on the CAD software of your choice.
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257 Chapter 14: The Permitting Process

 If the array is going to be ground-mounted or top-of-pole mounted, you don’t 
have to worry about the building supporting the array. You do, however, need 
to satisfy the local building department’s request for documentation regarding 
the racking system you plan to use (specifically, the manufacturer’s instruc-
tions). PV arrays mounted elsewhere than the roof can be very large, so you 
may also need to have a geotechnical engineer verify that the racking manu-
facturer’s instructions are valid for the soil type in which you plan to install 
the array.

Electrical permits
The basic rules and computations I show you in Chapters 11 and 17 still 
apply to the electrical design and installation of commercial PV systems, but 
because of the number of modules and possible system variations, the whole 
process can become overwhelming . . . until you know exactly what you need 
to obtain the necessary electrical permits. Before issuing an electrical permit 
for a commercial application, the building department wants to ensure that 
the system components will be installed correctly and that they’ll operate 
safely with the electrical systems already in place.

 The electrical diagrams for commercial projects should include all the electri-
cal details that you’ll use during the installation so you can accurately repre-
sent the entire project to anyone who needs to review it. Also, by putting all 
the information down in the following format, you’ll be more prepared and 
better able to accurately plan the installation. Here’s what the electrical draw-
ings you prepare for commercial projects should include, at a minimum:

 ✓ A title page: This drawing includes all the names and contact informa-
tion for everyone involved in the job. It’s a great place to include a short 
narrative and/or description of the purpose and scale of the PV project. 
(No, this part isn’t really a drawing, but it’s still considered part of the 
drawing set.)

 ✓ A roof or ground plan: This is a plan view showing the building or 
ground area where the PV system will be installed (see the previous 
section for the scoop on plan views). This drawing can also point to the 
general locations of equipment and electrical components such as the 
PV disconnects, the utility service (for grid-direct and utility-interactive, 
battery-based systems), and the building’s main distribution panel.

 ✓ One-line drawing: This drawing calls out all the individual electrical 
components used and their locations in the system (refer to Figure 14-1 
for an example of a one-line drawing). This is a great place to indicate 
the conductor and conduit sizes and specific information about discon-
nects and combiner boxes; it’s also a good spot to show exactly how 
the PV system will interconnect to the utility (for grid-direct and utility-
interactive, battery-based systems only).
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258 Part IV: Installing a PV System 

 ✓ Electrical details: This drawing will most likely vary from job to job 
because the details you need to show on one job may not be required on 
the next (or they may need to change). However, some typical electrical 
details include the method of grounding the array, the point of utility 
interconnection, and PV string configurations.

Not Just Pretty Pictures: 
Creating Drawing Sets

Drawing sets, the individual drawings that you put together for the building 
department and your installation crew, can help you in a few ways if they’re 
prepared in a professional and organized manner:

 ✓ When you present them to a building department, you automatically 
look well-organized and professional. This appearance can help make 
the processes of obtaining permits before the installation (as I describe 
earlier in this chapter) and inspection after the installation (which I 
describe in Chapter 18) go much more smoothly.

 ✓ You can also use these drawings during the installation process. If 
you’re working with an installation crew, these drawings provide them 
with a set of clear directions so they can spend their time building, not 
trying to figure out what you were thinking with your design.

 When you’re making your drawings of the PV system, there’s really no such 
thing as too much information. By documenting the entire design and detailing 
the system construction, you create a certain level of quality control early on 
that can be checked and verified in the field during the commissioning pro-
cess (flip to Chapter 18 for the scoop on commissioning). As you create a few 
drawing sets, you quickly become aware of any information that needs to be 
included (or in the rare case, what can be excluded).

In the following sections, I provide some specifics for a few of the drawings. 
Note: The exact format and layout of your drawings will ultimately be up to 
what you feel is best.

 A number of drawing programs are available to you. One of the most popular 
is AutoCAD. Many engineering firms use this program, so if you want to share 
electronic files with an engineer but you don’t want to invest in AutoCAD, I 
suggest you at least find a program that can talk to AutoCAD.
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259 Chapter 14: The Permitting Process

Calling out components clearly
In all of your drawings, establish a consistent method for calling out and 
specifying the exact components used in the design. I find it easiest to 
include this information as part of the electrical one-line drawing that I 
describe in the earlier “Permits for electrical components” section. You show 
all the equipment on that drawing anyway, so specifying the part numbers 
and any special requirements here is a good idea and not terribly difficult 
(refer to Figure 14-1 to view a sample one-line drawing).

 If any equipment noted on your drawings can’t be substituted with similar 
pieces, state somewhere that the designated equipment must be installed.

Depicting equipment locations
The location of all the major pieces of equipment should be shown on one or 
two drawings as well. This visual helps the building department understand 
the installation better and allows the inspector to decide whether any com-
ponents should be moved.

Roof plan views are great places to include this information. In residential 
systems, the equipment locations can generally be shown very easily on the 
overall site plan (which I mention in the earlier “Permits for mechanical com-
ponents” section). In commercial systems, you may need to point to the loca-
tions on the roof plan and site plan and then include details of the equipment 
locations on other drawings (such as a details drawings page).

Showing conductor-sizing calculations
Including the conductor-sizing calculations in a drawing is a great idea that 
can help clarify your design process. Many plan checkers and inspectors may 
not fully understand the requirements in Article 690.8 of the NEC®, but includ-
ing your calculations can help them understand those requirements. For resi-
dential and commercial projects, if you can include these calculations on the 
one-line drawing, great. If you have to place the calculations on a separate 
notes sheet, that’s fine. (I describe the notes sheet in the next section. For 
the step-by-step process of sizing conductors, turn to Chapter 13.)

 I find it especially helpful to include NEC® references when showing conductor-
sizing calculations to a jurisdiction that doesn’t have a lot of PV-specific expe-
rience. You can also easily include the voltage-drop calculations in this same 
area. Doing so is helpful for rebate programs that review the drawings for 
accuracy and overall efficiencies.
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260 Part IV: Installing a PV System 

Jotting down job notes
 I like to include an area on one sheet (or on a completely separate sheet) that 

includes site-specific notes. Each job has some differences, and those differ-
ences should be called out so that everyone working on the project is on the 
same page. Your site-specific notes can include any special requirements for 
the installation crew, special considerations for the product staging locations, 
or even the specific electrical calculations. The important thing is to write 
them down so you can reference them in other drawings to make sure all par-
ties are aware of the requirements and don’t overlook anything by mistake. 
(Note: I personally consider a notes section or sheet a mandatory part of my 
drawing sets, but if you don’t have one, the building department won’t deny 
your permit application.)

Helping hands
As the PV industry has matured and grown, a 
few organizations have been able to make posi-
tive and substantial changes for the industry as 
a whole. They’re out there working with local, 
regional, and national organizations to help PV 
installers and designers streamline their jobs.

One such organization is the Solar America 
Board for Codes and Standards (Solar ABCs; 
www.solarabcs.org). This group has 
tackled many issues with a major effort in 
standardizing permitting for PV systems, espe-
cially residential installations. In October 2009, 
Solar ABCs released a very informative docu-
ment titled “Expedited Permit Process for PV 
Systems.” This document contains a wealth 
of information and even includes samples for 

residential drawings like the ones I cover in 
this chapter. If you plan to install residential 
PV systems, I suggest you use this document 
and even give a copy of it to the local building 
department.

Another noteworthy group is the Interstate 
Renewable Energy Council (IREC; www.
irecusa.org). One resource it works on and 
makes available to everyone is the Database of 
State Incentives for Renewables and Energy 
Efficiency (DSIRE). This database allows you to 
view the incentives for renewable and energy-
efficiency measures all the way down to a local 
level. DSIRE is a great resource that’s used 
by many in the PV industry; find it at www.
dsireusa.org.
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Chapter 15

Staying Safe Anytime You 
Work on a PV System

In This Chapter
▶ Staying safe on the job site

▶ Boosting yourself with ladders (the right way, that is)

▶ Bringing up rooftop safety concerns

▶ Keeping electricity in its place

▶ Being aware of battery safety

When you’re installing, maintaining, or fixing a PV system, you need to 
have your wits about you at all times. If you aren’t constantly aware 

of your surroundings and all the hazards you’re exposed to, you can get seri-
ously hurt, very quickly. Yes, safety on a job site is all about common sense. 
But if I’ve learned anything from reading the newspaper each morning, it’s 
that the old saying is true: Common sense isn’t all that common. That’s why I 
devote this chapter to showing you PV-specific safety issues, including those 
that involve general job site safety, ladders, roofs, electricity, and batteries.

On-site safety is also important because you typically don’t install a PV 
system all by yourself. Usually you install a system with the assistance of at 
least one other person. And if you’re in a larger company, some people may 
design systems for others to install.

 If you want to become fully aware of all the on-the-job hazards — as well as 
the proper ways to deal with them — I suggest you attend worksite safety 
classes through the Occupational Safety and Health Administration (OSHA). 
This federal agency offers various levels of classes that can help you become 
aware of OSHA requirements and how to meet them. For more information, 
head to www.osha.gov or the state contractors board Web site.
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262 Part IV: Installing a PV System 

Getting a Grip on General 
Construction Site Safety

A PV installation has many of the same hazards that any construction site 
has, including the chance for a number of individuals (or even a combina-
tion of different trades) to be working on the site at any given time. This fact 
requires your awareness of the different hazards and appropriate prepara-
tion. In this section, I cover several common safety issues surrounding PV 
installations.

Identifying job-site obstacles and putting 
on protective gear right away
Every job site you’ll work on will have a number of obstacles to avoid. You’ll 
encounter skylights, plumbing vents, and attic fans on rooftops — not to 
mention all the equipment you’re going to install. On the ground, you’ll have 
to deal with stairs, pathways, and more. When you show up at a job site, eval-
uate it for hazards before you start working. Identifying issues before they 
ever come up is your best defense against getting hurt.

 On top of the obstacles you identify when you show up are the ones you add 
in the form of racking, PV modules, and other system gear as the day pro-
gresses. So take inventory of the obstacles when you show up and unload for 
the day, but keep in mind the new obstacles that’ll show up as you work.

By identifying the potential hazards ahead of time you can also figure out the 
proper personal protective equipment (PPE) you need. At a minimum, you 
should wear the following whenever you’re on a job site:

 ✓ A hard hat: Although not the most comfortable thing in the world, a 
hard hat protects your head from falling objects.

 ✓ Eye protection: Never install or perform maintenance on any part of a 
PV system (particularly the batteries in a battery-based system) with-
out good-quality eye protection. Always wear a standard pair of safety 
glasses whenever you’re on a site. (I like to have indoor and outdoor 
versions to help shade my eyes appropriately.) You should also always 
have a pair of goggles on hand for working on batteries. Sure, safety gog-
gles may make you feel like a self-conscious teenager in chemistry class, 
but they’re an absolute necessity.
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263 Chapter 15: Staying Safe Anytime You Work on a PV System

 ✓ Gloves: Make a serious investment in a good-quality pair of all-around 
work gloves because you’ll be handling sharp (and sometimes very hot) 
pieces of metal. If you’re going to be working with batteries, buy some 
gloves that are acid resistant to help keep your hands protected from 
the strong acids present in batteries (whether sealed or flooded).

 ✓ Footwear: The shoes you choose to wear depend on the environment in 
which you’re working. If you’re in a new-construction industrial setting, 
steel-toe boots may be the most appropriate choice. If you’re installing 
a ground-mounted PV array, a sturdy pair of standard work boots or 
hiking boots may be better. And if you’re up on a residential roof, a pair 
of work boots with soft rubber soles is your best bet.

Some specialty pieces of PPE may include high-voltage gloves for the times 
you’re using a meter inside boxes and face shields for guarding against arc 
faults. You need the gloves anytime you want to put your hands inside a box 
(such as junction boxes, combiner boxes, disconnects, and inverters) to 
check voltage or current. PPE for arc fault protection is necessary whenever 
you’re working in any of the electrical panels in commercial situations.

Safely working alone and with others
Working alone is never the first choice in construction — too many problems 
can sneak up on you that require a second person in order to maintain proper 
safety — but chances are you’ve been in the situation where waiting for a 
second person (or even getting a second person on-site) just isn’t feasible.

 If you’re working on a PV system alone, be aware of your limits. Realize that if 
you try to perform a task that really needs a second set of hands and you get 
hurt, you won’t save any time or money; in fact, just the opposite will occur. 
Never look at any job as more important than your personal safety.

 When working with others on a job site, you need to have a different level of 
awareness. Here are some guidelines to follow:

 ✓ Never assume where people are or what their next move will be. If you 
move behind someone, announce your presence.

 ✓ Use directions with clear references. This tip is handy when you’re 
working with someone to accomplish a task together, like carrying a 
large, heavy object across a roof. If you’re facing each other and you tell 
your partner to turn left, what will he do? Move to his left, which is your 
right? If you say “move west,” “turn clockwise,” or something similar, 
your partner will better understand what you want him to do.
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Taking in tips for tool safety
Because you use a number of tools on any given job, make sure those tools 
are properly maintained and used for the safety of you and everyone else on 
the job site. Some tools, such as saws, have parts (think blades) that wear 
out. It’s your responsibility to make sure these parts are replaced as needed 
because accidents quickly occur when tools aren’t properly maintained.

 Never use the tool on hand to simply get the job done (for example, using a 
wrench as a hammer). Always take the time to find the right tool, even if you 
have to climb off the roof to get it. This practice will save you in the long run. 
Using the wrong tool inevitably results in you breaking something (either the 
tool or the component you’re working on), and because most components in 
PV systems are expensive, breaking them isn’t in your best interest.

You also need to respect the safety features built into the equipment. 
Defeating a safety feature, like bypassing the cutting guard on a saw, is a 
bad idea that will get someone hurt. You never know when someone will 
pick up your tool to use “for a second” and not see that the safety feature is 
bypassed.

Limiting your exposure to the elements
As a PV installer, you’re going to be exposed to some of the most extreme 
conditions possible. You’ll show up first thing in the morning and get to 
work on wet, slippery surfaces. As the day wears on, you’ll be on a south-
facing roof with temperatures exceeding 120 degrees Fahrenheit (49 degrees 
Celsius). And then you get to go crawl in the attic space to pull some conduit 
and run wire. Given these facts of the job, it’s your responsibility to limit 
your exposure to these extreme conditions as much as possible.

 One way to limit your exposure to excessive sun and other elements of nature 
is to be disciplined about stopping and taking breaks. I know how easy it can 
be to keep working “just to get this one thing done,” but if you do that, you’re 
going to overextend yourself. Having to take a break because you injured your-
self is never as fun as taking a break just because you choose to.

You also should invest in a good-quality wide-brimmed hat, wear lots of sun-
screen, and drink more water than you can imagine. If you’re working in the 
middle of the summer, plan to start and end early too. Roofs and attics are 
too hot by midday for you to continue working safely because you won’t be 
able to think clearly and will therefore make mistakes. Remember: The work 
isn’t going anywhere, and you can’t get it done from the emergency room.
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Stowing a first-aid kit on the job site
You need to have a proper first-aid kit at every job site. You can purchase 
one at any safety-supply store or through a reputable safety-supply catalog. 
Just be sure to buy one that’s stocked with treatments for electrical burns, 
instant ice packs, and bandages for cuts. If you want, you can buy a kit made 
especially for electrical injuries in addition to a general first-aid kit.

 I encourage you to require everyone working with you on the PV installation 
to receive first-aid training and certification. This training only takes a few 
hours and will make everyone more confident and secure. You can find first-
aid training in your area by contacting the local American Red Cross office; 
visit www.redcross.org to find yours.

Looking at Ladder Safety
If you’ve decided to work with PV systems, you’ve decided to include ladders 
in your life on an almost-daily basis. Therefore, you have to become familiar 
with and willing to practice ladder safety every time you pull one off your rig. 
The following sections show you some of the major considerations regarding 
ladder safety, but they’re not all-inclusive. Investigate the OSHA requirements 
in the state where your client is located to see how they affect ladder use. 
The OSHA Web site (www.osha.gov) has links to regional and state chapter 
offices that you can contact.

Selecting your stash of ladders
Ladders are classified in three ways, according to their use and complexity:

 ✓ Stepladder: This is a freestanding ladder that’s designed for use in the 
fully open position. Stepladders come in various lengths and can be 
used to access points above one’s head, like when you’re installing con-
duit along the top of some wall-mounted equipment.

  Never use stepladders to move from one level to another, like from the 
ground to a roof. They aren’t designed for this use, and they may not 
support you properly if you try to use them this way.

 ✓ Straight ladder: Straight ladders give access to different levels as well 
as elevated points along a vertical surface, but areas accessible from a 
straight ladder are limited by the ladder’s height. You can use a straight 
ladder when you need to access a roof surface from the ground level.
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 ✓ Extension ladder: A form of straight ladder that allows the user to 
increase the overall length by moving a “fly” section along the “base” 
section of the ladder, extension ladders allow you to access different 
levels. You can use an extension ladder when you need to access a roof 
surface on a multistory building.

Another ladder classification to know is the load rating, which indicates the 
maximum weight a ladder can handle (every ladder has one of these ratings). 
Ladder manufacturers come up with their load ratings by accounting for the 
weight of the user and any additional weight, such as tools the user is carry-
ing up the ladder. The load-rating classifications are as follows:

 ✓ Light duty (Type III), load rating 200 pounds

 ✓ Medium duty (Type II), load rating 225 pounds

 ✓ Heavy duty (Type I), load rating 250 pounds

 ✓ Extra heavy duty (Type IA), load rating 300 pounds

 ✓ Special duty (Type IAA), load rating 375 pounds

 For any ladder that you intend to use on a construction site, use the higher 
grades — IA and IAA. Using these grades of ladder ensures that your ladders 
will be able to handle nearly any load that you need them to on-site. Ladders 
with reduced load ratings may only work in certain situations.

The next factor to consider when selecting the right ladder for a job is the 
ladder height. The number-one thing to keep in mind here is that when 
height is listed on a ladder, you don’t get to use all of it. Depending on the 
classification and overall height, the last few rungs of a ladder are typically 
off-limits. Always look at the ladder manufacturer’s instructions for the allow-
able access heights. Table 15-1 shows the standard maximum wall and roof 
heights allowed for various straight and extension ladder lengths.

Table 15-1 The Working Heights for Various Ladder Lengths

Ladder Size Maximum Working Height for 
Working on a Wall

Maximum Working Height for 
Accessing a Roof

16 feet 13 feet 9 feet

20 feet 17 feet 13 feet

24 feet 21 feet 17 feet

28 feet 24 feet 21 feet

32 feet 29 feet 25 feet
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Stepladders come in a variety of sizes as well. Just refer to the label on the 
side of one to determine its maximum working height.

 You should seriously consider buying fiberglass ladders only; fiberglass is 
nonconductive and considered the best material for ladders used in conjunc-
tion with electrical work.

Properly setting up any ladder
After you have a ladder of the correct type and length on-site, you need to set 
it up properly. Before you get into the setup process, make it a habit to check 
the ladder for damage every time you use it. You never know when some-
thing has broken, and halfway up to the roof is no time to identify a problem.

When setting up a stepladder, verify that the legs are fully extended and that 
the braces are down and locked. All four legs need to be firmly in place on 
the working surface to keep the ladder from moving when you climb on it. 
Note: Stepladders are designed for use with the legs extended, so don’t use 
them to lean against a vertical surface. You won’t get the proper support in 
this position, and the ladder may slide out from under you.

 When using straight and extension ladders to access roof surfaces, proper 
setup is critical. If you set up the ladder too steep, you run the risk of having 
the top falling from the roof. If you don’t set it up steep enough, the bottom 
can kick out and fall out from under you. By taking some simple precautions, 
you can greatly reduce the possibility of ladder accidents (I won’t say elimi-
nate because even safety precautions can’t save you from ill-advised actions). 
Here are some guidelines:

 ✓ When setting up a ladder for access to a roof, you want to have the 
ladder rise 4 feet for every run of 1 foot. This is typically called the 4-to-1 
rule. Now before you get too worried about having to bring a protrac-
tor with you to every job site, here’s a quick and easy way to verify the 
proper angle: After setting up the ladder, place your toes so that they 
touch the base of one of the ladder’s legs. Then reach your arm out at a 
90-degree angle from your body with your fingers extended. If your fin-
gers barely touch the ladder rungs, you have the correct angle.

 ✓ You also need to make sure you have the ladder extending past the 
roofline at least 3 feet. This distance allows you to have a firm handhold 
when stepping back onto the ladder from the roof. Each ladder rung 
is about 1 foot apart, so when you’re setting the ladder up, make sure 
three rungs extend past the roof’s edge.
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 ✓ Secure the top and bottom of the ladder to properly protect everyone 
who’s using it. You can stake the ladder to the ground or attach it to 
the building with a strap. Another method is to have a person hold the 
bottom of the ladder when anyone is climbing up or down (this option 
isn’t always realistic though, so staking should be your first choice).

  If the working surface allows, you can drive a metal stake into the 
ground and attach the bottom of the ladder to the stake. With this 
method, the first person up straps the ladder to the building by taking 
a proper nylon strap wrapped around a ladder rung and then attaching 
the strap directly to the building with a method that’s appropriate for 
the building material (wood screw, masonry bolt, or metal screw).

Figure 15-1 illustrates the proper ladder setup.

 

Figure 15-1: 
The right 

way to set 
up a ladder.

 

3 feet

4:1
(rise:run)

Raising the Issue of Rooftop Safety
Probably one of the most dangerous places you’ll work is the one you’ll have 
to get on regularly — a rooftop. As soon as you set foot on a roof, you’re fully 
exposed to the elements. You’ll also likely be working with others and need-
ing to navigate around multiple obstacles — all while properly installing the 
PV system. On top of all that, you must remember that you’re performing 
electrical and mechanical work up there — as if one of the two wasn’t 
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dangerous enough by itself. In the following sections, I introduce you to some 
of the major safety considerations associated with working on a roof.

Restraining yourself with fall protection
Fall protection is mandated whenever you’re doing work where the potential 
to fall is more than 6 feet — work that includes installing a PV system on a 
rooftop. For PV installations, fall protection consists of a fall-arrest harness 
that keeps you from free-falling more than 6 feet or coming into contact with 
the next level down (see Figure 15-2a). The harness has a ring on the back 
that a safety line attaches to; the other end of the line is anchored to the roof 
(check out Figure 15-2b).

 You can find multiple anchoring systems for various roof types. Some are 
intended for installation beneath the roofing material and become a perma-
nent fixture of the roof (however, they’re only visible from the roof’s surface), 
whereas others can be removed and reused on future jobs. Numerous safety 
shops and suppliers can help train you on the proper applications and methods 
for using the equipment. Just do an Internet search for “construction safety 
equipment” or look in your local Yellow Pages to find a number of suppliers.

 Fall protection at job sites has received a lot of attention and is especially 
scrutinized by OSHA thanks to the number of work-related injuries that have 
happened due to falls. OSHA inspectors visit job sites to confirm that all 
employees are properly trained and using the required PPE, including fall-
protection gear. The fines associated with OSHA violations aren’t minor, so 
proper use of PPE is your best approach (pleading ignorance isn’t an option 
with OSHA). Head to www.osha.gov to find resources that can help you 
determine the requirements you’ll be subjected to.

Storing your tools
 Of course you need to bring numerous tools with you to the roof when you’re 

installing a PV system, but loose tools can be a major accident waiting to 
happen up. Although it’s very courteous for you to yell “Headache!” to your 
buddies on the ground as your drill slides down the roof, it’s more courteous 
if you don’t let the drill fall in the first place. Follow these guidelines:

 ✓ Be careful to lug only the tools you need.

 ✓ Use tool belts that buckle around your waist and have enough storage to 
hold the tools you need on you.

 ✓ Invest in some quality tool bags that have straps and D rings attached 
to them so they can be properly secured. Such tool bags are handy 
because you need numerous tools and components on the roof, but you 
can’t carry them all on your waist.
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Figure 15-2: 
Essential 

fall-
protection 

gear for 
rooftop 

work.
 

a

b
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Maintaining safe walkways
In many areas of the United States, walkways (clear space along the edges 
of PV arrays) are now required along the perimeter of any PV array. This 
requirement is primarily for the safety of firefighters, but it has the added 
benefit of helping ensure your safety. A firefighter may never need to use the 
walkway, but you probably will while performing system maintenance.

 Check with the building inspector at the jurisdiction in your client’s area for 
any walkway requirements. If none exist, I suggest accounting for at least 18 
to 24 inches of walkway along a minimum of one edge of the array (but prefer-
ably two for easier access).

Examining Electrical Safety
Electricity is a very real and important safety hazard. I’ve seen too many 
people start working with PV systems and take the attitude that it’s only 
solar and it can’t hurt you like “regular” electricity can. Don’t fall prey to this 
myth. Electricity can injure or kill you regardless of the source. Also, even 
though PV modules start at a low voltage, your job is to wire them up so they 
provide voltages that are higher than standard AC voltages, like the 120/240 
VAC in most homes tied to the grid. If you don’t think these are reasons to 
keep safety in mind at all times, then you’re in for trouble down the road.

When you install, maintain, or fix a PV system, you’re subject to multiple 
electrical risks. In the following sections, I note the general shock hazards to 
watch for and provide safety pointers on working with circuits. (Chapter 17 
has the scoop on how to install all the electrical elements in a PV system.)

Staying aware of general shock hazards
 You should always be aware of the potential for being shocked when work-

ing with electrical equipment. You should also keep in mind that when you’re 
working with PV systems, multiple sources of power are present — that 
equals numerous hazard possibilities. Here are the major shock hazards you 
need to think about at all times:

 ✓ Power tools and extension cords: Inspect this equipment before using it 
and immediately replace any tools or cords that appear damaged. In par-
ticular, make sure all the equipment and cords are properly grounded. 
Never use a cord that has a missing or damaged grounding connection. 
If you do, you’ll raise your chances of getting shocked.

 ✓ PV modules: These babies don’t have on/off switches. When you take 
a module out of the box and expose it to sunlight, it’ll start sending out 
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current if given the proper path. To avoid being shocked, always plug 
in the PV source circuits last (see Chapter 18) and wear high-voltage 
gloves when you put your hands in a box to make any electrical 
measurements.

  Currents as low as 100 milliamps (0.100 A) can disrupt the heart’s 
normal functions. The PV modules you’ll be working with will have indi-
vidual outputs of 5 to 10 amps — enough to cause serious injury and 
even death.

 ✓ AC circuits: These circuits pose their own electrical hazards. You’ll 
probably need to make connections inside the main distribution panel 
(MDP) or subpanel. If power is present in these panels, you run the risk 
of touching conductors (wires) that’ll send current running through your 
body. When you need to work inside the MDP or a subpanel, turn off 
the power to ensure you aren’t exposed to any dangers. The loads in 
the panels will shut off, but your client should be willing to reset a few 
clocks in exchange for guaranteeing your safety.

 ✓ Rooftop dangers: The majority of PV arrays are installed on the tops of 
homes and offices, so odds are good you’ll be working on rooftops when 
installing your PV system designs. Pay special attention to the presence 
of overhead power lines and always look up before setting up and work-
ing on your ladders. Speaking of ladders, avoid using ones that are made 
of conductive materials; instead, invest in a properly rated fiberglass 
ladder. (I cover ladder and roof safety earlier in this chapter.)

