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on a mission to make renewable energy the dominant energy source on our
planet on order to combat climate change.

Disclaimer

All content in this book 1s provided for educational purposes and should be
applied at your own risk. As with any Do-It-Yourself (DIY) project,
unfamiliarity with the tools and processes can be dangerous. All content
herein should be considered as theoretical advice only.

If you are at all uncomfortable or inexperienced working with the
components and/or tools required for Off Grid solar systems (especially but
not limited to electronics and mechanical), please reconsider doing the job
yourself. It is very possible on any DIY project to damage the equipment,
void the property insurance, create a hazardous condition, or harm or even
kill yourself or others.

The Author and this book will not be held responsible for any injury due to
the misuse or misunderstanding of any of the content related to this book.

By using this book, you agree to indemnify the author (“The Company™),
its officers, directors, employees, agents, distributors, affiliates, subsidiaries
and their related companies for any and all claims, damages, losses and
causes of action arising out of your breach or alleged breach of this
agreement.


http://www.gridalternatives.org/

The information in this book is distributed “as 1s”” and appear without
express or implied warranties of any kind, except those required by the
relevant legislation. In particular the Company makes no warranty as to the
accuracy, quality, completeness or applicability of the information provided.

The information provided in this book is for entertainment and promotional
purposes only. You may not rely on any information and opinions expressed
in it for any other purpose. Neither the Company, nor its officers, directors,
employees, agents, distributors, affiliates, subsidiaries and their related
companies are responsible or liable for any loss damage (including, but not
limited to, actual, consequential, or punitive), liability, claim, or any other
injury or cause related to or resulting from any information in this book or
on the Company’s website.

More Resources

On the website below there are more resources available to assist in the
design of an Off Grid solar system. These resources are free for download:
e System Designer template in MS Excel
o Load calculator table
o Derate Table
o System Summary
e Bill of Materials template in MS Excel
e Solar insolation maps
e Declination maps
e Voltage drop calculator
e  GOGLA Photovoltaics for Productive Use Applications: A
Catalogue of DC-Appliances.

Please visit the following links to access more information or to contact the
author about the book.



http://www.offgridsolarbook.com/




Introduction

Are you planning to build an Off Grid solar energy system? Maybe you
feel like you are not quite ready and want support in understanding the
technology and the process? This book is written so you can decide the best
equipment for your project, matching your particular needs within a
realistic budget. After reading this book, you will have a firm understanding
of how photovoltaic solar panels and batteries work together to provide DC
or AC electricity in an Off Grid environment.

First, I will explain the basics of the solar components and the general
science behind solar electric systems. Next, [ will help you determine how
much power and energy can be produced in a particular location and which
combination of equipment will match your load at the lowest cost. Finally, 1
will explain the specifics of the installation process and conclude with a
section on how to troubleshoot problems.

By the time you’ve finished reading, you will be capable of building your
own Off Grid solar system, assuming you have the right tools as well as
some construction and electrical skills and experience. This book will help
you make better decisions about solar. You’ll understand what technology
you truly need, rather than trusting others for recommendations. You’ll be
better at comparing bids from installers because you will recognize which
technology best suits the needs of your project. Whenever possible in this
book, I have avoided recommending specific manufacturers. I want to
remain technologically agnostic in your decision-making process, helping
you to determine the right specifications instead of specific brands. It is up
to you to decide what level of quality you need. If you want your system to
last a long time, make sure the products you purchase have long warranties
from reputable manufacturers.



This book is geared towards people who want an Off Grid electric energy
system, one that is self-sufficient and does not require access to a shared
grid. It is designed for people who lack a consistent energy source, like an
unreliable utility or one that relies on expensive and dirty fossil fuels. This
book covers systems both large and small, and it will be useful whether you
need to power a few lights and cell phone chargers at a low cost, or need to
power every appliance in your home. There is a clear comparison between
today’s tried-and-true Lead-Acid batteries and tomorrow’s Lithium-Ion
batteries. This book will also help someone who is building a remote energy
source for research or communications equipment.

There are many similarities between Off Grid and grid-tied solar energy
systems; this book focuses only on the needs of a stand-alone energy
system. People living in cities or the suburbs connected to a reliable utility
grid might find this book interesting, but it might be misleading if you are
designing a grid-tied system. Grid-tied systems can require different
components and are generally less complicated, as there is no need to store
energy. (They feed excess energy to the grid). Also, there are already many
great resources focusing on grid-tied PV systems, such as the NABCEP PV
Installation Professional Resource Guide.

If you can be grid-tied, you should be grid-tied, since feeding the grid is
always more efficient than storing it in batteries, and because someone will
use the extra electricity somewhere on the grid. Although, in some places
such as in Germany and Hawaii, solar owners are not allowed to export
onto the grid because there is a surplus of electricity on the grid during the
hours of intense sunshine. This is a new issue and will become more
common as solar becomes ubiquitous. However, in those areas where solar
energy cannot be exported, homeowners and businesses are using Lithium-
Ion batteries to store their solar energy to use at later times.

Off Grid solar is the ideal form of self-reliance. With solar energy you don’t
need to pay bills to a utility or buy an endless supply of fuel for your
generator, you can harvest energy from the sky. By avoiding dirty fossil
fuels, you’re also not contributing to climate change. The technology is
here, so let’s get started and learn how to use it.



Why Solar?

To me, the most interesting fact about solar is that there is no cost for the
fuel, unlike fossil fuels. That means that as the cost to manufacture solar
equipment continues to decrease, solar will quickly become the cheapest
energy source on the planet. Yet despite this, many people globally still live
without access to energy.

“The 1.2 billion people living without access to the power grid spend about
$27 billion annually on lighting and mobile-phone charging with kerosene,
candles, battery torches or other fossil-fuel powered stopgap technologies.

About I-in-3 off-grid households globally will use off-grid solar by 2020,
according to our baseline forecast.”

—Off-Grid Solar Market Trends Report 2016, Bloomberg New Energy
Finance and Lighting Global.

In 2013, the World Bank stated that over 1.4 billion people have no access
to electricity worldwide—almost all live in developing countries. This
includes about 550 million in Africa, and over 400 million in India. Access
to energy can be expensive if one is not located near a utility grid. Dirty
fuels, such as diesel, kerosene, and charcoal, have historically been the
easiest energy source, because until recently there wasn’t a good alternative.
Now that’s changed, thanks to solar technology.

In many markets, the cost of electricity from diesel is $0.28 per kWh and
the cost to use kerosene for lighting is equivalent to $3.00 per kWh. Solar
energy is already significantly cheaper than current energy sources and, in
some markets, is quickly replacing dirty fuels as an energy source.

What is so great about solar anyways?
1. It is by far the most abundant energy sourceon our planet .

2. It is cost effective at all scales — large and small.
3. The cost of fuel is free!



Inexpensive solar was not always the case. Back in the 1950s, when the
solar photovoltaic cell was first invented by Bell Labs, it was so expensive
that it wasn’t even considered a viable energy source unless you were
designing a satellite for outer space. If you wanted electricity in those days,
fossil fuel was the most versatile and inexpensive source of energy.
Hydroelectric dams were an inexpensive source of renewable energy, but
they were and still are extremely dependent on regional resources. They
have their own environment issues, too, as they damage the surrounding
natural ecosystem.
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Fossil fuel costs have fluctuated radically over time and the average prices
over the long-term have been increasing, if not skyrocketing. For decades
we have been building a global infrastructure around fossil fuels. Our
economy depends on it, and it is difficult to change our infrastructure until
it’s extremely cost effective to recoup the sunk cost. But the compound
negative effects on our environment along with a growing scarcity of
supply—and thus, increasing costs—makes the transition away from fossil
fuels inevitable.

Luckily, we now have a viable, cost-effective renewable energy source:
solar. The cost of solar has dropped over 100 times since its invention
decades ago. Since fuel is free with solar, there are few opportunities for
price spikes in the market.

In many regions, we have already reached the tipping point making solar
the most cost-effective energy source. For example, a solar lamp in the
developing world costs $0.26 per kWh compared to the previously-stated
$3.00 per kWh cost of a kerosene lamp. In fact, a well maintained off grid
solar PV system could drop costs to as low as just $0.20 per kWh compared
to the previously-stated $0.28 per kWh for diesel generators.

The current limitations to widespread solar are not centered on cost,
efficiency, or a need for advancements in technology. The limitations are
mostly due to a lack of widespread knowledge on the subject. Once this
knowledge achieves greater ubiquity, the materials will be distributed as
needed. It’s just a matter of time until the rest of the world favors solar
purely for the reduced cost of energy, not to mention that it’s a clear
solution towards combating climate change.

Why then, if the technology is so inexpensive and readily available,
hasn’t solar taken off like wildfire?

Solar equipment is complicated to manufacture and therefore is centrally
made and distributed around the world. The equipment is bulky and fragile,
so it can be a costly mistake if it gets damaged in transport or is used
improperly after installation. Also, it is fairly difficult to distribute solar
equipment to a foreign country. In many developing countries getting



through customs is a dreadful process filled with long delays, fees, and even
bribes. The process is only slightly better when people within the country
import solar products to sell within their community, but they typically pay
much more for lower quality products compared to countries with
established trade agreements.

As solar equipment becomes more commonly distributed as a traded good,
it’s inevitable that it will become less expensive and of higher quality. Solar
hasn’t yet taken off like wildfire, but the solar revolution has certainly
begun. In fact, I have seen solar equipment in almost every remote village
I’ve ever visited. The equipment I saw wasn’t particularly high quality,
name brand, or the newest technology, but it was plentiful and seemed
functional in most cases. In Nebaj, a remote town in Guatemala, the
hardware store sold many sizes of solar panels and deep cycle batteries, but
did not have charge controllers. Deep in the Congo I saw a store selling
solar panels, batteries, and musical instruments— the essentials to life.

Regardless of the quality, this type of equipment is already making its way
to this remote villages far from the original manufacturing site. That is
amazing evidence that off grid solar technology is prime to propagate
around the planet, electrifying any of the world’s remote villages far from
the grid.



STORE IN KIWANJA, DEMOCRATIC REPUBLIC OF THE CONGO

Get Pumped! Solar Is Our Future

In case you forgot, solar energy is free! The technology available for sale
today can be used to build a sustainable energy infrastructure in our near
future. Today, as a global community, we have the knowledge and resources
to live a life without fossil fuels. No matter whether you want to reduce
your dependency on fossil fuel, live a life disconnected from the grid, or
reduce your impact on climate change, solar is the technology that will get
you there.

With 140,000 km?* of solar PV, or approximately 1.5% of the Sahara Desert,
we could produce enough energy to fulfill the entire global demand for
electricity. That’s with today’s PV technology, not something futuristic or
theoretical. When you think of the area of the planet that we’ve already
paved with roads, littered with buildings, or developed for farming, using a



small amount of that space for solar PV is not unrealistic. This fact alone
convinces me that solar energy is not just exciting, but it is the only logical
solution for a sustainable future.

AREA REQUIRED TO MEET GLOBAL ELECTRICITY DEMAND
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How Off Grid Solar Works

The Sun (Fuel Source)

With a solar power system, you never need to purchase the fuel; it is
wirelessly transmitted from a fusion reactor safely placed 149.6 million
kilometers away. The sunlight that hits Earth is equivalent to 170,000,000
gigawatts of power, and, in just eight minutes, enough energy reaches our
planet’s surface to meet global electricity needs for an entire year. The sun
is the most abundant fuel source available to us. Thanks to technology
developed in the past 50 years, sunlight is now incredibly easy to capture.



Solar Panel (Sunlight to Electricity Converter)

Photovoltaic (PV) solar cells convert the sun’s flying photons into an
electrical charge. Photons from the sun hit electrons on the top layer of the
PV cell, pushing them through a boundary layer where they end up on the
back side of the cell. The electrons want to return to where they came from,
so they rush back to the front of the cell through the path of least resistance.
This electron movement is what creates power in the solar panel.



BASIC COMPONENTS FOR OFF GRID SOLAR
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Charge Controller (Energy Manager)

Charge Controllers protect the battery and optimize the energy coming from
the solar panels. Like a police officer directing traffic in an intersection,
Charge Controllers decide how energy flows based on a set of rules. The



electronics inside are designed to only let electricity flow under specific
conditions and to protect the batteries. Some Charge Controllers also alter
the voltage to optimize performance.

Battery (Energy Container)

Batteries store and contain electrical potential in the form of chemical
bonds. The chemicals separate inside the battery so the positively and
negatively charged molecules are stored in opposite sides of the battery.
Once the molecules are reunited, an opportunity to produce electrical
energy is created. There are many types of batteries with different
chemistries, but they function under the same principle that the chemical
bonds hold or release an electric charge.

Inverter (Energy Converter)

Inverters “invert” direct current (DC) energy into alternating current (AC).
They can also change the voltage. In Off Grid solar, they invert the DC
power coming from the batteries and the solar panels into AC power. Not
all Off Grid energy systems require an inverter; they are only needed if
some of the equipment runs on AC.



Site Design

Before you can install a solar energy system you need to first understand
what needs power, when it needs it, and how much daily energy it needs.
With every Off Grid Solar energy system you must work backwards starting
with your site’s energy needs, so the equipment works for you and not the
other way around. This section will help you determine how your site uses
power and energy and what solar energy is available to you.

Before we get started, we need a brief discussion about the difference
between power and energy, since people sometimes mistakenly use the
words “power” and “energy” interchangeably. Power is an instantaneous
rate and is the ratio of energy per unit of time. By contrast, energy is the
amount of power that is generated or consumed over a period of time. Solar
panels produce power when exposed to sunlight and batteries store energy.

If you are not familiar with energy systems or electrical engineering then
you might be confused by the units used to quantify power and energy;
watts for power and watt-hours for energy. A watt-hour is not a ratio. It is
not watts per hour, it is watt-hours. For a more detailed description of
energy and power see the Understanding Electricity Chapter at the end of
the book.

Start With Energy Efficiency

The most cost effective solar energy system is the smallest system you
need. Before designing your system, first think about your energy needs.
What do you really need to power? What is essential?



The last thing you want to do is design your solar energy system for
outdated and inefficient equipment. For example, maybe you don’t want to
buy new light bulbs because you have old ones that work just fine. Why
spend more money on new appliances if your current ones still work? You
will quickly learn that spending money on energy efficiency is usually
cheaper than buying a larger solar energy system. Investing in new LED
lights or a new high-efficiency refrigerator will almost always cost less than
running inefficient equipment with a larger solar system. But don’t just take
my word for it; you should do the calculations yourself.

Load Calculation Table

Take an inventory of all the equipment using electricity that you plan to
power with your solar energy system. Make a Load Calculation Table,
which is simply a spreadsheet listing each appliance’s running wattage,
average daily hours of use, and whether or not it is essential. The wattage is
typically listed on the nameplate of the appliance along with the serial
number and product specifications. If you cannot figure out the wattage, use
a Kill A Watt meter to measure the running wattage. See the Tools section in
the Engineering & Installation chapter to learn more about Kill A Watt
meters.

Here is an example of a load calculation table with 4 LED lights, 2 cell
phone chargers, a fan, and a TV.



EXAMPLE OF A LOAD CALCULATION TABLE

AVG
i Running Wattage Daily Total Energy )
Appliance Essential?
(W) Usage Watt-hours (Wh)
(hours)
4 LED lights 20w * 4=280 6 480 Y
Charging ft
ceme 1ot 10w X 2=20 2 40 Y
2 Cell phones
Fan 100 4 400 Y
LCDTV 150 2 300 N
. 80+20+100 480+40+400
Essentials
=200 =920
Nonessentials 150 300
TOTAL 350 1220 Wh
Peak Power = 200 watts
Daily Energy Usage = 1,220 watt-hours

Peak power and daily energy usage are the two important values you must
gain from the load calculation table. The peak power is the maximum load
of only the essential appliances that could function at the same time. If
something is not essential, then you should only use it when there is enough
power available. The daily energy usage is the energy usage under normal
conditions.

Peak Power

The above load calculation table is used to add up the running wattage of all
the essential equipment that could run at the same time. The most power
you may need at any given time is called the peak power of your system.
You may determine that all your loads are essential, but in some cases you
can take some equipment off the essential list. Find the running wattage of
all your devices and determine under which circumstances the most power
will be used at any moment.



In the example on the previous page, 200 watts is the peak power, so you
would need to purchase an inverter with a capacity of at least 200 watts if
you only use your TV when your lights and fan are off. It would be pretty
easy to turn off the nonessential equipment, and you could save on your
equipment costs.

Start-up or Surge Power

Sometimes appliances have a start-up or surge wattage that is larger than
the running wattage. Also known as inrush current, a surge occurs when
some electrical equipment is first turned on and a large current flows that
exceeds the steady-state running current. Appliances with power converters,
motors, and transformers all have a start-up surge. Well pumps, for
example, have a motor driving the turbine in the pump. All motors create a
spike in power in the first few seconds as the motor accelerates, then it
reduces to the running wattage once it has reached a steady speed. There are
many types of motors, all with different levels of inrush current. Larger
motors have a defined inrush current that can be calculated based on the
code letter shown on its nameplate. The surge power can be three or four
times the running wattage, so keep this in mind if you plan to use any large
motors or equipment that uses motors. Camera flashes have large capacitors
with a large inrush current. Surge Power cannot be measured with a regular
multimeter or a Kill A Watt meter. However, some clamp meters have an
inrush current setting that can measure peak current.

If you are using equipment that has a significant surge you should add a
column to the load calculation table. Determine the one appliance that has
the largest surge, then add up all of the wattages of the essential loads and
add only the largest surge wattage. This is the peak surge power. An inverter
will usually have a peak surge capacity that is larger than its running
capacity, so you will need to determine if the inverter you are using will
work with your equipment’s running wattage as well as its surge wattage.