Working with circuits
Working on the different circuits in a PV system exposes you to a special set 
of electrical hazards. Why, you ask? Because PV circuits can never be turned 
off, and the AC power provides yet another shock hazard. This simple fact 
means that voltage (and the shock hazards that come along with it) is a con-
stant presence. So be smart about your approach when dealing with circuits 
of any kind and never let your guard down. Also, take some time to review 
the guidelines that I provide in the next sections for making connections and 
disconnections in a system.

Following a specific order of connection
You can keep yourself fairly protected during the initial system installation 
process by being careful to make the electrical connections systematically and 
in a particular order so as to keep the voltage contained and away from you.

 First things first when you start installing any PV system: Make sure all the dis-
connects and overcurrent protection devices (either circuit breakers or fuses) 
you install are in the off position. This check keeps any circuits from becoming 
unintentionally connected during the installation process.
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As you install the PV array (that’s the PV source circuit in electrical terms), 
you generally want to make the series connections as you mount the mod-
ules. If the system contains a roof-mounted array that consists of multiple 
strings, you may have to make the series connections as the modules are 
attached to the rack because you’ll have limited access to the PV wiring as 
the other modules are installed (the modules will be only a few inches off the 
roof surface, and the wiring may be blocked by additional rows of modules). 
Almost all PV modules now come with quick-connect plugs that allow for 
series connections to aid the installer in wiring the modules in series strings.

You can make these series connections safely as you mount the modules, 
but the final connections require special consideration. Imagine a row of ten 
PV modules, each one wired in series with the next. The positive connector 
of the first module is connected to the negative connector of the second, the 
positive of the second is connected to the negative of the third, and so on. As 
soon as this string is mounted and wired as a single series string, you have 
a negative wire connected to nothing on the first module and a positive wire 
connected to nothing on the tenth module. To get those two connections to 
the combiner box or junction box, you must install a home-run cable. This 
cable has a quick-connect plug on one end so you can connect it to the quick-
connect plug on the module. The opposite end of the cable is bare so you can 
place it inside the combiner box or junction box and connect it to the proper 
terminal.

When connecting the home-run cables, work from the combiner box or junc-
tion box back toward the PV array. Connect the bare conductor to the proper 
terminal inside the box before connecting the quick-connect end to the 
module. This will help keep you safe and minimize your exposure to shock.

 To make sure all the conductors in the system are safe, you should only make 
this home-run connection at the module when you’re ready to commission 
(turn on) the system — which is after everything else has been installed and 
wired (see Chapter 18). If you do this, all the other conductors on the PV side 
of the system won’t be energized during installation, which means you can 
work safely inside all the combiners, disconnects, and inverters.

 For all the other PV-side circuits you install in a PV system (specifically, the 
PV output circuits and inverter input circuits), use the same general process. 
Start wiring at the end of the system that’s not hot (meaning there’s no volt-
age present) and work toward the portion of the system that has the voltage 
source (either from the inverter toward the grid in a grid-direct system or 
from the inverter toward the battery bank in a battery-based system). Always 
turn off breakers and disconnects inside distribution panels so you can get 
your hands inside the boxes without exposing yourself to danger.

Working on the AC circuit
In both grid-direct and battery-based systems, the AC circuit you must work 
with is the inverter output circuit (although you can have more than one of 
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these circuits if the system you’ve designed calls for multiple inverters). The 
exact final connection point for the AC circuit varies with the system type, 
but the safety considerations are universal. You want to make sure that any 
panels — main distribution or sub — you’re working in don’t have any power 
present. (You can do so by performing the same locking and tagging proce-
dure I describe in the next section.)

 You can also buy special lock kits that are designed to go over circuit breakers 
and let you verify that no one will turn on the breaker behind you and apply 
power to a panel you thought was “dead.”

Disconnecting properly
All PV systems have at least one AC and one DC disconnect that can be used 
to stop any current flow. Before conducting even minor maintenance or trou-
bleshooting work on PV systems that are operating and producing power, 
check that all the associated disconnects are turned off.

 If you ever need to expose yourself to the circuits of a PV system (whether it’s 
operating or not) to conduct checks or perform routine maintenance, take it 
slow and think your steps through before opening the boxes. If you have to 
work on an inverter or troubleshoot a PV array, your first step should be to 
approach the system and turn off all the power sources to that equipment. 
This means the AC and DC disconnects for a grid-direct system and the gen-
erator and/or utility, battery, and PV circuits for battery-based systems.

Regardless of the system type, your next step is to lock and tag out (place 
identification tags on) the disconnects so no one can come up behind you 
and flip the switches back on. The lock prevents anyone other than the key-
holder (you) from turning on the system. The tag (which is attached to the 
lock) lets people know that the system shouldn’t be turned on and provides 
your contact information so people can contact you if necessary. Figure 15-3 
shows an example of a locked and tagged DC disconnect.

 After you’ve turned off and locked all the disconnects, go back to your truck 
and have some coffee. Not thirsty? Check your e-mail instead. Whatever you 
do doesn’t matter as long as you take a few moments to step away. Sure, you 
may feel like jumping right into the next task, but every inverter and charge 
controller used in a PV system has capacitors inside it. What’s more — those 
capacitors do a pretty good job of holding onto the voltage that was applied to 
them for a few minutes. So even if you’ve turned off the disconnects, voltage 
can still be present on both sides of the DC disconnect. (In fact, your discon-
nects should be labeled per National Electrical Code® [NEC®] requirements that 
such a hazard exists. However, you may one day have to work on someone 
else’s installation. In this case, you can’t trust that the system has the proper 
labeling, so your best bet is to work smart.)
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Figure 15-3: 
A locked 

and tagged 
disconnect.
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 Even though you’ve used the disconnects to shut off the current flow from 
the PV array and inverter, the array is still producing voltage. Consequently, 
all the PV circuits that are ahead of the disconnecting means will still be hot. 
Never disconnect at the following spots:

 ✓ If you’ve been called to troubleshoot a PV array, or if you see something 
you want to quickly change on the roof, it can be tempting to grab that 
home-run cable I describe in the previous section and simply unplug 
it to disconnect the array. However, you should never disconnect the 
modules in this location while the modules are under load (meaning 
current is flowing from the modules to the batteries or inverter). This 
point is so important to remember that the connectors on the backs of 
the modules are marked “Do not disconnect under load.” If you were to 
pull these connectors apart under load, you’d be lucky if you could walk 
away from the situation and describe the sight and sound of the arc you 
pulled.

 ✓ Another tempting place to disconnect the PV strings is inside a com-
biner box, using the small fuse holders installed to pull the fuse out and 
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break the circuit. These fuse holders, like the module connectors, aren’t 
meant to break the circuit under load. If you try to do this anyway, you’ll 
pull an arc that can sustain itself until the sun goes away, which can 
create not only a shock hazard to you but also a fire hazard because the 
plastic fuse holder could catch fire.

 When you’re in a situation where something isn’t right, take your time and 
examine what you’re getting yourself into before blindly touching and pulling 
wires, opening fuse holders, or pulling apart module connectors. Check for 
the presence of current and voltage by using your digital multimeter the way I 
describe in Chapter 3. By making these checks before pulling out the fuses or 
pulling apart the PV module connectors, you ensure that you aren’t needlessly 
placing yourself in harm’s way.

Charging Ahead with Battery Safety
In addition to presenting electrical hazards, batteries also present chemical 
reaction hazards because they’re just heavy plastic containers of acid. Even 
getting them on-site and in place presents its own set of problems. Before 
you jump into working on batteries, check them over to make sure there 
aren’t any cracks in the case or problems with the posts (like loose fittings).

The first thing people think of when I mention batteries and safety is a fault 
situation, which is when the positive terminal of a battery is in direct contact 
with the negative terminal of the same battery thanks to the presence of a 
metal object lying across both terminals. When a fault situation occurs, the 
chemicals inside the battery can easily move electrons from one side to the 
other, creating very high currents. (I’m sure you’ve heard at least one story 
of your buddy’s grandpa who dropped a wrench across the terminals of a 
battery and welded the wrench to the battery. Although this story is proba-
bly repeated and embellished more than any fishing story, it serves as a very 
real and important reminder of one of the dangers of working with batteries.)

 When installing batteries, you have to use the right tools and maintain a sharp 
awareness of what you’re doing to eliminate (or at least greatly reduce your 
exposure to) that risk. Make sure all the tools you use in battery installations 
are properly insulated to minimize the potential of shorting the batteries. 
(Even though electrical tape is amazing, wrapping the handle of your wrench 
with it doesn’t count.) Tools with two layers of plastic coating are perfect.

You also have to take special care when handling batteries because the vast 
majority of them contain lead and sulfuric acid. Protect yourself from the 
hazard of chemical reactions with the right personal protective equipment 
(PPE). I explain the PPE you should have in the earlier “Getting a Grip on 
General Construction Site Safety” section, but you may also want to invest in 
an apron to avoid tiny holes in all of your clothes from the battery acid.
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 In addition to wearing the right PPE, be sure to remove any and all jewelry you 
have on whenever you’re working near batteries. I once witnessed the results 
of a wedding ring completing a battery circuit. Luckily, the finger (and the 
person attached to it) survived. The ring, on the other hand, was cut off and 
resembled a high school art project more than a wedding ring.

Batteries used in PV systems are generally very large and heavy. Always 
use proper lifting techniques and move the batteries carefully. Most batter-
ies have carrying handles on the top, but that doesn’t mean you should try 
moving them yourself. I suggest grabbing a partner to help you move these 
beasts around. With two people involved, you save yourself from back pain 
and also avoid the potential of spilling any acid out the top (it’s easier to 
gently lift and set down batteries with two people).
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Chapter 16

Assembling the Mechanical Parts
In This Chapter
▶ Taking stock of the racking options available for PV arrays

▶ Loading up the roof

▶ Sealing the roof before you attach an array

▶ Keeping the array on the ground with the right support

For many people moving into the field of PV system design and instal-
lation, the electrical side of the installation process is a little different 

from their current knowledge base but close enough to what they know that 
they can pick up that part of the process rather quickly. The mechanical side, 
on the other hand, can be very overwhelming for a number of people; the 
idea of going onto someone’s roof, drilling a hole in it, and then being held 
responsible for any future issues is a bit much for some folks. Yet in order to 
be successful in the PV world, you have to feel comfortable with the mechani-
cal aspects of the job. Why? Because the reality of PV installations is that 
there’s just as much — and often more — detail involved in the structural 
and mechanical components of a PV system (in other words, the mounting of 
a PV array and all that goes with it) as there is in the electrical components.

Not to worry, though. The mechanical aspect may pose a challenge or two 
early on, but you can get the hang of it and have well-installed PV systems. In 
this chapter, I show you the major racking options for use on roofs or out in 
fields. I also get you familiar with some calculations you need to make when 
considering the effects of a PV array on a building, all the way from the dead 
loads imposed by the array to the live loads that’ll be changing constantly. 
Finally, I introduce you to some of the latest methods for properly sealing the 
holes you inevitably have to drill into someone’s roof as you attach the array, 
and I explain options for supporting ground and top-of-pole mounting.

23_598931-ch16.indd   27923_598931-ch16.indd   279 8/2/10   10:52 AM8/2/10   10:52 AM



280 Part IV: Installing a PV System 

Surveying PV Array Mounting Methods
During the site assessment that I describe in Chapter 5, you have to identify 
where the PV array will be mounted. The location you choose generally dic-
tates the type of mounting structure you must use. Multiple options exist for 
each racking type, which is why I spend the next several sections reviewing 
the major racking solutions available for your installations. Note: Although 
the general concepts for the major racking manufacturers are the same, the 
execution during installation varies, so be sure to read and follow the manu-
facturer’s instructions when installing a racking system. You should also 
use stainless steel hardware to match aluminum racking systems so that the 
materials don’t deteriorate over time.

 Keep in mind that you can use a commercially available racking system and 
modify it for your specific application. For example, some PV pros have used 
a racking system designed for ground-mounted arrays to mount a PV array as 
an awning on the side of a building. You need to work in conjunction with the 
racking manufacturer on such projects, though, because it may need to evalu-
ate applications other than the designed installation.

Sticking with store-bought racking for a while
When you know what the racking solutions 
are and what the components consist of, you 
may be tempted to make your own racking. 
However, I strongly encourage you not to. 
Fashioning your own racking may seem simple 
on the surface, but when you dive into the 
details, it often proves otherwise. Commercial 
racking systems have been fully designed and 
engineered to meet the criteria for the specific 
environment in which the array will be installed. 
Not only that, but the manufacturers supply 
information regarding the proper methods for 
attaching the rack to the structure (or ground) 
to meet various wind loading requirements and 
to stay within the limits of the racking material 

itself. When you use your own racking mate-
rial, you have to verify that the materials you’re 
using and how you’re installing them meet 
building code requirements.

Find a commercially available racking system 
and use it for at least a year or two. When 
you’re first getting started, you don’t need to 
add another level of difficulty to your already 
tough job. After you feel like you really know 
the ins and outs of installations, then you can 
revisit the homemade rack idea. You may have 
great ideas on ways to improve the rack you’ve 
been using after you get some time in with that 
system.
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Roof mounting
The most popular place to locate a PV array is on the roof of a building, espe-
cially in grid-direct systems. In many situations, the roof may be the only 
option for mounting a PV array. My own house is a perfect example of this. 
Thanks to a small lot, neighbors’ trees, and historic-district limitations, the 
roof was my only option for mounting my PV array.

The roof of a home or office building has a number of advantages when it 
comes to mounting a PV system:

 ✓ It generally has the best access to the solar resource.

 ✓ A roof-mounted PV array allows you to use otherwise “unused” space 
and save the yard space.

 ✓ It’s in close proximity to the existing electrical system, helping to reduce 
the overall cost.

 ✓ Roof-mounted installation has a minimal effect on a site.

 Of course, the roof isn’t always the absolute best location for a PV array. Here 
are some of the disadvantages of putting a PV array on top of a building:

 ✓ The array’s orientation is dictated by the building.

 ✓ The modules operate hotter (therefore less efficiently) due to their prox-
imity to the roof.

 ✓ The array’s size may be limited due to the available area.

 ✓ When the roof needs replacing, the array will also need to be removed 
(the roof should be in good condition to begin with so this won’t need to 
happen for more than 15 years).

 ✓ The array may be fairly inaccessible, in which case snow and ice can’t 
be cleared from it.

 ✓ Roof penetrations (the holes you need to make to mount the array on the 
roof) lead to potential roof leaks. (I discuss the best methods for sealing 
holes in the later “Sealing roof penetrations with flashing” section.)

In the following sections, I break down roof mounting into three categories: 
flush-to-roof racking, tilt-up racking, and ballasted racking.

Flush-to-roof racking
For residential PV installations, the most popular method of attaching mod-
ules to a roof is a flush-to-roof racking system. As the name implies, this rack-
ing system places the modules parallel and very close to the roof’s surface 
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(see Figure 16-1). This racking system results in an array that’s aesthetically 
pleasing and minimizes the effects of wind loading, the uplift effects of wind 
on the back of an array and building. (Note: Flush-to-roof racking isn’t as pop-
ular for commercial applications because it isn’t well suited for the flat roofs 
that are commonly used on commercial buildings.)

 

Figure 16-1: 
Flush-to-

roof racking.
 

 Despite the vast number of commercially available flush-to-roof racking sys-
tems, each one with its own unique features, all of these systems function the 
same way. A basic flush-to-roof racking system consists of

 ✓ Footings for holding the entire system to the roof

 ✓ Rails to support the modules

 ✓ Clamps that hold the modules to the rails

The manufacturers of flush-to-roof racking systems offer several footing 
options so you can raise the array off of the roof’s surface anywhere from 4 
to 10 inches. The standard offering is a short foot that keeps the array very 
close to the roof’s surface. (Another option: posts that can be installed and 
sealed from leaks with the help of standard roofing products.) After you 
secure the footings to the roof, you can install the rails in preparation for the 
modules.

The components that really make the flush-to-roof racking system a winner 
are the manufacturer-provided, top-down mounting clamps. As you can 
imagine, if you place a PV module flush to the roof with limited access to the 
back of it, the easiest way to secure it to the rail system is from the top of the 
module (not the mounting holes at the bottom of the module).

Top-down mounting clamps work in conjunction with the rail system sup-
porting the modules. When the module is on the rail and in place, the top-
down clamps are placed on the edge of the module and then tightened to the 
nut or bolt inside the rail system. (Because the attachment method occurs 
from the top side of the modules, this mounting system is also sometimes 
referred to as top-down mounting.)
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 When working with roof-mounted systems in residential applications, many 
PV installers are tempted to overcome the less-than-ideal orientation by tilting 
the array off of the roof’s surface, resulting in an array that points closer to 
the optimum location. Tilting the array results in more racking parts because 
you need legs to raise the racking system off of the roof surface. I encourage 
you to avoid installing PV systems in this manner for two reasons:

 ✓ Aesthetics: Although I think a PV system is a beautiful sight, not every-
one shares that opinion. If you install a PV system that’s the structural 
equivalent of Frankenstein (and people do), the message to many folks 
is this: See how ugly solar is? That bad reputation doesn’t help promote 
the cause of solar energy.

 ✓ Structure: Tilting up arrays on residential roofs requires increased engi-
neering to ensure the arrays stay put. This additional engineering costs 
more upfront, particularly in the materials used (the additional rack 
pieces and increased number of footings) and the amount of time you 
have to spend on the job site. Usually this added cost isn’t made up for 
by increased energy production, which means all the effort you put into 
changing the array’s orientation (and all the client’s money!) actually 
has a negative effect on the array’s financial value.

Taking care when mounting an array on a metal roof
Thanks to their long life spans, light weights, 
and limited maintenance requirements, metal 
roofs, particularly the standing-seam variety, 
are the preferable roofing choice for many 
people. Standing-seam metal roofs have seams 
in them every 16 inches that stick straight up 
to provide the sheeting with some rigidity. 
These seams also give you a point where you 
can attach a special clamp called the S-5! 
clamp. (The manufacturer [S-5!] makes clamps 
that fit nearly any standing-seam profile and 
even offers specific clamping options for PV 
systems.)

When you’re trying to mount an array on a 
metal roof with standing seams, be sure to keep 
the following points in mind:

 ✓ The metal sheets are designed so they can 
expand and contract along the roof as tem-
peratures vary. If you don’t know where 
these expansion and contraction points 

are in the roof, you run the risk of placing 
your PV array right on top of them and not 
allowing the roof to function as it should. 
This can cause major damage to the roof 
through buckling of the sheeting.

 ✓ Another point of warning is how the metal 
sheeting is attached to the roof. Most roof-
ers don’t expect anything to go on top of the 
metal roof. Consequently, they install the 
metal sheets using the minimum number 
of attachments required. But if you add PV 
modules on top of that roof and use S-5! 
clamps to hold the array down, now the 
only thing holding the roof and the PV array 
to the structure are the attachments origi-
nally made by the roofer. Tip: Try to work 
with the original roofer to make sure the PV 
array and metal roof will stay in place in the 
face of large windstorms.
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Tilt-up rack mounting
Another common way to mount PV arrays to roofs is with a tilt-up rack 
mounting system. This is generally the same type of system used in ground-
mounting applications (which I touch on later in this chapter); it’s merely 
adjusted for rooftops.

In the preceding section on flush-to-roof racking, I tell you not to tilt the array 
off the roof’s surface. So what makes me change my tune here? The simple 
fact is that tilt-up systems make the most sense when the PV array will be 
mounted on “flat” roofs. (Technically, the term flat roof isn’t accurate; such a 
roof should be called a low-pitch roof, but flat is an accepted term.) Because 
of the lack of a built-in tilt, the racks have to be tilted up to increase energy 
production.

To keep the manufacturing costs to a minimum, many racking manufacturers 
modify their flush-to-roof racking systems to accomplish the tilt-up feature. 
The rack is secured to the roof with the same type of footings, and the mod-
ules are supported with the same rails; however, the backs of the modules 
are tilted off of the roof surface with a piece of aluminum that allows the 
array to be tilted at the desired angle. Many manufacturers have telescoping 
legs that allow the installer to choose from a range of tilt angles (and even 
allow for seasonal adjustments in the array tilt).

 When you’re dealing with a tilt-up mounting system, sealing any roof penetra-
tions is extremely important because water doesn’t flow off a low-pitch roof as 
fast as it does on a sloped roof. In order to maintain the building owner’s roof-
ing warranty, you have to use a sealing method that’s appropriate for the roof-
ing material (see the later “Sealing roof penetrations with flashing” section for 
details). Most roofing manufacturers also require that roofers in their network 
are the ones doing this work in order to make sure the work is done properly 
and without opening anyone up to potential liabilities. Therefore, when work-
ing on a low-pitch roof that requires penetrations, I strongly suggest you enlist 
the services of a proper roofer who can help you with the work and maintain 
any roofing warranties. Start by working with the building owner to find the 
original roofer. If that doesn’t work, you can contact local roofing contractors 
to see who can do the work and maintain the warranty for the roof you’re 
working on.

 Rooftop arrays that use tilt-up racks must be spaced so that they don’t create 
shading from one array to the next. You determine the proper layout during 
the design process (described in Chapters 11 and 12). You can use either trig-
onometry or a drawing program to determine the minimum amount of space 
needed between the rows.

Ballasted racking
Because of the overwhelming desire to keep water out of buildings, many 
people, both PV pros and building owners, like to use ballasted racking 
systems on flat roofs instead of penetrating the roofs and attaching tilt-up 
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racking systems. Ballast racks use the weight of the array and additional 
weight (generally concrete blocks) to keep the array in place; otherwise, 
they’re built just like tilt-up racking.

 In addition to the row spacing I mention in the preceding section, here are a 
few considerations you need to make before using ballasted racking systems:

 ✓ Increased weight on top of the roof: Because of the extra weight ballast 
racking puts on a roof, you must have a structural engineer evaluate the 
system. The customer generally pays for this expense, and it adds time 
on the front end of the design process.

 ✓ Limited array tilt: Because the weight of the system must hold every-
thing down, you may have to reduce the array tilt to keep the wind uplift 
to a minimum so the system doesn’t blow away.

 ✓ Potential water damming: You need to allow rainwater to flow to the 
designated drains easily. If you block water paths, you may accidentally 
create a situation where water can leak into the building.

 ✓ Roof layout has to avoid peaks and valleys: When you use a ballasted 
system, the rack is in direct contact with the roof, so it can’t cross 
any peak or valley (which is tough considering no roof is truly flat). 
Consequently, you need to account for all the roof features during your 
site survey and be very accurate when documenting them.

Ground mounting
When your client has sufficient space on his property, a ground-mounted PV 
array is a terrific first option for any PV system type (grid-direct or battery-
based). Ground-mounted systems avoid most of the disadvantages of the 
roof-mounted systems mentioned earlier. They can typically be oriented in 
whatever direction you need to maximize system performance. Sometimes you 
may need to follow a property line; other times you may have to avoid shading 
issues. Yet more often than not, you have some freedom in selecting where to 
place the array. Ground mounting also lets you avoid issues that can arise with 
roof penetrations and allows for easier access during maintenance.

 Another advantage of ground-mounted systems is the fact that they operate 
at a cooler temperature than arrays mounted on rooftops, slightly increasing 
the array’s power output. And as I show you in Chapter 6, the cooler an array 
operates, the more power you can get from the modules.

Ground-mounted racking systems, like the one shown in Figure 16-2, are often 
identical to tilt-up racking systems except in how the racks are held down. In 
ground-mounted systems, either concrete-encased poles or ground screws 
are common (more on these methods in “Supporting Ground and Top-of-Pole 
Mounting” later in this chapter). However, some racking manufacturers allow 
you to support the rails from the bottom up with a system known as bottom-up 
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rails. With bottom-up rails, the rail sections have predrilled holes that match 
up to the holes on the bottoms of the module frames. To secure the modules 
on the rack, you just use a nut and bolt assembly. In racks that have plenty of 
access on the backside of the array, the bottom-up system may be preferable 
to top-down mounting so that you don’t have to set up ladders or scaffolding 
to access the front sides of the modules.

 

Figure 16-2: 
Ground 

mounting.
 

 Though ground-mounted PV systems have many advantages, they aren’t with-
out their issues. You need to keep the following in mind when working with 
this mounting option:

 ✓ The footings: Most people are more comfortable digging in the ground 
than drilling holes over where people sleep at night, but you still need to 
dig those holes correctly. I go though the major considerations regard-
ing ground-mounted array footings later in this chapter.

 ✓ The required ground work: Besides the footings, you have to do a fair 
amount of ground work for the electrical portion of the job. Specifically, 
you have to dig a trench from the array location to the inverter and main 
distribution panel location. And because you’re burying electrical wires, 
that wire run and all the components you use must comply with the 
National Electrical Code® (NEC®).

 ✓ The accessibility of the modules: One last consideration is the acces-
sibility of the modules to anyone who wants to approach the system. 
Here’s why you need to think about this point:

 • The NEC® has rules you must follow for any wiring on PV sys-
tems that’s considered readily accessible. The NEC® makes 
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you keep any exposed wiring and connectors out of the reach 
of unqualified people to protect those who may not realize what 
dangers they’re exposing themselves to because they didn’t read 
Chapter 13 of a certain PV design and installation book with a 
pretty black and yellow cover. As far as the NEC® is concerned, 
the easiest way to meet this requirement is to make the wiring and 
connectors not readily accessible. You can do this by fencing in 
the array, placing all the wiring and conduit in raceways, or rais-
ing up the system so the wiring and connectors are no less than 8 
feet from the ground. Each one of these solutions has its own set 
of challenges, so I can’t give you one easy answer. On the positive 
side, racking manufacturers have been developing solutions to use 
in conjunction with their systems to aid PV installers in solving the 
problem of meeting this NEC® regulation.

 • You don’t want thieves to be able to walk away with the array. 
PV modules are valuable items, and some ill-intentioned folks have 
caught on to that. If you place an array in a location where anyone 
can get to it, you and your client should at least consider installing 
some basic antitheft devices. These can be as simple as specialty 
hardware that requires specialized tools to remove or as elaborate 
as camera systems and alarms. I personally like the idea of fences 
with locked gates; this option solves the NEC® problem (see the 
preceding bullet) and helps deter potential thieves.

Top-of-pole mounting
The most iconic (at least in my mind) PV mounting system is the top-of-pole 
array. Arrays mounted on the tops of poles have been used for many years 
now; they’re best for any PV system (grid-direct or battery-based) and can be 
relatively simplistic in design and application.

In top-of-pole systems, a hole is dug in the ground based on the wind loading, 
soil type, and array size. The pole is then set in this hole and surrounded by 
concrete. The racking system itself is a bottom-up system (described in the 
preceding section), which means you can set up scaffolding underneath the 
array location and have full access to the bottom of the array. Figure 16-3 
shows a typical top-of-pole racking system.

As with ground-mounted systems, top-of-pole arrays operate at cooler tem-
peratures, allowing for increased power levels. In addition, top-of-pole arrays 
give you complete freedom in determining the array tilt and orientation. 
Why? Because the racking system is connected to the pole at a single spot, 
which means you can point the array in any direction and pick (or even sea-
sonally adjust) the array tilt to increase the array’s energy yield.
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Figure 16-3: 
Top-of-pole 

mounting.
 