EXAMPLE OF A LOAD CALCULATION TABLE WITH SURGE

AVG
Surge Total Energy
. Running Daily ]
Appliance Wattage Watt-hours Essential?
Wattage (W) Usage
W) (Wh)
(hours)
4 LED lights 80 - 6 480 Y
Charging fi
ATeIng Tor 20 ; 2 40 Y
2 Cell phones

Fan 100 200 4 400 N
LCD TV 150 - 2 300 N
Water Pump 500 1500 0.5 250 Y

80 80 480

, +20 +20 +40

Essentials

+ 500 + 1500 +250

=600 =1600 =770

Non Essentials 250 700

TOTAL 850 W 1470

Using the example above, let’s assume you add a water pump and it has a
surge of 1500 watts. The load calculation table would look like this:

Peak Continuous Power = 600 watts
Peak Surge Power =1,600 watts
Daily Energy Usage = 1,470 watt-hours

By adding the pump, the Daily Energy Usage is only slightly higher, so this
system could use the same battery capacity as the first example. However,
the Peak Surge Power increased significantly, so it will need an inverter
capable of handling a 1,600-watt surge. It is helpful to note both the Peak
Power and Peak Surge Power, because most inverters have a continuous
and surge power rating. Making a load calculation table is important
because the most cost-effective Off Grid energy system is one that is
designed and optimized for its own specific load profile.



Phantom Power

Some products, like televisions and cell phone chargers, use energy when
they are plugged in even when the devices themselves are turned off.
Sometimes this is called standby power, phantom power, or vampire power.
These products use a little bit of energy to power internal electronics such
as an internal clock. It may seem insignificant, but a few watts will add up
quickly if you keep it plugged in 24 hours a day every day. For example, if
you use a TV for an hour per day and it consumes 150 watts when it’s on
and 5 watts when it’s off, then you will use 150 W x 1 hr = 150 Wh when it’s
onand 3 W x 23 hr = 115 Wh when it is off. That means almost half of the
energy consumed is when it is off!

I recommend you use a surge protector with an on/off switch to completely
turn off equipment with phantom power. Otherwise, you should plan on
manually unplugging equipment with phantom power or account for the
phantom power as another row in the load calculation table.

High Power Equipment

Not all electrical devices are created equal. There are some appliances that
require 100x more power than others. For example, an LED light bulb uses
less than 10 watts, but a toaster uses 1500 watts. The largest energy hogs,
such as air conditioners, refrigerators, electric heaters, welders, and large
motors, could use more energy in a few hours than your lights would use in
a whole year! If you need to use some high-powered equipment, make sure
you only use it for a short period of time and that the batteries and inverter
can handle the high current.

Daily Energy Requirements

Some equipment, like lighting, requires power for over 8 hours a day, while
a device like a toaster might only be on for a few minutes a day. Lighting
might have low power, but it might consume more energy overall than that
high-powered toaster that you only use for a few minutes in the morning. If
you infrequently use some equipment, then take the daily average over a
week. In some cases you might want to err on the safe side and



overestimate. For example, in the winter you might use your lights for a
longer period of time than in the summer.

Days of Autonomy

Now that you know the average daily energy requirements, you might want
to size your battery capacity for more than just one day’s worth of energy
needs. Days of Autonomy are the number of days the fully charged
batteries can meet the system load requirements without recharging. Solar
energy can decrease significantly in the winter months, and cloud cover
might reduce your energy production enough that your batteries may not get
completely charged even after a full day. If you have a secondary energy
source like wind, hydro, or a backup generator, then you may not need more
than 1-2 days of autonomy. See the Secondary Power Selection chapter for
more details. However, if you are Off Grid with no other energy source,
then you might want up to 3 days of autonomy. Choosing three days of
autonomy will certainly prolong the life of your batteries, but it is a very
costly decision. You could also opt to reduce your energy usage when the
batteries are low on energy.

Site Location

Now that you have a load calculation table and you understand your unique
energy needs, you can start to determine how much solar energy you can
harvest in your particular area. Solar geometry and the location of the sun
can be challenging, but it is essential to understand them, as the amount of
sunlight you get will vary depending on your location on the planet.

Sun Position

The location of the sun is commonly measured by two angles. The azimuth
angle measures the sun’s location as it changes throughout the day, from

when it rises in the east to when it sets in the west. The azimuth is similar to
how a sundial measures the time of the day. In the morning the sun is in the



eastern direction and is a positive value, at noon it is zero, and in the
evening it is a negative value.

The second angle used to measure the Sun is the altitude. This is the
measurement of how high the sun is above the horizon and depends on the
season and your latitude. The Earth’s axis is tilted compared to the path it
takes around the sun, so in the winter time you’ll notice that the altitude of
the sun is lower than in the summer. The summer and winter solstice define
the maximum and minimum solar altitude. The angle is measured in
degrees with the horizon being zero and directly overhead being 90 degrees.
If you live north of the Tropic of Cancer or south of the Tropic of
Capricorn, the sun will never reach 90 degrees altitude. If you live within
the Tropic of Cancer and the Tropic of Capricorn, i.e., near the equator, then
the sun will be directly overhead (at 90 degrees) twice a year.

Sun Path

It 1s helpful to visualize the sun path throughout the year. First, start by
imagining you took a trip to the equator and you happen to be there for the
spring or fall equinox. Turn yourself to look directly east for the sunrise.
The sun will rise directly in front of you, rise to a point directly overhead
and set directly behind you, as if it was a straight line over you. Now
imagine you walked directly north halfway to the North Pole (45-degree
latitude) and you looked east again for the sunrise. The sun would still rise
directly in front of you, but as it rises it will tilt off to your right side and at
noon it will not be above you but off to your right at 45 degrees. The sun
will continue to set diagonally in the west.

Knowing the path of the sun throughout the year will help you decide where
to aim your solar modules. You should always aim your modules due south
if you live in the northern hemisphere (or due north if you live in the
southern hemisphere). With Off Grid solar systems you always want to
optimize for the worst-case scenario which is usually in the wintertime. In
that case 1t will benefit you to increase the tilt angle of your modules for a
lower sun altitude. If you use most of your energy in the afternoon, aim
your modules off to the west. It is best to produce solar energy closest to
when you want to use it.



Solar Window

The solar window frames the extremes of the sun path in your site location.
You should aim your modules towards your solar window to maximize
energy production. As we learned with the path of the sun, the farther north
we move, the more the solar window is pitched to the southern sky. Also,
the sun path is a longer line during summer and shorter in the winter. The
most the Sun path will vary between summer and winter is 47 degrees.

Finding True North

In order to effectively locate your solar window, you need to be able to
accurately find true north. You could use the stars to help approximate your
alignment, but that may not be very practical. You could also use a
magnetic compass, but it doesn’t always point to the North Pole.
Compasses point to the magnetic north, which is slightly off target from the
true North Pole.

You can calculate true north by accounting for the Magnetic Declination
based on your region. In the Americas, the magnetic declination ranges
from 20 degrees positive on the west coast to 20 degrees negative on the
east coast. Most of Africa and Asia are close to zero and Southern African
countries can be as high as 20 degrees negative. Australia is close to zero on
the east coast but around 15 degrees positive on the west coast. See the
image on the next page to determine the declination for your particular area.
The magnetic poles are always fluctuating and they can change in just a few
years, so be sure to look up an updated map.
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Solar Irradiance (Power)

Solar irradiance is the power from sunlight in a given area and fluctuates
depending on site conditions. It is typically expressed in watts per square
meter (W/m?) and the best you can get is about 1000 W/m?. This is
sometimes called peak sun and is a typical solar irradiance at sea level
facing directly at the sun on a clear day at noon. Under the right
circumstances, this can occasionally get as high as 1250 W/m? if your site is
high in altitude, there are cloud reflections, or when there are cold but clear
winter days.

Solar Insolation (Energy) & Peak Sun Hours

Solar Insolation is essentially the solar irradiance over time. As I mentioned
earlier, the sun is not always perfectly aligned with the solar modules, and
off-angle sunlight reduces the power output of the system. While the system
might reach full solar irradiance in the middle of the day, it will not achieve
full power for the entire day. Basically, the modules are producing a varying
range of power all day long and the power rating specified on the module
nameplate is only the maximum.



The solar insolation is often simplified to the equivalent Peak Sun Hours
(PSH), the equivalent hours of sunlight at 1000 W/m?. PSH is a multiplier
that can be multiplied by the power rating of the solar modules, so it
matches the actual energy production for that day. By simplifying the
energy production down to PSH, it is possible to estimate the size
requirements of the solar array and the available solar window.

A common misconception is to overestimate the energy production from
your solar system. Even though you have 12+ hours of sunlight between
sunrise and sunset, it does not mean you will have 12 PSH or that your 250-
watt module will produce a full 250 watts of power throughout the 12-hour
day.

The graph below shows how PSH is a simplification of the actual bell curve
production. In other words, the area under the bell curve equals that of the
area in the rectangle.

EXPLANATION OF PEAK SUN HOURS (PSH)
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With Off Grid systems it is important to design the production of the system
to fully recharge the batteries almost every day. Winter production could be
as much as 50% lower than summer production. In order to keep the
batteries from getting damaged, you must design your solar PV capacity for
the worst-case scenario and not the average. Estimating and designing for
the worst case solar irradiance for the darkest month in winter will extend
the life of your batteries significantly. Winter PSH is a critical metric for an
Off Grid solar energy system.



Designing for winter solar production means that inevitably there will be
excess daytime power in the summer months and the batteries will recharge
very quickly. Obviously the battery size doesn’t change, so the nighttime
energy is the same whether it is summer or winter. That said, it’s important
to consider the extra power available in daytime of the summer months, as
it could be used to run more equipment during those longer summer days.
Fans, mills, icemakers, air conditioners, and refrigerators are all good
daytime loads to counteract the heat of summer.

Capacity Factor

The Peak Sun Hours (PSH) is a daily average of energy available and helps
to determine the efficiency of your energy system. Large power plants
typically use the term capacity factor as it represents the efficiency of the
power plant. Capacity factor is a ratio of total energy production to the
nameplate capacity. It is typically shown as a percentage, but with solar
energy systems a common metric 1s the Annual Energy Yield, which is the
annual energy production per system size (kWh/kWp). The Annual Energy
Yield is a ratio of kilowatt-hours per peak kilowatts (kWh/kWp), and it
takes into account all system inefficiencies from the solar cells to the charge
controller and inverter. System losses are usually about 15% and an
additional 10-20% more if you store all that energy in batteries before using
the electricity.

The PSH does not take into account the losses from system inefficiencies.
PSH is a useful metric for early stage planning before you design your
system, but the Annual Energy Yield is a more realistic metric if you model
your production with the actual equipment you plan to use.

If you have little knowledge about your site location and you need to
estimate, you should consider the following: If a system is properly
installed with minimal shading and at optimal tilt, you can expect to get
between 1200-2000 kWh/kWp annually for a typical fixed-tilt photovoltaic
system. If you are in the American southwest, near the Saharan desert, or in
the deserts of Australia you can estimate 2000 kWh/kWp, but these
locations are exceptionally sunny places and most other places will never



get that much energy. If you have a lot of tall trees around you or if you
have significant cloud or fog cover most of the year, you should expect to
get less than 1200 kWh/kWp.
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The Annual Energy Yield is the energy available before you charge the
batteries. If your batteries are fully charged and there is no load on the
system, then some of the solar power produced will not get used. This
problem is inevitable with Off Grid solar systems, but with a good load
calculation table and load management plan, these losses can be kept to a
minimum.

Fixed-Tilt PV Example

Insolation Levels

Low Normal | High
Daily Average PSH* 3.5 4.8 6.0
Annual Energy Yield (kWh/kWp) 1200 1550 2000
Capacity Factor 14% 18% 23%

* Before system efficiency losses

Temperature

PV systems are negatively affected by increased heat. In high heat, solar
modules are less efficient and batteries can even be damaged. Extremely



cold temperatures can actually increase the PV efficiency, but usually have
a negative effect on the batteries. Place your batteries indoors away from
direct sunlight and preferably in a well-insulated location so that the swings
in temperature are kept to a minimum. The PV modules can be passively
cooled if they are mounted with space behind them to allow for airflow. It’s
best to keep a gap of 50 cm or more behind the modules and the mounting
surface for optimal heat dissipation. The cell temperature in a solar module
is generally 30-40 °C higher than ambient air temperature, and for every
degree above 25 °C the module’s performance will drop by approximately
0.5%.

Array Design

Now that you understand your site conditions and how to harvest the
sunlight for your particular location, you can use this information to design
an appropriate system.

Array Orientation

Similar to the two angles used to locate the sun in the sky, there are two
angles to define the orientation of the solar array, the array azimuth and
the array tilt angle. The array azimuth tells you if you are aiming the array
generally towards the morning sun (east), towards solar noon, or towards
the afternoon sun (west). Depending on site conditions and your energy
needs, you might prefer a particular array azimuth. For example, if a lot of
energy is used in the early afternoon, it might be best to aim the modules
towards the west to capture the evening light. This ensures that energy is
produced during the times it is being used.

Array Tilt Angle

A good place to start when choosing your array tilt angle is to match your
site’s latitude angle. For example, in Puerto Rico the latitude is 18 degrees
north of the equator, so an array tilt angle of 18 degrees due south would
make the solar panels face directly into the sun most of the time.



The array tilt angle is measured from the ground to the back edge of the
module. A flat array horizontal to the ground has a tilt angle of zero and is
good for systems near the equator. If you’re located further north, you will
want to increase your array tilt angle towards the southern part of the sky. If
you want to optimize for winter, you should increase your array tilt angle by
as much as 15 degrees. Note that some solar mounting systems provide
adjustability in array tilt so they can be optimized for seasonal changes in
sun altitude. See the Engineering & Installation chapter for more details on
adjustable tilt racking.

If you plan to mount on your rooftop, it is typically better to mount flush to
the roof surface to make installation easier. For flat rooftops, though, it is
beneficial to add at least 5 degrees of array tilt. Keep in mind that reducing
your tilt angle might make your racking system less expensive or safer in
high wind regions. If you are using a pole- or ground-mounted racking
system you might be able to design your system for adjustable tilt in order
to improve the energy harvest throughout the year.

Design for Your Load Pattern

Equipment operated when the solar panels are producing power is the most
efficient use of solar energy. That’s because the power does not need to be
stored in the batteries. The round-trip efficiency is reduced to 80-95% when
stored and used later. With an Off Grid system, you always want to fully
recharge your batteries, but you might also consider adjusting the array tilt
and orientation to maximize the solar production when you are using your
electricity.

Do you plan to have high loads in the winter? Maybe you want to use an
electric hot water heater, which will certainly use more energy in the winter
months compared to the summer ones. If this is the case, you should
consider increasing your tilt angle to maximize for winter production. Do
you plan to use a fan, television, or a computer in the afternoon after you
get home from work? You might consider aiming your modules to the west



to capture the most energy in the afternoon. These are just two examples of
how aiming your solar panels can improve your system performance.

Design for a DC or AC System?

Most Off Grid systems assume that you need AC power, but you should
determine beforehand if AC power is something you actually need. Charge
controllers provide DC power, so the extra cost of using an inverter is only
necessary if you plan to use large appliances that require AC power. You
could have a simpler system that costs less money and is more efficient if
you skip the inverter. Most LED lights and small electronic devices
function in DC already and some charge controllers have an output for DC
loads. Avoiding the need for inverters and AC power works great for small
systems and portable systems were you have complete control over the DC
power supplies for the equipment.

If you are dealing with high power or have long wires over 20 meters to
connect any of your equipment, then you might consider using an inverter.
AC Inverters use a voltage of 120V or 240V whereas DC systems usually
are 12V, 24V, or 48V. It’s the high voltage, not the fact that it is DC or AC,
that is beneficial for the long wire runs. You could also have both a DC and
AC load center to access the advantages of each format.

If you choose to design a DC-only system, make sure your appliances are
designed for DC use. The Global Off-Grid Lighting Association (GOGLA)
published a catalog of DC Appliances called: Photovoltaics for Productive
Use Applications: A Catalogue of DC-Appliances. It lists DC products that
are designed to work directly with DC solar panels or DC batteries, such as
water pumps, TVs, radios, communication equipment, freezers,
refrigerators, workshop tools, and electric fences as well as equipment for
tailoring, hair cutting, food processing, poultry farming, and dairy
production.



Battery Selection

Now that you understand the load profile for your system and your local
solar energy capabilities, you need to choose what equipment you will need
to build your Off Grid solar energy system. Before you can begin a detailed
engineered system, there are a few things you need to do first. Start with
selecting batteries, since they define how long you can provide power
without sunshine available. After that, you should select the type of solar
modules, charge controller, inverter, and balance of system components
(i.e., all minor electrical and mechanical equipment you’ll need, which I
will talk about later).

Now would be a good chance to do a refresher on voltage, current, and
resistance. Voltage, the measure of electric potential, is measured in volts
(V). Voltage measures the difference in electrical potential between two
parts of a circuit and is commonly compared to pressure. For example,
imagine two water buckets: one full of water, the other one empty. If a pipe
connects the two near the bottom, the water will rush from the full bucket to
the empty bucket, because of the water pressure. The same thing will
happen if you connect a solar module and a battery. As long as the solar
panel has a higher voltage, or “pressure,” it will push energy into the
battery.

Current, also known as amperage, is the measure of electrical flow and is
measured in amperes or amps (A). You can think of this as the number of
electrons moving through a conductor in a given time period. One ampere is
literally the measurement of 6 billion billion (6.2415 x 10'®) electrons per
second!

If a circuit has no voltage, then it has no current. Or in other words, if there
is no difference in electric potential, then there will be no flow of electricity.



In the water bucket analogy;, it is like the amount of water flowing per unit
of time. When both buckets have the same level of water, there is no
potential energy left and the water does not flow anywhere.

Electrical Resistance is a measure of how much a conductor opposes the
passage of electrons. It represents the difficulty of electricity to flow and is
measured in Ohms ( Q). Resistance is the ratio of voltage to current, so if
you want low resistance then you want high voltage compared to current.
See the Understanding Electricity chapter at the end of the book for a more
detailed description of voltage, current, and resistance.

OK, now back to batteries, the energy containers of your Off Grid solar
system. Lead-Acid batteries are the most common type, and the majority of
this chapter is about them. Lithium-Ion batteries are popular in small
products and electric vehicles and are becoming more common in larger Off
Grid solar energy systems.

Other Battery Types

There are many battery technologies in the world, each with their own
unique benefits and limitations. However, I will only discuss the battery
types that are relevant to an Off Grid solar energy system. Below is a list of
less common battery chemistries. Only a few manufacturers support them,
but you might find these battery types at a discount and want to use them
regardless of other drawbacks.

Sodium-Ion batteries are made from nontoxic materials that are non-
flammable. They tend to have a long cycle life and won’t be damaged when
left in partial charge for long periods of time. They are heavy and large for
the amount of energy that they provide, similar in size and weight to lead-
acid batteries. They must be charged or discharged slowly due to their high
internal resistance.

Nickel-Iron (NiFe) batteries are a very old technology invented by
Swedish inventor Waldemar Jungner back in 1899 and commercialized by
Thomas Edison in 1901. NiFe Batteries have a very long lifecycle, lasting
up to 30 years, and are very tolerant to abuse from overcharging, over-



discharging, and short circuiting. The trouble with NiFe batteries is that
they are 3-4 times less efficient compared to other battery types. Also, many
inverters and charge controls can’t handle the large voltage difference
between the fully charged and discharged state.

Nickel-Cadmium (NiCd) batteries are rugged and have a relatively high
cycle life but they are made with toxic cadmium, which can cause serious
problems if not disposed of properly. Recently, NiCd have begun to be
replaced by Nickel-Metal-Hydride (NiMH) batteries, which are similar to
NiCd but with slightly improved performance. NiCd and NiMH batteries
are good for extremely low maintenance systems.

To learn more about batteries I recommend reading the content on



http://www.batteryuniversity.com/

Lead-Acid Batteries

There are many trade-offs when selecting a battery and unfortunately that
makes every project different. For most systems you will want a lead-acid
battery, as they are common and relatively inexpensive. There are many
types of lead-acid batteries, but you must be sure to get the correct type.
Lithium-ion batteries could be suitable for your system, but as a new
technology they might not be as readily available. In the next few years,
lithium-based batteries will become more cost effective and will likely
replace the less efficient lead-acid technology.

If lead-acid batteries are maintained properly, they will function at 80-90%
efficiency. It is important to store a full charge whenever possible, because
it will extend battery life and maintain a higher efficiency. Lead-acid
batteries can be damaged if overcharged or over-discharged. In this chapter,
I will explain how to properly maintain batteries to increase their usable
life.

Buy Deep-Cycle Batteries, Not Car Batteries

Batteries designed to start a car engine are NOT recommended for use with
a solar PV system. Starter batteries are readily available all around the
world and relatively inexpensive because of the automobile industry, but
they will stop functioning within 3 to 12 months if used with a solar energy
system.

For solar charging applications, you want a Deep-Cycle battery, similar to
those used for boats or electric vehicles—a typical car battery will not
work. Sometimes called motive power or traction batteries, deep-cycle
batteries are designed to be deeply discharged regularly using a large
portion of their capacity. Deeply discharging a starter battery too frequently
harms the thin plates, so deep-cycle batteries are constructed with thicker
plates and different chemistry to handle deeper charging cycles.



Starter batteries used in automobiles deliver short, high-current bursts to
start an engine and are meant to discharge only a small amount of their
capacity. They are also called Starting, Lighting and Ignition (SLI)
batteries. SLI batteries are designed to stay nearly 100% fully charged most
of the time. The internal architecture of these types of batteries has a large
number of thin plates for increased surface area, which provides a quick
burst of current when needed. If batteries like these are used for a PV
system, they will quickly fail because the internal architecture is not
designed for the deep charge and discharge cycles that are common in an
Off Grid PV system.

Lead-Acid Battery Types

Now that you know to look for a Deep-Cycle battery, which one should you
choose? It depends on how you plan to maintain your batteries. If you are
setting up a remote solar energy system without anyone available to provide
maintenance, then you should consider Valve-Regulated Lead-Acid
(VRLA) batteries. If you plan on having someone maintain the batteries,
and they are able to check on them about once a month, then you should
consider Flooded Lead-Acid batteries, since they are about half the cost of
VRLA batteries.

Lead-acid batteries have large capacities and are available in many places
around the world. The flooded type is less common and requires more
maintenance compared to other batteries; however, they also tend to be the
lowest cost per kWh.

Sealed or Valve-Regulated Lead-Acid (VRLA)

There are two main types of “sealed” batteries: Gelled and Absorbed Gas
Mat (AGM). They technically are not sealed but are valve regulated to
allow for off-gassing. If you want a low maintenance system, then a sealed
battery may be your best bet. Since VRLA will not spill like flooded
batteries, you can mount them in many positions.



*Remember that all lead-acid batteries require proper ventilation even if
they are labeled as “sealed” batteries.

Because they need to be recharged very slowly, which is not optimal for
solar, gel batteries aren’t generally recommended for PV installations.
Basically, AGM batteries are more forgiving in the way that they are
recharged. Moreover, AGM batteries are typically lighter and less expensive
per amp-hour compared to gel. Gel batteries are useful in situations where
there is significant vibration, because the gel stops the electrolyte from
moving around. There are rarely any vibration or rotation problems with PV
installations, so the advantages of gel batteries are not often applicable.

Flooded Lead-Acid

Flooded batteries are about half the cost of VRLA, are slightly lighter per
energy capacity, and tend to come in larger capacities. They require
monitoring and measuring at least once every three months. The chances for
failure are higher with flooded batteries if they are poorly maintained.
Flooded batteries require adequate ventilation and should not be stored in
living spaces. They also have the potential problem of tipping over and
spilling corrosive acid.

Flooded batteries are a good choice for larger Off Grid systems when there
are over 2,000 watts of PV and someone is able to maintain the equipment
on a monthly basis.

Maintenance for Flooded Lead-Acid Batteries

Specific Gravity

Part of the maintenance required with flooded batteries is measuring the
electrolyte fluid inside of the battery and checking for the specific gravity.
This tells you about the depth of charge and the status of the battery.
Specific gravity is the ratio of the density of the electrolyte solution to the
standard density of water. In colder climates, this ratio should be increased
to reduce the chance of freezing. Specific gravity can be decreased in areas
with hotter weather since battery freezing is not likely and this will prolong



the life of the battery. The battery should get an equalized charge if the
specific gravity is inconsistent between cells.

Hydrometers measure the specific gravity of a battery’s fluid and can then
accurately determine its voltage. If the difference in voltage between cells is
more than 0.2V, then it is time to equalize. A large difference of voltage
between cells is also a sign of a malfunctioning/dead battery or a sign of
sulfated cells.

Equalizing

You can extend the life of your flooded lead-acid batteries if an equalizing
charge is applied once or twice a month. An equalizing charge is a special
boosted charge that increases the voltage about 10% higher than usual and
is applied for up to 16 hours. Equalizing ensures all the cells in the battery
are equally charged and creates gas bubbles that help mix the electrolyte
fluid. Always let the batteries sit for at least three hours before you equalize.
AGM and gelled batteries can also be equalized a few times a year, but
check with the manufacturer before doing so.



Lithium-Ion Batteries

For decades lead-acid batteries have been the dominant choice for Off Grid
solar systems, but with the growth of electric vehicles, lithium-ion (Li-Ion)
battery technology has improved and become a viable option for Off Grid
solar.

In 2016, lithium-ion batteries were just beginning to be used for large-scale
solar systems, but they have been used for portable and handheld solar
systems for years. Due to their enhanced energy density and ease of
transport, you should seriously consider using lithium-ion batteries when
planning a portable solar energy system.

While Li-Ion batteries have their advantages for small, portable solar
projects, I would be hesitant to recommend them for all larger systems.
Most of the off grid charge controllers and inverters on the market today are
designed for lead-acid batteries, meaning the built-in set points for
protection devices are not designed for Li-lon batteries. Using these
electronics with a lithium-ion battery would result in communication
problems with the Battery Management System (BMS) protecting the
battery. That being said, there are already some manufacturers that sell
charge controllers for Li-lon batteries and that number is likely to grow in
the future.

The graph on the next page illustrates how lithium-ion batteries are about a
third of the weight and half of the volume when compared to lead-acid
(flooded, AGM, and gel). Lithium-ion batteries are in a league of their own
when compared to all other battery types since they are significantly more
energy dense.
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Compared to lead-acid batteries, Li-lons are also more resilient to damage
from deep discharging, do not need to be brought to a full state of charge
each cycle, function better in hot climates, and last up to three times longer.

There are many types of Lithium-Ion Batteries, but the three most common
and relevant to solar are:
e LFP: Lithium Iron Phosphate
o Commonly used in smaller solar projects due to its excellent
safety and long lifespan
e NMC: Lithium Nickel Manganese Cobalt Oxide
o Often used with solar and micro grids due to its high energy
and high power per size and weight
e NCA: Lithium Nickel Cobalt Aluminum Oxide
o Popular in electric vehicles because it has the highest energy
per volume

Lithium-Ion Lifecycle

The internal chemistry of Li-Ion batteries allows them to last longer than
lead-acid in almost all scenarios. For example, if you discharged to 50%



then recharged to 100% every day, then a lithium-ion battery would last at
least three times longer than a comparably sized lead-acid one.

Any Li-Ion batteries can be discharged up to 80% without damage to the
battery’s capacity while lead-acid generally shouldn’t be discharged beyond
any more than 50% of capacity. Because of the significant difference in
depth of discharge and total lifecycle, it is not entirely fair or accurate to
simply compare the initial cost and capacity of the two battery types when
calculating total value.

Unlike lead-acid, lithium-ion batteries do not experience a sudden death
failure, but rather have a continual decrease in capacity and increased
internal resistance.

Safety Issues

Both lead acid and lithium-ion batteries are capable of overheating and
going into thermal runaway, but it is more common for lithium-ion because
they have more energy packed into a smaller volume. Specifically, the
cobalt in NMC and NCA types is particularly flammable and does not self-
extinguish. Thermal runaway is when the cell rapidly heats and can release
electrolyte, flames, and dangerous fumes. Of all the lithium-based batteries,
LFPs, which contain no cobalt, are least likely to have thermal runaway
problems. Most lithium-ion batteries come equipped with a Battery
Management System (BMS) integrated into the battery to protect the
battery from a thermal runaway event. The BMS will disconnect the load on
the battery any time it senses a potential problem from temperature, current
surges, or voltage variations.

Lithium-Ion Battery Management System (BMS)

Lithium-Ion Batteries usually require a specialized, and in many cases a
proprietary, Battery Management System (BMS) to equalize and protect
the individual battery cells. A BMS monitors each cell and ensures safety
protocols. The BMS has sensors for voltage, current, and temperature to
measure many battery parameters to determine the State of Charge (SOC)



and the State of Health (SOH). It will measure and sometimes record the
following:
e Voltage: Voltage per cell, maximum and minimum, and total
e Current: Amperage going in and out of the battery
e Temperature: Individual cells, coolant intake, coolant outtake, and
average
e Coolant Flow: For air- or fluid-cooled batteries only
e Depth of Discharge: The percentage of energy used compared to its
original capacity

The State of Charge (SOC) is the estimated percent of energy currently
available in the battery. State of Health (SOH) and State of Function
(SOF) are more complex ways of determining the current capacity as it
compares to the original capacity. A 100% SOH means the battery is
functioning in a full SOH, as the manufacturer intended, whereas an 80%
SOH is when manufacturers typically recommend retiring a battery.

Communicating between the BMS and a charge controller can be
problematic since most manufacturers haven’t taken the time to test their
equipment with all others, nor have they created a communication platform.
The communication will continue to improve with time, though, as lithium-
ion batteries become more common in solar systems.

If you choose to use a lithium-ion battery, ensure the charge controller has a
communication line that can trigger the BMS to reconnect with the battery
after a disconnection event occurs. For example, should the SOC drop
below a certain threshold, the BMS will disconnect from the load to protect
the battery. This could confuse the charge controller into thinking the
battery has been removed from the system, meaning it would no longer
send any solar power to recharge battery.

Visit my website at and scroll
down for more details on charge controllers that are compatible with
lithium-ion batteries.



http://www.offgridsolarbook.com/Samples




Battery Type Considerations

Flooded Lead-Acid vs. VRLA vs. Lithium-Ion

The initial cost of lithium-ion batteries is significantly higher than lead-acid
batteries, but the total lifecycle cost is comparable to the flooded lead-acid.
See graphs below.
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The Initial Cost per Battery Capacity graph incorporates:
e The initial cost of the battery
e The full capacity at 20-hour rating



The Total Lifecycle Cost graph incorporates the details in the above graph
but also includes:
e The representative depth of discharge (DOD) based on the given
cycle count
e The round-trip efficiency during a cycle
e The number of cycles until it reaches the standard end of life limit
of 80% State of Health (SOH)

Either graph can lead someone to draw drastically different conclusions.
The initial cost of a battery is important when budgeting for the system, but
it can be shortsighted to only focus on keeping the initial cost down when
the more expensive battery can save money in the long run.

Flooded batteries have the lowest lifecycle cost but that is assuming they
are properly maintained and are not abused. This is a best-case scenario. If
they get discharged past 50% frequently or if the maintenance gets
neglected, then they won’t last as long, thereby increasing their lifecycle
cost. Lithium-ion batteries require little maintenance and are more resilient
to irregular discharging. When taken together, these factors make the
lithium-ion battery more appealing for an Off Grid solar energy system.

When comparing the lead-acid to Li-lon batteries, you should consider the
replacement cost of the lead-acid batteries and how to recycle them
properly. In a remote location, it could be cost prohibitive to replace the
lead-acid batteries every 3-4 years. Also, lead-acid batteries can be
recycled, but in some locations, it might be very difficult to dispose of them

properly.



FLOODED LEAD ACID VS. VRLA VS. LITHIUM-ION
Flooded VRLA Lithium-
Lead Acid AGM Ion (NMC)
Initial Cost per
Capacity ($/kWh) 131 221 530
Cost per Life Cycle
($/kWh) $0.17 $0.71 $0.19
Specific Energy
(Whikg) 30 40 150
Regular Maintenance Yes No No
Number of Cycles to 1000 —
20% SOH 200 - 1000 | 200 — 650 4000
Typical State of o 0 o
Charge Window 0% 0% 80%
High Temperature Degrades | Degrades | Degrades
Sensitivit above above above
Y 25°C 25°C 45°C
Available Power
Constant Current 0.2¢ 0.3¢ 1€
Fast Charging Time 2_16 4_8 24
(hours)

The above information is compiled from my research of specific battery
manufacturers and from the Battery University.



Series vs. Parallel Connections

When connecting multiple batteries, you have two options: connect them in
series or in parallel. The same goes for connecting many solar modules. You
can get double the power when connecting two batteries together, but what
about the voltage and the current? What is the voltage and what is the
current of two batteries connected together?

Typically Li-lon batteries already come in a package at the desired voltage,
so you will only connect them in parallel. However, lead-acid batteries are
designed to be connected in series and parallel, so the system can be
designed to your specifications.

When you connect the positive lead of one battery to the negative lead of
another battery, you are connecting them in series. Series connections
double the voltage, but the amperage stays the same. Alternatively, when
you connect batteries in parallel you are connecting both of the positive
leads and the negative leads together. Parallel connections double the
amperage, but the voltage stays the same. Note that parallel connections
require a parallel connection device such as a multiple input connection
terminal, a combiner box, or Y-combiners. Series connections are usually a
male-to-female connection and do not need any connection terminals.

The example on the next page shows two batteries and one charge
controller. If you connect them in series you get double the voltage, but if
you connect them in parallel you get double the amperage. Either way you
still end up with 1200 watt-hours.



SERIES VS. PARALLEL BATTERY CONNECTION METHOD
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Connecting low-voltage batteries in series to add up to the desired system
voltage is typically better than connecting high voltage batteries in parallel
to match the system voltage. The number of strings of lead-acid batteries
connected in parallel should be kept to a minimum and rarely exceed 3
parallel connections. This prevents uneven charging between strings of
batteries and will put less stress on the batteries. Lithium-Ion batteries
typically have a BMS allowing for many batteries to be wired in parallel.

Battery Mismatch

Connecting mismatching batteries can be very dangerous and could start a

fire.

It is important to allow all the batteries in the same circuit to charge and
discharge equally. In order to avoid a potential mismatch that could create
an unequal charge, it is recommended to always use batteries with the same
age, same manufacturer and model, and same temperature. You should also
use larger capacity (and thus lower voltage) batteries to increase system
size.



Since wires usually have subtle differences that may create a buildup of
unequal charges, batteries in parallel must have the same conductor length,
wire gauge, and wire type. If batteries are connected in series, a mismatch
will not happen because voltage increases and battery capacity stay the
same per battery.

Battery Lifespan

There are a variety of factors that will reduce the expected lifespan of a
battery and each battery type has its own weaknesses. In the next few
sections I will discuss Depth of Discharge, Rate of Discharge, and State
of Charge. The first step is to know what will harm the batteries. Lead-acid
batteries, for example, get damaged if they are discharged below 40% of
their State of Charge. When I describe a battery getting “damaged,” I am
specifically describing a decrease in the battery’s State of Health (SOH),
which just means the total capacity of the battery has decreased. A 100%
SOH means the battery is functioning in a full SOH as the manufacturer
intended and an 80% SOH is when manufacturers typically recommend
retiring a battery.