 Top-of-pole arrays also open up the possibility of using a tracking system. 
Tracking PV arrays have the ability to track the sun from east to west each 
day and make small adjustments daily to account for the changes in the sun’s 
altitude angle. Tracking systems can help increase the overall energy output 
of an array, but they do introduce a moving part into your PV array where 
there wasn’t one before. So deciding whether or not to include a tracker 
requires some analysis on your part.

 PV arrays mounted atop poles require a fair amount of ground work that 
includes setting the pole and trenching the conductors (wires) back to the 
rest of the power system. They also require you to find a way to safely 
elevate yourself when installing them. The easiest way is to use scaffolding 
set up around the base of the pole. The scaffolding allows you to move freely 
beneath the array and provides you with full access to the racking system.

When shopping for top-of-pole mounts, be aware that your options may be 
limited by the overall square footage of PV modules that can be installed on 
a single pole. The exact power rating of an array mounted on a single pole 
varies with your PV module selection, but the maximum size is approxi-
mately 3.6 kW for any one pole. This value means that you must either install 
multiple poles or investigate other mounting solutions if you’re working with 
larger arrays. If you’re installing multiple pole mounts, be sure to accurately 
account for shading between the two poles. After all, it can be quite frustrat-
ing to take the time required to install two or more pole mounts only to see 
one shading another.
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As for mounting the PV array, the same rules that apply to ground mounting 
also apply for top-of-pole mounts, at least in terms of conductor and connec-
tor accessibility. Although with pole mounts, raising the modules above the 
8-foot mark to make them inaccessible (in the eyes of the NEC®, anyway) can 
be easier.

 Another consideration to make in terms of the pole and array height is the 
amount of snow received at the site. When calculating the array height, keep 
in mind that if any snow accumulates on the array, as soon as the sun comes 
out, the dark PV modules will warm up, and the snow will begin to slide off. 
This means that you need to have the bottom edge of the array high enough 
above the ground so the snow can slide off completely. If you don’t, the snow 
will build up and block the PV array’s solar access, causing energy production 
to be greatly reduced or even eliminated and a lot of weight to be added to the 
bottom half of the array.

Building-integrated mounting
One type of PV mounting that gets a lot of attention is the one that incorpo-
rates the PV modules directly into the building materials (instead of simply 
placing the modules on top of a roof). This is known as building integrated 
photovoltaics (or BIPV for short). BIPV isn’t as popular as the other rack-
ing methods I mention earlier in this chapter, but it’s gaining more traction. 
BIPV can take many different forms and use any PV module technology 
(either crystalline or thin film; see Chapter 6 for details). Systems have been 
installed where the roofing material is a PV array and where the PV array was 
integrated into the curtain walls installed along the face of the building. Some 
of the most well-known BIPV products are those that are installed into either 
a new or existing roof, not necessarily replacing the roof but rather becoming 
part of the roof.

 BIPV is best suited for new construction. Although it’s mainly used in grid-
direct systems, it can also be used in battery-based systems. For residen-
tial applications, PV manufacturers are producing small modules that are 
intended for installation on roofs that’ll also use tile or concrete shingles. The 
modules are manufactured in the same dimensions as standard roofing prod-
ucts so they can be installed in the appropriate location and then surrounded 
by the traditional roofing tiles. (If you’re considering installing one of these 
products, you need to evaluate the wiring methods you’ll have to use and con-
tact the manufacturer for specific installation requirements.) The end result 
is a roof that now produces electricity. Because the PV modules become part 
of the roofing system in building-integrated mounting, you can see why this is 
difficult to do if the roof already exists.
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BIPV can also be used on flat commercial roofs that use a membrane roof. 
The manufacturer takes up to six individual modules (each module is approx-
imately 15 inches wide by 16 feet long) and incorporates them into a large 
membrane sheet (which is made of the same material as the existing roof). 
These modules on the now-large (approximately 10 feet wide by 20 feet long) 
sheet are all wired together, leaving you with one very large module. These 
large sheets can then be placed on a flat roof and “welded” to the roof using 
standard roofing practices, thereby creating a lightweight PV array that’s 
fully integrated into the existing roof.

 BIPV does have some downsides, as you can see from the following:

 ✓ Because BIPV isn’t as common as any of the racking systems used with 
traditional framed modules, a BIPV system can be more expensive. Part of 
that cost increase is due to the material itself. Another part of the added 
cost is the required coordination of different building trades. For example: 
If the array is part of the window glazing, you need to closely coordinate 
all the individuals responsible for each part of the installation.

 ✓ Because BIPV is part of the building, the PV array (usually, anyway) isn’t 
facing the optimum orientation. For a flat roof, for example, the PV array 
isn’t tilted up at all; you therefore have to accept system losses due to 
this lack of tilting. On top of those losses, you must also consider how 
dirty the array will become over time. Flat roofs aren’t clean locations, 
and even in very wet climates, they don’t get washed off very well. Have 
your client plan to monitor the array’s energy output and get up on the 
roof periodically to clean it.

Considering Loading When You 
Mount an Array on a Roof

Every time you want to attach a PV array to a structure, you need to look 
at the effect the array will have on the building as a whole. The last thing 
you want is for the building to fail because you didn’t consider the loading 
(the addition of weight to the roof) and the existing structure. The type and 
amount of loading depends on the roof-mounting system you choose to use 
and where the array is placed on the roof. For example, a flush-to-roof system 
that stays a few feet in from a roof’s edges will have greatly reduced wind 
loading effects compared to a tilt-up array mounted near the peak of a roof.

As a PV system designer and installer, you must follow various building 
codes while designing and installing any roof-mounted arrays. The sections 
that follow review those codes and some common loading calculations you 
need to perform when designing a PV system with a roof-mounted array. 
(Note: In the following sections, loads and loading don’t refer to the electrical 
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loads discussed elsewhere in this book; instead, they refer to structural 
considerations.)

Following building codes
The jurisdiction (the city or county) you’re working in has a set of building 
codes that it uses as a guideline for how much weight can be placed on a 
roof. The basis for the building codes in most locations in the United States 
is the International Building Code (IBC). The IBC contains multiple references 
to the American Society of Civil Engineers’ (ASCE) publication titled Minimum 
Design Loads for Buildings and Other Structures (ASCE 7-05).

 Just like jurisdictions can follow the NEC® as much as they want, the IBC is 
merely a guideline. Many jurisdictions have additional requirements beyond 
the requirements listed in the IBC. To find out the exact requirements where 
you’re working, talk with the inspectors and someone in the local building 
department’s permit office.

Accounting for additional dead load
Additional dead load is the weight of the PV modules and all the associated 
racking materials installed on the roof. For most homes built in the last 30 
years, the addition of a PV system is well within the structural limitations 
required. However, if you’re dealing with homes built prior to the 1970s, as 
well as homes built in locations where building codes took a little longer to 
be adopted, you should enlist the help of a structural engineer to verify that 
the roof framing can support a PV array. (Note: Even in relatively old homes, 
you can often spend a little time adding the proper amount of support. My 
home was built in 1929, which meant it wasn’t ready for PV. I had to add 
some additional bracing to support the existing rafters, but doing so didn’t 
require any major efforts.) Finding a structural engineer familiar with PV sys-
tems is nice but not an absolute requirement. When it comes down to it, the 
structural engineer doesn’t care too much about what the equipment on the 
roof is; she just wants to make sure all the loads are accounted for. You can 
generally find some good engineers to work with by asking some of the local 
general contractors who they use regularly.

 When you look solely at the additional dead load of a PV system, the weight 
is generally close to 3 to 4 pounds per square foot. As long as this dead load 
value (which is the overall array and racking weight divided by the square 
footage of the array) is less than 5 pounds per square foot, you’re okay. Under 
normal conditions, this amount of weight is so far below the requirements for 
modern building codes that it rarely causes any issues.

 Here’s an interesting fact to keep in mind: The 3-to-4-pounds-per-square-foot 
weight is less than the weight associated with adding a second layer of compo-
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sition asphalt shingles, which is a standard allowance in roof load calcula-
tions. So if your client’s roofing material is one that allows for multiple layers 
(like composition asphalt) and there’s just a single layer of roofing material 
present, then adding a PV array will be less of a load than another layer of 
shingles. In other words, you should be just fine.

In addition, by placing a PV array on the roof of a home, you’re removing the 
areas where people can walk on the roof — a live load that all roof systems 
account for (I explain live loads in the next section). By removing the possi-
bility of people walking on the roof (at least in the section where the PV array 
is), you can exchange the new dead load for that live load consideration. 
Doing so allows you to install flush-to-roof-mounted PV arrays on roofs that 
may not have allowances for the addition of future roofing materials on top of 
existing ones. (Note that ballasted and tilt-up racking systems still need addi-
tional considerations due to the added weight and wind loading.)

Although the overall additional dead load for a PV array is relatively small, 
the issue for many building departments is that you’re taking that distrib-
uted weight and transferring it to a few points, making the building handle 
additional point loading (transferring the weight of a distributed area to a 
single location). What many jurisdictions want to see is a minimum number 
of attachment points to help distribute the additional weight of a PV array 
over a number of roof-framing members. For flush-to-roof systems, the most 
common way jurisdictions calculate the minimum number of attachments 
required is to take the gross weight of the PV array (including the modules, 
racking, and any other material installed on the roof) and divide that by the 
number of proposed attachments. If the amount of weight per attachment 
exceeds a specific value (generally 45 pounds per attachment), the jurisdic-
tion may require additional roof penetrations to help distribute the weight or 
an engineering review of the roof’s structural members. Ballasted and tilt-up 
racking systems need an engineering review anyway to make sure the point 
loading doesn’t exceed the roofing structure’s capabilities.

 The numbers presented here work fairly well across the United States, but 
of course you can’t have a single answer for all places. Locations such as 
hurricane-prone Florida and earthquake-prone California may have additional 
requirements, which is why you need to talk with the city or county’s building 
department and make sure you design your system to its requirements.

 Also, as soon as you start looking at installing a PV array on a commercial 
building, you can’t make any assumptions. During the design process, engi-
neers commonly specify materials and methods that are code minimum, mean-
ing there may not be any additional structural capabilities in the building to 
support a PV array. Consult with a structural engineer early in the process 
to verify whether the building can physically handle a PV array. I’ve been 
involved in projects where the sales process went too far before an engineer 
revealed that the building was below code requirements without any PV and 
that adding anything to the roof would be a disaster.
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Looking at live loads
Any load that isn’t constant (like the weight of the array is) is considered a 
live load. Live-load specifications vary for every location and jurisdiction. 
Because you’re most concerned with record weather events, the live-load 
specifications may seem extreme for 99.9 percent of the time, but you need 
the array and building to stay put 100 percent of the time. In the following 
sections, I point out several live-load considerations you must make.

Wind loading
The amount of wind loading your array is exposed to is highly dependent 
on the array’s location. You can find a map of the United States in the IBC 
(Figure 1609 if you really want to look it up) that shows the basic wind 
speeds for use in designs; you can also visit www.windspeedbyzip.com for 
wind-speed data. The best way to find out the wind speeds in your client’s 
location and make sure you use the exact numbers that the jurisdiction bases 
its calculation on is to ask the building department what it uses. The IBC uses 
multiple variables in defining the basic wind speed, including the characteris-
tics of the surrounding terrain and the building height.

 Your client’s exact wind loading is important to look at because it affects your 
choice of the appropriate array location and mounting method. If you want or 
need to place the client’s PV array close to the edge of a building, the array 
will likely need additional fastening to the roof (through extra penetrations or 
extra ballast material) due to the increased wind loading at the roof’s edge. 
The IBC helps you go through the calculations, but it doesn’t take you through 
them step by step. A great resource to walk you through the entire process is 
the February/March 2010 issue of SolarPro magazine, available for download at 
solarprofessional.com. If you still feel uncertain about the calculations, 
consult a structural engineer to verify the design.

Snow loading
Snow loading can be one of the most difficult live loads to predict and 
account for in your design. For flush-to-roof systems, the snow loading on a 
building should’ve been taken into account with the original building design; 
the addition of a PV array should therefore have little impact, meaning you 
don’t need to design for any additional snow loading when you’re dealing 
with a modern roof (one constructed within the past 30 years).

For rooftop arrays mounted with tilt-up racking, snow tends to drift and 
accumulate around the backs of modules (where they’re raised), creating 
increased point loading on the roof. This extra point loading can last for 
months in some locations — not a good thing. In addition to this drift, as 
snow accumulates on the tops of modules, it slides off the faces of the mod-
ules to the roof’s surface as soon as the sun comes out, creating even more 
point loading. With these systems, you need to work with a professional engi-
neer to make sure the racking system and building will hold up during the 
times when the snowdrifts occur.
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Because ballasted systems are also tilted up, they’re subject to the same 
snowdrift problems. However, these systems may pose even more problems 
due to the extra weight holding the array down to begin with. Not to beat a 
dead horse, but this situation is where a structural engineer earns her keep.

 For all PV systems, you should also think about where the snow is going to 
go when it begins to melt. Snow-covered PV arrays still heat up very quickly, 
which means all that snow can slide right off them in a flash, posing a risk to 
anyone standing below the modules. If you’re installing a PV array in a snowy 
area, try to keep the array away from the edge of the roof, or install snow 
guards to reduce the risk of personal injury due to falling snow chunks.

Seismic loading
Section 1613 of the IBC insists you account for seismic loading, which is the 
pressure exerted on an array during an earthquake. Any racking system that 
has a positive attachment method (one that penetrates the roof), such as 
flush-to-roof mounting and tilt-up mounting, generally meets these require-
ments. If you’re using a ballasted racking system, you may need to address 
additional considerations as required by the local jurisdiction and the IBC.

Properly Attaching an Array to a Roof
Whenever you’re going to attach a PV array to a roof, you need to make sure 
that the attachment method is appropriate, that it’ll hold correctly, and that 
you aren’t allowing water to enter the building. In the next sections, I intro-
duce you to the hardware used for making the connection and the options 
available to you for proper weather sealing.

Making attachments with lag screws
Attaching flush-to-roof and tilt-up racking requires you to penetrate your cli-
ent’s roof — in other words, you have to drill holes; there’s no way around it 
(unless of course you opt for a ballasted racking, as described earlier in this 
chapter). The most common way of attaching either type of racking to a roof 
is with a lag screw that’s connected directly to a roof-framing member, which 
is either an engineered truss or a roof rafter.

Another very common method for attaching a lag screw is to get inside the 
attic space and attach a 2-x-4 or 2-x-6 wood block between two of the roof-
framing members at the location where you want to make the roof penetra-
tion. This technique lets you create roof penetrations at the exact location 
you want, regardless of the roof-framing location. Another benefit is that the 
point loading you’re creating on the roof system is now being distributed to 
two rafters or trusses rather than just one. This second method is preferable 
because its added strength allows you to avoid the roof framing.
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 The exact dimensions of a lag screw are often determined for you based on 
the racking manufacturer’s requirements and the wind loading considerations 
for your client’s location (I cover wind loading earlier in this chapter). 
However, this fact doesn’t mean you shouldn’t verify the lag screw’s ability to 
keep the racking system attached to the roof. Lag screws are characterized by 
their pullout strength in various types of wood by the number of pounds per 
embedded inch they can withstand. For example, a 5⁄16-inch lag screw (a 
common diameter for roof penetrations) has a pullout strength of 266 pounds 
per inch in Douglas fir. Because you usually won’t know what the exact type of 
wood a client’s roof is made of, I suggest you assume a wood type of spruce/
pine/fir. This wood type has the lowest pullout strength (205 pounds per inch 
for a 5⁄16-inch lag screw) in order to cover all possibilities. You may be required 
to produce this information for the local jurisdiction, so be sure to have an 
idea of the pullout strength ahead of time.

When installing lag screws, you first need to drill a pilot hole that’s 60 to 75 
percent of the lag screw’s diameter. Because the lag screw will follow the 
path your pilot hole drills, make sure the hole is perpendicular to the roof 
framing by using a rafter angle square (also known as a Speed Square) beside 
your drill. If the pilot hole isn’t square, the lag screw won’t be able to set 
fully, and the roof penetration may begin to leak after a few years.

If required by the local jurisdiction, you can determine the maximum uplift 
force that’ll be imposed on the array with the help of calculations outlined 
in ASCE 7-05. Using the tables in ASCE 7-05, you can determine the minimum 
required lag screw length. Keep in mind, though, that the lag screw has some 
materials to get through before it actually reaches the roofing member, and 
the tables are based on the lag screw being embedded into that wood. Take 
into account the depth of the footing that the lag screw is going through, the 
roofing material, and the plywood roof decking material when calculating the 
overall lag screw length.

 The calculations to determine the lag screw depth and footing spacing are 
most critical for systems that use tilt-up racking that exposes the array to 
much greater wind loading. Unfortunately, the calculations and all the consid-
erations are beyond the scope of what I can present here, so I suggest either 
teaming up with a structural engineer or doing more research on this subject 
by examining the following sources:

 ✓ International Building Code

 ✓ The North American Board of Certified Energy Practitioners (NABCEP)’s 
study guide for Certified PV Installers

 ✓ SolarPro magazine, specifically the February/March 2010 issue
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Sealing roof penetrations with flashing
Recently, the methods used for sealing roof penetrations have come to the 
front of the PV industry’s collective mind. Why? Because the majority of 
construction-related litigation in the United States is based on water intru-
sion. Given that many business can’t survive a major lawsuit, performing due 
diligence on your sealing methods during every system installation can only 
serve you well in the long run.

I know a lot of PV pros out there have used nothing more than aluminum L 
feet (a piece of aluminum that looks like an L and measures about 3 inches 
in width and height) screwed directly on top of the roofing material with 
just enough roof caulking in between the two to keep the water out (even I’m 
guilty of installing numerous systems like this). I also know that a number of 
installers who use this method don’t see the need to change their methods 
now. Fortunately, you can get off to a good start with the knowledge of how 
to seal a roof penetration the right way.

One very specific IBC requirement you should be aware of is 1503.2, which 
requires that flashing be installed around roof penetrations in order to keep 
moisture out of the building. What’s flashing, you ask? It’s a physical barrier 
that extends past any roof penetration to keep water from reaching the hole 
in the roof. Figure 16-4 shows you a couple examples of flashing.

To meet the IBC code requirement of flashing all roof penetrations, you need 
to use either a post-type footing (which is provided by the racking manu-
facturer) or a block-type mount with integrated flashing (which comes from 
either the racking manufacturer or an independent third-party company). I 
describe these types of flashing in more detail in the following sections.

 

Figure 16-4: 
Different 
types of 
flashing.

 a b
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Post-type footings
The post-type of roof penetration, shown in Figure 16-4a, is a great flashing 
option, especially when you’re installing a PV array on a brand-new roof or 
on a building that’s getting reroofed. It’s ideal for these scenarios because 
you can set the posts down on the roof before the roofers come in and 
start their work (or in the case of a reroof, after the original roof has been 
removed and before the new one starts to go down). When the roofers show 
up, they can seal the roof as they normally would; they just have to work 
around a bunch of posts. These posts are sealed the same as any other roof 
penetration the roofers deal with every day, so they shouldn’t be new to the 
roofers.

 For the best results, coordinate the placement of post-type footings with the 
roofer beforehand. The last thing you need to do is surprise the roofing crew 
one morning with a roof full of posts that it wasn’t expecting. Trust me, you 
don’t want to wind up on any roofer’s bad list. In fact, why not partner up with 
a good roofer for all of your roof penetrations? Roofers are much more knowl-
edgeable about proper roofing techniques and materials, and the roofer’s job 
will be easier and higher quality in the end, so the relationship will be mutu-
ally beneficial.

 You can install post-type footing on an existing roof for use with either flush-
to-roof or tilt-up racking systems, but this is more difficult and typically 
requires you to cut into the existing roofing material for each post. Doing so is 
very time-consuming when you’re up there on a hot (or cold) roof.

Block-type mounts with integrated flashing
The block-type mount, or flashed penetration, shown in Figure 16-4b is 
another option for flush-to-roof and tilt-up racking systems. It’s good for use 
in new construction or on existing roofs, and you can find a number of differ-
ent options available for just about every roofing material used today.

Block-type mounts with integrated flashing are constructed with a mount-
ing block attached to the top of the flashing material to prevent water from 
penetrating the flashing. To install this flashing on a roof, take the flashing 
and slide it up underneath the existing roofing material so that the top part 
of the flashing is under the two rows or shingles directly above the roof pen-
etration, keeping water from reaching the hole in the roof. You can then mark 
the hole location and drill a hole in that spot. Place a small amount of roof-
ing caulking to seal the hole you drilled and insert a lag screw through the 
integrated block (be sure to tighten it into the roof-framing member). Your 
first few block-type mounts may take some time to get the hang of, but before 
your first row of footings is set, you’ll have the process down. A great tool to 
invest in is a roofing pry bar, which helps you set the flashings properly with-
out tearing the roof apart in the process.
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 Different variations of this flashed penetration are available for nearly every 
type of roof covering (composition asphalt, wood shake, and tiles). They’re all 
more expensive initially than simply attaching an L foot directly to the roof 
deck, but I consider them cheap insurance against bigger problems and the 
proper way to make the connection as defined by building codes.

Supporting Ground and 
Top-of-Pole Mounting

For PV arrays atop ground and top-of-pole mounts, you need to think about 
how you’re going to secure the racking system into the ground. Often you 
can work directly with the racking manufacturer to help determine the speci-
fications for the foundations. Many of them have engineered their systems 
and can share that information with you. They’re generally willing to dictate 
the diameter and depth of the hole(s), as well as the required spacing for 
ground-mount systems. (Spacing considerations need your attention only 
when multiple poles are going in the same area. Top-of-pole mounts use just 
a single pole.)

 For locations that have difficult soil conditions (such as bedrock close to 
the surface or very sandy soil), or if you want to raise the array higher than 
standard heights, you may need to have a geotechnical engineer evaluate the 
design to determine whether any additional reinforcements are needed. I sug-
gest you find someone who’s familiar with the local conditions by searching 
the Yellow Pages or talking with general contractors in the area.

The most common material used for the vertical pole support is steel tubing. 
The sizes range from 2 inches all the way to 8 inches in diameter, depending 
on the exact racking method.

 When installing ground-mounted systems, site preparation is vital. The reason 
ground mounts need extra attention over top-of-pole mounts is that without 
the proper preparation, a ground-mounted array can quickly become cock-
eyed during installation. Even a small 1⁄8-inch deviation in the beginning can 
have huge effects just 50 feet down the line. The most accurate way to prepare 
the site for a ground-mounted system is to spend some time with a surveyor’s 
transit and leveling tool. Doing so helps you mark the coordinates for all the 
footings you need to install and ensure that they’re in a straight line.

You have two options for securing the posts into the ground via the footing:

 ✓ Historically, the most common method is to dig an appropriately sized 
hole, place the pipe in the hole, and fill in the remainder with concrete. 
This is a very effective and secure method, but it can be rather labor 
intensive. In order to do it right, you need to place the pole in the 
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ground accurately and then secure the pipe in a vertical position so that 
when you pour the concrete, the pipes stay in place. (For detailed top-
of-pole installation steps, check out issues 108 and 109 of Home Power 
magazine, available at homepower.com.)

 ✓ Another method that’s gaining popularity is the use of helical piers. 
These systems essentially drill the pipe into the ground. The pipes have 
blades along their bottoms that make them look like a very large screw. 
They’re screwed into the ground with the help of a tractorlike vehicle 
that has a special attachment installed for drilling the piers into the 
ground. These systems don’t require any digging or concrete, but they 
do call for specialized equipment and expertise if you want to install the 
piers accurately. (Note: At this time, helical-pier systems are limited to 
ground mounts because the piers aren’t large enough for most top-of-
pole installations.)
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Chapter 17

Integrating the Electrical Elements
In This Chapter
▶ Placing electrical equipment in the right spots

▶ Reviewing some wiring basics

▶ Examining the two components of grounding

▶ Connecting to the grid

After you analyze your client’s site, specify the equipment needed for 
either a grid-direct or battery-based system, size all the components, and 

assemble the mechanical parts (as I explain in Chapter 16), you need to install 
the electrical elements of the system safely and according to National Electrical 
Code® (NEC®) requirements. To do so, you have to know Code references as 
they pertain to PV systems specifically and electrical systems generally.

The electrical portion of PV installations tends to be highly scrutinized by 
inspectors and Code officials (such as plan reviewers in the building depart-
ment) reviewing projects. In addition, many inspectors have now seen 
enough PV systems to know what to look for and can identify problem spots 
(see Chapter 18 for the full scoop on the inspection process).

In this chapter, I dive into some Code-related topics to know during your 
installations. I cover equipment locations, wiring, grounding considerations, 
and the requirements you’re responsible for when connecting to the utility.

Location Is Everything: Knowing Where 
to Place Electrical Equipment

As you install a PV system, you’re bound to find a number of potential places 
to locate the (many!) different pieces of electrical equipment. Your charge is 
to evaluate the different possible locations and decide on the best spot. This 
spot must be compliant with the NEC®, adhere to the manufacturers’ require-
ments, and make sense for the system owner and his situation. The following 
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sections focus on the Code requirements for the electrical equipment loca-
tions, specifically making sure the equipment is properly rated and grouped 
together to allow for maintenance and emergency shutdown.

 You must evaluate the site-specific requirements on a per-job basis.

Manufacturers’ requirements for 
equipment locations
A statement found early in the NEC® — Article 110.3(B), to be exact — man-
dates that all equipment must be installed and used in accordance with any 
instructions for that equipment. Consequently, to be compliant with the 
Code, you must install all electrical equipment according to the various man-
ufacturers’ instructions. So if the installation manual says you can install the 
equipment only on even-numbered days and you install it on an odd-
numbered day, you’re in violation of the Code. Granted, that’s a silly exam-
ple, but it illustrates the importance of knowing a manufacturer’s require-
ments. I’ve seen installations that failed inspection because the inverters 
weren’t spaced properly according to manufacturer instructions; in each 
case, the inspector demanded that the misplaced inverters be moved.

 Avoid placing any electrical equipment in direct sunlight (with the exception 
of the PV modules, of course; I explain how to install the modules in Chapter 
16). For the inverters, this is good practice because an inverter’s ability to 
produce power is reduced as it grows hotter. Equipment such as overcurrent 
protection devices (OCPDs) are also affected by increased temperatures (you 
may need to derate them per the manufacturer’s instructions if the tempera-
tures get too high). Other equipment, such as disconnects and combiner boxes 
(boxes that place all the PV strings in parallel), may not normally be nega-
tively affected by high temperatures, but when in direct sunlight for multiple 
hours each day, the labels you use on them may degrade with time and be 
difficult to read. For conduit runs, you may not be able to avoid locations in 
direct sunlight. If this is the case, make sure the conduit is properly rated for 
outdoor installation by referring to the manufacturer’s spec sheet.