A helpful way to think of charging and discharging a battery is to imagine it
like a balloon. If you repeatedly inflate a balloon to its maximum capacity
and then completely deflate it, the balloon material might fatigue from the
excessive stress. Now imagine with another balloon you repeatedly inflate
and deflate it from 50% to 90% full, the material will experience less stress
and will last longer than the first balloon. The plates inside the battery
undergo a comparable stress as the balloon material. In this example,
lithium-ion batteries are simply made from a better, stronger balloon
material when compared to lead-acid.

When you purchase new lead-acid batteries, buy them just before you
install them or make sure they don’t sit longer than a week or two without a
full charge. If you buy them early, make sure you can trickle charge them
before you put them in use. Also note that brand new batteries will not
reach their full capacity until they have cycled up to 30 times. During the



first few weeks, a battery will likely function 5% to 10% less than its rated
capacity.

On the next page is a table showing the range of time expected for batteries
used for an Off Grid PV system. It is listed as a range because there are
many variables that will affect the lifespan, such as the rate and depth of the
charge and recharge cycles. Use this table as a general guide, as there is a
wide range of lifespan depending on how the battery is used. I will explain
why there is such a large fluctuation in lifespan in the next few sections.

Category Type Lifespan
, Starter (Car battery) 3-12 months
Lead-Acid
(Sealed) Gelled Deep-Cycle 2-5 years
AGM Deep-Cycle 2-8 years
_ Low Quality Deep-Cycle 2-7 years
Lead-Acid .
(Flooded) Premium Deep-Cycle 7-15 years
Industrial Deep-Cycle 10-20 years
NiCad (Nickel-Cadmium) 1-20 years
Other Li-Ion (Lithium-Ion) 5-15 years
NiFe (Nickel-Iron) 5-35 years

Negative Effects of Extreme Temperatures

In hot temperatures, lithium-ion batteries tend to work better than lead-acid
ones. In hot climates, where the average temperature frequently reaches 30
°C or more, the lifecycle for lead-acid batteries drops by approximately
50% compared to its lifecycle at 22 °C rating. Li-lon, however, does not de-
rate until temperatures exceed 45 °C.

In very cold climates the electrolyte in lead-acid batteries is more likely to
freeze the deeper it is discharged but will function properly if the discharge
1s kept to a minimum.

Below freezing temperatures of 0 °C, Li-lon batteries cannot charge but
should be able to discharge.



Relationship Between Rate of Discharge &
Depth of Discharge

The speed at which you charge or discharge a battery is related to the
capacity. The faster a battery is discharged, the lower its usable capacity.
This is called the Peukert Effect, in which the internal resistance of the
battery increases the faster you discharge.

The Peukert Effect is different for all battery types but will increase with
the age of any battery. Flooded lead-acid batteries tend to have more
internal resistance compared to sealed lead-acid. While lithium-ion
batteries have almost no internal resistance until they get old. Below is a
table showing the change in capacity when measured at a 20-hour and an 8-
hour discharge for different battery chemistries.

Percent reduction in
Battery Type Capacity from
20-hr to 8-hr rate

Lead Acid (Flooded) 18%

Lead Acid (Sealed AGM) 7%

Lead Acid (Sealed Gel) 9%
Lithium-Ion 1%
Sodium-Ion 31%
Nickel-Iron 10%

Because the capacity of the same lead-acid battery could vary by as much
as 35%, the rate at which you discharge or charge is an important
consideration when comparing lead-acid batteries. When looking at the
capacity, be sure to compare them at the same rate of discharge.

You may notice battery specification sheets have listings of different
capacities for the same battery, or you might notice a capacity listed along
with a number of hours (something like 250 AH at 100-hour rate). Usually
the battery manufacturers list the timeframe at which it is discharged.
Always compare batteries at the same discharge rate, so one doesn’t appear
better than it really is.



Below is a table of the details from a battery specification sheet with their
amp-hour value at different rates:

Amp-Hours Capacity

Battery Batterv T 100-hr | 20-hr | 8-hr
Category attery ype Rate Rate Rate
Trojan 6V T-105 250 225 200
Lead-Acid US Battery 6V 2200 XC2 280 232 196
(Flooded) Surrette 6V S-460
(L-16) 466 350 280
Lead-Acid Concorde 6V
(Sealed AGM) PVX-3050T 355 1 300 280
Lead-Acid
(Sealed Gel) MK 6V 8GGC2 GEL 198 180 165
Depth of Discharge

The lifespan of Lead Acid batteries is greatly affected by the depth of
discharge; i.e., how much of the battery capacity is used on a daily basis.
For example, if a fully charged battery discharges half of its rated capacity,
it would be at 50% depth of charge. If the depth of discharge is kept to a
minimum, the battery will be capable of more charge/discharge cycles.

The graph on the next page shows the inverse relationship between life
cycle and depth of discharge and illustrates how the expected average
cycles decrease exponentially as the depths of discharge increase. A general
guideline is to design your lead-acid battery systems to have a 50% depth of
charge with an absolute maximum of 80% in worst-case scenarios. In very
cold climates, this is even more important since the deeper the discharge,
the more likely a battery is to freeze. Li-lon batteries are negatively affected
by extreme depth of discharge as well, but the effects are less damaging to
the long-term health of the battery compared with their lead-acid
counterparts.



DOD VS. LIFECYCLE FOR A LEAD-ACID BATTERY
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Rate of Charge/Discharge

Sometimes the hour rate of a battery is described as the charge rate (C or C-
rate). The C-rate relates to how quickly or slowly the battery is charged or
discharged relative to its maximum capacity. Rapidly charging or
discharging a battery can harm the battery or create unsafe conditions in the
rest of the energy system.

C-Rate Time
5C 12 min
3C 20 min
1C 1 hour
C/2 2 hours
C/5 5 hours
C/8 8 hours

C/10 10 hours

A rate of 1C means a battery will completely discharge in one hour.
Therefore, a battery with a rated capacity of 10 Amp-hours at 1C discharges



10 Amps per hour. A 3C rate would discharge the same battery at 30 Amps
for slightly less than 20 minutes. Additionally, a C/2 rate would discharge at
5 Amps for slightly more than 2 hours. The C-rate can be written as a
fraction or a decimal, for example C/2 is the same as 0.5C.

For Flooded Lead Acid batteries the fastest charge rate typically should be
C/8 for any long periods of time, so for a 100Ah battery you would want to
design your system to charge or discharge at no more than 12.5A. If you
charge or discharge any faster than that the battery may overheat, lose some
of its liquid, or start bubbling. Some manufacturers allow a higher
maximum charge rate of about C/3, but they are still susceptible to damage
and then they would need more maintenance and oversight.

State of Charge

The State of Charge (SOC) is a measurement of the available capacity of
the battery compared to its full capacity and is expressed as a percentage
similar the fuel gauge in a car. Unlike a car’s fuel tank you do not want to
get close the empty particularly with lead-acid batteries.

Measuring the SOC accurately can be a bit of a challenge. The best way to
check the SOC is to use an amp-hour meter or energy meter that measures
the current going in or out of the battery. You can also measure the voltage
or the specific gravity to approximate the state of charge, but both of those
methods are elusive and can be inaccurate. Checking the specific gravity is
only possible for flooded batteries, and it is somewhat inconvenient since
you need to open and remove some of the fluid from each cell of each
battery. The voltage on a battery will drop when there is a load on it, so to
measure the SOC the battery must have no load for at least 6 hours to get an
accurate measurement from a multimeter.

On the next page is a table showing the state of charge with four zones for
flooded lead-acid batteries. It is best to stay in the Good Zone and rarely dip
into the Unsafe Zone. At minimum, lead-acid batteries should reach 100%
SOC every four days to extend their life. If the battery is discharged to less
than 40% too often, it will significantly impact the lifespan.



A 12V nominal lead-acid battery will read 12.7V at 100% charge, 12.0V at
50% charge, and 10.5V at 0% charge. This is the range the battery can
function, but you should only let the voltage drop below 2VPC on rare
occasions if you want to extend its life.

LEAD ACID STATE OF CHARGE

Cl?)?lt(;ietliz)’n State of Charge | 12 Volt battery | Volts per Cell
100% 12.7 2.12
90% 12.5 2.08
Good 80% 12.42 2.07
70% 12.32 2.05
60% 12.2 2.03
50% 12.06 2.01
QI 40% 11.9 1.98
30% 11.75 1.96
Unsafe 20% 11.58 1.93
10% 11.31 1.89
Harmiul 0% 10.5 1.75

* The above table depends on the manufacturer and battery type, but most lead acid batteries

will have similar characteristics.

VRLA Batteries require similar charging patterns as flooded lead-acid
batteries, but the SOC differs from the voltage in the above table. Lithium-
ion batteries also have a distinctly different voltage pattern for SOC. They
are less susceptible to damage from irregular SOC and can be between 20-
100% without significantly harming the battery. This means you don’t have
to recharge the battery to 100% every day or even every week (unlike lead-
acid batteries, which need to be recharged to 100% almost every day).

Battery Size Codes

The Battery Council International (BCI) represents the manufacturers of
lead acid batteries. BCI has designated a battery size code in order to group
similar batteries together. The code or group ID is based on the physical
size and location of the terminals and does not measure the capacity of the



batteries. Some batteries have a BCI codes and most cases show a list of
compatible codes, so you can match the case to the battery.

Off Grid solar systems range in size so I can’t recommend a specific battery
type, but here are some common battery size codes ranging from smaller to
larger: Ul, 24, 27, 31, T-105, 4-D, 6-D, 8-D. There are some codes that are
outdated, such as for floor sweepers “FS” and for golf carts “GC.”



Photovoltaic Module Selection

After you’ve selected your battery system, you should consider which type
of Photovoltaic (PV) modules is suitable for your Off Grid energy system.
The batteries determine how long you can provide power when there is no
sunshine available, but the PV modules define how much energy you can
harvest in your particular location.

PV cells provide instantaneous power and cannot store energy on their own.
That is why batteries are frequently used with solar panels in Off Grid
energy systems, so the energy can be used when the user chooses.

PV Fundamentals

The power output of a solar module is measured in watts and is equal to the
operating voltage multiplied by the operating current. Solar panels produce
current over a wide range of voltages. (This 1s different than batteries,
which produce current in a narrow voltage range.) Since a solar panel’s
voltage can fluctuate significantly, a charge controller can be used to
manage the operating voltage and operating current in order to maximize
power output. When used with charge controllers, the solar panel’s voltage
and current are inversely related, so a voltage increase results in a current
decrease and vice versa.

Cells, Modules, Panels, and Arrays

The definition of a cell, a module, a panel, and an array is a common area of
confusion. They are listed here from smallest to largest.

e Photovoltaic (PV) cells: The blue or black 125-150 mm square-
shaped silicon wafers that are electrically connected inside of a solar



module. There are series and parallel circuits of PV cells inside of
the module, which increase the voltage, current and power.

e PV module: A collection of PV cells encapsulated in glass and
usually housed in an aluminum frame.

e PV panel: One or more PV modules preassembled for ease of
installation. For example, two modules mounted on rail with their
wires in clips would be a PV panel.

e PV array: The complete power generating system, consisting of
any number of PV modules or panels.

Technology Types

There are two main categories of photovoltaic solar modules: crystalline
silicon (c-Si) and thin film. Most c-Si PV modules are similar in function
and only differ in their efficiency which ranges between 10-22%. On the
other hand, thin film PV modules differences are more significant since it is
a newer technology.

Mono-Si & Poly-Si

The two types of crystalline silicon PV cells; Monocrystalline (mono-Si)
and Polycrystalline (p-Si) are very similar and differ only in the way they
are manufactured. Mono-Si PV cells are made from cylinder-shaped ingot
crystals sliced into very thin wafers. You can recognize a mono-Si PV
module because there are rounded edges near the corner of the cell. Because
mono-Si uses purer silicon, it usually has a higher efficiency compared to p-
Si.

P-Si crystals are manufactured in a different way, but the end result is still a
thin silicon wafer. Raw silicon is heated up until it liquefies, after which it
is poured into square molds. The color and texture of the PV cell usually
looks purple and iridescent. P-Si 1s slightly less efficient and slightly less
expensive than mono-Si. P-Si modules have slightly less power for the
same size module. There are differences in efficiency, price, and power
output, but, in reality, these differences between P-Si and mono-Si matter
much less than you might think.



Thin film

Thin film modules drastically differ from crystalline silicon modules not
only in module shape but voltage output, power output, temperature
sensitivities, and expected life as well. Like crystalline silicon modules,
there are also many varying types of thin film modules with significantly
different manufacturing methods. Mass production of thin film modules
started in the early 2000s after a spike in silicon prices drove innovation in
lowering quantities of silicon per PV cell.

I would recommend you do not use thin film for your Off Grid energy
system unless you are very familiar with the product, or you are willing to
experiment with the advantages and disadvantages of the technology.

Price per Watt

Most PV installers concern themselves more with the price per watt ($/watt)
of PV modules than the efficiency. There are many manufacturers of high-
quality crystalline Silicon PV modules, and they are all competing to reduce
the cost and increase their efficiencies. As long as a company offers a
warranty of 25 years and is qualified as a Tier 1 module, you could buy
almost any module on the market with a reasonable expectation of quality
and at the lowest available price per watt.

What is Tier 1?

Tier 1 is a ranking scale to qualify PV manufacturers and differentiate them
from lower quality or less financially stable manufacturers. The Bloomberg
New Energy Finance Corporation ranks solar module manufacturers in
terms of their bank-ability and financial stability. Tier 1 confirms the
business stability of a module manufacturer rather than the quality of the
modules.

Choosing the Right Module Size

PV modules range in size from that of a book to some as large as tabletops.
They usually have a higher nominal voltage as the physical size increases.



If you are building a small, inexpensive system, you should consider the
output voltage of the module to ensure an appropriate match with the rest of
the system components. Some PV modules are designed for Off Grid
systems because they have a nominal voltage of 12 V and fluctuate between
0-18 V. Using 12 V modules are beneficial if you wish to use a less
expensive PWM charger controller. While the larger-format PV modules
with 60 or 72 cells will typically have a nominal voltage between 28-36 V
and require a MPPT charge controllers. I will explain this further in the
Charge Controller chapter.

For Off Grid systems over 3 kW, I recommend using larger PV modules, as
they are less expensive per watt. Paired with the more expensive MPPT
charge controller, the system can harvest the higher voltage, resulting in a
lower overall cost for energy. Also, using larger modules can help you save
costs on the racking system and the balance of system components. All of
these cost factors should be taken into account when you are collecting your
system requirements.

Solar Module Specifications

All solar module manufacturers have a specification sheet or data sheet
showing the specific details of each module. The next few categories will
help you understand what those details mean and how they relate to your
system design.

I-V Curve

The power output of a solar panel can be visualized in a performance curve
graph otherwise known as an I-V curve (current-voltage). It’s shown as a
graph with voltage on the horizontal axis and current on the vertical axis
(see image on the next page). When a solar module is in the sunlight, it is
always functioning on a point on the curve. This curve location will change
depending on many conditions, such as the solar irradiance and the ambient
temperature. The specification sheet will show an I-V Curve in Standard
Test Conditions (STC)—this is not so useful for real world application, but



it does give an apples-to-apples comparison between all types of solar
modules.
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The Maximum Power Point (Pmp or P__ ) is equal to Vmp times Imp and

is located on the “knee” of the [-V Curve. Maximum Power Point Tracking
(MPPT) Charge Controllers can alter the input voltage of a module to
harvest the most power from the module.

The Maximum Power Voltage (Vmp) of a solar panel is typically 70-80%
of the maximum open circuit voltage (Voc).

The Maximum Power Current (Imp) of a solar panel is typically 90% of
the Short Circuit Current (Isc).

The Open Circuit Voltage (Voc) is the maximum potential voltage of a
module and is on the far right side of an I-V Curve. At Voc there is no
power and no current flowing because it represents an “open circuit,”
meaning the module leads are disconnected. This is like saying the point of
the maximum “pressure”. The listed Voc on a module's back sheet is based
on STC and it could potentially be higher under different circumstances,
like at lower ambient temperatures.

The Short Circuit Current (Isc) is the maximum current if there is no
resistance 1n the circuit. It is located on the far left side of an I-V Curve. A



“short circuit” usually means the electrical pathway changed to a shorter
path bypassing other components in the circuit resulting in very low
resistance and significant current flow. The listed Isc on a module’s back
sheet is based on STC and represents the maximum potential current flow
in the module.

Standard Test Conditions (STC)

The Standard Test Conditions (STC) is the solar industry standard for
measuring the performance of a solar module. It provides a fair comparison
between different solar module manufacturers. The variables affecting the
performance of a solar module are the temperature of the cells, the solar
irradiance, and the mass of the air. STC is when the cell temperature is 25°
C with a solar irradiance of 1000 Watts per square meter and 1.5 mass of
air. The 1.5 mass of air is a coefficient representing a diagonal path through
the atmosphere compared to directly vertical. These conditions were
designed to represent a clear sunny day for most places on earth.

The Effects of Module Shading

Most people do not realize that a small amount of shading on the modules
can dramatically reduce the production of a solar array. For example,
shading 10% of the array area could reduce the production of the whole
system by 50%. Moreover, if a module does not have bypass diodes, then
shading one PV cell could result in power loss of up to 75%! There should
ideally be no shading for six hours during the sunniest part of the day over
the entire year. However, this is not always possible, so reducing shade
during the middle part of the day remains paramount.

Some solar modules have bypass diodes that help redirect the flow of
electricity when a portion of the PV cells are in the shade. Usually in solar
modules, the cells are connected in series, so all the electricity produced in
one cell needs to travel through all the other cells before exiting the solar
panel. If a cell downstream is shaded, the voltage drops due to increased
resistance, and all of the cell in the rest of series have diminished power.



Bypass diodes can be found inside the junction box of most solar modules.
They work along with the modules’ PV cells to effectively redirect the
current inside the module, providing it with another path to travel should
shading occur. Most large solar modules have replaceable bypass diodes
inside the junction box on the back. Since opening the junction box can
void the module warranty, check with your owner’s manual before doing
SO.

On the next page is a diagram that shows how the electricity will flow when
there 1s partial shading on the solar panel. With a PV module that has three
bypass diodes, partial shading of just one cell can drop the module output
by one third.



EXAMPLE OF THE EFFECTS OF SHADE

Full Power 2/3 Power

- =g
r
'

1/3 Power ! No Power

Pt
1

If you place multiple rows of tilted solar modules on the ground or a flat
roof, then be sure to include enough space between modules to account for
exposure during the six peak sun hours of the day. Consider the sun angle
during the peak sun hours in the winter and ensure that your production is
sufficient for your system.

Generally, Inter-Row Spacing should be about 1.5-2 times the Array
Height, but this changes depending on your site conditions. Below is an
image showing how the smaller the Sun Angle, the more necessary it is to
have a longer Inter-Row Spacing.



INTER-ROW SPACING DIAGRAM

Inter-Row Spacing

- —
B TR R

=

|
----------- i
——
Array Height I“-
! " Array Tilt = Ang|e{ |

Strings of Modules

In the Battery Section of this chapter, I explained how to connect batteries
in series by plugging a positive lead of one module to a negative lead of
another; the same thing goes for solar modules. By connecting modules in
series, you are adding to the voltage while maintaining the same current.
Connecting modules like this you creates a string. Use the same type of
modules in a string whenever possible in order to maintain high
efficiencies. You should not normally connect different solar panels in the
same string, but it is acceptable so long as they have similar current ratings.
If you connect dissimilar modules together in series, the string will be
reduced to the module with the lowest amperage; in other words, the
amperage will only be as strong as the weakest link in the string.

On the next page is an image showing how two modules connected together
will have matching power output, but with different voltage or current
depending on which type of connection is in place. It’s worth reiterating
here that in a series connection, you have double the voltage, but the current
remains the same. In a parallel connection, you have double the current, but
the voltage remains the same.
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Strings can range from two modules up to 20 or more depending on how
your DC electronics are designed. Typically you will string together as
many modules as possible into a series connection until the desired voltage
is reached. At that point, if more modules are desired, you can add more
strings with the same number of modules in parallel to the other strings

until reaching the current you want.

Remember that parallel connections of PV modules require a parallel
connection device such as an outdoor combiner box or outdoor rated Y-
combiners. A combiner box with DIN rail terminals or Polaris boxes would



be sufficient to terminate the conductors. Series connections are usually a
male-to-female connection, and they do not need any connection terminal.

It is very important that the open circuit voltage (Voc) of your string of
modules does not exceed the input voltage of the charge controller or other
DC electronics. Add up the Voc of all your modules in series and compare
that to the input voltage of your equipment while keeping in mind that the
extreme temperatures in your site location can alter the Voc.

The Effects of Temperature

When a solar module’s cell temperature goes above 25 °C, the power output
will drop below its nameplate performance. Solar cells function less
efficiently under higher temperatures because the heat adds resistance to the
flow of electrons. For every degree above 25 °C, the module’s performance
will drop by approximately 0.5%. In very cold climates, the opposite is true:
it’s even possible to outperform the STC power output on very bright winter
days due to the reduced internal resistance.

PV Array Maximum Voltage for Cold Climates

Outperforming the STC power output presents its own set of concerns.
Since the module power can increase on those bright cold days, you must
ensure that the string of modules will not exceed the voltage limits of the
rest of the system. High voltage can harm electronics or blow fuses and
circuit breakers. Most module manufacturers will list a temperature
coefficient for the open circuit voltage (TC,, ) and the short circuit current

(TC,.). It will be listed as volts per °C or percentage per ° C below 25 °C.

You should always determine the extreme minimum temperature, not the
average.

If, for example, the lowest recorded temperature in your region was -10 °C,
then the difference from STC conditions would be 35 °C. If a PV module
has a Voc of 37.2V and a TC,,_ of -0.34%/°C, then the calculation below

shows that the adjusted Voc would be 40.2V for that module.



TC,,. * (25°C - lowest recorded temp. ) = % Adjustment

= 0.34%/°C x (25°C - (-10°C) )= -7.2%

Voc at STC x (1 = (% Adjustment) ) = Adjusted Voc

372V X (1=(=7.2%) ) = 40.2V



Charge Controller Selection

Charge controllers act like energy managers, protecting the battery and
optimizing the energy generated by the solar panels. The electronics inside
are designed to only let electricity flow under certain circumstances and to
protect the batteries.

Sometimes called DC-DC converters, regulators, or power trackers, charge
controllers serve as a protection device connecting the solar panels and the
batteries. Charge controllers modify the voltage from the solar panels
throughout the charging cycle of the batteries and provide the required
charging voltage depending on the charging stage. They also have some
protections in place, such as a low-voltage battery disconnect and
overcharge protection. Not all charge controllers have the same features or
efficiency, so be sure to research your options before choosing.

PWM or MPPT?

All charge controllers have a variety of features that protect the system, but
their main purpose is to handle the solar power and transfer it to the
batteries in a safe and efficient manner. Charge controllers fall into two
major categories: Pulse Width Modulation (PWM) and Maximum Power
Point Tracking (MPPT). Deciding between the two types depends greatly
on the size of the system, the Voc of your solar panel(s), and your local
climate.

MPPT charge controllers are more complex and more efficient, but also
more expensive than PWM controllers. Their electronics allow them to
operate at the Maximum Power Voltage (Vmp) of the solar modules,
allowing for 5-25% more efficiency (especially when PV voltage is over



150 V). Also, larger solar modules with 60 or 72 cells typically have a
higher operating voltage than the battery voltage. In this case, an MPPT
charge controller becomes more cost effective because the electronics
harvest more solar energy by converting all of that extra voltage into
current.

PWM charge controllers never operate at Vmp and they “pull down” the
voltage to what the battery requires by clipping all the excess voltage. The
PWM charge controller’s simple electronics do not convert that larger
voltage potential into current. The PV modules designed for Off Grid
applications that typically have 36 cells are compatible with PWM and
MPPT controllers, but the larger modules might not match the voltage with
the PWM controller.

PWM VS. MPPT ON I-V CURVE
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The graph above shows how the MPPT harvests the most power available
by tracking the voltage and current to the Vmp point on the “knee” of the
IV curve. Notice how the PWM doesn’t track the voltage or current, but
instead pushes the voltage back to 12 V?

Considerations With PWM

A PWM charge controller might be the best option if:
1. The solar array is small with only a few modules,



2. The module nominal voltage is slightly above but close to the
battery voltage,
3. And you are in a warm climate.

For example, if you are using a 12 V nominal (0-18 V) solar panel with a 12
V nominal (12-14 V) battery system, then the solar panel will usually
provide just the right voltage needed to charge the batteries without
sacrificing very much efficiency. This is because in warmer climates, a 12 V
nominal (0-18 V) module will have voltage drop due to internal resistance.
As a result, it will typically have a voltage in the range of what the battery
needs (12-14V). This system would not gain from the advantages provided
by the more complex MPPT charge controller.

On the other hand, the same system in colder climates might have a voltage
closer to 18 V during cold and sunny days. The PWM controller would
“push” that voltage down to 12 V, meaning the current would stay the same
and the power would be relatively low. Alternatively, with an MPPT
controller that extra voltage above 12 V would convert to current and the
system would be functioning at Pmp. Because of this, the increased power
during those cold sunny days might justify the cost for a MPPT charge
controller.

If you plan on running long wires or using thin wires from the solar to the
charge controller or batteries, the voltage will drop from the increased
resistance. This could drop the voltage below the charging voltage of the
batteries. A PWM controller is unable to push up the voltage to what the
battery requires; however, an MPPT controller could handle the voltage
drop.

Considerations With MPPT

Not all MPPT charge controllers are created the same; ask about trusted
brands with useful warranties or a better reputation. The effectiveness of the
MPPT electronics can vary significantly from two MPPT charge
controllers. MPPT electronics sweep through the I-V curve searching for
the highest power output and lock into the Maximum Power Point for peak
efficiency. The speed of the sweep and the number of times the sweep is



initiated is completely up to the designers of the MPPT controller. Some
low-quality controllers might take a full minute to complete a sweep of the
[-V curve and might only initiate it a few times a day. The better brands can
sweep in as fast as 0.25 seconds and will initiate the sweep much more
often.

All of these examples show that the complexities with MPPT help increase
the solar energy harvesting, but they do it with an added cost. You will need
to make the final decision as to whether or not the benefits outweigh the
costs for your project.

Matching to Battery Type

Most Charge Controllers offer an option for charging sealed or flooded
lead-acid batteries, and it is important to configure it to match your battery
type. Doing so will keep the battery maximum and minimum voltage set
points and the rate for charging/discharging properly synced, thus helping
extend battery life.

Lithium-ion batteries are relatively new for Off Grid solar, which means
only a few charge controllers are designed to charge them. Also, some
lithtum-ion Battery Management Systems might need to communicate with
the charge controller or inverter in order to avoid unexpected
disconnections. Ensure that the communication line can trigger the BMS to
reconnect with the battery after a disconnection. For example, if the SOC
drops below a certain threshold, the BMS will disconnect from the load to
protect the battery, which could result in the battery no longer being
charged.

Visit my website at for more
details on charge controllers that are compatible with lithium-ion batteries.



http://www.offgridsolarbook.com/Samples

System Protection

In order to protect all of the equipment in the circuit, charge controllers
have electronics that set the protocol to open or close pathways depending
on voltages and direction of flow.

Disconnects

Since batteries can be severely damaged if the voltage drops below 20%
state of charge, a Low Voltage Disconnect (LVD) can disconnect the battery
from the load to avoid permanent damage. Batteries can also be damaged if
they are overcharged, so charge controllers usually also have an Overcharge
Protection that cuts the PV supply to the batteries when they reach
maximum charge.

Since electricity flows via the path of least resistance, it is possible for the
battery to push current back into the solar array. PV modules are not
designed to have electricity flow back into them, so a reversal of current
could prove disastrous. Charge Controllers will typically have a Reverse
Current Protection to protect the PV array.

With all of these protections built into the charge controller you would think
that you could safely hook up any combination of PV modules, batteries
and loads, but that is not the case. For example, most charge controllers do
not have any protection from a high input voltage from the solar array.
Typically, there is no protection from high voltage so the system designer
should plan the system based on the worst case Voc of the PV array. Check
the specification sheet of the charge controller for which protection features
are available as well as their parameters, as they may be adjusted to suit
your system requirements.

Temperature Compensation

Some charge controllers will alter their charge characteristics depending on
the ambient temperature of the batteries. This is particularly important for
sealed batteries due to their greater sensitivity to overcharging. Temperature



Compensation is most effective when the temperature swings more than 10
°C in the course of a year. It will ensure full charge in the winter months
and prevent overcharging in the summer months.

Equalization Charging

With flooded batteries, the different cells will periodically have inconsistent
charges and an equalization charge is needed to restore equal charges
among cells. This will also reduce sulfation and stratification. Some charge
controllers have automatic or manual equalization charging. Flooded lead-
acid batteries should get equalized once or twice every month to maintain
their life.
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Inverter Selection

In Off Grid solar, inverters are needed to change the DC power coming
from the batteries and the solar panels into AC power. As stated previously,
not all Off Grid energy systems need an inverter, only ones in which some
of the equipment runs on AC. Sometimes the functions of the charge
controller are coupled into the inverter, so you can purchase one device to
perform both jobs.

For smaller systems the solar charge controller tends to be the brains of the
system, but for larger systems the inverter does all the sensing and
communicating between systems. Some manufacturers even combine the
charge controller and the inverter into one system for simplicity in the
installation process.

Inverter Fundamentals

Electricity, or current, can flow in two ways: alternating current (AC) or
direct current (DC). The difference between AC and DC is the direction of
flow; DC always flows in one direction while AC flows rapidly back and
forth at a specific frequency measured in Hertz (Hz). AC is best for
transmission over long distances and is the standard for grid electricity.
Direct current is typically used for short distances, and, since it doesn’t
alternate, has no frequency in Hertz. Batteries and solar panels naturally
flow in DC. Most electronics, like cell phones, computers, LED lights, and
televisions function in DC, but an AC to DC converter is needed to use
them.

So why bother with AC if everything runs off of DC? You could build your
solar energy system and power your home all in DC without the need of an
inverter, but you would need to use electrical devices that are designed for



DC input. The greater challenge, though, is that you will also still need to
match your system voltage to your electronic devices. You need to have a
high voltage for transmitting energy over longer distances; otherwise, you
will need thick (expensive) wiring. High voltage reduces the resistance and
allows you to use smaller, less expensive wire. Currently, no common
standard has been set for DC voltages in a home, so getting the right
transformer to step down the voltage to the level needed for your electrical
devices is not very easy or always possible. Because of this, most Off Grid
systems will decide on a DC to AC inverter for transmission to the home
and then use AC to DC converters for each electronic device.

Match to the Utility in Your Country

Even if you are building an Off Grid system, it is wise to match your
inverter to your country’s plug type, voltage, and frequency, as designated
by the utility grids of your locale. There are 15 types of electrical outlet
plugs used around the world today, but universal plug adapters can only be
matched to your receptacle outlets. The important thing is to select
appliances that are compatible with the voltage and the frequency; the plug
shape does not really matter. In most parts of the world a standard plug
outlet is between 220-240 V and 50 Hz, but the Americas and parts of Asia
are 100-127 V and 60 Hz. Mismatched electrical equipment may not
function properly, and it could prove unsafe to use the wrong voltage and
frequency. Check with the manufacturer, because some products are
designed to work with both types of power even though the outlet plugs do
not match.

Power: Continuous vs. Surge

Inverters have a designed power rating for continuous use and a larger
power rating for a short surge. The surge is typically no more than double
the continuous load and rated for a limited amount of time, but each
manufacturer has different specifications. For example, a 300-watt inverter
might have a 600-watt surge at 5 seconds. The surge power matters quite a
lot if you are using motors, transformers, or capacitors on the load side of
your system. (This includes refrigerators, vacuums, power tools, pumps,



and camera flashes.) The surge or inrush current on motors is generally
more than double their continuous load, so don’t assume a motor will work
with your inverter just because the continuous power matches.

Surge Power cannot be measured with a regular multimeter or Kill A Watt
meter, so if you need to determine the surge of a motor, you will need a
clamp meter with an inrush current setting.

System Protection

Like charge controllers, inverters also house electronics meant to protect the
equipment in a circuit by a set of protocols that open or close pathways
depending on voltage and direction of flow. Some inverters have features
that protect the equipment in the circuit from overcurrenting and high
temperatures.

Dealing with Power Factor

In AC circuits, the Power Factor (PF) can affect the quality of the power
provided. PF is the ratio of the real power that is used to do work and
the apparent power that is supplied to the circuit. PF thus represents the
quality of the power provided and ranges from 0 (bad) to 1 (good).

When the PF is low and approaching zero, there is significant inductive
load (otherwise known as reactive power). Appliances that use magnetic
energy to work cause inductive loads, such as motors and transformers. You
can spot these appliances without much trouble since the large coils of wire
needed to use magnetic energy make them quite heavy.

When the PF is high and close to 1, all the power is real with little reactive
power. This occurs with resistive load. Resistive loads typically are used to

convert electricity into heat, such as in electric heaters and incandescent
bulbs.

If you have a lot of motors in your system, the power factor could drop too
low, causing the system to function improperly and overheat. You can test a



circuit’s power factor with a Kill A Watt meter. Consider enlarging your
inverter or getting rid of the appliance in question if you test your circuit
and the PF 1s below 0.9. I would not recommend using Power Factor
correction devices since I have never heard of one functioning properly.

Pure Sine Wave vs. Modified Wave

Similar to charge controllers there are two distinct types of inverters the
Pure Sine Wave and the Modified Wave. The image on the next page shows
how the two differ in alternating the current in an AC circuit.

Because the modified sine wave abruptly shifts the direction of the current,
it can harm some equipment it powers. Almost all electronic devices, like
computers, TVs, battery chargers, LED or fluorescent lights, digital clocks,
digital radios, etc., are negatively affected by modified sine wave inverters.
These products will either not work, overheat, malfunction during use, or
shorten their usable life. Devices like resistant heaters and motors with
brushes would work fine with a modified sine wave inverter.

For almost all cases, a pure sine wave inverter is the best option. It is very
hard to predict how the products on the load side will react to the modified
sine wave inverter.
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Single Phase, Split Phase & 3 Phase

Unless you are using large equipment, you will most likely want a Single
Phase inverter. Split Phase and 3 Phase inverters have additional circuits
that share a neutral path for additional power, resulting in fewer redundant
conductors. Split Phase is common for homes in North America and 3
Phase is common for larger businesses operations. You should plan to use a
single phase inverter since these other types are typically only used for on-
grid applications or larger systems. If your project is significantly large you
might consider a split phase inverter, but dis depends on how you will
manage your loads panel.

Passively-Cooled Versus Fan-Cooled

All of the electronics in an Off Grid solar system get hot when they are used
and solar equipment tends to be in sunny locations, so extreme heat can
cause real problems. Some inverter and charge controller manufacturers
allow you to place their equipment in direct sunlight, but it doesn’t mean
you should. Cooler inside temperatures, as long as they are above freezing,



will generally help the electronics run more efficiently and contribute to a
longer lifespan. Check the instruction manual to see the appropriate
operating temperatures.

Inverters and charge controllers need to remove the heat from their
components to maintain efficiencies and avoid damage. This is most often
done with fans that pull outside air into the inside of the equipment. If your
equipment will be set up in a particularly dusty or corrosive environment,
like near the ocean, then you should be very careful when using fans as a
cooling system. It might be better to purchase a passively-cooled system
with a heat sink for both the inverter and charge controller. Large metal fins
inside a passively-cooled system radiate the heat off of the electronics and
into the surrounding air. Passively-cooled electronics require no electricity
to move air around and instead use heat convection. Because of this,
passively-cooled equipment can be fully sealed to protect from the dust or
corrosive air.