 Any electrical component you install with electrical terminations inside 
of it can be called an enclosure (some examples include disconnects, com-
biner boxes, and inverters). Make sure you know the National Electrical 
Manufacturers Association (NEMA) enclosure ratings before installing any 
electrical equipment in a PV system because the NEMA rating of the enclo-
sures you install affects where the equipment can be installed. The most com-
monly seen NEMA enclosure ratings for PV equipment are

 ✓ NEMA 1, indoor installations only: This enclosure offers no protection 
from dust or water entry. (Nearly every battery-based inverter is rated 
NEMA 1 — in fact, I can’t think of any exceptions.)
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 ✓ NEMA 3R, outdoor installation, typically on a vertical surface only: 
This enclosure type offers protection from falling rain. (Most grid-direct 
inverters — but not all — have at least a NEMA 3R rating.)

  The reason I specify vertical surfaces for NEMA 3R enclosures is due 
to the listing process. When manufacturers have their equipment tested, 
the standard for NEMA 3R is that the equipment is mounted on a verti-
cal wall. Therefore, unless specifically stated otherwise, you can install 
enclosures rated at NEMA 3R only in the vertical position. It can be 
tempting to install a NEMA 3R enclosure on a roof at the same angle as 
the roof (I’ve even seen this done), but the problem is that the enclosure 
wasn’t designed for that application. If installed on the same angle as the 
roof, it may not be able to properly protect the electrical connections 
inside from rain and ice.

 ✓ NEMA 4, outdoor installations on horizontal or vertical surfaces: 
These enclosures can withstand direct spray from a hose and splashing 
water.

Locations for disconnecting means
When I refer to disconnecting means, I mean that, in the most generic sense, 
you need to install disconnects such that when you go to work on an 
inverter, you can safely disconnect both the AC and DC sides of the inverter 
from all sources of power with approved methods at the inverter location.

 The NEC® requires the PV disconnecting means be installed in a readily 
accessible location, either on the outside of the building or after it enters the 
building, at the nearest point of entry. But placing the disconnecting means 
properly can be a difficult task within most PV systems because many PV 
output circuits (which run from the combiner box to the DC disconnect) enter 
a building up at the roof location, and no “readily accessible” location exists 
up there for placing a disconnect either inside or outside of the building. 
Thankfully, an exception applies to this Code section that refers you to Article 
690.31(E). It allows you to install the PV source circuit or PV output circuit 
inside a building without first installing a disconnect so long as the conductors 
(wires) are inside metallic conduit until they reach the disconnect.

 Most grid-direct inverter manufacturers now include a disconnect switch 
that can be integrated into their inverters, allowing you to disconnect the DC 
power source right at the inverter (and sometimes even the AC power source 
with the same switch). These disconnects are a separate piece that mates 
to the inverter during installation. The inverter can then be removed safely, 
leaving the disconnect on the wall and allowing for the installation of a new 
inverter. (See Chapter 10 for more on disconnects integrated into inverters.)
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Many inverters that include an integrated disconnect make provisions for the 
installer to also use the disconnect as a combiner box. This means you can 
bring down multiple PV source circuits from the roof to the combiner/discon-
nect and place them all in parallel at the inverter location. In fact, the 2011 
version of the NEC® will require a disconnecting means at the point of PV 
source circuits placed in parallel. Using the integrated combiner/disconnects 
from the manufacturer can help you easily meet this requirement.

 For those inverters that don’t have an integrated disconnect, you need to 
install AC and DC disconnects at the inverter location. This process involves 
mounting at least one disconnect next to the inverter to disconnect the PV 
source circuits. If the inverter is installed at the main distribution panel 
(MDP), the circuit breaker used to make the connection to the utility can 
serve as the AC disconnecting means. If, however, the inverter is mounted at a 
location other than the MDP, you must install an additional AC disconnect at 
the inverter location. If the inverter and AC disconnect happen to be located 
at the utility meter location, you may satisfy both the NEC®’s and the utility’s 
requirements for disconnects with the same disconnect (you find out more 
details about utility disconnects later in this chapter).

The NEC® also says that a disconnect “shall not be required at the PV array 
location,” which means that for ground- and pole-mounted arrays (see 
Chapter 16), you can run PV source circuits without installing a disconnect 
at the array. However, most PV installers consider it a best practice to install 
a disconnect there because doing so provides you with an easy place to dis-
connect the PV circuits. (Besides, when the 2011 version of the NEC® is avail-
able, you’ll need a disconnect if you combine the circuits at the array.)

Combiner boxes and junction 
boxes and wiring, oh my!
Making the transition from module conductors in free air to the conductors 
you run through the client’s building (or underground) to the disconnect-
ing means has to happen in some sort of enclosure, either a combiner box 
or a junction box. (A junction box is an enclosure that looks very similar to 
a combiner box on the outside. Inside, it uses terminals to transition the PV 
source circuit wires [USE-2 or PV wire; see Chapter 10] to the building wiring 
[THWN-2]. These terminals don’t place any conductors in parallel though, so 
you have the same number of conductors entering and leaving the junction 
box.) This enclosure typically lives at the array location, thereby reducing 
the length the exposed conductors have to run.
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 Until your client’s jurisdiction is using the 2011 version of the NEC®, you don’t 
have to have a disconnecting means adjacent to a combiner box. So if you 
want, you can install a combiner box at the array location and bring a single 
PV output circuit down to the inverter. Generally, however, running the indi-
vidual strings to the inverter and using a combiner box at the inverter location 
is considered a safer method. If that’s the method you choose to use, then you 
must still incorporate a junction box at the array location to transition the out-
door wiring to indoor wiring that you can run in conduit.

 Make sure the junction or combiner box you choose has the proper NEMA 
ratings for the environment you install it in (see the earlier section titled 
“Manufacturers’ requirements for equipment locations” for details). Also, you 
may need to consider the heat effects on the fuses if you decide to mount a 
combiner box on a rooftop or in a location where the temperatures will be 
greater than the manufacturers’ ratings (see Chapter 13 for more on this).

Working on Wiring
The actual act of wiring up a PV system isn’t all that complicated if you’ve 
taken the time to plan for and set up your installation. Of course, this doesn’t 
mean the process is without its own set of issues and difficulties. In the sec-
tions that follow, I point out some of the installation-specific details you need 
to keep in mind. (If you’re curious about the different types of conductors 
and conduit that are typically used in PV installations, head to Chapter 10; for 
the how-to on sizing conductors and conduit, see Chapter 13.)

Seeing red (and green and 
white): Color-coding
When it comes to wiring PV systems, one of the most common mistakes I’ve 
seen is someone mixing up the color of the conductors used. The NEC® has 
a very specific set of requirements for color-coding based on the function of 
the conductor in the circuit.

 The NEC® requires the following color-coding for wiring in PV systems:

 ✓ Equipment-grounding conductors (EGC) must be green, green with 
yellow stripes, or bare wire.

 ✓ Grounded (or neutral) current-carrying conductors must be white 
or gray.

 ✓ Ungrounded (or hot) current-carrying conductors can be any color 
other than those mentioned for equipment-grounding and grounded 
conductors. However, the most common colors are black and red.
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To help you remember what colors of conductor go where, think of the 
120/240 VAC wiring system in your home. When you look at the wires coming 
into the outlets around your house, you have one black wire, one white wire, 
and one bare copper wire (which is sometimes green instead). The black wire 
is the one that’s connected to the circuit breaker in the MDP or subpanel, the 
white wire is connected to the neutral busbar, and the bare (or green) wire 
is connected to the ground busbar. (In that same MDP, the neutral busbar is 
connected directly to the ground busbar.)

If you look at a 240 VAC load, like your electric clothes dryer, you see a red 
wire in there too. In this case, the red wire and the black wire are connected 
to a two-pole circuit breaker. In this wiring scheme, the black and red wires 
are known as the ungrounded (or hot) current-carrying conductors, and the 
white wires are known as the grounded (or neutral) current-carrying conduc-
tors. The bare or green wires are the equipment-grounding conductors; they 
don’t carry current in properly installed and operating circuits.

So what does all of this mean to your PV system? As you well know, a PV 
module has two conductors on the back of it. As with all DC circuits, one side 
is positive (marked with a plus sign), and the other is negative (marked with a 
minus sign). Because DC electricity flows in a single direction (see Chapter 3 
for more on DC electricity), the designation of the positive and negative sides, 
or polarity, is important to start with. Although all the PV module conductors 
are marked positive and negative, the best way to define the different parts of 
the PV circuits really isn’t with the terms positive, negative, and ground. This 
terminology isn’t incorrect, but you can do better. Most people associate red 
wires with the term positive and black wires with the term negative. When you 
install a PV system, you’re going to have a positive and a negative conductor, 
but one of those conductors will be connected to ground (just like the neutral 
conductor is in the MDP at your house).

 If you can get yourself into the habit now, remove the words positive, negative, 
and ground from your vocabulary and start referring to them as the grounded 
current-carrying conductors, ungrounded current-carrying conductors, and 
equipment-grounding conductors. This way you can easily follow the color-
coding required by the NEC®.

 ✓ For a PV system that has the negative connected to ground across 
the ground fault protection (GFP) device, the negative becomes the 
grounded current-carrying conductor (just like the neutral in the AC 
system) and is white or gray. (Chapter 10 has more info on ground fault 
protection.)

 ✓ The positive is the ungrounded current-carrying conductor (just like the 
hot conductor on the AC side) and can be either red or black. I suggest 
using red rather than black because even though you may have ban-
ished the word positive and its association with red wiring in DC systems 
from your consciousness, you may be the only person in the jurisdiction 
who has done so. If someone comes up behind you, opens up a box, 
and sees a red, white, and bare (or green) wire, that person (assuming 
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he knows the wiring is for a DC system) will probably associate the red 
with positive. He may still have to think about the white wire, but you’ve 
done your best to help him out.

 ✓ As in all electrical systems, the equipment-grounding conductors are 
green, green with yellow, or bare copper. This standard is consistent 
with all the wiring on the AC side.

Managing wires on PV modules
The quick-connect plugs installed on the backs of PV modules are a sort of 
double-edged sword. On one hand, they greatly reduce the amount of time 
you have to spend making module interconnections (the electrical connection 
from module to module). On the other hand, they introduce an issue that 
wasn’t present before: the need for wire management on the backs of the 
modules. Before the quick-connects, the wiring was most commonly done by 
connecting conduit from one module to the next. Although this task was time 
consuming, it automatically protected and managed the wires. Nowadays, 
most modules can’t accept conduit because the electrical boxes integrated 
onto the modules have no way to accept conduit connections. Consequently, 
you have to find other ways to keep the conductors safe and secure.

 The point of wire management is to provide a safe and reliable method of 
keeping the conductors in place for the life of the PV system. When installed 
correctly, that system should last more than 25 years, which means you need 
to protect the conductors from damage from all the elements, especially 
damage that may be caused if the conductors are blowing around in the wind, 
in contact with the roof surface, or being pulled down as snow and ice melt 
along the backs of the modules.

You can use a couple different methods to secure the exposed conductors 
running along the backs of the modules:

 ✓ Specially designed clips: Multiple companies manufacture specially 
designed clips that you attach to the PV module and then snap the con-
ductors into. You can buy these cable clips in different sizes to accom-
modate different wire types (such as USE-2 or PV wire; see Chapter 10 
for more on these conductors).

 ✓ Plastic cable ties: Also called zip ties, plastic cable ties are very easy to 
use and commonly available, but I don’t like to rely on them. You can 
buy plastic cable ties that are UV-resistant (usually the black ones), 
but I’ve seen these so-called UV-resistant ties fail in just a few years of 
being out in the sun. Even though most plastic cable ties aren’t in direct 
sunlight, I just don’t trust them to last more than 25 years. I suggest pur-
chasing stainless steel cable ties with nylon coating instead.
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 A combination of cable ties and cable clips is generally your best bet for long-
term reliability.

Protecting wires with conduit
Chapter 3 of the NEC®, “Wiring Methods and Materials,” specifies the require-
ments for properly protecting conductors with conduit. In the earlier 
“Locations for disconnecting means” section, I note the need for metallic con-
duit for some roof-mounted PV arrays. Another common approach is to use 
PVC conduit for underground and exposed outdoor locations. (See Chapter 
10 for an overview of the common conduit types and acceptable locations; 
refer to Chapter 13 for details on conduit sizing.)

Regardless of the type of conduit used or the type of circuit (AC or DC), you 
and a partner can pull conductors through conduit the same way. When pull-
ing the conductors, use fish tape (a stiff, yet flexible, metal “rope”) and push 
it from one end of the conduit to the opposite end. After it appears on the 
other end, tape your conductors to it and pull the fish tape and conductors 
through the conduit.

 I also suggest pulling a nylon string through the conduit along with the con-
ductors. If you ever need to pull any new conductors through the conduit, the 
nylon string serves as the fish tape, saving you the hassle of trying to push 
more fish tape through a conduit that already has conductors inside it.

 If you want extra help getting the conductors into your conduit, you can buy 
lubricant, affectionately called slime, to help slide the conductors through the 
conduit. Slime is cheap and helpful anytime you have to pull the conductors.

Bonding Yourself to Grounding
Grounding is the most confusing, debatable, and fun topic in the PV world. 
In fact, grounding is so much fun that the pages in my copy of the NEC® that 
deal with PV grounding are falling out because I spend so much time flipping 
them back and forth in sheer joy.

 There are two distinct components to grounding: equipment grounding and 
system grounding. These components have some common features, but they 
also have different installation requirements. So when you’re thinking about 
grounding, be sure to think about which component of it you’re considering.

 ✓ Equipment grounding is the act of connecting the pieces of equipment 
together electrically.

 ✓ System grounding is the act of connecting the equipment to the conduc-
tors buried in the ground.
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The information I present in the following sections is designed to get you 
familiar with the components of grounding and help you understand the dif-
ferences between equipment and system grounding. Entire books have been 
dedicated to these topics, so I don’t expect to make you an expert on the 
subject here. However, after reading these sections, you should be able to 
properly address the grounding issues you’ll face most of the time.

Equipment grounding
The point of equipment grounding is to make sure all the electrically con-
ductive materials are kept at the same voltage potential as ground. So if a 
conductor accidentally touches any equipment (a disconnect or PV module, 
for example), the current has a low resistance path to ground, allowing the 
safety equipment to activate and reducing (but not eliminating — never 
forget that) shock hazards to anyone who may touch that piece of equip-
ment. The equipment-grounding conductor (EGC) runs right alongside the 
other conductors in the PV circuits, as described in Chapter 10.

 The NEC® specifically calls out that “exposed non-current-carrying metal parts 
of module frames, equipment, and conductor enclosures shall be grounded.” 
The requirement to ground this equipment is present for all PV systems, 
regardless of the system voltage, which means you must always install equip-
ment grounding for your PV installations.

In the following sections, I show you how to make these connections as well 
as how to size them properly.

Making the equipment ground connection
To properly ground all the conductive pieces of equipment, you need to 
install what’s known as an equipment-grounding conductor (EGC). The NEC® 
defines an EGC as “the conductive path installed to connect normally non-
current-carrying metal parts of equipment together and to the system-
grounded conductor or to the grounding-electrode conductor, or both.” (I 
cover the system-grounded and grounding-electrode conductors in the later 
“System grounding” section.) In short, this verbiage means you need to con-
nect all of those metal pieces of equipment together and then connect that 
mass of metal to the system ground.

For items such as combiner boxes, disconnects, charge controllers, inverters, 
and any metallic box holding electrical equipment (such as the battery box), 
the easiest way to install an EGC is with a properly sized conductor that’s 
connected to a ground lug inside the boxes. (A lug is a device that allows you 
to terminate a conductor connection.) All equipment manufacturers have a 
very specific location and type of lug that you can use to connect the ground, 
so if a ground lug isn’t in the box, buy the lug specified by the manufacturer.
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Using a conductor to connect each module together can be a difficult task. 
PV modules often have a place on their frames that’s intended for an EGC; 
usually this spot is in the middle of the long edge of the frame. The problem 
is that manufacturers often don’t supply hardware for you to actually make 
the connection. And to make the situation even worse, a module’s instruc-
tions generally give you little (if any) direction on how to connect an EGC.

This lack of clear guidelines has caused PV installers to seek outside help 
with connecting modules. Currently, two methods are used (see Figure 17-1):

 ✓ Ground lug: By attaching a ground lug that’s rated for outdoor use (and 
direct burial) to the back of each module and connecting a conductor to 
each lug in the array (see Figure 17-1a), you can place the lug at the loca-
tion provided by the manufacturer (although this location may not be in 
a convenient place based on your chosen mounting method). However, 
attaching ground lugs is a time-consuming and detailed process.

 ✓ Grounding clip: By placing a specific grounding clip between the 
module and the racking system, you can bond the modules to the mount-
ing rails (in other words, you can establish electrical continuity). A 
grounding clip pierces both the module and the racking system at the 
same time, bonding the two together (see Figure 17-1b) and allowing you 
to use the mounting rails as the EGC, eliminating the need to run wire all 
along the back of the array. You need to connect all the rails together to 
maintain a continuous grounding path, but you can do this pretty easily 
before installing any of the modules. After all the modules have been 
installed and bonded to the rails, you can connect a single EGC to one 
of the rails and bring it into the junction box (or combiner box) with the 
grounded and ungrounded current-carrying conductors from the array.

  Using grounding clips isn’t as labor intensive as using ground lugs, but 
it isn’t a foolproof method. You absolutely have to make sure that you 
place the grounding clips in the appropriate locations (as specified 
by the manufacturer of the grounding clips you’re using) and that the 
grounding clips are engaged properly (meaning they’re in full contact 
with the module and rack). If you install grounding clips incorrectly, 
then the module won’t be properly bonded to the rail. Also, grounding 
clips are only rated for a single use. So if you tighten them to the rail and 
then want to move something, you must replace them.

 Both the ground lug and grounding clip methods allow you to install a con-
tinuous ground path for the PV modules. Make sure that if any module is ever 
removed from the system, the path to ground for all the other modules isn’t 
interrupted. If you use the lug method, this generally means you have to use a 
continuous conductor. If you use grounding clips, then as long as all the mod-
ules are properly bonded to the rail (which is the path to ground), the ground 
path won’t be removed until the racking system is removed.
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Figure 17-1: 
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Sizing equipment-grounding conductors
An EGC is sized based on the requirements set forth in the NEC®. For PV 
systems, the size is primarily based on the OCPD used in the circuit (I 
explain how to size these devices in Chapter 13). This sizing methodology 
also assumes that a ground fault protection (GFP) device is installed in the 
system. In Article 690.45, the NEC® refers you to a table to determine the size 
of your EGC based on the amperage rating of the OCPD protecting the circuit. 
All you have to do is find the OCPD rating and move across the table to find 
the minimum EGC size required.

 As I explain in Chapter 13, not every PV system requires OCPDs. When dealing 
with one that doesn’t, you must size the EGC by assuming that the OCPD amper-
age rating is equal to the PV-rated short circuit current and using that value in 
the table in Article 690.45 of the NEC®. You can never use an EGC smaller than 
14 AWG, though, regardless of the module’s short circuit current value.

The NEC® has special provisions for PV arrays that are installed in systems 
where no GFP is present. In these scenarios, you must size the EGC to have 
an ampacity rating of at least two times the conditions of use ampacity for 
the current-carrying conductors (I touch on conditions of use in Chapter 13). 
In this scenario, you need to refer to the conductor ampacity tables (NEC® 
Tables 310.16 and 310.17) to find the right size for the EGC. This require-
ment is in place to account for the possibility of current flowing continuously 
through the EGC in a fault condition.

However, most PV systems need to have GFP installed. Luckily for you, all 
grid-direct inverters come standard with GFP built in, and a GFP device is 
easy to integrate into battery-based systems (as I note in Chapter 10).

 When sizing your EGC, you need to consider whether it’ll be subject to physi-
cal damage. If it will, the EGC must either be physically protected (in conduit) 
or be a minimum of 6 AWG. The interpretation of “subject to physical damage” 
may mean something different to you and me. I know of jurisdictions that con-
sider any EGC on the back of an array subject to physical damage, but other 
jurisdiction-powers-that-be may not see it that way and only require the NEC® 
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minimum. The best practice is to size the EGC equal to the current-carrying 
conductors (as a minimum). But to be absolutely safe, call the electrical 
inspector in the jurisdiction where your client is located before installing the 
system. Sure, this phone call may seem like an extra hassle, but just think of 
the time it’d take to remove the wire you originally installed and replace it 
with another if you didn’t call to find out the jurisdiction’s preferred EGC size 
beforehand.

System grounding
 All the EGCs you run will be connected to system grounding. The system 

ground is composed of a grounding electrode (GE) and a grounding-electrode 
conductor (GEC).

 ✓ The GE is the conductive object in direct contact with the earth. It’s 
often a ground rod — a copper rod that has been driven 8 feet into the 
ground (some jurisdictions require two ground rods driven a minimum 
of 6 feet apart and also that the two be bonded together; if you’re adding 
new GEs, make sure you know what the jurisdiction requires).

  Another commonly used grounding electrode is called a Ufer ground. 
This is where the steel reinforcement in the concrete foundation of a 
building is used as the contact with the earth.

 ✓ The GEC is the conductor that connects the grounding electrode (either 
a ground rod or a Ufer ground) to a point where all the other grounded 
conductors can be connected. Typically, this point is a 6 AWG or 4 AWG 
wire that’s connected to the grounding electrode on one end and the 
ground busbar inside the MDP on the other end. (A ground busbar is 
where all the EGCs are terminated; it’s in direct contact with the metal 
MDP enclosure.)

Article 690.47 is the main NEC® reference for PV system-grounding require-
ments; a number of changes were made to this article in the 2008 version of 
the NEC®. I walk you through the commonly accepted and generally approved 
methods for connection and sizing in this section.

Making the system ground connection
For utility-interactive PV systems (either grid-direct or battery-based), the 
PV system grounding is connected to the existing system grounding installed 
for the utility system. You can make this happen in a couple different ways. 
Note: The method you choose depends on the location of your inverter and 
its relation to the existing grounding-electrode system.

Figure 17-2 helps illustrate the two common ways to make the system-
grounding connection in a utility-interactive system:
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 ✓ A ground rod (or two) connected to the inverter system grounding by 
a 6 AWG GEC: Keep in mind that you must connect the existing GE (from 
the utility) to this new grounding-electrode system you just installed. The 
new and existing GEs must be connected together with a GEC that’s the 
same size as the existing GEC from the utility. (See Figure 17-2a.)

 ✓ A GEC that’s run from the inverter to the existing GE: As long as the 
GE from the inverter is continuous and sized based on the NEC® require-
ments (I cover the sizing in the next section), most jurisdictions accept 
this grounding method (shown in Figure 17-2b). You can even use this 
GEC to bond the equipment installed on the AC side of the system as 
it runs through the equipment. You can’t break this GEC, but you can 
crimp EGCs to the GEC inside the equipment to bond the equipment to 
the GEC. This method provides the low-resistance bond to the ground-
ing system that the Code wants you to get.

 

Figure 17-2: 
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For stand-alone, battery-based systems, you must install a brand new GE 
(because there won’t be one from the utility). You then have to connect two 
GECs, one originating from the AC MDP and the other from the DC wiring 
enclosure (where the inverter connects to the battery bank). These GECs will 
be either 6 AWG or 4 AWG, depending on the GE.
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Sizing system grounding
As with the EGC that I describe earlier in this chapter, the GEC must be sized 
based on the requirements as listed in the NEC®. Article 690.47 references 
the grounding Code article to determine the correct size. In short, the GEC 
has to satisfy the requirements for the AC side (Article 250.66) and the DC 
side (Article 250.166). Article 250.66 includes a table to reference, and Article 
250.166 outlines the different possibilities and the requirements for each. For 
utility-interactive systems, whether grid-direct or battery-based, a GEC that 
meets the AC portion of this requirement is already installed by the original 
electrical contractor who installed the electrical system; this GEC has already 
met the Code requirements. Stand-alone, battery-based systems, on the other 
hand, require a new GE and GEC be installed as described in the preceding 
section. In all three system types, the GE is installed as close to the MDP as 
possible. When sizing a GEC to meet the DC portion of the requirement, the 
size should be no smaller than an 8 AWG conductor.

 Of course, the final size of the GEC depends on the location of the GEC and the 
existing GE. For example, if the GEC is going to be exposed to physical damage 
(meaning it’ll be run outside without conduit), it needs to be at least 6 AWG. 
The size of the conductor provides it with some physical protection. If you 
can run the GEC from the inverter to the GE without exposing it to damage, 
an 8 AWG GEC for the DC side may suffice. These sizes often work well for resi-
dential and small commercial systems.

Connecting to the Utility
For utility-interactive systems (both grid-direct and battery-based), you need 
to make an interconnection to the utility grid. This interconnection point can 
be accomplished in a variety of ways, but regardless of your point of inter-
connection (or the type of utility-interactive system, for that matter), you 
must meet a number of NEC® requirements. The next sections highlight the 
requirements you’re most likely to encounter on a regular basis and explain 
the different types of interconnections you can make.

Determining the utility’s requirements
Anytime you’re installing a utility-interactive system, the utility will want 
to know that you’re connecting to its grid with a PV system as opposed to 
having a PV system connected to its grid without its knowledge (known 
as guerrilla solar). By now, most utilities in the United States are familiar 
with the process and have some standard paperwork available, typically a 
net-metering agreement. Here are the standard contents your average net-
metering agreement should contain (the agreement in a particular jurisdic-
tion may include additional points):
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 ✓ The system owner agrees to some fundamental equipment requirements 
to ensure the safety of the utility’s workers.

 ✓ The utility outlines how it’ll calculate the energy sent to the utility and 
the amount sent to the home or business (this is generally referred to as 
the true-up period).

 ✓ Special utility-mandated safety requirements are noted. (The number-
one piece of safety equipment required is a visible and lockable discon-
nect, which may be the same disconnect that you install to comply with 
the NEC®; see the earlier “Locations for disconnecting means” section 
for more on this).

 If you’re installing PV systems in a specific utility’s area, I suggest requesting 
a copy of the net-metering agreement before you ever talk to customers. That 
way you know what the utility requires before you even set foot on someone’s 
roof and can be thinking through all those requirements during the site survey 
(which I describe in Chapter 5). Having a list of the utility’s requirements 
ahead of time can help you avoid any surprises (like unplanned disconnects) 
at the end of the job when they’d be very expensive for you to fix. (That’s 
right. You’re on the hook for mistakes like this because it’s your responsibility 
to know the requirements.)

 Many utilities want to see a disconnect they can walk up to 24/7 and disconnect 
the PV system from the utility grid. Figure 17-3 illustrates the common location 
for a utility-required disconnect (which is before the inverter interconnects 
to the utility and next to the existing utility meter). The idea is that if a utility 
worker is working on the lines, the disconnect gives him the ability to discon-
nect the PV array from the grid and eliminate the possibility of being shocked 
(or killed) from a PV system. The reality of the situation is that any properly 
installed inverter will shut down as soon as the utility goes away (see the anti-
islanding discussion in Chapter 9). Some of the largest utilities have eliminated 
or relaxed their requirements, indicating a higher level of comfort with PV tech-
nology and the safety equipment already installed. If the utility you’re working 
with does require the disconnects, you may be able to start a dialogue to elimi-
nate this requirement by doing your research on these other utilities.

Making a load side or line side connection
To meet the NEC® requirements for connecting to the utility, you have to 
refer to NEC® Article 690.64 (if you’re working with the 2011 version of the 
NEC®, it’s Article 705.12). The following sections set the requirements PV 
system installers are held to, depending on the interconnection point: load 
side or line side.