Balance of System Selection

As [ mentioned earlier, Balance of System (BOS) commonly refers to all
mechanical and electrical equipment and hardware, other than the major
components, needed to finish the installation. These include conductors
(wiring), wire management devices (like raceways and conduits), junction
and combiner boxes, disconnect switches, fuses and circuit breakers,
terminals and connectors, grounding, and mounting hardware. Even minor
components play essential roles in the efficient, lasting operation of your
Off Grid system, so understanding how they work and how to choose the
proper kind for your specific needs is imperative.

Wire Selection

A wire used for electrical systems is usually made of a copper or aluminum
conductor with or without a protective sleeve. In everyday speech, the terms
“wire” and “cable” are often used interchangeably. They have a distinct
difference: a wire has one conductor and a cable bundles together two or
more wires inside a single sleeve.

The conductor inside of a single wire can be solid metal or it can consist of
multiple stranded wires braided together with insulation around them
making a single conductor. Braided wires are more flexible, making them
easier to work with compared to the solid metal type of wires.

The protective sleeve (a.k.a. sheathing) on a cable or a wire is there to
insulate it from other conductors and to protect it from the elements. Some
sleeves protect from water, ultraviolet light, high heat or fire, and/or



corrosive environments. Not all sleeves are the same, so be sure to check
which environments the sleeve is designed for.

Choosing the correct conductors for the job can be challenging because it is
usually left as an afterthought. If you are not running long wires, using
thicker gauge wires will cost a little bit more, but then you will not have to
be too precise with your calculations. You will learn in this chapter that
proper wire gauge is critical for an efficient and safe energy system.

Copper is commonly used as the conductor but occasionally aluminum is
used to save on material cost. For the same gauge of wire, the diameter
cross section of copper will be smaller than aluminum, because it inherently
has less resistance as a material property.

As wire standards can differ by region, you should get familiar with your
local codes. In North America the American Wire Gauge (AWG) is
predominantly used. If you do not have a prevailing local code, then your
best choice will be from the IEC 60228, the international standard on
conductors of insulated cables created by the International Electrotechnical
Commission (IEC). It defines standard wire cross-section areas in mm?. For
a quick reference, let’s go through a few of the most widely used sorts of
wire.

Common Wire Types

Based on American Wire Gauge (AWGQG) and Underwriters Laboratories
(UL):

e PV: Designed to be used to connect photovoltaic modules together
into strings. Its sheathing is resistant to UV exposure and can be
buried.

e THHN/THWN: Primarily used inside of conduit and cable trays,
thermoplastic insulation with nylon sleeve. Not UV resistant.

e USE/UF: Designed for underground use and should be buried 300-
600 mm deep. The PVC sleeve of USE/UF wiring is fungus
resistant and can be exposed to water.

e RHH/RHW: Rubber insulated wire used for connecting batteries.



e NM (aka Romex®): Usually a two or three conductor cable with a
PVC sleeve. Used for AC wire in the interior of a house.

Electrical Resistance

Selecting the correct conductor (aka wire) for the job depends on a variety
of conditions, but the most important thing to remember is that, while all
wires have some amount of resistance, it should always be kept to a
minimum. High resistance equals loss of power and increased heat. The
maximum current a wire will carry with a planned and acceptable amount
of line resistance will drive the wire gauge requirements.

Wiring is not an area in which you should cut corners. Trying to save
money by using thinner wire than required will result in loss of power and
could actually cost you more money in the long run. Also, a wire that’s too
thin won’t be able to properly conduct the high current travelling through its
small diameter, creating enough added heat that the insulation could melt
and even cause a fire. This could be the most dangerous mistake of your
entire system, so make sure you are following the requirements of your
local code.

Conductor Sizing Calculations

Since your goal is to minimize resistance in your wires, you should set a
few guidelines to avoid an excessive drop in voltage. Depending on where
the conductor is in your circuit, the voltage drop due to conductor resistance
should never be more than 5% for branch circuits and 3% for feeder
circuits.

Voltage Drop = | x 0

When choosing the correct conductor, you must determine the maximum
current in the circuit, the size of the fuses or breakers, the ambient
temperature, and the material type of the conductor and insulation. Once
you have this information, you can make a calculated decision concerning
the proper gauge and type of wire. Keep in mind that if you plan on



grouping many conductors inside of conduit or in an enclosed wire tray, this
will change the ambient temperature. It is also important to make sure that
the terminal connections and end connectors are not the highest points of
resistance. Some equipment might have a required torque value on the
fasteners in order to minimize unintended resistance.

To calculate the voltage drop based on your project parameters, you can go
to my website and use the voltage drop calculator.

Distinct Circuits in an Off Grid PV System

Unfortunately, you can’t use the same wire for the entire job. There are
many circuits within an Off Grid solar system and it’s helpful to map out
the entire system into subcircuits. Some of those circuits are DC while
others might be AC. There are circuits with different voltage and current
requirements, and with varying length and weather exposure. The entire
system should be viewed in each circuit scenario.

The diagram below shows a basic example of the subcircuits in a complete
Off Grid PV system:
e PV Source: PV modules to combiner box
o Common wire type: PV wire
e PV Output: PV combiner box to charge controller
o Common wire type: PV wire, THHN/THWN within EMT
conduit, or USE/UF for underground
e Battery Input: Charge controller to batteries
o Common wire type: RHH/RHW wire
e Inverter Output: Inverter to AC loads
o Common wire type: NM or Romex wire


http://www.offgridsolarbook.com/Resources/

BASIC SUBCIRCUITS OF AN OFF GRID PV SYSTEM
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PV Source Circuit

This circuit connects the modules together into strings and terminates at a
combiner box or the charge controller. When in doubt, select the same wire
size and connectors as the system modules. PV wire works well in outdoor
environments and for some sun exposure.

The wire requirements for the PV source are dependent on the module’s
listed short-circuit current (Isc). To calculate this, find the module’s rated
short-circuit current and multiply it by 1.25. This will give you the
maximum current for that circuit. The maximum current in the system is
determined by 125% because it is possible for the modules to outperform
their STC short-circuit rating. If you have one string going to the inverter
and the modules have a rated Isc of 8.41 A, then the PV source maximum
current 1s:

Imax = 841 A x 1.25 = 105 A

PV Output Circuit

If you plan on combining strings of modules in parallel to a combiner box,
then you might need to step up the wire gauge or change to underground
cable or change wire type for conduit. Whenever modules are connected in
parallel the current is added up, which requires the wire size to increase.



If you plan to have more than one string of modules, combine them in
parallel inside of a combiner box near the modules. The PV Output
maximum current will tell you what the conductor size should be from the
combiner box to the charge controller. Find the sum of the total short-circuit
current for each of the strings and multiply them by 1.25. For example, if
you have two strings going to the combiner box and the modules have a
rated Isc of 8.41 A, then the PV source maximum current is (8.41 A + 8.41
A)*1.25=21.0A.

The PV circuit should have some Overcurrent Protection Device (OCPD),
such as fuses or breakers, which will protect the components in their circuit.
It will typically need to be 125% higher than the Imax of all the PV
modules.

OCPD = Imax x 1.25 = 21.0A x 125 = 263 A

Battery Input Circuit

The wire used between the batteries is usually the largest wire in your
system, because they move a large amount of current at a low voltage.
Additionally, they can be exposed to high temperatures, sulfuric acid, and
hydrogen gas, so they need a sufficient gauge conductor as well as a
suitable insulation for the environment. For a 12-48 V battery array with
over 100 Ah of capacity, for example, the wire gauge might be 2/0 to 4/0
AWG, which is equivalent to 70 to 120 cross section mm?. Assuming the
distance is fewer than 10 feet, a maximum current of 175 A is suitable for
2/0 AWG conductors and a maximum current of 250 A is suitable for 4/0
AWG conductors. Automotive or welding cables are obviously designed for
a different purpose, but they might be sufficient for your system in this
case.

It 1s important to use appropriate ring terminal connectors and to crimp
them properly. Tighten the nut onto the lug terminal according to the battery
specifications. The longest-lasting lugs are made from copper. (It’s possible
to use steel and aluminum lugs, but they will corrode quickly due to the



dissimilar metals in contact.) Use closed-ended lugs, as open-ended ones
will enable corrosion to enter into the strands of the wire.

Poorly crimped cables could potentially spark or short circuit. Combine that
with an environment containing hydrogen gas from flooded lead-acid
batteries, and you have an extremely dangerous situation. Either purchase
the battery cables preassembled with lugs pre-cut to size, or purchase a
high-quality crimper tool designed for that gauge of wire.

Inverter Output Circuit

The output of the inverter can connect directly to your AC electrical
equipment, or it can connect to a load center that distributes the electricity
to branch circuits. The inverter output is either 220-240 V or 100-127 V,
depending on your system design. With higher voltage on the AC side of
the circuit, current is lower for the same amount of power, allowing for
smaller wire sizes or longer runs. This makes it easier to distribute and
branch off wires and distribute to the end-use loads.

You will most often want wire gauges of 10 to 14 AWG for a 120-Vac
system. The same calculations which determine the maximum current for
the PV circuit and battery circuit apply to the AC side of the system, and
remember to keep resistance to a minimum. If you run a thin wire a long
distance from your inverter, then the resistance will increase, resulting in a
voltage drop. Should the voltage drop too much, the end-use equipment
might not work properly. Ideally, you want to ensure that the voltage drop
in the inverter output circuit never exceeds 5% for branch circuits and 3%
for feeder circuits.

Overcurrent Protection Devices

An Overcurrent Protection Device (OCPD) protects a circuit experiencing
an unusually high surge of current from an overload, short circuit, or a
ground fault. OCPDs are the most fundamental requirement in any
electrical system.



e An overload is a situation where equipment is used and it exceeds
the rated capacity of the circuit.

e A sshort circuit is an unintended electrical connection between any
two current-carrying conductors, and is referring to shortening the
path in a circuit.

e A ground fault is an unintended electrical connection between an
ungrounded conductor of a circuit and the grounding conductor or
any other metal component like the racking system.

Common OCPDs, like fuses or circuit breakers, open the circuit when
currents exceed their rated capacity for a rated duration of time. Fuses no
longer function after being “blown” by a power surge. You will have to
replace them with a new one every time a surge occurs. Circuit breakers,
however, are commonly used as a disconnect device because they can be
turned on and off like a switch without the need for replacement.

In order for any OCPD to function properly, it must have a rated capacity
equal to or less than the conductor to which it’s connected. OCPDs protect
conductors; they won’t necessarily do anything for other equipment in the
system. That said, some equipment does have built-in overcurrent
protection to protect its internal components. Despite that protection, any
conductors connecting to components in your system will still need an
OCPD. When purchasing your OCPD, be sure to match the termination
type and the range of wire gauges to your system design.

Combiner Boxes & Disconnects

Whenever you have parallel connections, you will need a way to combine
the many wires into fewer wires. For example, if you have 3 strings of PV
modules and only one PV input on your charge controller, how will you
terminate the wires if there is no room to land them? In this case, you need
to get 3 positive and 3 negative wires into where there is only one positive
and one negative slot. Using terminal connectors with jumpers, bus-bars, or
terminal blocks 1s a way to get multiple wires bonded together. But you will
also need an enclosure to protect the connections from the outdoor
environment.



A Combiner Box is nothing more than a place to safely combine parallel
connections of conductors. It has a hole with watertight cord grips for wires
to go inside with some way to combine the conductors, such as DIN rail
mounted terminals or bus bars for the positive and negative conductors.
Typically there are some OCPDs or a disconnect switch inside the box as
well.

A Disconnect is a device that opens the circuit to stop the flow of
electricity. They allow you to isolate equipment in case of emergency,
repair, or maintenance. Sometimes a combiner box can function as a
disconnect as well. The PV array and batteries should each have their own
disconnect: either a disconnect switch or circuit breakers. Other energy
sources should also have a disconnect, such as a generator, but sometimes
they have a built-in on/off switch.

Grounding

There are many things that can go wrong with an Off Grid energy system
and equipment grounding is a form of insurance for when something does
go wrong. All electrical components need to be electrically connected to
earth, i.e., grounded, in case any part of the system’s components gets
energized. Grounding reduces the chance of electrical shock, allows the
OCPD to trip in the event of a short circuit, and also protects the system
from lightning strikes.

A properly grounded PV system electrically connects all the electrically
conductive parts, so they have the same potential voltage compared to earth.
The module frame, racking, conduit, metal boxes and all other metal
equipment should be electrically connected with a bare copper or silver
conductor thick enough to handle a surge of the OCPD in line with it. The
equipment you purchased will have instruction manuals with
recommendations on how to properly ground your system. Typically, you
would connect the grounding wire to the grounding terminal block in the
DC circuit breaker box, then connect a larger wire to a grounding rod or
some other ground source, like a ground water pipe. The negative conductor
should be connected either to the ground fault protection or to the



grounding terminal block between the battery and the charge controller. It’s
important that the grounding connection to the negative conductor happens
in only one place; otherwise, the voltage potential will differ throughout the
system, defeating the original purpose of bonding the system.

Lightning Protection

Lightning strikes the planet a hundred times every second, with each strike
at over a billions volts, over 100,000 amps, and with temperatures up to
30,000 ° C. Lightning may not be a major concern in all regions, but if you
have a lightning storm even just a few times a year, you should consider
using lightning protection devices. While not designed to stop lightning
from striking, these devices encourage it to travel through a predetermined
path in order to minimize the damage. No system is completely protected
from lightning damage, but the right devices can decrease the chances of
lightning causing any significant harm.

The first step in protecting from lightning is to have an appropriately
grounded PV racking and electrical system. A robust grounding system will
discharge accumulated static electricity and prevent the attraction of
lightning. The fuses and breakers in your system provide no protection from
lightning, because they are not designed for lightning protection and cannot
blow or trip fast enough. But all of the electrically conductive components
need to be bonded, and all of the electrical pathways need to share a
grounding path. It is generally advisable to have only one grounding rod,
because multiple rods would provide multiple paths for residual voltage
after a lightning strike to travel.

Grounding rods need to be driven underground to 2.5 m at a minimum. If
not, a grounding ring or buried conductor must be used to sufficiently
provide a low-resistant path to ground. Ground rods will need more surface
area in the earth in dry climates due to excess resistance, so they will need
to be installed deeper than in wet climates.

If you determine that lighting protection is required for your system, then
you will need to install Surge Arrestors and/or Surge Capacitors. These



devices absorb electrical surges from lightning. (Of course, they can’t
protect your equipment unless the entire system is properly grounded.)

Surge arrestors clamp onto a wire with a parallel connection to the ground.
If lightning strikes the wire, the giant electrical surge will jump to the surge
arrestor clamp and prefer the path through the arrestor to ground. A Surge
Capacitor can also provide protection but acts significantly faster than an
arrestor.

Lightning damage is more common when a PV array or generator is located
far away from the rest of the electrical system, as the long path of
conductors might become a path for the lightning. Therefore, with any runs
over 40 meters, use an arrestor on both sides. Use a DC surge arrestor on
the PV input close to the charge controller. An AC surge arrestor should be
added to protect the inverter as well. If using a generator, it’s advisable to
install both an AC surge arrestor and a surge capacitor.

In locations with frequent lightning strikes, lightning rods can dissipate the
static charge down to the ground. They can help prevent a strike and also
provide an alternate path to ground.



PV Mounting Selection

Before choosing your PV mounting system, be sure that it is designed for
your wind and snow loads. If you have significantly high wind or snow
loads, you might need to reinforce the racking system for increased
strength. This could be done by reducing the length of the spans between
beams, reducing cantilever lengths, and using deeper footings for a ground
mount or more fastener attachments for a roof mount. If you are unsure and
do not want to spend the time making the calculations, choose to over-build
the system. PV mounting materials can be inexpensive in the scope of the
whole project.

Additionally, be sure that your PV mounting system is designed for the
level of corrosion in your area. Highly corrosive environments include
marine, coastal, and humid climates as well as areas with significant
industrial processes, like near a factory. If you are in a corrosive
environment, be sure to use all aluminum and stainless steel components.
Ensure that components with mild steel have a thick enough galvanized
coating to last at least 25 years. Basic pregalvanization coatings or paint
might not last long enough in your area. If any parts of the galvanized steel
are cut, then be sure to spray the ends with a galvanizing compound. Since
hardware is so small and sensitive to corrosion, you should source stainless
steel whenever possible.



Racking Types

Ground-Mounted PV Arrays

PV arrays can be mounted on a structure, like a rooftop, or mounted on a
rack attached to the ground. Ideally arrays should be installed in a place
with adequate protection and maximum solar access. The rooftop might be
the first place you’d think to place the solar panels, but for Off Grid systems
there 1s often open land available for a pole- or ground-mounted system.

As long as there is sufficient space, ground-mounted systems have many
advantages over a roof mount. Ground mounts do not require climbing or
safety ropes for the installation and do not require moving heavy equipment
up and down ladders. Also, rooftop systems can have issues with roof leaks
from penetrating the roofing membrane. Ground mounts typically have
more airflow underneath, so the modules can operate at lower temperatures,
which yields better performance. Ground mounts also allow for almost any
tilt and azimuth angle, and can be designed to be adjustable for improved
annual performance. Finally, having the modules closer to the ground
allows for easier access for cleaning and reduced wind speeds.

There are a variety of ways to anchor a ground-mounted racking system,
such as formed concrete piers, ballasted mounts (no ground penetration
required), driven steel piles of beams or pipe, and earth screws (helical
piers). With all of these options, the most common for a small- to medium-
sized Off Grid system is a concrete pad or pier to form the base structure to
which the base racking components will be attached.

For a pole-mounted system, you may want a deep concrete pier, similar to
the process for concrete fence posts. Be sure to follow the directions for
mixing concrete, as having too much or too little water can reduce the
strength. By digging a hole and setting the concrete in the ground, you are
getting some additional strength from friction of the ground around the
footing. With above-ground concrete piers, more concrete is needed for the
same amount of strength.



TOP OF POLE-MOUNTED PV ARRAY

For larger racked systems, you will need to pour a concrete foundation with
rebar reinforcement. These pads can run north to south and do not need to
be deep. You can even use a concrete form and do this above ground,
something like a ballasted system but poured in place.

Roof-Mounted PV Arrays

When there is no space or significant shading issues on the ground, then
rooftop mounting has its own set of advantages worth considering. If you
plan to only use electricity in your home and plan to store your batteries
there as well, then a rooftop solar array might be best. That way it can be
close to where the energy is stored and consumed. This would allow for
shorter wire runs and less production loss from resistance. Also, the racking
cost is generally cheaper with rooftop racking systems.



If your roof is flat, then the racking will need to tilt the modules up to a
minimum of 5 degrees, but if the roof already has a tilt, verify it is
appropriate for the energy production requirements of the system. All small
rooftop PV systems need a mechanical attachment to the roof surface,
which means you will have to put holes in the roof. If done incorrectly, the
roof membrane could be penetrated and water will be able to seep beneath
the moisture barrier. Water damage would then occur very slowly, even if
you don’t notice a leak for years. Follow racking manufacturer’s instruction
on how to seal the roof to ensure long-term reliability.

A typical rooftop mounting system has a post attachment with a long lag
bolt that will attach to a purlin or rafter under the roof deck. Installing a
flashing and appropriate sealant over the post attachment is required to
reduce the chance of a leak. Next, rails are attached to the post attachment,
which creates a contiguous mounting plane where modules can be attached
with room for adjustability. Finally, module clamps are used to secure the
modules to the rail. See the diagram for details. On a flat roof, the post
attachments will need to be different lengths to enable the PV array to be
tilted.
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Adjustable Racking

With Off Grid PV systems, designing a racking system that can be adjusted
to improve production is always a wise decision. Since you want solar
power to be directly consumed when it is produced, you should attempt to
aim the PV array to the optimal orientation. Tracking the sun may increase
production as much as 5-30%! The sun is a moving target, though, plus you
might not actually need extra energy, so maximizing production isn’t
always necessary. This is only useful if your load profile can benefit from
the additional energy. Adjustable racking can save your batteries when you
need to maximize your energy production during cloudy days and those
winter months.

Adjustable racking can change the azimuth angle, the tilt angle, or both.
Adjusting only the tilt angle increases performance on a seasonal basis.
Manually adjusting the tilt angle once every 3-6 months 1s very practical
and requires little effort on the part of the user. On the other hand, adjusting
the azimuth angle on a daily basis is impractical for a purely manual
adjustment.

The most complex tracking systems have motors with single-axis or dual-
axis capabilities. These are relatively expensive and I would not
recommend one unless you have a large PV array (over 30 kW). The
simplest kind of motorized tracking systems rotate the array around the axis
perpendicular to the ground. Picture a pole-mounted array that rotates
around the vertical pole to give yourself an idea. A motorized tracker like
this could be useful in a smaller Off Grid PV system.

Passive Trackers are another option for tracking the sun. They do not
require motors or electricity to orient the PV modules and can be more
practical than the motorized trackers for smaller systems. Passive trackers
have a chamber of liquid on each side of the array. If one chamber on the
side gets hotter than the other, the liquid evaporates and shifts the weight of
the tracker over to the other side, rotating the array towards the sun in the
process. There are some limitations, though. For example, it can take more
time for the array to “wake up” during the colder winter months. Also, the
array will end each day pointed west, but to wake up in the morning it



needs to shift the full distance to the east. Passive trackers are a good option
for pole-mounted PV systems of small or medium size, but may not be cost
effective for small systems with just a few PV modules. The image of the
Top of Pole-Mounted PV Array a few pages back is an example of a passive
tracker. Also, see the image on the next page.

PASSIVE TRACKER

2

EAST WEST

Finally, if you want to keep your system simple but still have some options
for tilt adjustment, there are manually adjustable tilt-racking systems for
pole-mounted or for racked systems. Manually adjusting the tilt angle or the
azimuth occasionally can help if your load profile changes over the course
of a season. Every system 1s different, but there is generally a latch that
you’d pull in order to snap it into other positions. Some adjustable tilt racks
use a cordless drill to rotate the rack and adjust the tilt angle. By adjusting
only the tilt angle of a PV array, you should expect up to a 5-7% increase in
performance.



Mounting the Modules

The most common way to mount PV modules is with module clamps
securing the module frame to the rail below. The clamps are tightened onto
a steel or aluminum rail and are adjustable along the length of the rail. The
adjustability is great in case all the parts do not match up perfectly. Module
frames come in different sizes, so not all clamps work for all module types.
Some clamps have teeth that will cut through the anodized layer on the
module frame grounding it to the racking system. This is helpful because it
grounds the system together when you tighten down the clamps.

PV Modules also have mounting holes on the back of the frame, which you
can use to attach it to brackets or mounting rails. Different manufacturers
don’t always put mounting holes in the same place, so make sure the
modules are compatible with the racking system before buying. Module
clamps only work from the top of the module, so mounting holes are a
better option when you want to attach the modules from under the racking
system.

Hardware Considerations

If you are using all stainless steel hardware for corrosion protection and
fastening with an electric drill, you will experience thread galling otherwise
known as cold welding. This will result in nuts and bolts seizing, to the
point where it 1s impossible to tighten or loosen them. This happens when
two similar metals are in high-pressure or high-heat conditions and the
sliding surfaces adhere to each other. If this happens during your
installation your only option is to get a hacksaw and cut the fastener off and
replace with a new one.

If security is a concern, then consider using tamper-proof hardware that
requires special tool bits to tighten the hardware and is very challenging to
remove. | have seen times when people use cement to secure the PV
modules in place. I do not recommend doing this because submerging the
PV module’s aluminum frames in concrete can cause the aluminum to
corrode.



Due to thermal cycling between hot and cold temperatures, hardware may
loosen over time. Consider using flanged lock nuts, lock washers, or
bonding adhesive for threads.

Wire Management

Dealing with the dangling wires under the solar panels is usually a problem
forgotten until the very end of a project. When you buy the racking system,
you should also purchase wire clips that attach to the module frame or the
racking equipment. The wire clips will hold the wires under the solar
panels, hiding them from the sun and from view. Many people will use zip
ties, which are better than nothing. But most zip ties will break within a few
years from sun and weather exposure. If you must use zip ties, then select
the thickest ones you can find with a UV inhibitor and use a lot of them in
case some break early.

Whether attaching the wires with zip ties or with wire clips, always secure
the wires so they won’t come into contact with sharp edges. The mounting
components and the wires will expand and contract from thermal cycling,
so it may be imperceptible, but it is happening. If the wires are tight against
a sharp edge, then the insulation may eventually tear, exposing the
conductor to the racking system and ending in a short circuit or fire.

If you are using a tracking system or an adjustable racking system, be sure
that the wiring will not break from the back and forth movement and
fatigue. Also, be careful that this cyclical movement will not slowly pull the
wire from its connections. Using strain reliefs will help if this occurs, but
the wiring should be attached so it does not creep along the wire
management edge.



Electrical Enclosure Selection

All of your system’s electrical components need to be protected from
foreign objects (dirt or pests), rain, condensation and other naturally
occurring hazards that can cause a short circuit or increase corrosion. The
enclosure you choose should have features that suit the condition in which
it will be used. Will it be indoors or outdoors? Will it be exposed to storms
or humidity? Addressing any potential problems prior to operation will help
prevent them from happening, or at least minimize the damage done.
Keeping water out of your electrical equipment ranks as the foremost
concern with your enclosure and can be quite challenging.

Water can enter into an enclosure in two ways: from rain finding a way
through a leak or from humidity condensing inside the large, cooler interior
of an enclosure. If water ingress is a possibility, particularly in humid
locations, then drill a 6 mm “weep” hole on the bottom to allow built-up
water to exit. Any and all outdoor equipment will require waterproof
conductors, watertight wire connectors, and watertight cord grips for the
entry points into enclosures.



NEMA Enclosure Types

The National Electrical Manufacturers Association (NEMA) defines
enclosure types based on their use, and there are three types that are
commonly used for solar projects. NEMA Type 1 is designed for indoor
use only and provides the most basic protection. NEMA Type 3R is
designed for outdoor use and is good at protecting from storms and foreign
objects while still allowing for ventilation. Because of its ventilation, it does
not keep out humidity. NEMA Type 4X is also designed for outdoor use,
but it provides better protection from humidity since it is sealed.

If you are using lead-acid batteries, do not seal them inside a NEMA 4X
enclosure. They will not be adequately ventilated, possibly trapping
explosive gases and causing a dangerous situation. There are some
enclosures designed so that the electronics are in a NEMA 4X section and
the batteries are in a NEMA 3R section of the same enclosure. This is a
good option if you want to buy just one enclosure for all your electronics
and batteries.

The following definitions from NEMA 250-2003 are based on the use of the
enclosure:

e NEMA Type 1: Enclosures constructed for indoor use to provide a
degree of protection to personnel against access to hazardous parts
and to provide a degree of protection of the equipment inside the
enclosure against ingress of solid foreign objects (falling dirt).

e NEMA Type 3R: Enclosures constructed for either indoor or
outdoor use to provide a degree of protection to personnel against
access to hazardous parts; to provide a degree of protection of the
equipment inside the enclosure against ingress of solid foreign
objects (falling dirt); to provide a degree of protection with respect
to harmful effects on the equipment due to the ingress of water
(rain, sleet, snow); and that will be undamaged by the external
formation of ice on the enclosure.



e NEMA Type 4X: Enclosures constructed for either indoor or
outdoor use to provide a degree of protection to personnel against
access to hazardous parts; to provide a degree of protection of the
equipment inside the enclosure against ingress of solid foreign
objects (windblown dust); to provide a degree of protection with
respect to harmful effects on the equipment due to the ingress of
water (rain, sleet, snow, splashing water, and hose directed water);
that provides an additional level of protection against corrosion; and
that will be undamaged by the external formation of ice on the
enclosure.

Low Cost Enclosures

For any PV system over 250 watts, I recommend corrosion-resistant sheet
metal enclosures, preferably the NEMA-approved enclosures listed above.
They can be expensive, but they will protect the most sensitive equipment
in your PV system: the electronics. If you are designing a smaller system,
consider repurposing a plastic case like a toolbox. Circular saws cut round
holes for nylon cord grips and vents for airflow. Wooden enclosures are not
recommended, since they will likely not keep out moisture and last as long.
Anyways they lack the convenience of a plastic toolbox.



Secondary Power Selection

Generator

Despite the high cost of fuel from continued use, the high power output of
generators can be quite helpful. This is particularly true during winter
months, when generators can assist the PV array in charging your batteries.
If you have a generator available to recharge batteries during cloudy days,
you can reduce your days of autonomy, reducing your battery and PV size
requirements significantly.

Generators can also prove useful if you plan to occasionally operate high-
power equipment, such as power tools or heavy machinery, which might
only be needed for an hour or two per month. This means the overall energy
usage is low, but the instantaneous power usage is very high. Generators
happen to be very advantageous for just this type of situation, thanks to
their high power output.

If you already have a generator, it might be challenging to get it to interact
correctly with a new solar PV system. You can manually charge the
batteries with a separate AC-to-DC battery charger when possible. Or, if the
battery levels drop too low and the inverter’s LVD disconnects the load
from the batteries, then you can manually start the old generator to power
your equipment. Do not fully charge batteries with a generator; it can harm
the batteries since they are designed to only be charged with the solar PV. If
you want the generator to automatically start when the batteries drop below
a certain voltage, you will need an Automatic Transfer Switch (ATS), which
can communicate with the system and flip a relay switch to turn on the
generator with an automatic starter.



If you plan to buy a new generator with your Off Grid system, make sure
the generator and the inverter are compatible. You need to get an inverter
that communicates properly with an ATS, so it can automatically trigger the
generator when the battery’s SOC is low. Some inverters will have an
auxiliary AC battery charger that is programmable with relay circuits to
automatically trigger a generator when batteries voltages are low.

Wind & Hydroelectric Power

As you’ve learned so far [ am a big fan of solar as an off-grid energy
source, however both wind and hydroelectric power are fantastic
alternatives and in some locations better than solar. As I mentioned about
generators, an additional power source helps off-grid solar systems when
the winter days are not providing enough power to recharge the batteries.
Wind and hydroelectric power are not as controllable as a generator, but
you could potentially reduce the days of autonomy by one or two days,
allowing for a smaller battery bank and PV array. Fortunately, wind tends to
blow both during the nighttime and wintertime and, in most regions, water
flow peaks in the winter months. These are both opportunities to produce
power when solar energy is less abundant.

Explaining the benefits and the requirements for these types of energy
system would be worthy of another book on its own. If you have access to
other energy sources, be sure you properly understand how they can
recharge your batteries or directly power your equipment.



Design Considerations

There are a few things you need to understand before you begin designing
your system. You need to confirm your system meets the local building
code, ensuring it will not be a safety hazard.

Minimum Design Conditions

There are many natural events that can damage a system or create
dangerous conditions, such as wind, snow, seismic activity (earthquake),
corrosion, or some combination of these factors. In the USA, the American
Society of Civil Engineers (ASCE) code is used to determine how strong a
system should be to withstand its local conditions. The ASCE publishes a
manual that defines the minimum design requirements for structures.
“Minimum Design Loads for Buildings and Other Structures, ASCE/SEI 7-
10, provides requirements for general structural design and includes means
for determining dead, live, soil, flood, snow, rain, atmospheric ice,
earthquake, and wind loads, as well as their combinations, which are
suitable for inclusion in building codes and other documents. “

Some countries have their own local codes, and others may base their
requirements on an international code or a code from a neighboring country.
If no building codes are available in your area, then the International
Building Code (IBC) is the best one to follow. Be sure to follow your local
codes to ensure your system is safely installed and can withstand your local
weather conditions.



Wind Loads

The wind speeds and gust patterns for your area may seem small on a day-
to-day basis, but you need to design the system for the worst conditions
over its lifetime. Extreme weather may be inherently rare, but it is also
inevitable. If the system will function for 30 years, it’s a sure bet that it will
experience wind loads much higher than expected. A large wind gust only
need happen once to destroy your system.

A solar module with an area of 1.6 m? in a high-wind location can
experience loads as heavy as 350 kg. With four modules attached to a pole-
mounted structure, the foundation could have an uplift force of 1400 kg!
You will need to build a foundation and racking system that will not break
or buckle from these load conditions in both upward, downward, and lateral
forces. If you are unsure about how strong your structure should be, it is
best to overbuild the system to be stronger than necessary.

Snow Loads

Snow build-up can cause solar structures to collapse. Not just from the dead
weight of the snow, but from the weight of the snow as it slides off the
edge, redistributing the center of gravity on top of the solar panels.
Reducing the cantilever and distance between spans on the racking system
will help ensure this doesn’t happen. Snow loads can be particularly
problematic for pole-mounted racking because the pole-mounted structure
needs to be strong enough to handle the moment force of the sliding snow.

Seismic (Earthquakes) Loads

Earthquakes may not shake the structure enough to break the solar modules
from the racking, but they might cause the electrical wiring to tear away
from the system. This could lead to a short or even a fire. Be sure to run
your electrical wiring through a flexible conduit between structures that can
move.



Corrosion

Corrosion can vary greatly, depending on where you install the system.
When near the ocean, the salt in the air can cause the metal in your system
to rust and dissolve quickly. This compromises the strength of the structure,
and it could rust the hardware, making it impossible to remove for
maintenance. Pollution from a nearby factory or industrial area can also
create corrosive conditions.

Don’t let a racking supplier fool you! You might need to buy more
expensive racking to withstand your particular environment. It might even
be necessary to use all aluminum or stainless steel components in highly
corrosive environments. But when corrosion risk is low, steel with a
galvanized coating or paint can function just as well.

Determine the corrosivity of your site location and design your system
appropriately. On the next page is a table from International Organization
for Standardization (ISO) that determines the corrosivity category and risk.
The thickness loss values are after the first year of exposure. Losses may
reduce over subsequent years.

For coastal areas in hot, humid zones, the mass or thickness losses can
exceed the limits of category C5-M. Special precautions must therefore be
taken when selecting protective paint systems for structures in those areas.



ATMOSPHERIC CORROSIVITY CATEGORIES AND EXAMPLES
OF TYPICAL ENVIRONMENTS (BS EN ISO 12944-2)

Low-carbon . . . .
Examples of typical environments in a temperate climate

Corrosivity steel . .
(informative only)
category and | Thickness

risk loss ( p m) Exterior Interior

Heated buildings with clean

Cl - atmospheres, e.g. offices, shops,
very low <13 schools, hotels
Atmospheres with low level of Unheated buildings where
C2 pollution condensation may occur, €.g.
low >1.3t025 Mostly rural areas depots, sports halls

Urban and industrial

atmospheres, Production rooms with high
moderate sulphur dioxide humidity and some air pollution
C3 pollution e.g. food-processing plants,
medium >251t0 50 Coastal area with low salinity laundries, breweries, dairies
C4 Industrial areas and coastal | Chemical plants, swimming pools,
high > 50 to 80 areas with moderate salinity coastal, ship and boatyards
C5-1 Industrial areas with high Buildings or areas with almost
very high humidity and aggressive permanent condensation and high
(industrial) >80 to 200 atmosphere pollution
C5-M Buildings or areas with almost
very high Coastal and offshore areas with | permanent condensation and high
(marine) >80 to 200 high salinity pollution

Pests or Animals

As with any man-made structure, pests pose their own set of risks to solar
energy systems. The most common problems come from bird droppings
shading the PV modules and rodents crawling under the modules to chew
on wires. Falling leaves or debris collecting near chewed wires can cause
fires. I’ve heard stories of goats jumping on top of modules. I’ve even heard



of elephants that roamed over to a PV array thinking it was water, but sat on
it out of disappointment after realizing it wasn’t. When you are designing
your system, do your best to research what sort of risks the native wildlife
might pose.