 ✓ In residential applications, you typically achieve an interconnection to 
the utility by placing a circuit breaker inside the MDP and connecting 
the inverter output circuit to that breaker. It’s the easiest method of 
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connecting the inverter because adding a breaker to an MDP is a 
straightforward process. Connecting to the utility this way is known as 
a load side connection because you’re connecting to the load side of the 
main OCPD in the MDP.

 ✓ If adding a breaker to the MDP isn’t an option (because the MDP is full 
or the PV array output is too large), you can make a line side connection, 
which is when you connect the inverter’s output circuit to the utility 
before it reaches the main OCPD in the MDP. This approach is common 
in commercial applications.

 

Figure 17-3: 
A typical 

utility-
required 

disconnect 
location.

 

Utility power

Electric meter

AC disconnect

Main AC panel

Inverter

DC
disconnect

DC power
from PV array

PV array

  If you want (or need) to connect to the line side of the main OCPD, you 
should discuss the options with the local electrical inspector. This 
method requires you to make connections that the inspector may not be 
familiar with, and walking through the options beforehand instead of 
after you’ve installed the system can save you a lot of trouble.

  Note: If you need to interconnect with the utility at this point, you 
should be aware of the following main Code requirements:

 • You need to have a disconnect and OCPD immediately adjacent to 
the point of interconnection. This disconnect should be grouped 
(located) with the other disconnects for the facility.

 • The disconnect should be rated for at least 60 A, and you must 
use a fused disconnect to meet the OCPD requirement. However, 
the fuses can be less than the 60 A specified, based on the inverter 
output current.

24_598931-ch17.indd   31624_598931-ch17.indd   316 8/2/10   10:55 AM8/2/10   10:55 AM
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 • You can’t have more than six disconnects to shut off all the power 
sources. This requirement means that if you’re in a commercial 
facility that has six disconnects already installed, you can’t add a 
seventh one for the PV system; instead, you must find a way to dis-
connect all the power sources with fewer than six switches.

For the more common systems that are installed on the load side of the 
main OCPD, the NEC® has seven different requirements you need to meet. 
Addressing and meeting all seven requirements may seem daunting at first, 
but in reality, all seven requirements are achievable for the majority of your 
installations. I note the requirements in the following sections.

Placing each inverter on its own circuit breaker or disconnect
 Each source interconnection must be made on a dedicated circuit breaker 

(or fusible disconnect). This requirement is in place to ensure that all the 
inverters are connected to their own OCPD. If they are, then they’re protected 
adequately and can be properly isolated.

Using a circuit breaker with the correct rating
The busbars inside the MDP (or subpanel) you connect the circuit breakers 
to have an ampacity rating just like all the conductors in your system. This 
provision in the Code allows the sum of the circuit breakers supplying power 
to the busbar (in other words, the main OCPD from the utility and the PV 
breaker) to exceed the busbar rating by 120 percent.

This means that, for example, you can have an MDP in your home that has a 
busbar rating of 200 A (you can find this information on the label inside the 
main cover) and a main OCPD (main breaker) rating of 200 A (both of these 
are very common ratings for the equipment installed in many homes) and 
still install a PV system on that panel because of the 120-percent rule.

To determine the maximum PV breaker you can put on this MDP, find the 
busbar rating, multiply it by 120 percent, and subtract out the existing main 
OCPD size. For the 200 A busbar and 200 A main OCPD example:

200 A × 120% = 200 A × 1.2 = 240 A

240 A – 200 A = 40 A (the maximum inverter breaker size)

 You can only operate that PV breaker at 80 percent of its rating continuously, 
so the maximum inverter output current is limited to 32 A (40 A × 80%). You 
determine the maximum inverter output current value in Chapter 13.

Working with ground fault protection integrated 
into an overcurrent protection device
If the main OCPD has a ground fault protection (GFP) device built into it 
(which is typical for larger commercial systems but unheard of for residential 
systems and rare for small commercial systems), the main OCPD must be 
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listed for current flowing backward through it. This provision is why line side 
connections are so common for larger commercial systems. Finding a main 
OCPD with integrated GFP listed for current flowing the “wrong” way is a dif-
ficult task to say the least.

Making your mark on panels with multiple power sources
 You have to properly mark any electrical panel (whether MDP or subpanel) 

that has both utility and PV sources to alert any emergency personnel that 
this electrical system has multiple power sources. Also, if you connect the 
inverter to a subpanel, you must place a label on the MDP as well, indicating 
the presence of the PV array and where to find the disconnecting means.

Ensuring that circuit breakers can be backfed
The circuit breakers you use must be suitable for backfeeding (having current 
go to the utility rather than a load). Some circuit breakers only work with 
current flowing from the utility to the load. If you put current the other way 
(from an inverter to the utility), the circuit breakers may not be able to prop-
erly protect the conductors and equipment.

 This backfeeding requirement really only affects you if the circuit breakers 
you want to use are labeled with line and load directly on the breaker. If you 
don’t see these designations, you’re okay.

Understanding that fastening kits aren’t required
Some inspectors have required PV installers to install fastening or “hold-
down” kits for the PV circuit breakers. The thought process behind this man-
date was that if the breaker comes off the MDP busbar, it’ll still be “hot” and 
have the potential to cause shock and fire hazards. Of course, this 
scenario can’t actually happen due to the anti-islanding requirements of 
today’s inverters. A provision can now be found in the Code that specifically 
states that these fastening kits aren’t required.

Locating the protection
The final provision/requirement dictates where the PV circuit breaker is 
installed. If you exceed the busbar rating with the utility and PV breakers 
(which you will 95 percent of the time or more), the PV breaker must be 
installed on the opposite end of the busbar from the utility breaker. Why? 
Because if the currents are flowing in opposite directions, no place on that 
busbar will ever be exposed to more current than its rating allows.

 You also have to label the PV breaker with a warning that no one can ever 
relocate the breaker in the panel. This label’s purpose is to ensure someone 
doesn’t come in behind you and move the breaker without realizing the pos-
sibilities for overloading the busbar.
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Chapter 18

Commissioning, Inspecting, and 
Maintaining a PV System

In This Chapter
▶ Performing a pre-commissioning inspection

▶ Following a commissioning sequence

▶ Having an installed system inspected

▶ Maintaining a PV system

After the PV array and all the associated equipment have been installed, 
the entire system is ready to be checked out and turned on; this start-

up process is officially known as commissioning the system. But before you 
get too excited and start flipping switches, you need to make sure that every-
thing has been installed correctly and that no obvious issues are present that 
can be resolved sooner rather than later. In this chapter, I show you how to 
conduct these preliminary checks and introduce you to the main points for 
commissioning a PV system. When in doubt, consult the equipment manufac-
turers to make sure you aren’t going to cause damage to the equipment (and 
yourself!).

After commissioning, you need to have the local building department send an 
inspector to look over your system; this inspection officially completes the 
system installation process. I delve into inspection issues in this chapter.

PV systems are low-maintenance systems, but they’re not no-maintenance 
systems. Your client must interact with the system, particularly if it’s a 
battery-based one. However, the responsibility of system maintenance isn’t 
your client’s alone. If you can, I suggest including some ongoing maintenance 
(typically an annual check) as part of your installation contract. Performing 
an annual check allows you to catch potential problems early and gives the 
client the benefit of having you review her system each year. I cover mainte-
nance specifics at the end of this chapter.
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 Always keep the main goals of system commissioning, inspection, and mainte-
nance in mind: verifying a quality installation, establishing a safe system, doc-
umenting the array as it has been installed, and ensuring proper long-term 
performance. When you do find problems, don’t be in a hurry to fix them. 
Instead, take small steps to address the problem(s) so you don’t create more 
issues than you originally had.

Making a List and Checking It Twice: 
Preparing for Commissioning

The first step in commissioning (or starting up) a PV system is to spend some 
time upfront making sure the system is installed correctly and safely. In other 
words, you need to inspect your own system (note that this self-inspection is 
separate from the inspection performed by one of the local building depart-
ment’s representatives; see the later “Arming Yourself for Inspection Issues” 
section for more on that). In the following sections, I explain how to inspect 
the electrical and mechanical elements of a PV system before beginning the 
official commissioning process.

 When possible, bring in someone who hasn’t been involved with the actual 
installation to check your work. Someone who has a fresh set of eyes may 
be able to spot a problem that you overlooked. Also, plan to have at least 
one person from your installation crew on hand so she can assist with any 
changes that need to happen immediately.

Mechanical elements? Check!
You need to ensure that the mechanical portion of the system is what you 
expect and that it can keep the array in place. The next sections help you 
know which questions to ask as you go about examining the entire mounting 
system. (Chapter 16 has details on assembling the mechanical elements.)

Footings
Always check out the footings (the method used to keep the array in place). 
Ideally, you should conduct this portion of your pre-commissioning inspec-
tion before the entire array is installed. If a problem is discovered too late, 
fixing it can be very difficult and expensive. Save yourself the hassle and your 
client some cash by asking these questions:

 ✓ For rooftop arrays, are the footings installed in the proper locations and 
with the proper spacing?

 ✓ Was the correct hardware used in the installation of the footings?
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 ✓ For ground-mounted arrays and top-of-pole arrays, were the holes dug 
to the proper dimensions? Was the concrete poured high enough? Is the 
spacing between poles correct?

Racking
You need to check the racking system (which is composed of rails and 
clamps) as part of your inspection of the system’s mechanical elements, but 
that can be a challenge, particularly if you’re dealing with a rooftop array. 
Then again, accessing ground-mounted and top-of-pole arrays can be just as 
tricky after all the ladders and scaffolding have been removed. Use caution 
and remember to ask the following questions:

 ✓ Are the modules properly connected to the racking system with the cor-
rect hardware?

 ✓ Are the modules grounded to the racking system the way they should be 
(with grounding clips or an equipment-grounding conductor attached to 
each module, as described in Chapter 17)?

 ✓ Is the racking system properly attached to the footing system?

Electrical elements? Check!
As you examine your PV system, you have to look at all the electrical com-
ponents to verify that everything was installed correctly. You don’t have to 
stick your hands in any boxes and confirm proper voltages, but you do have 
to look everything over to see whether it looks right. In the sections that 
follow, I provide checklists of all the electrical elements you need to inspect 
before you begin the commissioning process.

 If you catch a mistake in your work, stop and think it through. And before you 
go to make changes, verify that the system is in a safe state for you to start 
playing with your tools; see Chapter 15 for details on how to stay safe when-
ever you work on a PV system.

PV modules
It may sound silly, but your electrical inspection should start with the PV 
modules. Take time to make sure that the array installed matches your one-
line drawings (see Chapter 14 for more on these) by asking these questions:

 ✓ Is the correct number of modules installed?

 ✓ Is the manufacturer and model number the same as it is on the plans 
drawn up for the permitting process (see Chapter 14)?

 ✓ Are the modules wired in the correct string configuration? This configu-
ration can be series, parallel, or series-parallel (see Chapter 3).
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Batteries
If batteries are installed, they need special attention. Take time to evaluate the 
installation and future maintenance of the batteries by asking the following:

 ✓ Are the batteries properly vented to the outside? All batteries release 
hydrogen, although sealed batteries release very little of it. (Check out 
Chapter 7 for an introduction to the different types of batteries.)

 ✓ Are the batteries installed in a proper enclosure? The batteries should 
be protected from damage and anyone who may hurt themselves in 
their presence.

 ✓ Are the batteries installed and wired properly? The system will require 
a very specific battery voltage, and if the batteries aren’t wired right, the 
system won’t work.

Charge controllers
Whenever you’re dealing with a battery-based system — whether utility-
interactive or stand-alone — you need a charge controller to make sure that 
the batteries are properly charged from the PV array. Before applying power 
to the charge controller, be sure to ask these questions:

 ✓ Is the charge controller installed in a proper location? It’s typically 
mounted very near the inverter and battery bank.

 ✓ Are disconnects and overcurrent protection devices present on both the 
input and output sides of the controller?

 ✓ Are the correct wire gauges attached to the controller?

Inverters
Because the inverter is such a major component of any PV system, if any 
inverter issues exist, they can be total showstoppers. Ask these questions 
when inspecting an inverter prior to commissioning:

 ✓ Does the inverter’s output voltage match the utility grid voltage? Some 
inverters only connect to a single utility voltage, whereas others allow 
you to field-select the voltage. Either way, the inverter and utility volt-
ages need to be verified. (See Chapter 11 for more information.)

 ✓ Is the inverter installed according to manufacturer recommendations? 
Inverters are often installed without the necessary clearances for proper 
cooling and access. Make sure yours isn’t one of them.

 ✓ Is the inverter mounted in the best location? Is it installed in the direct 
sun? Is there airflow for the inverter to dissipate heat? All inverters are 
negatively affected by heat, so try to keep them as cool as possible.

 ✓ Does the inverter’s voltage window match up with the installed array 
correctly? This syncing of voltage windows really should’ve been 

25_598931-ch18.indd   32225_598931-ch18.indd   322 8/2/10   10:55 AM8/2/10   10:55 AM



323 Chapter 18: Commissioning, Inspecting, and Maintaining a PV System

addressed during the design process, but it’s worth examining in the 
field anyway just to be safe. (Flip to Chapter 11 for details.)

Conductors
When checking the conductors (wires), make sure you have visual access to a 
few points and ask the following questions:

 ✓ Is the correct conductor type used for the installed environment? For 
example, is the conductor used along the array appropriately rated for 
exposure to high temperatures and sunlight? Does the conductor used 
in the conduit have the appropriate ratings for the locations in which it’s 
installed? (See Chapter 13 for more on sizing conductors.)

 ✓ Is the wire gauge specified in the plans what’s actually installed? (A con-
ductor’s gauge is its physical size.)

 ✓ Are there signs of potential wire damage from installation? If any con-
ductors look like they may have been pinched or appear damaged from 
being pulled through the conduit, note that so you can investigate.

 ✓ Is the color-coding correct? The grounded current-carrying conductor 
should be white or gray, and the ungrounded current-carrying conduc-
tor should have insulation that’s any color other than white, gray, 
or green (but preferably it’s red). (Chapter 17 has information on 
color-coding.)

 ✓ Is the PV source circuit wiring properly supported? These conductors 
are generally limited to the wiring along the backside of the PV array 
(see Chapter 17 for details), but it may include other areas.

Conduit
Your PV systems will almost always contain some amount of conduit, so 
be sure to ask these questions when conducting your pre-commissioning 
checks:

 ✓ Is the correct conduit used? Some locations may require metallic con-
duit, whereas others may allow PVC. (Chapter 10 has info on conduit 
types.)

 ✓ Is the conduit supported correctly? To determine whether or not it 
is, you need to know when the conduit needs support. If you don’t 
know this, you at least need to be able to look up the specific National 
Electrical Code® (NEC®) article that deals with the conduit installed.

 ✓ Have expansion fittings been installed? Conduit, especially PVC, expands 
and contracts with changes in temperature. Article 352.44 of the NEC® 
requires you to allow for expansion and contraction by installing spe-
cialized fittings. Otherwise, the conduit can be compromised, and the 
wiring may not be fully protected.
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Disconnects
Disconnects go on both the AC and DC sides of PV systems. And for many 
grid-direct systems, the inverter also includes at least the PV disconnect. 
When you’re looking your system over in preparation for the system commis-
sioning, ask yourself the following:

 ✓ Are the disconnects installed per Article 690.14 of the NEC®? Can you 
disconnect the PV array and AC power out of the inverter, and are these 
disconnects grouped together?

 ✓ If the utility requires a visible, lockable disconnect, is it installed cor-
rectly according to the utility’s requirements?

 ✓ Are the correct conductors being disconnected in each disconnect? The 
NEC® says that you “shall not disconnect the grounded current-carrying 
conductor.” See Article 690.13 in the NEC® for more info.

 ✓ Are the installed disconnects properly rated for their environment and 
for the voltage and current values they’ll be carrying?

 ✓ Are the proper labels installed on the disconnects? If you have any ques-
tion about the purpose of a disconnect, you can’t expect someone who’s 
not at all familiar with the system to know what she’s dealing with. (I 
describe proper disconnect labels in Chapter 10.)

Overcurrent protection devices
Often, overcurrent protection devices (OCPDs) are installed on both the DC 
and AC sides of the inverter. Prior to flipping the on switch, you not only 
need to check that the correct OCPDs are installed but also that they can 
properly protect the system. Take a few moments to ask the following:

 ✓ Are the current ratings correct for the circuit? An incorrectly sized 
OCPD (either too big or too small) will cause problems. (Flip to Chapter 
13 for information on sizing OCPDs properly.)

 ✓ Do the OCPDs have the correct voltage ratings? This is crucial, espe-
cially on the PV source circuits. The OCPDs must have the proper DC 
ratings, or else they won’t be able to properly protect the system when 
they’re really needed.

 ✓ Are the OCPDs in good condition? A fuse or circuit breaker that’s faulty 
on day one can lead to a number of hours in troubleshooting. To verify 
whether an OCPD is able to pass current when the system is turned on, 
perform the continuity test I describe in Chapter 3.
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Start ’Er Up: The Commissioning Process
After you examine the system to verify that all the mechanical and electrical 
elements have been installed correctly and safely (see the previous sections), 
you can get to the real fun of commissioning (turning on) the system. Take 
this process one step at a time so you don’t skip any crucial portions. The fol-
lowing sections cover the major aspects of the commissioning process.

 After you commission the system and confirm that all is well with it, you must 
shut it down until after the system has passed the local building department’s 
inspection (I fill you in on this later in the chapter).

Putting safety first
The first step in commissioning a PV system is making sure you and the 
entire system are safe. How do you do that? In Chapter 15, I go through the 
order of making the PV connections to guarantee that you stay safe during 
the installation process. Just follow these simple rules once again during the 
commissioning process to ensure the safety of yourself and the members of 
your installation crew. The number-one strategy? Always work on circuits 
that aren’t live and use proper wiring sequences to make sure none of the cir-
cuits are live. You also need to confirm that all the disconnects are in the off 
position and locked out (I show you how to do this in Chapter 15).

 For grid-direct systems, don’t connect the PV source circuits to the combiner 
box or junction box or make the AC interconnection to the utility grid until the 
system passes the commissioning list I present later in this chapter.

 The same PV and utility (when available) interconnection rules apply for 
battery-based systems as they do for grid-direct systems. After all, battery 
banks are just another source of power that you need to wire in the correct 
sequence in order to avoid possible shock hazards. The connections between 
the battery bank to the inverter(s) should be made at the inverter and inverter 
disconnect first before being made on the battery bank. This way you never 
have live conductors in your hands waiting to cause trouble.

 Regardless of the type of system you’re dealing with, you should always use a 
disconnect to make the final electrical connection. The first time you connect 
power to an inverter and the capacitors accept a charge, there’s often a spark. 
If you use a conductor to make this final connection to the power source, you 
may put yourself at risk for a serious shock. If, however, you use a disconnect 
to make that final connection, the spark will be contained within the discon-
nect, and you’ll never be exposed to the shock hazard (or even see it).
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Here’s one last thought on safety: Be sure to keep ladder safety and precau-
tions for fall hazards in mind during the commissioning process. After all, 
you’re probably going to take multiple trips up and down a ladder and spend 
some time up on a roof. Check out Chapter 15 for a thorough review of these 
safety considerations.

Gathering the gear you need
As with any job, you need to make sure you have the correct tools for the 
work. Fortunately, the tools used to commission a system are similar to the 
ones you use to install it. I suggest you gather the following gear:

 ✓ A commissioning form, pen, and clipboard: I provide a sample commis-
sioning form for your viewing pleasure in the next section.

 ✓ A 10-in-1 screwdriver: This handy tool should have everything you need 
to start up the system.

 ✓ A digital multimeter (DMM): Ideally, your DMM has a clamp DC current 
meter (see Chapter 3).

 ✓ High-voltage safety gloves and arc-flash safety glasses: Use this safety 
equipment whenever you’re measuring voltage and current values.

 ✓ Infrared thermometer: You use this device to measure the temperature 
of the modules when they’re operating to verify their performance.

 ✓ Irradiance sensor: You can buy an irradiance sensor for about $150. 
That may seem pricey, but this tool is useful in measuring the irradiance 
the array is seeing. You can then use this irradiance value to verify the 
array’s power output.

 ✓ Proper fall protection for any fall hazards you may be exposed to: 
This is the same fall protection gear you use when installing a system — 
a body harness and safety ropes.

 In addition to collecting and carrying this gear with you, use it! The number of 
people I see with safety gear sitting next to them always amazes me.

Commissioning different types of systems
After you visually check and confirm the installed equipment, you’re ready 
to make the final electrical connections and check the system’s operation. 
To do so, you must make electrical measurements before and after the dis-
connects are turned on. As you find out in the sections that follow, the steps 
differ for grid-direct systems and battery-based systems.
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 Always try to commission a system on a nice, sunny day when you have 
plenty of time to run the tests. By turning the system on in good weather, you 
can test the system when it’s operating close to its maximum values. I also 
recommend that you take your time. Rushing this process to save 30 minutes 
isn’t going to do anybody any good in the long run.

 Be sure to record all the data you collect so you have an accurate record of 
the system’s status on day one. You can create a checklist similar to Figure 
18-1 that you can use on all of your installations. This form gives you places 
to record important system information, such as the array specification, volt-
age, and inverter power output values. By using the same form each time, you 
ensure that the proper checks are made (so you can sign off on the system) 
and documented for future reference (so you have an official record of the sys-
tem’s status). This information will serve as your base of reference if you’re 
ever called in to troubleshoot any issues in the future.

The process for a grid-direct system
 In this section, I explain the general process for commissioning a grid-direct 

PV system with the help of a member of the installation crew. However, the 
following steps should never override the commissioning process outlined by 
the manufacturer’s manual that came with the inverter:

 1. Visually inspect the entire system (see the earlier “Making a List and 
Checking It Twice: Preparing for Commissioning” section).

 2. Confirm that the ground fault protection fuse in the inverter is good 
and return it to its place before applying any power to the inverter.

  A simple continuity check (like the one I describe in Chapter 3) will 
prove whether the fuse is good. If the fuse is blown before you ever 
turn on the inverter and you don’t know it, you’ll spend more than a few 
hours running in circles looking for a problem that may not exist.

 3. Lock out and tag all the disconnects for the AC and DC conductors in 
the PV system.

  Refer to Chapter 15 for a description of this process.

 4. Go to the PV array and open the junction box or combiner box.

  Put on your high-voltage gloves and safety glasses and then use your 
DMM the way I show you in Chapter 3 to verify that the voltage and cur-
rent levels in each circuit equal zero. After you know that none of the 
strings have voltage or current present, open any fuse holders and make 
sure the fuses aren’t in them.

 5. Proceed to the array and connect the home-run cables from the array 
to the junction box or combiner box.

 6. Return to the junction box or combiner box, check the strings individ-
ually for voltage and polarity, and record the voltage values for every 
string.
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Figure 18-1: 
A sample 

system-
commis-

sioning 
form.

 

(STC rating)

Site address
Your name

Date
Time

Currently producing (Watts)
System peak Watts

Actual grid voltage
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  I explain how to conduct a polarity check in Chapter 3. If after conduct-
ing this check you find that you have more than a couple of volts differ-
ence between strings, you need to investigate the series string 
connections to verify that you didn’t make a mistake along the way.

 7. Insert the fuses (when present) and close the fuse holders.

  In systems with only one or two strings, you may not have fuses 
installed (turn to Chapter 13 for more on the requirements for fuses).

  Because you’ve locked all the disconnects below the array, the system 
won’t turn on and put you at risk. All the PV conductors after the junc-
tion box or combiner box will have voltage present, but until a load is 
introduced, there won’t be any current flow.

 8. Back at the utility point of interconnection, have an installation team 
member make the connection to the utility.

  The standard way of doing this task is to connect the inverter output 
circuit to the dedicated circuit breaker in the main distribution 
panel (MDP).

 9. Apply AC power by turning on the AC disconnecting means.

  The AC disconnecting means is the breaker that the inverter output cir-
cuit was just connected to. If an external AC disconnect is used with the 
PV system, check the voltage levels in that disconnect and turn it on to 
send AC voltage to the inverter.

 10. At the DC disconnect, verify that the proper DC voltage and polarity 
is present at the disconnect terminals and then turn on the DC discon-
nect to connect the inverter.

 11. Watch the inverter for any error codes.

  The inverter should turn on and start producing power after the five-
minute start-up sequence. If you happen to see an error code, refer to 
the inverter’s manual (or call the manufacturer’s technical support line) 
to determine the exact cause for it.

The process for a battery-based system
The process for commissioning a battery-based system (either utility-
interactive or stand-alone) is much the same as the process I outline for 
commissioning grid-direct systems in the preceding section.

 After completing Step 7 in the preceding set of instructions, proceed with the 
following steps (unless of course the inverter’s manual specifies a different 
commissioning sequence; always follow the manufacturer’s instructions to 
ensure proper operation):
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 1. Check the voltage and polarity from the battery bank to the battery 
disconnect(s).

 2. If the utility is present, have an installation team member make the 
interconnection to the utility.

  This part is the same as for grid-direct systems. A breaker in the MDP 
connects the inverter to the utility.

 3. If the voltage and polarity values are correct, apply DC power from 
the battery to the inverter by turning on the inverter’s DC disconnect.

 4. Connect the charge controller to the battery bank by turning on the 
charge controller’s output disconnect.

  Refer to the charge controller’s manual and make any adjustments to 
the controller that are necessary for proper operation.

 5. At the PV array disconnect(s), verify the voltage and polarity from the 
array to the disconnect(s).

 6. Connect the PV array to the charge controller when you’re satisfied 
with the voltage and polarity values.

 7. Connect the AC power to the MDP (and subpanel in a utility-
interactive system).

  Each panel will be connected via a dedicated circuit breaker.

 8. Verify the voltage to and from the MDP (and subpanel) before flipping 
the disconnects.

 After you commission a battery-based system, you must spend some time 
configuring various set-points on the inverter according to the manufacturer’s 
instructions and the particular requirements for your client’s system. The fac-
tory default set-points are a good place to begin, but ultimately you need to 
change at least a few set-points in order to optimize the system.

Verifying that the system is working
After the system has been fully commissioned and is operational, you can 
take a few measurements and make a few calculations to determine whether 
the array is operating satisfactorily or whether there may be an issue. When 
taking these measurements, you should always have at least two people on-
site helping you out. One person should be at the array, and the other person 
should be at the inverter location.

 ✓ The person at the array measures and records the temperature of the 
modules. To do this, you use an infrared thermometer to take a read-
ing on the back side of the module. Try to get three or four readings so 
you can average the values. The person at the array is also responsible 
for measuring the irradiance that the array sees. This involves taking 
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the irradiance sensor and (without shading the modules) pointing it in 
the same direction as the array. The display will read out the number of 
watts per square meter (W/m2) that the array sees at that moment.

 ✓ The person at the inverter records the power output as displayed 
from the inverter and measures the voltage and current outputs of 
the inverter output circuit. This is most easily accomplished with two 
meters, one clamp meter that’s constantly reading current and a second 
one that’s constantly reading voltage.

 Because the amount of current (and therefore power) is dependent on the 
irradiance value, you need to record the irradiance and power output values 
at the same time for the most accurate result. If you’re working on a nice, clear 
day, the irradiance values will change very little, giving you more time. If the 
day is cloudy or partly sunny, you need to quickly record the values.

 I’ve found that walkie-talkies work very well in this situation so that the person 
at the array and the person at the inverter can stay in contact and record their 
numbers simultaneously.

Next come the calculations. To figure out how the array is performing com-
pared to how you expected it would, follow these steps:

 1. Adjust the array’s maximum power voltage for the operating 
temperature.

  I explain how to do this in Chapter 11.

 2. Adjust the array’s maximum power current or the measured irradi-
ance value.

  Refer to Chapter 6 for the how-to.

 3. Multiply the temperature-adjusted voltage by the irradiance-adjusted 
current to find the corrected PV array power output.

 4. Multiply the corrected PV array power output by the total system effi-
ciency after taking losses such as the module nameplate power toler-
ance, wiring losses, and inverter efficiency into account.

  Grid-direct systems tend to operate at 90-percent efficiency, and battery-
based systems are closer to 85-percent efficiency.

 5. Compare the value you calculate in Step 4 with the value read off the 
inverter’s display.

  For another check, compare the inverter’s display to the value you get 
by multiplying the voltage and current readings from the inverter output 
circuit.
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All of these values should be reasonably close (within 5 to 10 percent). Of 
course, a number of variables can sway these numbers, so don’t get too 
caught up in the discrepancies if the numbers don’t match up perfectly.

 If you calculate dramatically different numbers than what you see on the 
inverter or measure with your meters, investigate the problem. Maybe part 
of the array is shaded or a fuse has popped in the combiner box. Always take 
a slow, systematic approach when troubleshooting. Don’t change too many 
things at once, or else you may not know what fixed the problem (or what 
made it worse). In this situation, I like to work from the inverter toward the 
array to try and find the problem. Doing so allows you to look at the whole 
system and then systematically break it down into the smaller components.

Arming Yourself for Inspection Issues
After the system has been installed and commissioned, you need to call for 
an inspection (or inspections). The purpose of an inspection is so the local 
building department can verify that the components of the PV system are 
installed safely. In many jurisdictions, you have the option of being present 
during the inspection, as long as the building department’s inspector has full 
access to look at the installed components. I recommend that you be present 
for your first installation or two; this way, you can answer questions and gen-
erally educate the inspector about the system. After a few good installations 
and inspections, you’ll feel pretty comfortable with the process, and your 
presence at the inspection will become truly optional.

I must warn you. No two inspections work quite the same way. I’ve been a 
part of both inspection extremes, one where the inspector did little more 
than look up at the array and another where the inspector asked me to set up 
my ladder and spent 30 minutes on the roof with me going over every detail.

The sections that follow cover a few of the most common inspector concerns 
and comments about PV installations.

 One common complaint from PV installers is that inspectors have unreason-
able requirements for the systems. During the inspection process, your previ-
ous interactions and questions with the inspector can greatly aid you both. 
When you think about it, inspectors are viewed as “experts” on a number of 
different types of electrical and mechanical systems; although they may not be 
true experts on PV systems, they typically have years of industry-related expe-
rience as well as knowledgeable questions and observations. As an installer, 
you can help guide and teach the inspectors you work with about PV systems. 
Just remember that people in general (and especially people in authority) 
don’t like to be told how little they actually know. My suggestion is to work 
with the inspector and help her understand PV systems better in order to 
work out solutions before throwing up your hands in disgust and running to 
the inspector’s supervisor with complaints.
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 Having the attitude that the inspector is against you only leads to trouble; stay 
positive and cooperative, and you’ll have much better results.

Not having “a neat and workmanlike 
manner”
One of my favorite NEC® requirements is the statement that “electrical equip-
ment shall be installed in a neat and workmanlike manner.” This statement 
appears in Article 110.12 is as a blanket statement for all electrical installa-
tions. Thanks to this statement, an inspector can look at your installation and 
fail you based on sloppy installation techniques.

 Even though the Code doesn’t define or give specific examples of “a neat and 
workmanlike manner,” a note in Article 110.12 references a book you can 
buy to see industry-accepted practices for good workmanship: NECA 1-2006 
Standard Practice of Good Workmanship in Electrical Contracting (ANSI), pub-
lished by the National Electrical Contractors Association.

 Inspectors give more concrete examples and areas of noncompliance in their 
inspection reports, which they share with you before they leave the job site. 
An inspector’s report includes all the Code references for the items you need 
to fix. Studying the reports from a few early installations will help you in future 
installations, especially when you’re working in the same jurisdiction.

Forgetting about aesthetics
Yes, beauty is in the eye of the beholder, and no, your PV array isn’t being 
inspected for beauty. But you don’t want to install an unsightly PV system. If 
you do, you may be hit with a charge of noncompliance with the “clean and 
workmanlike” clause I mention in the preceding section. Installing an eyesore 
of an array also discourages others from seriously considering solar power. 
I’ve seen PV arrays mounted on homes where even I, the guy who thinks PV 
is one of the prettiest sights in the world, have to shake my head in disgust. 
You want the neighbors to see the array and want one too, not wonder how 
much their property values went down because of that mess next door.

 To keep your systems from falling victim to this aesthetics problem, always 
take a step back and picture the installed system. For roof-mounted systems, 
keeping the array in the same plane as the roof (if at all possible) is a great 
practice. If you need to lift the array off the roof, keep the lift minimal. A giant 
erector set on a client’s roof is just asking for trouble.
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Failing to manage conductors on the array
Keeping all the conductors along the back of a PV array together and prop-
erly secured can be a more difficult job than it sounds like it should be. Very 
few modules allow you to connect conduit to them (for installations mounted 
close to a roof, this would be nearly impossible anyway), so you have to find 
a way to strap those conductors and protect them. Chapter 17 notes ways to 
support the backs of the module conductors so you can stay out of trouble.

Neglecting to label the system
Article 690 in the NEC® has numerous requirements for labeling a PV system. 
Many of the necessary labels are standard ones, and some even come pre-
installed on the equipment you’re using for the system. The problem arises 
when you don’t have all the proper labels installed. I introduce the idea of 
labels in Chapter 10, but in this section, I delve into the specifics.

 Some of the common labels that you must install include the following (refer 
to Article 690, Section VI of the NEC® for more):

 ✓ A warning indicating that the inverter is supplying only 120 VAC 
(Article 690.10): This label addresses a safety issue when a specific 
wiring method called multiwire branch circuits is present, which is why 
it’s only applicable for some battery-based systems.

 ✓ Descriptions of the purpose of all PV system disconnects (Article 
690.14): This label gives anyone who needs to disconnect the PV system 
the proper information regarding which disconnects to turn off.

 ✓ A warning indicating a disconnect that may have all terminals ener-
gized when the switch is in the off position (Article 690.17): This label 
applies to the PV source circuit disconnects for grid-direct systems and 
the inverter input circuit for battery-based systems.

 According to Article 690.53 of the NEC®, several specific details are required 
on PV disconnects:

 ✓ The rated maximum power point current (at STC): This is the number 
of strings in parallel multiplied by the modules’ Imp value. For example, if 
you have 3 strings in parallel, each with an Imp of 5.4 A, the label needs to 
indicate a rated maximum power point current of 5.4 A × 3 = 16.2 A.

 ✓ The rated maximum power point voltage (at STC): This value is equal 
to the Vmp for each module multiplied by the number of modules in the 
series string. So if you have 10 modules in each string of your array and 
each module has a rated Vmp of 36.2 V, this label indicates a rated maxi-
mum power point voltage of 36.2 V × 10 = 362 V.
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 ✓ The maximum system voltage: This is the temperature-adjusted open 
circuit voltage (see Chapter 11 for details) for the modules multiplied 
by the number of modules in a series string. For instance, if your array 
has 10 modules in series and you determine that the cold temperature-
adjusted voltage is 48.7 V, this label needs to list the maximum system 
voltage as 48.7 V × 10 = 487 V.

 ✓ The short circuit current for the array: A note associated with this label 
requirement directs you to the calculation of maximum circuit current. 
What you’re supposed to label isn’t the listed short circuit current of the 
array but rather an adjusted Isc value. To get the right content for this 
label, multiply the number of strings in parallel by the modules’ listed Isc 
and multiply that by 1.25. So if you have 3 strings in parallel with each 
string listed at 5.8 A, your label reads 5.8 A × 3 × 1.25 = 21.75 A. Chapter 
13 has more about this calculation.

 ✓ The maximum rated output current for the charge controller: You 
can pull this number right off of the charge controller’s spec sheet. Of 
course, this label is only necessary if you’re installing a battery-based 
system that requires a charge controller.

 Here are some labeling guidelines specific to different types of PV systems:

 ✓ For utility-interactive systems (either grid-direct or battery-based):

 • Label the point of interconnection (typically a breaker in the MDP) 
as a power source with the nominal system voltage and rated cur-
rent output (Article 690.54). This labeling requirement is repeated 
in Article 690.64 with an additional requirement for systems that 
exceed the panel’s busbar ratings where the point of interconnec-
tion occurs. (I discuss this requirement in Chapter 17.)

 • If the utility service disconnect (the main breaker in the MDP) and 
the PV system disconnect aren’t in the same location, you need to 
install a plaque indicating the location of both disconnects (Article 
690.56).

  In this situation, I find that a simple plan view of the building (with 
a north arrow to indicate direction) with the disconnects called 
out works best. This drawing gives anyone who needs quick access 
an easy-to-understand picture rather than a short novel on where 
to find the disconnects.

 ✓ For stand-alone, battery-based systems, you need to install a plaque that 
lets emergency personnel know that a stand-alone system is on-site and 
how to access the disconnecting means (Article 690.56). You also need 
to have labeled all the disconnects.

  Have this plaque ready and a spot to install it in mind, but wait until 
your inspector shows up to install it so you two can agree on the loca-
tion. This way the inspector gets to have a say; as a result, you’ll surely 
pass this portion of the inspection.

25_598931-ch18.indd   33525_598931-ch18.indd   335 8/2/10   10:55 AM8/2/10   10:55 AM



336 Part IV: Installing a PV System 

 Because most PV system labels aren’t installed until the end of the job, they 
can easily be overlooked. I suggest planning and buying your labels early in 
the installation process so you don’t forget about them. You may also want to 
discuss what the local inspector wants to see in terms of label materials and 
the method you use to attach the labels.

Surveying System Maintenance
One of the best features of a PV system is the minimal amount of mainte-
nance required. Because a PV system has no moving parts, you don’t have 
to regularly maintain parts that will ultimately wear out and fail. Yes, the 
inverter will likely need to be replaced once during the life of the system 
(make sure your client is aware of this). And if batteries are installed, the bat-
tery bank will need to be replaced one or two times over the system’s life as 
well. Beyond that, though, you (and your client) should expect the array to 
operate for years and years with little maintenance.

Note that I said little maintenance, not no maintenance. There are several 
maintenance tasks that you should consider performing on a regular basis for 
your clients; I outline them in the following sections.

 Most system owners are paying a lot of money to have PV systems installed, 
and they have the right to expect the systems to perform for them. On top of 
that, many rebate programs put the installer on the hook for warranty issues 
for up to five years. To me, all of this together means that spending 45 to 60 
minutes each year on-site to verify that the system is performing as expected 
should be considered in the initial sale. Note: If you’ve installed batteries in a 
client’s system, you need to plan on more than the annual maintenance check 
for optimal performance (see the later “Maintenance on a higher level: Taking 
care of battery banks” section for details).

 As long as someone is monitoring the system output on a regular basis, any 
problems can be detected and dealt with rather quickly. It’s when the system 
isn’t being monitored that problems arise. The question then becomes: How 
long has there been a problem, and who’s at fault for not catching it? As I 
explain in Chapter 9, one monitoring feature some inverters now offer is the 
capacity to send an alert via e-mail or text message when a problem occurs. 
Depending on the monitoring sophistication and options the system owner 
signs up for, this alert can be a notification of low power production, or it can 
be an actual error code indicating a problem with the array. Very often, these 
more advanced features can notify multiple people (including you) when an 
error occurs. If you can call your client to notify her that you’re aware of a 
system issue before she is, you’ll look like a hero.
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Mechanical maintenance
The systems used to mount the PV array should be maintained on an annual 
basis; you should check the module-to-rail connections and rail-to-footing 
connections (when they can be reached) using torque wrenches and nut driv-
ers. When installed correctly, the racking system should be able to hold the 
array in place for many years. Of all the PV systems I’ve inspected annually, 
only a handful of mounting connections required retightening.

Electrical maintenance
When performing maintenance on the electrical components of a PV system, 
you shouldn’t have to spend a lot of time crawling along the roof and opening 
disconnects and inverters to check the wiring. Some visual checks and a few 
checks at terminals should be enough to make sure all the electrical compo-
nents are functioning properly, as you find out in the next sections.

Wiring connections
 Of all the electrical components that may need attention, you should tackle 

the connections made inside the junction box or combiner box first. This box 
is often located right at the array location and exposed to extreme changes 
in ambient temperature — changes that can cause the terminals holding the 
wires in place to loosen slightly over time. Use a torque wrench to make sure 
the terminals are tightened to the correct value (which is dictated by the man-
ufacturers) and ensure that the connections aren’t creating a high-resistance 
connection (which is when the terminal holding the conductor is loose). You 
can correct a high-resistance connection by tightening the terminal to the 
specified value with your torque wrench.

Module wiring
The conductors used to connect the modules in series are extremely prone to 
damage and also deserve to be checked each year. As the array spends years 
in the sun, these wires can begin to rub against the racking system or the roof 
itself, creating weak points and possible safety hazards (such as shock and fire 
hazards). By visually inspecting the module wiring annually, you can catch any 
potential problems early and provide corrective measures (such as verifying 
that the conductors are held securely to the modules and rail).

 For many systems, getting back to the wiring after the array has been installed 
and functioning for some time can be a difficult task. Clearly, preventing the 
wires from ever getting to this point will pay off in the long run when you 
have to perform maintenance. Take the time needed to properly support and 
manage the conductors as described in Chapter 17. Note that you may need 
to remove some modules for better access. Although removing modules is a 
pain, it’s worth the effort to eliminate shock and fire hazards in the long run.
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PV cleanliness
One area that will be variable is the amount of time the PV array can go 
before requiring a cleaning. Some system owners let the rain clean the array 
and hardly notice any reduction in energy output; other owners may need to 
wash the array multiple times a year. The amount of power an array can pro-
duce is dependent on the intensity of the sunlight striking the array, so if the 
array is dirty, the irradiance will be reduced.

 You can clean the array as part of your annual maintenance schedule for 
the client, but you should have your client keep an eye on the array and its 
power output levels and clean it whenever the power output values seem low. 
Reassure your client that cleaning the array doesn’t really take a lot of effort. 
All she has to do is go to the array first thing in the morning (before it has a 
chance to heat up so there’s no risk of cracking the glass with a sudden blast 
of cold water) and use a garden hose to spray the modules. If necessary, she 
can use a soft rag to clean off anything stuck to the glass (like bird droppings). 
Advise your client to never use an abrasive cleaner, though, because the glass 
shouldn’t be scratched.

Maintenance on a higher level: 
Taking care of battery banks

 Whenever batteries are involved in a PV system, the system owner has taken 
on an additional level of maintenance. As an installer, you can offer to come 
by more than once a year to help maintain the battery bank, but the system 
owner needs to be more involved with this type of system regardless of the 
number of times you come by. The exact schedule for maintaining the batter-
ies depends on your client and how she uses the batteries.

 ✓ For sealed batteries used in a utility-interactive system, I recommend 
maintenance be conducted every six to nine months.

 ✓ For stand-alone systems where the batteries are cycled regularly, I sug-
gest no more than three months between regular maintenance tasks.

Here, I describe the most important maintenance tasks for battery banks.

Keeping the proper torque
Torque refers to the tightness of the conductors at the battery terminals. 
Because the battery terminals are typically made of lead, which is a very 
soft metal, the connections to these terminals can loosen over time. If they 
become too loose, a high-resistance connection results, and that can lead to 
multiple problems. Use a wrench to fix the torque when necessary.
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 Check the connections on the battery terminals on a regular basis. A good 
time is the same day when you equalize the batteries (for flooded batteries) or 
when the batteries are exercised (in utility-interactive systems only). You’ll be 
there doing some work anyway, so you may as well make a party of it. The 
person in charge of the battery maintenance can tighten the connections, and 
you can check the torque values as part of your annual maintenance visit.

Exercising a battery bank in a utility-interactive system
In a utility-interactive, battery-based system, the battery bank sits fully 
charged the majority of its life. If the battery bank isn’t exercised (in other 
words, if the bank doesn’t run some loads), when the day that your client 
really needs power from the batteries rolls around, the bank won’t perform. 
So, the battery bank needs to be forced to run some loads two to three times 
a year. Doing so helps keep the battery bank happy so it simultaneously lasts 
a little bit longer and gives you and your client the ability to judge the exact 
amount of capacity it has for the times when the grid fails.

Note: I like to see the client perform this task because it keeps her more 
involved in her system and aware of the system’s limitations. Of course, you 
may need to remind her to do this on a regular basis.

 Batteries deteriorate over time, so checking the battery bank’s ability to run 
loads a few times a year becomes more important as the battery bank ages 
and gets closer to retirement.

Watering flooded batteries
For battery banks that use flooded batteries (typically found in stand-alone 
systems), adding water to the bank is simply a part of life. As a battery 
charges and discharges, hydrogen (a key component of water) is released, 
which makes the acid solution stronger, causing the fluid level inside the bat-
tery to drop. (I go through the specifics of battery charging and discharging 
in Chapter 7, so head there for the full scoop.)

 Your client needs to add water to the batteries to keep the acid solution at the 
right concentrations and to keep the batteries’ lead plates submerged in fluid. 
The exact rate at which water must be added depends on a number of factors 
that are specific to your client’s system. The system owner should check the 
water levels at least once monthly, especially as she gets used to living with a 
battery bank. After she’s more comfortable with the battery bank and feels like 
she’s in tune with the watering intervals, she can increase the time between 
checking the batteries.

 I strongly encourage you to check and add water as part of your annual main-
tenance plan. However, don’t let the client think this task is your job. She 
should be responsible for watering the batteries at other times of year. Be 
sure to clearly establish this expectation early on because if there’s a misun-
derstanding, replacing a battery bank can be an expensive proposition.
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Equalizing flooded batteries
Another maintenance item that must be performed for flooded batteries is 
the equalization charge, which is a purposeful overcharge of the batteries to 
help break off any lead sulfate that has accumulated on the plates and stir 
up the electrolyte. In a stand-alone, battery-based system, you almost always 
need the assistance of an engine generator to create an equalization charge. 
Why? Because the PV array typically won’t have enough current for long 
enough periods to effectively equalize the battery.

If your client is comfortable with the idea of performing the equalization 
charge and can be properly trained, then she should be the one to equalize 
the battery bank. If, however, she isn’t willing to do this task or you don’t feel 
confident that she can fulfill it safely, you need to go on-site to perform the 
equalization charge for her.

 As with battery watering (which I cover in the preceding section), the exact 
time frame between equalization charges varies among systems. For systems 
using flooded batteries (typically stand-alone systems), the batteries should 
be equalized every three to four months. You should consult with the battery 
manufacturer to determine the exact time frame for your client’s situation, 
though, because no two systems are alike. The manufacturer will also recom-
mend a voltage to equalize to.

 Always check with the battery manufacturer’s recommendations before equal-
izing a battery. The various manufacturers have very specific requirements 
for equalization voltage values that must be strictly followed. One constant, 
though, is the need to house the battery bank in a well-ventilated room 
because batteries release a lot of gas during the equalization process. Another 
constant is the need to add water after performing an equalization charge — 
not before; if you have too much water in the batteries before equalizing them, 
you run the risk of having acid spill out over the top.
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In this part . . .

Welcome to the Part of Tens! Here, you’ll find some 
of the highlights for long-lived, successful PV 

systems.

Chapter 19 covers ten ways to avoid costly changes when 
it comes to keeping your installed PV systems up to code, 
and Chapter 20 goes through the items you can use to 
keep systems operating optimally so that they provide 
years of hassle-free electricity for your clients.
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Chapter 19

Ten Ways to Avoid 
Common Code Mistakes

In This Chapter
▶ Supplying the proper structural support and keeping things dry

▶ Making sure your conductors are rated properly, grounded, and more

▶ Giving your system some space and attaching the right labels to it

When installing PV systems, you have multiple options for both the 
mechanical and electrical portions of the installation. Yet regardless 

of your chosen method, you must keep in mind all the appropriate codes to 
ensure a safe and secure installation.

 ✓ On the structural side of installations (which I describe in Chapter 16), 
the International Building Code (IBC) is the governing document. It’s the 
basis for local building codes, but it isn’t the only structure-related set 
of regulations you must deal with; the local jurisdiction will likely have 
additional structural guidelines that you must follow.

 ✓ On the electrical side, the National Electrical Code® (NEC®) is the primary 
document that will be referenced by the local authority having jurisdic-
tion (AHJ). I go through many (but not all) of the NEC® sections that 
apply to the electrical part of PV installations in Chapter 17. You, the 
installer, must be familiar with these Code sections and install your sys-
tems to meet NEC® requirements.

This chapter is a quick reference to the most commonly encountered prob-
lem areas as they relate to complying with the NEC® and the IBC. By avoid-
ing these mistakes from the beginning, you can save yourself a lot of time 
(because you don’t have to waste time fixing something you should’ve gotten 
right the first time) and squeeze in more clients as a result.
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 Whenever you have a question as to what requirements your system will be 
held to, check in with the local building department for clarification.

Providing Proper Working Clearance
When you install different pieces of electrical equipment, you need to make 
sure each component has the proper amount of working clearance around it. 
Article 110.26 of the NEC® defines the general requirements for proper work-
ing clearances. The basic idea is that someone should be able to walk up to 
a piece of electrical equipment and have proper access to service the item. 
In addition, many inverter manufacturers have a minimum clearance require-
ment to help keep cool air flowing around the inverter.

 The requirements for working clearance include a minimum width, a minimum 
height, and a minimum depth that must be kept clear for access. Generally, 
electrical components need to have at least 30 inches of width, no less than 
61⁄2 feet of height (with some exceptions for residential installations), and 3 
feet of depth. (Note: Some of the requirements vary based on the operating 
voltages of the equipment, so be sure to check the NEC® to figure out exactly 
what’s required for your installation.) You can imagine this space as a cube 
floating in front of your equipment that must be kept clear at all times.

 If you install the equipment in a location that your client may use as a stor-
age space, mark the area to eliminate the potential for clutter. It can be very 
tempting to use “unused” space for storage, but when the day comes that 
someone (usually you) needs to access any of the system components, you 
don’t want to spend half the day clearing the space of the client’s junk just to 
get to the equipment (especially in an emergency situation).

Supplying the Right Structural Support
 No matter how you mount a PV array — on a roof, on the ground, or on a pole — 

all the components need correct support. To determine exactly what kind of sup-
port is necessary, always refer to both the manufacturer instructions that come 
with the PV modules and those that come with the racking system. These two 
documents note the basic requirements for installing an array correctly.

 ✓ Module manufacturers help you make sure the module frame is properly 
supported by the racking system. These requirements are independent of 
the racking type and ensure the modules’ weight is distributed properly.

 ✓ Racking manufacturers point out the maximum distance you can have 
between supports for the racking system; they also tell you what length 
of rail can be run past the last support (the cantilever) and the maximum 
allowable length between supports along the rail length.
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When you mount an array on a roof, you must review the roof truss or rafter 
system to make sure the roof is capable of handling the new loads imposed 
on it by the array. (Chapter 16 walks you through the major considerations 
for this analysis.) As for ground and top-of-pole mounts, you must examine 
the foundation that will hold the array down for the soil conditions you’ll 
install it in.

Keeping Water out of Buildings 
with Flashing

No surprise here, but people are generally unhappy with water on their ceil-
ings. This fact is all the more reason to keep water out of the buildings you 
work on. Water leaks are a real concern for any installation located on the roof 
of a building, but they’re also a consideration for installations where wiring and 
conduit are brought from the outside to the interior of the building. Always use 
appropriate sealants for the building material you’re penetrating.

For roof-mounted PV systems, use flashing to create a watertight connec-
tion between the racking and the roof. Flashing is a term used to describe 
a mechanical device that’s installed in conjunction with a roofing material 
to keep water out of roof penetrations (I describe flashing in more detail in 
Chapter 16). If you take a look at your roof, you’ll see flashings on all the 
plumbing vents coming out of your house.

Ensuring All Conductors Have 
the Necessary Ratings

PV systems offer the challenge of installing multiple conductor (wire) types in 
multiple environments. To meet this challenge, you must make sure all the 
conductors have the right ratings. For the PV source circuits, for example, 
you must use either underground service entrance (USE-2) wire or the rela-
tively new PV cable. These conductors aren’t appropriate to run inside build-
ings, though, so you have to transition to a building-safe conductor, such 
as moisture- and heat-resistant thermoplastic (THWN), when running wires 
inside your client’s home or business.

 For the building wire, I highly recommend you only buy the cable that’s 
marked THWN-2. The -2 in the name indicates that this conductor is rated at 
90 degrees Celsius in both wet and dry locations. When ordering the wire, 
make sure to specify THWN-2; this way you know that, regardless of the 
conductor’s location, it’ll have the proper temperature and moisture ratings 
(although conduit is still required). See Chapter 10 for details on several differ-
ent types of conductors.
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Managing the Conductors on Modules
No matter where the modules are installed (on a rooftop or on the ground), 
conductors must be properly supported all the way to the junction box or 
combiner box. If they’re not, they may become damaged and eventually fail.

When PV module manufacturers added quick-connect plugs on the backs of 
their modules, they eliminated a lot of the labor required to connect modules 
in series. With quick-connect plugs, all you have to do is plug one module 
into the next one, and the connection is made.

What the manufacturers also did was introduce a new challenge for PV 
system installers to overcome. Before, all the conductors were nicely con-
tained inside conduit; now that conduit isn’t necessary (or easily accommo-
dated because there are no longer places to terminate conduit), installers 
have to secure the conductors between the modules. To do this, you must 
neatly tuck any excess wire along the module frames and racking structure. 
Fortunately, specially designed cable clips that attach to the module frame 
and hold onto one or two PV source circuit conductors are available. You can 
also use plastic or stainless steel wire ties to hold the conductors to the rack-
ing system if you desire.

 Using plastic ties often seems like an attractive and easy option, but remem-
ber that PV modules will be out in the environment for a very long time and 
that plastic degrades. By using wire cable clips in combination with wire ties, 
you can keep the conductors in place and out of harm’s way.

See Chapter 17 for more information on managing conductors on modules.

Selecting the Correct Conduit
During the electrical portion of the installation, you must install some of the 
conductors inside conduit. For residential applications, you usually run the 
conductors from a rooftop array down through the building and to the elec-
trical equipment within properly rated conduit. Article 690.31(E) in the NEC® 
sets the requirements for such conduit runs. Be sure to verify the require-
ments based on the NEC® version the local jurisdiction uses. (The NEC® com-
mittee has made changes in this section in each of the last two Code cycles, 
with more changes to come in 2011.)

 When you install conductors in other areas, such as in trenches for ground-
mounted arrays or alongside the exterior of buildings for rooftop arrays, you 
need to make sure the conduit is rated for that location. PVC conduit can usu-
ally be installed in these locations, but be sure to verify the temperature limi-
tations and sunlight-resistance qualities of the conduit for your installations.
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Flip to Chapter 10 for a rundown of the different types of conduit and where 
they’re appropriate.

Locating the Disconnects
Disconnect locations are an important detail to keep in mind when designing 
and installing a PV system. The NEC® requires that the disconnecting means 
for the conductors be grouped together and readily accessible. To satisfy 
this requirement, you must install disconnects for the PV circuits, battery 
circuits, and AC circuits used in the system. These disconnects must be 
grouped together and within sight of the inverter. Turn to Chapter 17 to find 
out about the most commonly used approaches for meeting the disconnect-
ing requirements.

Grounding the Equipment
The subject of grounding is an ongoing source of frustration and friendly 
debate. But no matter your opinion, the NEC® is fairly clear on at least a few 
grounding requirements, one of which is that all the exposed, non-current-
carrying, metal parts of a PV system must be connected to ground. This 
requirement is telling you that you have to install what’s known as the equip-
ment grounding conductor (EGC) for your racking system; PV modules; and 
all the disconnect boxes, charge controllers, and inverters.

 Be sure to reference the module manufacturer’s and racking manufacturer’s 
installation instructions for specific grounding requirements. (Also, head to 
Chapter 17 for full coverage of the different methods for installing EGC.) Note: 

Some jurisdictions may only allow certain methods, so be sure to check in 
with the local inspector if you have questions.

Grounding the System
Although the NEC® is perfectly clear about equipment grounding require-
ments (see the preceding section), its system grounding requirements most 
definitely aren’t. The NEC® makes it clear that your PV system requires a con-
nection to a grounding electrode (like a ground rod driven into the ground 
outside the building), but the exact methods and requirements for making 
this connection are less than straightforward.
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Of all the system grounding requirements, the one that has you drive a supple-
mentary grounding electrode for the array is the one that’s argued about 
the most. The more you read this requirement (found in Article 690.47 of the 
NEC®), the less sense it makes. In short, you have to install a new grounding 
electrode (like a ground rod but separate from the existing grounding elec-
trode) and connect the PV array racking system directly to this new electrode. 
This can become a difficult task because you don’t want to run the conductor 
from the array to the new grounding electrode through the house with the 
other conductors. For a ground- or pole-mounted array, adding this grounding 
electrode and connecting the array to it is no big deal because the array has 
clear access to the ground. As with a lot of the Code, exceptions to the rule 
exist, and if you can meet these exceptions, your life will be much easier. (I 
cover the most common methods for system grounding in Chapter 17.)

 Because grounding is such a debated topic, I suggest that you talk through 
your strategies with the local inspector before you go down a path that he 
feels is inappropriate.

Labeling the System Properly
Of all the Code requirements that are violated, system labeling seems to be 
the most common one. I suggest you spend some time going through Articles 
690 and 705 of the NEC® to familiarize yourself with the label requirements as 
part of your design process. All too often, system labels are an afterthought, 
and they either don’t get installed or get installed incorrectly.

In Chapter 18, I outline the major system-labeling requirements for you. Most 
of the labels are “stock,” meaning you can buy a batch of labels that indicate 
the same information and can be used on any of your installations. On the 
other hand, some labels are custom for each job. One important example 
of such a label is the one that must go on the PV disconnecting means; this 
label requires you to calculate and list system-specific voltage and amperage 
levels.
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Chapter 20

Ten Ways to Maximize Energy 
Production for Your Clients

In This Chapter
▶ Taking the time for proper evaluation and orientation

▶ Using the right system components

▶ Keeping an eye on the array and its associated equipment

Regardless of their varying reasons for installing a PV system, there’s 
one thing all people want to see from their investment: the maximum 

amount of energy production possible. Your job as the system designer and 
installer is to help deliver this maximum energy yield. Yes, each system will 
be slightly different, and each client will have varying needs, but at the core, 
the processes are similar for all PV systems. The tips presented in this chap-
ter focus on a variety of stages, from system design and preplanning to instal-
lation and long-term maintenance, so you can give your clients the value 
they’re looking for.

Select the Right Site
It may seem like a silly (and obvious) thing to say, but selecting the proper site 
is one of the most important steps you can take to maximize a PV system’s 
energy production. All too often I see situations where someone just picked a 
random location for an array and never thought to stop and look around a bit 
for a different location. After all, some locations work better than others due to 
a variety of shading, structural, mechanical, and electrical issues.

 With the components that are available today and the wide variety of system 
configurations you have to work with, you shouldn’t need to compromise on 
an array’s site. Take the time to walk around the site and gauge which instal-
lation location will work best. At the very least, keep an open mind when it 
comes to array locations and flip to Chapter 5 for advice on how to properly 
select a site for a PV system.
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Orient the Array Correctly
An array’s orientation is the direction in which it points. Conventional 
wisdom says to orient the array to true south (when you’re in the Northern 
Hemisphere) and tilt it at an angle equal to your latitude. Although this strat-
egy may yield a high amount of energy, it may not give you the maximum 
amount of energy the system can produce. A client’s PV system should be in 
place and operating for more than 25 years, so small gains in energy produc-
tion can have a large effect when measured over the system’s lifetime. (To 
determine the best orientation for an array in your client’s location, turn to 
Chapter 5.)

 When orienting a PV array, you need to evaluate both the structural and aes-
thetic effects. A rooftop PV array that raises the modules off of the roof plane 
in an attempt to point them in some direction other than that of the existing 
roof may boost the energy output, but it may also cause serious damage to 
the client’s roof due to the extra weight if the location is subject to high winds 
and/or heavy snow loads. And even though maximizing energy production 
is the main goal, you also want to help promote PV installations by installing 
good-looking arrays.

Configure the Array Properly
For maximum energy production, the PV array should be properly matched 
to the charge controller and/or inverter, which means you need to consider 
both the voltage and the current relationships.

 All the components connected to a PV array have a voltage window that they 
must operate in. As I explain in Chapters 11 and 12, you must account for 
changes in voltage based on temperature; otherwise, the charge controller(s) 
and inverter(s) may shut down. On top of that, PV modules degrade over time, 
so you need to properly account for that eventual energy loss due to aging; 
if you don’t, you run the risk of the PV array falling outside of the voltage 
window due to natural degradation.

 The amount of power a PV array can generate in comparison to the amount 
of power the electronics connected to it can process is another important 
comparison to make. Each manufacturer of charge controllers and inverters 
has a recommended amount of power you should put through its machine. 
Exceeding the recommended values results in excessive heat production and 
shortened life spans for the components. Chapters 11 and 12 show you how to 
properly account for these limits.
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Work within the Limits 
of the Utility Voltage

Grid-direct systems are really at the mercy of the utility grid because their 
inverters have to follow the lead of the utility and go offline if the utility goes 
outside of the acceptable limits. Utility-interactive, battery-based systems 
have a little more flexibility, but the grid is still critical for them too. (See 
Chapter 2 for an introduction to both of these system types.)

When it comes to the utility grid and voltage, inverters are important for 
both PV system types thanks to the “follow the leader” approach the invert-
ers have to take. The voltage window on the AC side of the inverters is much 
smaller than the DC side, and for safety reasons, the AC side isn’t adjustable. 
For all utility-interactive inverters, the acceptable range of voltages is –12 
percent to +10 percent of the nominal line voltage. (I note the voltage win-
dows available to inverters in Chapter 11.)

On top of that, the voltages delivered by the utility aren’t under your direct 
control and can fluctuate over time. When the grid’s voltage is off of the 
nominal value and the inverter has a long wire run before connecting to the 
utility, that narrow voltage window can disappear. In Chapter 13, I show you 
how to look at these conditions and minimize their effects on your clients by 
reducing the voltage drop in the conductors (wires).

Choose the Correct Inverter
 The inverter is the brains of the whole PV system. Given this fact, you need to 

make sure the inverter’s power output level properly matches what the array 
can deliver. The proper inverter for a PV system that you’re installing is the 
one that delivers the right type and amount of information for the end user.

At a minimum, the client should be able to see the power and energy values 
on the inverter. Some people want to see voltage and current levels as well; 
if your client is one of these individuals, you can install a more sophisticated 
monitoring system for her. If the system owner is left in the dark in terms 
of the system’s operation, no one will be able to make sure all is well with 
the system (after all, the system owner is the person who has the ability to 
check the system on a daily basis). Chapter 9 introduces the basics of invert-
ers; Chapters 11 and 12 present the inverter selection processes for different 
system configurations.
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Size Conductors Appropriately
Conductors (which I introduce in Chapter 10) are the arteries that carry the 
precious cargo of solar-generated amperes down to the brains and bodies of 
PV systems so your clients can benefit from the power and energy. Yes, that 
was a little dramatic, but it made you think, right?

 The conductors in PV systems have to effectively deliver power. If they don’t, 
then you’ve installed a rather expensive power-producing system that can’t 
deliver to its potential. A National Electrical Code® (NEC®) requirement is to 
size conductors so that they have the proper ampacity (ability to carry cur-
rent) for the conditions in which they’ll be used. As I explain in Chapter 13, 
this means you have to estimate temperatures and derate the conductors’ 
ability to carry current due to the presence of multiple conductors in a single 
conduit.

Voltage drop, when voltage (and therefore power) is lost between the power 
source and the load, is the other part of the conductor-sizing equation. The 
NEC® makes no mention of voltage drop as it relates to PV systems, but the 
PV industry has come up with generally accepted standards of no more than 
2 percent voltage drop on the DC side of the system and 11⁄2 percent on the 
AC side. You can evaluate these percentages for your specific application, 
but 2 percent for DC and 11⁄2 percent for AC are good starting points.

Keep the Components Cool
All PV systems use some form of electronics to process the power they 
generate, and as with all electronics, they’re much happier when they’re 
kept cool and able to get rid of the heat they generate. In addition to their 
general happiness, you want to keep PV systems cool because as they get 
hotter, they have a reduced capacity to do the work they’re designed for. 
For example: An inverter rated at 3,000 W at 25 degrees Celsius (77 degrees 
Fahrenheit) may only be able to have a maximum output of 2,500 W at 40 
degrees Celsius (104 degrees Fahrenheit).

 Use proper mounting locations and techniques to keep inverters and charge 
controllers as cool as possible. In other words, don’t install a PV system in a 
location where it’ll be exposed to full sun.

 For equipment with the proper ratings, installing components on the north 
side of a building is a good option. If the south or west sides of the building 
are the only options, put some sort of shade structure over the inverter to 
protect it in the afternoons when the temperatures are the hottest and the 
array is producing energy at maximum power.
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Advise Clients to Monitor Their System
One of the reasons PV arrays are so great is that they produce power all day 
long without visible signs of operation. Most other forms of electricity gen-
eration have some sign of operation (spinning blades, humming motors, and 
the like). Then again, this plus also makes it difficult to tell when a particular 
component of a PV system isn’t working.

To ensure that any PV system you install is working at maximum power, 
advise your clients to monitor their systems regularly. A quick check of the 
daily energy production gives them the best monitoring option. Most invert-
ers show that day’s performance as well as cumulative performance over 
various time periods. If a client says that checking the daily production isn’t 
an option, suggest she try a Web-based monitoring program offered by the 
inverter manufacturer. The information such programs provide give your 
clients exactly what they need: energy production values. (Refer to Chapter 9 
for more on inverter monitoring and communications.)

Clean the Array Periodically
The amount of current (and power) produced by a PV array is directly pro-
portional to the intensity of the sunlight striking the array. As dirt and dust 
(as well as leaves and other debris) begin to accumulate on an array, the 
intensity of the sunlight striking that array is reduced. This layer of dust 
covering the modules is described as soiling; in extreme cases, soiling can 
reduce an array’s output by nearly 20 percent. The level of soiling typically 
varies among installation sites and throughout the year. It therefore deserves 
consideration as part of an array’s ongoing maintenance.

 Soiling on a residential roof-mounted array in an urban environment will be 
less than a ground-mounted array on farmland. The exact schedule and level 
of cleaning necessary is therefore dependent on the array’s location — as well 
as the value of the energy the array generates.

 Generally, the system owner is responsible for cleaning the array periodi-
cally. Your main task for this portion of the maintenance process is simply 
to instruct your client that whenever she cleans the array, she should make 
sure to do so early in the morning. Although the modules use safety glass 
that probably won’t break when hit with a sudden blast of cool water, it’s not 
worth testing them. (Flip to Chapter 18 for more details on basic PV system 
maintenance.)
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Inspect the Array Annually
PV arrays often get the “out of sight, out of mind” treatment. After an array 
is up and running, people begin to ignore it — at least in the sense of going 
out or up to it and inspecting it. What they forget is that the PV array is con-
stantly being exposed to extremes. It sees extreme temperature swings on a 
daily basis, its metal components are constantly expanding and contracting, 
its conductors are blown around by the wind, it gets weighted down with 
snow, and so on. For all of these reasons, I strongly encourage you to annu-
ally (at a minimum) inspect the PV arrays you install, along with their associ-
ated equipment.

 As the PV system designer and installer, you should be responsible for per-
forming the annual inspection; be sure to tell your clients the importance 
of such an inspection so they’re aware of the additional annual cost of the 
system. During the inspection, you should look for conductors that have come 
loose and conduit that doesn’t seem properly supported; you should also put 
a wrench on the array mounts to check for proper tightness in the mechani-
cal connections. If you have the proper tools, go ahead and verify the array’s 
power output too (I tell you how to do this in Chapter 18).

 I suggest a nice, cool, summer or fall morning for your inspection. This way 
you can visually look over the array, get down on your hands and knees 
to check the underside, and bring a bucket of water to clean the modules. 
(You’re already up there, so why not give your client a break from the clean-
ing routine? That’s customer service right there.)
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inspecting, 334, 354
matching to inverters, 185–186
operating temperature of, 199
orientation of, 77–78, 350
power outputs, 226
power values, 186–188
roof mounting

ballasted racking, 284–285
fl ush-to-roof racking, 281–283
tilt-up rack mounting, 284

sizing
calculating, 218–219
consumption and contract 

options, 184–185
contract options with 

utility, 183–184
determining annual energy 

consumption, 183
effi ciency values, 218
overview, 182–183, 217
peak sun hours, 218
total available solar 

resource, 218
in utility-interactive 

systems, 216–217

tilt of, 91, 285
top-of-pole mounting, 287–289, 

348
Article 110.12, NEC®, 333
Article 110.3(B), NEC®, 302
Article 310.15, NEC®, 233
Article 690, NEC®, 18
ASHRAE (American Society 

of Heating, Refrigerating, 
and Air-Conditioning 
Engineers), 198, 233

aSi (amorphous silicon), 108
ASSET (Acme Solar Site 

Evaluation Tool), 94
attic vents, 85
authority having jurisdiction 

(AHJ), 20, 343
AutoCAD, 258
autoranging, 40
auxiliary load control, 143–144
average high summertime 

temperature, 198
AWG (American Wire Gauge), 

234
azimuth

of arrays, calculating, 92
orienting arrays to, 77–78
overview, 71

• B •
backed currents, 245
backfeeding, 318
backup loads, 204
backup subpanel, 204
ballasted racking system, 

284–285, 294
bare wire, 305–306
batteries

capacity of
battery banks, 213–214
C rate, 131
comparing to arrays, 223
effects of age, 132–133
effects of discharge rate, 133
effects of temperature, 132
overview, 130

charging and discharging, 42, 
124–126, 137–138, 225

constructing, 122–124
corrosion of, 126
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batteries (continued)
cycles of, 125
deep-cycle, 123
deep-discharge, 123
effect of cold on, 132
effi ciency of, 218
electrical commissioning, 322
monitors of, 23
nominal, 123
operating temperature of, 209
overview, 14, 121
safety, 276–277
specifying bank size of, 

135–138
specifying type of, 134–135
terminals, 126
types of, 127–130
voltage of, 141
wiring of, 167–168

battery banks
calculating required energy, 

135–136
capacity of, 213–214
constructing, 124
days of autonomy, 137
equalizing fl ooded batteries, 

340
exercising in utility-

interactive systems, 339
number of strings, 138
overview, 12, 22–23
rate and depth of discharge, 

137–138
secondary charging sources, 

136
serving loads, 204–206
sizing, 135–138, 209–216
torque, 338–339
watering fl ooded batteries, 339

battery-based inverters
overview, 155
safety, 158–159
specifying, 161–162
user interface, 159
utility-interactive, 156–157

battery-based systems
commissioning, 329–330
confi guration of, 31
labeling guidelines for, 335
overview, 16, 30–32
pros and cons of, 31–32
sizing, 210, 223–226
stand-alone, 30
utility-interactive, 30

battery cells, constructing, 
122–123

Becquerel, A.E., 9
Bing Maps, 92

BIPV (building integrated 
photovoltaics), 289

black meter lead, 43, 46
black wire, 305–306
block-type mounts, 296, 297–298
bonding, 310
boron, 103
bottom-up rails, 285–286
breakers

backfed, 318
with correct rating, 317
main, 87
overview, 172–173
placing inverters on, 317

brownout situation, 30
budgeting, 179–181
building codes, 291
building integrated 

photovoltaics (BIPV), 289
building permits, 17
building wiring, 167
building-integrated mounting, 

22, 289–290
bulk charging, 140–142
bulk voltage set-point, 141
busbars, 87

• C •
C rate, 131
cable assembly, 170
cable clips, 307–308, 346
cable ties, 307–308
CAD (computer-aided drafting) 

programs, 256
cadmium telluride (CdTe), 

108–109
calculator, 82
cantilever, 344
CdTe (cadmium telluride), 

108–109
central inverters, 153
certifi cations, 250–251
CFLs (compact fl uorescent 

light bulbs), 204
charge controllers

auxiliary load control, 143–144
electrical commissioning, 322
load-control feature, 143
maximum power point 

tracking (MPPT)
overview, 144–146
pros and cons of, 146

overview, 15, 23, 139
pulse-width modulation

overview (PWM), 147
pros and cons of, 147–148

sizing in battery-based systems
comparing array size to 

battery capacity, 223
MPPT charge controllers, 

222–223
overview, 219–220
power or amperage, 221–223
PWM charge controllers, 222
voltage, 220–221

specifying, 148
stages

absorption charging, 142
bulk charging, 140–142
fl oat charging, 142–143

status meters, 144
charge rates, 136, 223
charge set-points, 140
charging batteries, 42, 124–126, 

225
charging cycle, 125
chassis, 24
chimneys, 85
CIGS (copper indium gallium 

diselinide), 109
circuit breakers

backfed, 318
with correct rating, 317
main, 87
overview, 172–173
placing inverters on, 317

circuit length, 240
circuits

confi gurations of, 53–56
current of, 230–231
identifi cation of, 229
inverter input, 164, 230
inverter output, 164, 230
maximum and continuous 

current of, 230–231
overview, 163–165, 245
protecting, 246
PV output, 164, 230
PV source, 230
safety

AC circuits, 273–274
disconnecting, 274–276
order of connection, 272–273

city covenants, 84
clamp meters, 38
climate conditions, 88
clipboard, 82
clips, 307
code

avoiding mistakes
conductor ratings, 345
conductors on modules, 346
conduit, 346–347
disconnects, 347
fl ashing, 345
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grounding equipment, 347
grounding systems, 347–348
labeling, 348
structural support, 344–345
working clearance, 344

of buildings, 291
overview, 20

coeffi cients, 192–193
cold batteries, 132
color-coding wire, 305–307, 323
combiner boxes, 302, 304–305, 

310
commercial busbars, 87
commercial permitting

electrical, 257–258
mechanical, 256–257
overview, 255

commissioning
electrical

batteries, 322
charge controllers, 322
conductors, 323
conduit, 323
disconnects, 324
inverters, 322–323
overcurrent protection 

devices, 324
PV modules, 321

gear for, 326
mechanical

footings, 320–321
racking, 321

overview, 19
process for battery-based 

system, 329–330
process for grid-direct 

system, 327–329
safety, 325–326
verifying system is working, 

330–332
Common meter label, 43, 46
compact fl uorescent light 

bulbs (CFLs), 204
compass, 82, 89–90
computer-aided drafting (CAD) 

programs, 256
conditions of use

ampacity values, 234–236
overview, 232–233
temperature considerations, 

233
conductivity, 165
conductors

ampacity of, 238
battery wiring, 167–168
building wiring, 167
copper, 165
current-carrying, 237
electrical commissioning, 323

equipment-grounding, 311–312
ground wiring, 168
grounded current-carrying, 

305–306
hot current-carrying, 305–306
inspections of, 334
maximizing energy, 352
on modules, 346
neutral current-carrying, 

305–306
overview, 165–166
PV wire, 166–167
ratings, 345
resistance of, 240
sizing calculations in drawing 

sets, 259
underground service 

entrance, 166
ungrounded current-carrying, 

305–306
conduit

avoiding mistakes with code, 
346–347

electrical commissioning, 323
metallic, 169–170
nonmetallic, 170
overview, 168–169
protecting wiring with, 308
sizing, 243

connections
constructing, 123
order of, 272–273

construction contractors 
board, 88

construction site safety
exposure to elements, 264
fi rst-aid kits, 265
obstacles and protective 

gear, 262–263
tools, 264
working, 263

continuity test, 45
continuous current, 230–231
contracts, 183–185
copper indium gallium 

diselinide (CIGS), 109
corrosion, 126
coulombs, 36
critical loads, 206
cross-linked polyethylene, 166
crystalline modules

monocrystalline, 105–107
multicrystalline, 107
voltage correction factors 

for, 195
current. See also AC; DC; 

inverters
ammeters, 38
amps, 36

irradiance, 61–62, 331
measuring, 37–40
overview, 36–37
relating in IV curves

overview, 118–119
with varying irradiance, 120
with varying temperature, 

119–120
specifi cations for PV 

modules, 110–111
current-versus-voltage curve. 

See IV curve

• D •
daisy chaining, 54
Database of State Incentives 

for Renewables and 
Energy Effi ciency (DSIRE), 
27, 260

days of autonomy, 137, 210–211, 
214

DC (direct current). See also 
inverters

appliances, 209
disconnect, 329
disconnecting means, 164
loads, 214
maximum voltage 

contribution
adjusted open circuit 

voltage, 195–196
NEC® info, 194–195
overview, 191–192
temperature coeffi cients, 

192–193
minimum voltage 

contribution
calculating, 199–200
long-term performance, 197
mounting, 198–199
number of modules needed 

in strings, 201
overview, 196–197
temperature, 197–198

overview, 24, 36–37
voltage, 239–242
voltage window

inverters, 190–191
overview, 160

dead loads, 291–292
declinations, 89–90
deep-cycle batteries, 123, 124
deep-discharge batteries, 123
depth of discharge (DOD)

of battery banks, 211–213
overview, 137–138
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derate factor, 233
diffuse radiation, 58–59
digital camera, 81
digital multimeter (DMM), 38, 

42, 82, 326
digital photos

for basic information, 83–84
for electrical information, 

86–88
for site information, 84–85
for structural and mechanical 

information, 85–86
diode, 103
direct current. See DC; 

inverters
direct radiation, 58–59
discharge rates, 133
discharging batteries

overview, 124–126
rate and depth of, 137–138

disclaimers, 186
disconnecting

circuits, 274–276
means, 303–304

disconnects
avoiding mistakes with code, 

347
electrical commissioning, 324
grouped, 316
overview, 26–27, 171–172
placing inverters on, 317
sizing

on inverter circuits, 246
overview, 244–245
on PV circuits, 245

utility-required, 315, 316
distributed generation, 10
distribution panels, 81
DMM (digital multimeter), 38, 

42, 82, 326
documenting sites

basic information, 83–84
electrical information, 86–88
site information, 84–85
structural and mechanical 

information, 85–86
DOD. See depth of discharge 

(DOD)
dopants, 106–107
doping cells, 102–103
drawing sets

clarity of, 259
conductor-sizing 

calculations, 259
equipment locations, 259
job notes, 260
overview, 258

DSIRE (Database of State 
Incentives for Renewables 
and Energy Effi ciency), 
27, 260

dynamic values, 89

• E •
earthquakes, 294
eastern declination, 89–90
edge-of-cloud effect, 60
effi ciency values, 218
EGC (equipment-grounding 

conductor), 311–312
electrical. See also safety

commissioning
batteries, 322
charge controllers, 322
conductors, 323
conduit, 323
disconnects, 324
inverters, 322–323
overcurrent protection 

devices, 324
PV modules, 321

connecting to utility
backfed circuit breakers, 318
circuit breakers with 

correct rating, 317
fastening kits, 318
ground fault protection 

integrated into 
overcurrent protection 
device, 317–318

locating protection, 318
panels with multiple power 

sources, 318
placing inverters on circuit 

breakers or disconnects, 
317

requirements, 314–315
grounding

equipment connection, 
309–311

overview, 308–309
sizing equipment-grounding 

conductors, 311–312
sizing system grounding, 314
system ground connection, 

312–313
information, 86–88
integrating

combiner boxes, junction 
boxes, and wiring, 304–305

equipment locations, 
302–303

locations for disconnecting 
means, 303–304

maintenance
module wiring, 337
PV cleanliness, 338
wiring connections, 337

permits, 17, 253–255, 257–258
wiring

color-coding, 305–307
protecting with conduit, 308
on PV modules, 307–308

electrical metallic tubing 
(EMT), 169–170

electrician, 88
electricity

basics of, 52–53
circuit confi gurations

overview, 53
parallel, 55–56
series, 54
series-parallel, 56

current
ammeters, 38
amps, 36
direct and alternating, 36–37
measuring, 37–40

energy
amp-hours, 51–52
overview, 48–49
power versus, 48
watt-hours, 51

Ohm’s law, 47–48
power

amp-hours, 51–52
energy versus, 48
overview, 48
power equation of, 49–50
watt-hours, 51

resistance
measuring, 45–47
ohms, 45

specifi cations for PV modules
current specifi cations, 

110–111
maximum power point, 

112–113
overview, 109–110
power tolerance, 114
series fuse rating, 114
voltage specifi cations, 

111–112
voltage temperature 

coeffi cient, 113–114
voltage

measuring, 42–44
nominal and operating, 41–42
overview, 41

electrolyte, 122
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electromotive force, 41
electrons, 35–36, 103–104
EMT (electrical metallic 

tubing), 169–170
enclosures, 302
energy

amp-hours, 51–52
calculating, 135–136
calculating in watt-hours, 51
calculating output, 64–65
consumption of, 207
determining annual 

consumption, 183
maximizing, 349–354
overview, 48–49
power versus, 48
required during outages for 

utility-interactive systems, 
206–207

engine generators, 136
equalization charge, 127, 128, 

340
equinoxes, 68–69
equipment

grounding, 309–311
location of, 302–303
location of in drawing sets, 259

equipment-grounding 
conductor (EGC), 311–312

error codes, 329
expansion fi ttings, 323
extension cords, 271
extension ladder, 266
extra heavy duty (Type IA) 

ladder, 266
eye protection, 262

• F •
factory-installed conductors, 

166
fall equinox, 68–69
fall protection, 269
fastening kits, 318
fault situation, 276
faults, 245
feed-in tariff system (FIT), 

27, 184
fi berglass ladder, 267
fi refi ghter access, 84
fi rmware, 155
fi rst-aid kit, 265
fi sh tape, 308
FIT (feed-in tariff system), 

27, 184

FLA (fl ooded lead-acid 
batteries), 127–128

fl ashing
avoiding mistakes with code, 

345
block-type mounts with 

integrated fl ashing, 297–298
overview, 296
post-type footings, 297

fl ashlights, 82
fl at roofs, 284
fl exible metallic tubing (FMT), 

169–170
fl oat charging, 142–143
fl oating, 174
fl ooded batteries, 23, 339
fl ooded lead-acid batteries 

(FLA), 127–128
fl ush-to-roof racking system, 

281–283, 292
FMT (fl exible metallic tubing), 

169–170
footings

mechanical commissioning, 
320–321

overview, 286
post-type, 297

footwear, 263
4-to-1 rule, 267
framing, 85
fuel sources, 227
full sun, 115
fuses

ground fault protection, 327
overview, 173

future shading, 84

• G •
gauge, 323
GE (grounding electrode), 312, 

347–348
GEC (grounding-electrode 

conductor), 312
generators

engine, 136
incorporating in off-grid 

homes, 226
incorporating in utility-

interactive systems, 226
sizing in battery-based 

systems, 226–228
geotechnical engineer, 298
GFCI (ground fault circuit 

interrupter), 152

GFP. See ground fault 
protection (GFP)

glasses, 40, 326
gloves, 40, 263, 326
goggles, 262
Google Earth, 92
Google SketchUp, 92
graphs, 97
gray wire, 305–306
green wire, 305–306
grid-direct inverters

large transformers and low-
frequency technology, 154

maximum power point 
tracking (MPPT), 152

operation of, 150–151
overview, 24
power output sizes, 153–154
safety features, 151–152
small transformers and high-

frequency technology, 
154–155

specifying, 160–161
transformer-less technology, 

155
user interface, 152–153

grid-direct systems
commissioning, 325, 327–329
confi guration of, 28–29
overview, 12, 16, 28–30
pros and cons of, 29–30
sizing

array, 182–185
budget and available array 

areas, 179–181
combining power and 

voltage information, 
201–202

estimating annual energy 
production, 181–182

inverters, 185–186, 202
power values for arrays and 

inverters, 186–188
ground busbar, 312
ground connections, 312–313
ground fault circuit interrupter 

(GFCI), 152
ground fault protection (GFP)

device, 306
fuse, 327
integrated into overcurrent 

protection device, 317–318
overview, 174–175

ground lugs, 310
ground mounting, 285–287, 

298–299, 321, 348
ground plan, 257
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ground rod, 312, 313, 347
ground wiring, 168
grounded conductors, 164–165
grounding

avoiding mistakes with code, 
347–348

equipment connection, 309–311
overview, 308–309
sizing equipment-grounding 

conductors, 311–312
sizing system grounding, 314
system ground connection, 

312–313
grounding clips, 310
grounding electrode (GE), 312, 

347–348
grounding-electrode conductor 

(GEC), 312
grouped disconnects, 316
guerrilla solar, 314

• H •
hard hats, 262
heat-resistant thermoplastic 

(THHN), 167
heavy duty (Type I) ladder, 266
height, of ladder, 266
helical piers, 299
hetero-junction modules, 109
high-frequency technology, 

154–155
high-resistance connection, 337
high-voltage safety gloves, 326
hiking boots, 263
historic districts, 84
hold-down kits, 318
Home Power magazine, 299
homeowners’ associations, 84
home-run cables, 273, 327
hydrogen, 23

• I •
I symbol, 36
IBC (International Building 

Code), 295, 343
Imp (maximum power current 

rating), 111, 145, 241
impedance, 44
inclinometer, 91
infrared thermometer, 326
ingot, 106
inline meter, 38

insolation (peak sun hours), 
64, 218

inspections
aesthetics, 333
conductors on arrays, 334
labeling, 334–336
“neat and workmanlike 

manner,” 333
overview, 332–333

inspectors, 269
insulating gloves, 40
insulators, 102
integrated disconnects, 87
interconnection rules, 88
International Building Code 

(IBC), 295, 343
International System of Units 

(SI), 36
Interstate Renewable Energy 

Council (IREC), 260
inverters. See also battery-

based inverters; grid-
direct inverters; stand-
alone inverters

AC voltage, 189
central, 153
circuits, 246
DC disconnect, 330
DC voltage window, 190–191
electrical commissioning, 

322–323
error codes, 329
matching to arrays, 185–186
maximizing energy, 351
maximum current input, 202
overview, 15, 24–25, 149
placing on circuit breakers or 

disconnects, 317
power values for, 186–188
specifying, 160
stacked, 159, 224
string, 153
ungrounded, 155

IREC (Interstate Renewable 
Energy Council), 260

irradiance
charts, 60–61
current and voltage, 61–62
effects on surveying test 

conditions, 117–118
factors of, 60
IV curves, 120
measuring with a

pyronometer, 62
overview, 59–60
sensors, 118, 326, 331

irradiation, 13, 62–63
Isc (short circuit current), 110

islanding, 151
IV curve

overview, 118–119
with varying irradiance, 120
with varying temperature, 

119–120

• J •
joules, 48
junction boxes, 304–305

• K •
kilowatt (kW), 48
kilowatt-hours (kWh), 48, 51, 182
kilowatts per square meter 

(kW/m2), 59

• L •
L (total circuit length), 241
labeling

avoiding mistakes with code, 
348

for inspections, 334–336
overview, 175–176

ladders
overview, 82
selecting, 265–267
setting up, 267–268

lag screws, 294–295
latitude, 70, 72
lead-acid batteries, 125
lead-calcium batteries, 129
leveling tool, 298
LFNC (liquid-tight fl exible 

nonmetallic conduit), 169, 
170

licenses, 88, 250–251
licensing department Web 

sites, 88
light duty (Type III) ladder, 266
lighting, 205
lightning protection, 313
line side connection, 316
liquid-tight fl exible nonmetallic 

conduit (LFNC), 169, 170
live loads

seismic loading, 294
snow loading, 293–294
wind loading, 293

load centers, 25–26
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load profi les, 133
load rating of, ladder, 266
load side connection, 316
load-analysis spreadsheets, 208
load-control feature, 143
loads

dead, 291–292
live, 293–294
overview, 25
sizing in battery-based 

systems
average daily energy 

consumption for stand-
alone systems, 207–209

energy required during 
outages for utility-
interactive systems, 
206–207

overview, 204–209
served by battery banks, 

204–206
local building department, 84
local climate conditions, 88
local jurisdiction, 163
local requirements, 98
low-frequency transformer 

technology, 154, 159
low-pitch roofs, 284
low-resistance connections, 46
low-slope roofs, 75
lubricant, 308
lugs, 309

• M •
magnetic declination, 77, 88–90
magnetic variation, 88
main distribution panel (MDP), 

25, 87
main load center, 25
maintenance

batteries, 134–135
battery banks

equalizing fl ooded 
batteries, 340

exercising in utility-
interactive systems, 339

torque, 338–339
watering fl ooded batteries, 

339
electrical

module wiring, 337
PV cleanliness, 338
wiring connections, 337

mechanical, 337
overview, 336

maintenance-free batteries, 23

maps of peak sun hours, 65–67
maximum current

circuit, 236
non-PV circuits, 231–232
PV circuits, 230–231

maximum DC voltage 
contribution

adjusted open circuit voltage, 
195–196

NEC® info, 194–195
overview, 191–192
temperature coeffi cients, 

192–193
maximum power current rating 

(Imp), 110, 145, 241
maximum power point (MPP), 

112–113, 145, 153
maximum power point tracking 

(MPPT)
charge controllers, 222–223
overview, 144–146, 152
pros and cons of, 146

MDP (main distribution panel), 
25, 87

mechanical commissioning
footings, 320–321
racking, 321

mechanical information, 85–86
mechanical parts. See also roof 

mounting
arrays

building-integrated 
mounting, 289–290

ground mounting, 285–287
overview, 280
top-of-pole mounting, 

287–289
building codes, 291
dead loads, 291–292
live loads

seismic loading, 294
snow loading, 293–294
wind loading, 293

overview, 279
supports, 298–299

mechanical permits, 252, 
256–257

metal roofs, 283
metallic conduit, 169–170
microhydroelectric systems, 

136
microinverters, 153
micrometers, 109
minimum DC voltage 

contribution
calculating, 199–200
long-term performance, 197
mounting, 198–199

number of modules needed 
in strings, 201

overview, 196–197
temperature, 197–198

Minimum Design Loads for 
Buildings and Other 
Structures (ASCE 7-05), 291

mirrors, 60
modules (PV)

cells
construction and 

manufacturing, 102–103
creating one-way electron 

paths with PN junctions, 
103

doping to create 
semiconductors, 102–103

photovoltaic effect, 104
connected to charge 

controllers, 220
crystalline kinds

monocrystalline, 105–107
multicrystalline, 107

electrical commissioning, 321
electrical specifi cations for

current, 110–111
maximum power point, 

112–113
overview, 109–110
power tolerance, 114
series fuse rating, 114
voltage specifi cations, 

111–112
voltage temperature 

coeffi cient, 113–114
equipment grounding options 

for, 311
interconnections, 307
needed in strings, 201
overview, 14, 22, 101–102
positioning

orienting arrays to azimuth, 
77–78

tilt angles, 75–77
relating current and voltage 

in IV curves
overview, 118–119
with varying irradiance, 120
with varying temperature, 

119–120
surveying test conditions for

irradiance effects on, 
117–118

standard test conditions, 
115–116

temperature effects on, 
116–117
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modules (PV) (continued)
thin fi lm kinds

amorphous silicon, 108
cadmium telluride, 108–109
copper indium gallium 

diselinide, 109
overview, 107–108

wiring, 307–308, 337
moisture and heat resistant 

thermoplastic (THWN-2), 
167–168, 345

moisture-resistant thermoset 
(RHW), 167

monitoring systems, 351, 353
monocrystalline modules, 

105–107
mounting. See also roof 

mounting
building-integrated, 22, 

289–290
ground, 285–287, 298–299, 

321, 348
top-down, 282
top-of-pole, 287–289, 298–299

MPP (maximum power point), 
112–113, 145, 153

MPPT. See maximum power 
point tracking (MPPT)

multicrystalline modules, 107, 
195

multimeter, 38, 42, 82, 326
multiplicity, 153

• N •
N type, 103, 104
NABCEP (North American 

Board of Certifi ed Energy 
Practitioners), 251, 295

National Electrical Code® 
(NEC®), 20, 194–195

National Electrical 
Manufacturers 
Association (NEMA) 
enclosure ratings, 302

National Fire Protection 
Association Web site, 20

National Oceanic and 
Atmospheric 
Administration (NOAA), 89

National Renewable Energy 
Laboratory (NREL), 63, 
65, 97

“neat and workmanlike 
manner,” 333

NEC® (National Electrical 
Code®), 20, 194–195

NEMA (National Electrical 
Manufacturers 
Association) enclosure 
ratings, 302

net metering, 27, 88
neutral current-carrying 

conductors, 305–306
nickel-cadmium batteries, 130
NOAA (National Oceanic 

and Atmospheric 
Administration), 89

nominal voltages
AC, 242
of batteries, 123
of battery banks, 213
overview, 41–42

nonmetallic conduit, 170
North American Board 

of Certifi ed Energy 
Practitioners (NABCEP), 
251, 295

North Pole, 69
Northern Hemisphere, 68–69, 89
NREL (National Renewable 

Energy Laboratory), 63, 
65, 97

• O •
O meter label, 46
obstructions, 85
Occupational Safety and 

Health Administration 
(OSHA), 17, 261, 265

OCPDs. See overcurrent 
protection devices 
(OCPDs)

off-grid homes, 226
ohms, 45
Ohm’s law, 47–48
one-line drawings, 253, 254, 257
operating voltage, 41–42, 112
orientation, 96
OSHA (Occupational Safety and 

Health Administration), 17, 
261, 265

outages, 206–207
outdoor installation, 303
output circuits, 164, 230
output voltage, 227
output wires, 87
overcurrent protection devices 

(OCPDs)
circuit breakers, 172–173
electrical commissioning, 324
fuses, 173
integrated into by ground 

fault protection, 317–318

overview, 26–27
sizing

on inverter circuits, 246
overview, 244–245
on PV circuits, 245

overspanned rafters, 86

• P •
P type, 103, 104
panels, 22, 318
panoramic views, 94
parallel connections, 55–56, 

122
peak sun hours (insolation), 

64, 218
penetrations, sealing with 

fl ashing
block-type mounts with 

integrated fl ashing, 
297–298

overview, 296
post-type footings, 297

permitting
for commercial systems, 

255–258
cost of, 250
drawing sets, 258–260
licenses and certifi cations, 

250–251
overview, 17, 249–250
for residential systems, 

251–255
personal protective equipment 

(PPE), 262
phantom loads, 205
phosphorous, 103, 106, 107
photons, 102, 104
photos

for basic information, 83–84
for electrical information, 86–88
for site information, 84–85
for structural and mechanical 

information, 85–86
photovoltaic effect, 104
Pictometry, 92
pipes, 164
plan checkers, 255
plan view, 252
plastic ties, 307, 346
plates, 123
plumbing vents, 85
PN (positive-negative) 

junctions, 103
point loading, 292
point of common connection 

(POCC), 27
polarity, 306
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pole racks, 22
pole-mounted arrays, 348
positive attachment method, 294
positive declination, 89–90
positive-negative (PN) 

junctions, 103
post-type footings, 296, 297
power

amp-hours, 51–52
combining with voltage 

information, 201–202
density, 105, 180
differences between energy 

and, 48
draw, calculating, 224–225
MPPT charge controllers, 

222–223
outputs, 153–154, 226
overview, 48, 221–222
panels with multiple sources, 

318
point trackers of, 190
power equation, 49–50
PWM charge controllers, 222
tolerance of, 114
watt-hours, calculating, 51

power tools, 271
power values, 184–188
PPE (personal protective 

equipment), 262
protective gear, 262–263
pulling permits, 251
pulse-width modulation 

(PWM), 147–148
pulsing charges, 147
PV Watts tool, 80, 181
PV wire, 166–167
PVC (rigid polyvinyl chloride), 

169–170
PWM (pulse-width 

modulation), 147–148
pyronometer, 62

• Q •
quick-connect plugs, 346

• R •
racking

ballasted, 284–285
details, 256
fl ush-to-roof, 281–283
mechanical commissioning, 

321

overview, 22
plans, 256
structures, 98

rafters, 86, 345
rate of discharge, 137–138
rated maximum power point 

current, 334
rated maximum power point 

voltage, 334
rated power output, 112, 113
rated values, 211
Rc (resistance of conductors), 

240–241
red meter lead, 43, 46
red wires, 305, 306
Redbook, 65
refl ectance, 58, 60
refl ective surfaces, 60
refrigeration, 205
remote start, 227
reroofi ng, 85
residential permitting

electrical, 253–255
mechanical, 252
overview, 251

resistance
of conductors, 240–241
measuring, 45–47
ohms, 45

resistance of conductors (Rc), 
240–241

resistance-measurement 
feature, 46

restrictions, 84
reverse polarity, 43
RHW (moisture-resistant 

thermoset), 167
rigid polyvinyl chloride (PVC), 

169–170
roof mounting

arrays, 320
ballasted racking, 284–285
building codes, 291
combiner boxes, 245
dead loads, 291–292
fl ashing, 345
fl ush-to-roof racking, 281–283
framing, 85
lag screws, 294–295
live loads, 293–294
sealing penetrations with 

fl ashing, 296–298
tilt-up rack mounting, 284

rooftops
material of, 81
safety

fall protection, 269
maintaining walkways, 271

overview, 268–269
storing tools, 269–270

slope of, 91
tilt of, 81
truss, 345

rotations per minute (RPM), 227

• S •
safety

batteries, 276–277
circuits

AC circuits, 273–274
disconnecting, 274–276
order of connection, 272–273

commissioning, 325–326
construction site

exposure to elements, 264
fi rst-aid kit, 265
obstacles and protective 

gear, 262–263
tools, 264
working, 263

devices, 15–16, 17
electrical

overview, 271
shock hazards, 271–272

features
of grid-direct inverters, 

151–152
of stand-alone inverter 

operation, 158–159
glasses, 40, 326
gloves, 326
goggles, 262
ladders

selecting, 265–267
setting up, 267–268

overview, 17–18, 261
rooftops

fall protection, 269
maintaining walkways, 271
overview, 268–269
storing tools, 269–270

satellite images, 83, 85, 92
screwdrivers, 82
sealed batteries, 23, 135, 338
sealed lead-acid batteries, 128
sealing with fl ashing

block-type mounts with 
integrated fl ashing, 297–298

overview, 296
post-type footings, 297

seasons, 68–69
seismic loading, 294
semiconductors, 102–103
series connections, 54
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series fuse rating, 114
series string, 54, 114
series-parallel connections, 56
shading, 84, 96
shading factor (SF), 96
shading-analysis tools, 82, 93–95
shock hazards, 271–272
shoes, 263
short circuit current (Isc), 110
shorting, 110
SI (International System of 

Units), 36
site selection

documenting with digital 
photos

basic information, 83–84
electrical information, 86–88
site information, 84–85
structural and mechanical 

information, 85–86
interpreting data

analyzing reports, 95–96
total solar resource factor 

(TSRF), 96–97
using other collected 

information, 98
for maximizing energy, 349
measuring information in 

degrees
calculating array’s azimuth, 

92
calculating array’s tilt 

angle, 91
magnetic declination, 88–90

shading-analysis tools, 93–95
site surveys

site-survey bag, 81–82
site-survey form, 80–81
time requirements, 80

sizing
battery-based systems

battery banks, 209–216
charge controllers, 219–223
generators, 226–228
inverters, 223–226
loads, 204–209
overview, 203–204
PV arrays, 216–217

conductors
conditions of use, 232–236
determining sizing, 236–238
maximum and continuous 

current of circuits, 230–231
non-PV circuit maximum 

current, 231–232
overview, 229–230
voltage drops after sizing, 

238–243

conduit, 243
equipment-grounding 

conductors, 311–312
grid-direct systems

budget and available array 
area, 179–181

combining power and voltage 
information, 201–202

estimating annual energy 
production, 181–182

inverters, 185–186, 202
power values for arrays and 

inverters, 186–188
sizing arrays, 182–185

grounding, 314
overcurrent protection 

devices and disconnects
on inverter circuits, 246
overview, 244–245
on PV circuits, 245

overview, 16
process of, 16
utility-interactive systems, 

216–217
slime, 308
small transformers, 154–155
smartphones, 92
snow loading, 289, 293–294
SOC (state of charge), 124
soiling, 353
Solar ABCs, 198
Solar America Board for Codes 

and Standards, 260
solar cells

construction and 
manufacturing, 102–103

creating one-way electron 
paths with PN junctions, 
103

doping to create 
semiconductors, 102–103

photovoltaic effect, 104
temperature of, 115

solar noon, 60, 73
Solar Pathfi nder, 94
solar radiation

direct and diffuse, 58–59
irradiance

charts, 60–61
current and voltage, 61–62
factors of, 60
measuring with a 

pyronometer, 62
overview, 59–60

irradiation, 62–63
peak sun hours

calculating energy outputs, 
64–65

charts and maps, 65–67
overview, 63–64

positioning PV modules
orienting arrays to azimuth, 

77–78
tilt angles, 75–77

sun’s path on earth
altitude, 70–71
azimuth, 71
overview, 67
seasonal effects, 68–69
solar time, 72
solar window, 74
sun charts, 72–73

Solar Radiation Data Manual 
for Flat-Plate and 
Concentrating Collectors 
(NREL), 65

solar resource, 57
solar time, 72
solar window, 13, 74
solar-access laws, 84
SolarPro magazine, 175, 293, 295
Solmetric SunEye tool, 95
Solmetric Web site, 97
solstices, 68
source circuits, 164, 230
Southern Hemisphere, 68
spec (specifi cation) sheets, 249
special duty (Type IAA) 

ladder, 266
specifying

charge controllers, 148
inverters

battery-based, 161–162
grid-direct, 160–161
overview, 160

spring equinox, 68, 69, 70
stacked inverters, 159, 224
stand-alone inverters

low-frequency transformer 
technology, 159

overview, 15, 24, 149, 158
safety features, 158–159
sizes of, 159
user interface, 159

stand-alone systems
average daily energy 

consumption for, 207–209
labeling guidelines for, 335
sizing

arrays, 216
calculating, 218–219
effi ciency values, 218
overview, 217
peak sun hours, 218
total available solar 

resource, 218
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state of charge (SOC), 124
stationary mounts, 78
stationary racking systems, 78
status meters, 144
stepladder, 265
stock labels, 348
straight ladder, 265
string inverters, 153
strings, 138, 201
structural engineers, 86, 256
structural information, 85–86
structural support, 344–345
subpanels, 87
substrates, 107
sulfation, 127
summer solstice, 68, 69, 70, 73
summertime, 34, 198
sun

charts, 72–73
direct and diffuse radiation, 

58–59
irradiance

charts, 60–61
current and voltage, 61–62
factors of, 60
measuring with a 

pyronometer, 62
overview, 59–60

irradiation, 62–63
path on earth

altitude, 70–71
azimuth, 71
overview, 67
seasonal effects, 68–69
solar time, 72
solar window, 74
sun charts, 72–73

peak hours
calculating energy output, 

64–65
charts and maps, 65–67
overview, 63–64

positioning PV modules, 75–78
SunEye tool, 95
sunlight, 104
sunscreen, 264
surge ratings, 162, 225–226
surveying test conditions

irradiance effects on, 117–118
standard test conditions, 

115–116
temperature effects on, 116–117

system commissioning form, 328
system ground connections, 

312–313

• T •
tag out, 274
tape measure, 91
tellurium, 108
temperature

of battery banks, 211
coeffi cients of, 117, 192–193
compensation value, 214
considerations, 233
derate factor, 211
effect on capacity, 132
effects on surveying test 

conditions, 116–117
IV curves, 119–120
minimum DC voltage 

contribution, 197–198
voltage adjusted to, 331

10-in-1 screwdriver, 326
terminals, 126, 235
terminations, 165
thermometer, 326
THHN (heat-resistant 

thermoplastic), 167
thin fi lm modules

amorphous silicon, 108
cadmium telluride, 108–109
copper indium gallium 

diselinide, 109
overview, 107–108

three-dimensional drawing 
programs, 85

three-stage charging, 141
THWN-2 (moisture and heat 

resistant thermoplastic), 
167–168, 345

tilt and orientation factor 
(TOF), 96

tilt angles
calculating, 91
overview, 13, 75–77

tilt-up racking, 284, 293
time-of-use metering option 

(TOU), 184
tinted safety glasses, 82
title page, 257
TOF (tilt and orientation 

factor), 96
tool bags, 269
tool belts, 269
tools

safety, 264
shading-analysis, 93–95
storing safely, 269–270

top-down mounting, 282
top-of-pole mounting, 287–289, 

298–299

torque of battery banks, 338–339
total circuit length (L), 241
total global radiation, 58
total solar resource factor 

(TSRF), 96–97, 182
TOU (time-of-use metering 

option), 184
tracking systems, 78, 288
transformer-less technology, 

155, 166
transformers

and high-frequency 
technology, 154–155

and low-frequency 
technology, 154

Tropic of Cancer, 69
Tropic of Capricorn, 69
true south, 89
true-up period, 183, 315
TSRF (total solar resource 

factor), 96–97, 182
tubing, 169
2-percent design temperature, 

198
Type I (heavy duty) ladder, 266
Type IA (extra heavy duty) 

ladder, 266
Type IAA (special duty) 

ladder, 266
Type III (light duty) ladder, 266

• U •
Ufer ground, 312
UL (Underwriters Laboratory), 

114–115
UL1741 test, 151
under load, 275
underground service entrance 

(USE-2)
battery wiring, 168
cables, 166
overview, 166
wire, 345

Underwriters Laboratory (UL), 
114–115

ungrounded current-carrying 
conductors, 305–306

ungrounded inverters, 155
USE-2. See underground 

service entrance (USE-2)
user interface

of battery-based inverters, 159
of grid-direct inverters, 152–153
of stand-alone inverters, 159
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utilitiy
battery-based inverters, 

156–157
connecting to

backfed circuit breakers, 318
circuit breakers with 

correct rating, 317
fastening kits, 318
ground fault protection 

integrated into 
overcurrent protection 
device, 317–318

locating protection, 318
panels with multiple power 

sources, 318
placing inverters on circuit 

breakers or disconnects, 
317

requirements, 314–315
contract with, 183–184
grid, 351
interconnection of, 27–28
requirements of, 98, 315–316
voltage of, 351

utility-interactive systems
energy required during 

outages for, 206–207
exercising battery banks in, 339
incorporating generators 

into, 226
inverters, 15, 24
labeling guidelines for, 335
sizing PV arrays, 216

• V •
valve-regulated lead-acid 

batteries (VRLA), 128–129
vantage point, 83
Vdrop, 241
vents, 123
vertical walls, 75
viewing glass, 91
voltage

coeffi cient values, 116
combining with power 

information, 201–202
drops after sizing

AC voltage, 242–243
DC voltage, 239–242
overview, 238–239

equation for, 50
inverters

AC voltage, 189
DC voltage window, 190–191

irradiance, 61–62
maximum DC voltage 

contribution
adjusted open circuit 

voltage, 195–196
NEC® info, 194–195
overview, 191–192
temperature coeffi cients, 

192–193
measuring, 42–44
minimum DC voltage 

contribution
calculating, 199–200
long-term performance, 197
mounting, 198–199
number of modules needed 

in strings, 201
overview, 196–197
temperature, 197–198

nominal and operating, 41–42
overview, 41, 188–189
ratings, 324
relating in IV curves

overview, 118–119
with varying irradiance, 120
with varying temperature, 

119–120
sizing charge controllers, 

220–221
specifi cations for PV 

modules, 111–112
temperature coeffi cient of, 

113–114
viewing outputs, 224
window of, 189

volts, 47
VRLA (valve-regulated lead-

acid batteries), 128–129

• W •
W (watts), 48
walkways, 271
water damming, 285
watering fl ooded batteries, 339
wattage, 49
watt-hours (Wh), 51, 131

watts (W), 48
watts per square meter (W/m2), 59
well pumps, 205
western declination, 89–90
wet stamp, 255
Wh (watt-hours), 51, 131
wheel tape, 81
white wires, 305–306
wind loading, 293
wind systems, 136
winter solstice, 68–71
wintertime, 34
wire cable clips, 346
wire ties, 346
wiring

battery banks, 215–216
circuits, 163–165
color-coding, 305–307
conductors

battery wiring, 167–168
building wiring, 167
ground wiring, 168
overview, 165–166
PV wire, 166–167
underground service 

entrance, 166
conduit

metallic, 169–170
nonmetallic, 170
overview, 168–169

connections, 337
disconnects, 171–172
ground fault protection, 174–175
integrating, 304–305
labels, 175–176
overcurrent protection devices

circuit breakers, 172–173
fuses, 173

overview, 15–16
protecting with conduit, 308
on PV modules, 307–308

• Z •
zenith, 71, 73
zero point, 71
zeroing meters, 40
zip ties, 307
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