System Design

Generating Capacity vs. Storage Capacity

If you increase your battery capacity do you also need to increase your solar
system size? If you use most of your loads at night and nothing during the
day, do you need more or less batteries? The balance between solar
production and battery storage can be challenging to dial in just right. You
want to minimize cost but also ensure your batteries always get fully
charged. Both generating capacity and storage capacity need to be
appropriate for the size of the load.

If the generation capacity (solar production) is too low compared to the
storage capacity, then the batteries will never get fully charged and will get
damaged much sooner than expected. You need to make sure that the PV
modules produce power for long enough hours to fully charge the batteries
under normal use in the winter. If the PV does not completely recharge the
batteries a few days a year, that’s OK, but it should not be this way for
weeks at a time.

When the majority of your energy loads occur during the day, you might
have more solar and fewer batteries compared to a system with higher loads
in the evenings. That’s because you can use the solar energy during the day
as it is being produced, thereby skipping the batteries.

If you have too much generation capacity compared to storage capacity,
then all you have is extra unused solar energy. No harm done! ...Other than
spending too much money on solar panels. Cost aside, be sure you are
determining the worst-case scenario during a cloudy day in winter, because



you want to make sure your batteries always charge fully no matter the
season or weather.

It is very common for Off Grid system to have unused solar energy in the
summer. In those cases where your batteries are full and you have no other
loads, consider using a diversion load (dump load), because otherwise that
energy will be lost forever. You can divert unusable energy to a fan, air
conditioner, hot water heater, or ice machine. The summer heat is plentiful
so you might as well put that free extra power to work for you.

System Sizing

In the Site Design chapter, you should have determined your energy needs
as well as your essential power needs, daily energy requirements, and your
local solar irradiation. In the Equipment Selection chapter, you should have
determined the best combination of equipment for your system. This
chapter 1s about how you identify/balance your battery and solar
requirements.

If you know what type of equipment you need, then you are at a great stage
to get quotes from contractors to install the system for you. There 1s more
work to be done, though, if you want to install the system yourself. You will
need to find out what equipment is available to you at the hardware stores
in your area and begin to design your system.

In order to have a properly engineered system, you will need to first
determine your system requirements, get a quote, and finally create a bill of
materials and line diagrams to ensure your system is designed correctly.

Visit the link below to download the System Designer spreadsheet. It has a
load calculation table, derate table, and all the calculations used in this
chapter.



http://www.offgridsolarbook.com/Resources/

Battery System Voltage

In an Off Grid solar energy system you need to determine an appropriate
Battery System Voltage, or the nominal operating voltage for the battery
bank and charge controller.

For lead-acid batteries, you should have a voltage of 12, 24, 36, or 48 volts.
It is common to have an Off Grid solar system at 12 Vdc for systems up to
1000 watts, 24 Vdc for systems around 2000 watts, and 48 Vdc for systems
above 5000 watts. Using numerous low-voltage batteries in series is better
than using many high-voltage batteries in parallel. A string of low-voltage
batteries in series act like one giant battery. Also, you do not want to have
more than 3 strings of batteries in parallel.

For lithium-ion batteries, you can use a substantially higher voltage,
because the BMS is designed to make it safer for the user. Smaller systems
frequently use 12-48 Vdc, but Li-lon manufacturers are starting to support
higher voltage systems with the BMS functions at 400 Vdc. The li-ion
battery industry is undergoing a lot of change now, and each manufacturer
is following their own standards. However, at some point in the future,
there will be a common practice for battery system voltage, and it currently
seems to be around 380-400 Vdc.

The lower the voltage the safer the system is to install, but the higher the
resistance on the electronics. With a higher battery voltage, there will be
less internal resistance, allowing the components to function at a lower
temperature. This will extend their usable life.

Keep in mind that the solar voltage needs to exceed the battery system
voltage by about 20% to account for losses. For example, if you have a 48
Vdc battery system and each PV module is 29 Vmp, then you should have
strings of three PV modules to exceed the 48Vdc (assuming it is not
exceeding the limits of the charge controller). Also, most charge controllers
and inverters have a maximum current rating, but have a range of
acceptable voltages, usually 12-24 Vdc or 12-48 Vdc. Designing for a
higher voltage, therefore, will allow for a larger system size but with the
same equipment.



Derate Factor

Every single piece of equipment in your solar energy system has
inefficiencies going all the way to the electrical socket powering your
equipment. Each of the inefficiencies add up to a Derate Factor. There are
losses from solar module tolerances and mismatches, soiling and shading on
the solar modules, temperature effects on the PV cells, resistance in the
wires, battery inefficiencies, charge controller and inverter inefficiencies,
just to name a few.

Component Derate Factors Range Example
PV module nameplate DC rating 0.80 —1.05 0.95
PV Temperature 0.85-1.05 0.95
Soiling 0.30 —0.995 0.95
Mismatch 0.97 —-0.995 0.98
Diodes and connections 0.99-0.997 10.99
DC wiring 0.97 -0.99 0.98
Charge Controller 0.88 —0.98 0.95
Battery Round Trip Efficiency 0.80 —0.98 0.85
Inverter 0.88 —0.98 0.92
AC wiring 0.98 —0.993 0.99
Shading 0.00—1.00 N/A
Sun-tracking 0.95-1.00 N/A
Age (~1% per year) 0.70 —1.00 N/A
DC Derate Factor 0.658
AC Derate Factor 0.911
Overall Derate Factor 0.600

The list on the previous page shows an example of how the inefficiencies in
a typical Off Grid solar energy system are significant and need to be
accounted for in your calculations.

The DC Derate Factor takes into account everything from the PV array to
the battery bank, and the AC Derate Factor takes into account everything
after the battery bank. The Overall Derate Factor includes everything. These
derate factors will be used in the later calculations.



The derate factor for shading can have the largest impact on the solar
production. Check to make sure that there is no shading between 9am and
3pm. If there is, reduce your shading derate appropriately. You can use a
solar pathfinder and accurately calculate your shading derate factor. To
learn more about solar pathfinder see the 7ools section towards the end of
this chapter.

Battery Sizing

Earlier in the book I explain how to measure your Daily Energy Usage with
a Load Calculation Table. The Daily Energy Requirement is the demand
on the battery for each day. To find it you need to account for the overall
derate factor. This is also the amount of energy required from the PV array
to fully recharge your battery bank. The example below expands on the
Load Calculation Table in the System Design chapter with some more
assumptions.

To find your Daily Energy Requirements:

Daily Energy Usage
Overall Derate

1470 Wh
060 = 2450 Wh

Next you need to determine your Battery Capacity in amp-hours, this is
the capacity of the battery bank based on your Daily Energy Requirements,
the battery system voltage, the depth of discharge (DOD), and days of
autonomy. Let’s assume a 24-V Battery System Voltage and 3 days of
autonomy. The DOD is based on your battery type, so let’s assume you
want to use lead-acid batteries.

To find your Battery Capacity:

Daily Energy Requirements

Battery System Voltage = BUD X Days ot AUGhamy



2450 Wh
24V

+ 0.5 x 3= 613 Ah

For this example you will need a battery bank that totals 24 V and 613 Ah.
There are a variety of ways to get your battery bank to this voltage and
capacity by combining them in parallel and series strings. For example, you
might first think to use twelve 12-V, 105-Ah batteries in a configuration of
6 parallel strings of 2 in series. However, with this many parallel
connections, the small variations in voltage between each string will stress
the batteries and decrease their lifespan. To reduce this stress, you want to
limit the parallel connections by using lower-voltage batteries in series. A
better set-up would be 8 batteries of 6 V and 310 Ah in a configuration of 2
parallel strings of 4 in series.

During your research in selecting batteries, be sure to base your calculations
on the capacity at an appropriate discharge rate. Remember batteries have
internal resistance and have a smaller capacity if discharged more quickly.
For example, if a battery has a 310 Ah at a 24-hour rate (0.04 C) and a 280
Ah at an 8-hour rate (0.13 C), then this battery would be too small. If your
energy consumption is very regular and constant, then a 24-hour rating
might make sense. That said, if you use more energy in the evenings, then
an 8-hour rating would be a better choice.

Also worth mentioning, if lithium-ion batteries were used in the example
above, all variables would be approximately the same, except for the DOD.
Typically, lithium-ion batteries use a 0.80 DOD and in this case the battery
capacity would be 383 Ah, requiring a smaller battery capacity compared to
a lead-acid system.

Battery Current Requirements

You can calculate your Peak Discharge Current by dividing the maximum
Continuous Power rating on the inverter by the Battery System Voltage and
then divide that by the AC Derate Factor. In this example, | am using an
inverter with a maximum continuous power rating of 1000 watts.

To find your Peak Discharge Current:



Inverter Continuous Power

Battery System Voltage *+_AC Decare

1000 W _ A
Say + 0.911= 457A

The Peak Discharge Current calculates the worst-case discharge on the
battery bank. It shows if the inverter is fully loaded then the battery bank
will discharge close to 50 A. You could also use the Peak Power to figure
out the Peak Discharge Current if you plan to never use the full-power
window on the inverter.

Using the Peak Discharge Current you can determine the Peak Discharge
Rate on your batteries. Some batteries can be damaged if discharged too
quickly, so this calculation tells you the worst-case rate of discharge on
your battery bank.

To find your Peak Discharge Rate:

Battery Capacity _ 613 Ah

Peak Discharge Current — 45.7 A — 134N

13.4h = 0.07C

If the battery capacity was 613 Ah, then discharging at maximum load on
the inverter would take 13.4 hours, or a C-rate of 0.07 C. Under a normal
load of 600 watts, that discharge rate drops to 22 hours or 0.04 C. I
recommend discharging lead-acid batteries no faster than an 8-hour rate or
0.13 C. Some VRLA AGM batteries can discharge at a 4-hour rate or 0.25
C and lithium-ion batteries can discharge up to a 1-hour rate or 1 C.

PV Sizing

Now that you know your energy requirements and battery bank
requirements, you need to size your PV array large enough to recharge the
batteries under worst-case conditions. You want to make sure you have
energy available on those cloudy winter days.



The System Design chapter has a section about Solar Insolation and Peak
Sun Hours (PSH). This section describes how every location has a different
level of solar energy available to it. In addition, there are larger seasonal
variations the farther away you are from the equator. In order to determine
the correct number of solar panels for the system, we need to assume the
worst-case scenario and determine how much energy is available in the
wintertime or the winter PSH.

It can be challenging to determine the winter PSH, but on this website
(pvwatts.nrel.gov), you can enter your location and get an approximation of
your local energy. After you run an analysis, find the lowest value of all the
months. For my example, I will build it in my backyard in Oakland,
California. After entering in the data on the pvwatts website for my
location, it shows a table of the Solar Radiation per Month. In December
the Solar Radiation (kWh/m?/day) is 2.88, the lowest of all the months. The
solar radiation is equal to the PSH.

To find your Minimum Solar Production:

Daily Energy Requirements

Winter PSH
2450 Wh
288 PSH = 850.7 watts

So in other words, I need 851 watts of solar panels to fully recharge the
batteries on an average Oakland day in December. Using four 250-watt PV
modules would total 1000 watts and should be able to recharge the system
even on the cloudiest winter days. Now we need to decide how we will wire
the modules together. Should we go in series or parallel? If we use an
MPPT Charge Controller, it has an advantage over PWMs in that it can
handle a large PV open-circuit voltage.

In this example, I will use a 24 V, 40 A Max MPPT Charge Controller with
a maximum input voltage of 120 Voc. A higher input voltage allows for
more modules to be attached in series, which reduces the amount of wire
needed to run to the controller and potentially eliminates the need for a
combiner box.



In the Equipment Selection chapter, the section on Photovoltaics describes
PV array maximum voltage for cold climates. Since the open-circuit voltage
(Voc) may increase on cold days, you must ensure that the string of modules
will not exceed the voltage limits of the rest of the system. In this example
we need to determine the worst-case open-circuit voltage (Voc) of the string
of modules. The temperature coefficient (TC,, ) located on the PV module

specification sheet is needed to determine the Voc for the site based on the
lowest recorded temperature in Oakland, California.

First, find the lowest temperature on record for your site, not the lowest
temperature on average. In Oakland it is 1 °C. Next find the temperature
coefficient (TC,,.) on the PV module specification. For this module it 1s

-0.34% per °C.
- 0.34%/°C x (25°C - (1°C))= -7.2%

372V X (1=(=7.2%) ) = 40.2V

The adjusted Voc for this PV module in Oakland is 40.2 V and the charge
controller’s maximum input voltage is 120 V. If you divide the maximum
inverter voltage input by the adjusted open-circuit voltage, you get 2.9. This
means that using three modules together in a string would potentially
exceed the requirements of the charge controller, so we need to use two
modules per string.

Max Inverter Input _ 120V _ . ;
Adjusted Voc = 402V = 2.9 = 2 modules per string

This confirms that the maximum open-circuit voltage for two modules in
series, even on the coldest day on record in Oakland, will not exceed the
input voltage tolerance on the charge controller. Since we need four
modules total, we will have two strings in parallel and each string will have
two modules in series.



System Specifications

At this point you should have the specifications of all the major components
in the system and should have already made sure that the components are
appropriately balanced and compatible. You’re now ready to get started on
sourcing and pricing your system. Be careful, though; if you change one
component, then you might need to go back and change everything else.
For example, if you switch using higher-wattage PV modules at the last
minute, then you might need to change your charge controller too if the Voc
is exceeded. This could set off a chain of events of switching equipment
around to ensure they are compatible.

On the next page is a list of the equipment specifications based on
everything we’ve calculated so far. This list is what we will use when we
build the Bill of Materials and make line diagrams.



EXAMPLE SYSTEM SPECIFICATIONS

LCD TV, and a water pump.

AC Load: 4 LED lights, 2 cell phone chargers, a fan, a

Peak Continuous Power 600 W
Peak Surge Power 1600 W
Daily Energy Usage 1470 Wh
Battery: VRLA AGM

Nominal Voltage 6V
Capacity @ 8-hour rate 310 Ah
Batteries in series 4

Serial strings in parallel 2

Total Capacity (@ 8-hour rate 14.7 kWh
Charge Controller: MPPT

Battery System Voltage 24V
Maximum Input Voltage 120 Voc
Maximum Current 40 A
Inverter: Pure Sine Wave

Max Continuous Power 1000 W
Max Surge Power 2000 W
PV Module: 60-cell, P-Si

Max Power (STC) 250 W
Open-circuit voltage, Voc 372V
Maximum power point voltage, Vmp 30.1V
Short-circuit current, Isc 8.87 A
Maximum power point current, Imp 83A
Modules in series 2

Serial strings in parallel 2
Adjusted open-circuit voltage, Voc 80.5V
Adjusted short-circuit current, Isc 17.5 A
Total PV Power (STC) 1000 W

Bill of Materials




You don’t have to get a Bill Of Materials (BOM) together until you are
ready to purchase your equipment, but it can be helpful to have a
preliminary BOM as you design your system. Your preliminary BOM will
start with just the major components, but, as you are getting closer to a
finalized BOM, it should also include the balance of system components
and all of the other parts needed to completely install the system. The BOM
should have at minimum: the item name, description, quantity, and cost for
each item. Other helpful categories are part number, source/store, and
length (if purchasing wire per-length rather than per-quantity).

On the next page is a preliminary BOM based on the example so far.
Templates are available on my website, go to the following link and click
on Bill of Materials.



http://offgridsolarbook.com/resources/

EXAMPLE BILL OF MATERIALS

Description QTY | Subtotal | Total
PV Module, Canadian Solar, 250W 4 $223 $892
Battery, Xtender, VRLA AGM, 6V nominal,

310Ah @ 8-hour rate 8 $a14 | 83,312
Charge Controller, Morningstar, MPPT, 24V,

40A max, 120Voc Input ! 5299 $299
Inverter, Samlex PST-1000, Pure Sine Wave,

1000w, 2000w surge : $349 $349
4-module top of pole, racking system 1 $595 $595
Electronics & Battery Enclosure,

NEMA3R/4X 1 $445 $445

Load Center with breakers $149 $149

PV disconnect with fuses $64 $64

1

1
Battery disconnect with fuses 1 $84 $84
PV wire, 10AWG, 30m 1 $44 $44

Battery wire, 2AWG, 2m, with crimped

1 $65 $65
connectors
DC wire, 10AWG, 2m 1 $12 $12
AC wire, 14AWG, 80m 1 $24 $24
Misc. Connectors, Hardware, etc... 1 $100 $100
TOTAL $6,434

If you plan on getting quotes from installers, they will often send you one
with different equipment specifications, making cost comparison difficult.
Analyze the bids for cost per AC watt (including all the derate factors from
inefficiencies). Next analyze for the cost per kWh of batteries, and compare
based on the same depth of discharge (DOD) at the same discharge rate
(like C/24).



Component Layout & Installation

Now that we have sized all of the equipment in the system, we can start to
think about how they interconnect and if the system is balanced.

You should install your charge controller, inverter, and battery bank all
within 2 meters of each other if possible, the closer the better. Also, plan to
have them shaded and protected from the elements. If they must be
outdoors, make sure they will not get wet and are protected in an
appropriate enclosure. The batteries and electronics will last longer and be
more efficient if they are in mild ambient temperatures, rarely getting too
hot or cold. Keep in mind that any lead-acid batteries (including the sealed
VRLA type) should not be located inside of a sealed enclosure because of
escaping gas. The fuse or breaker on the battery bank needs to be extremely
close to the positive terminal, usually within 25 cm.

Line Diagrams

Off Grid energy systems require the interconnection of just a few
components, but the diversity of all the circuits can get complicated quickly.
There are AC and DC circuits with many junction points, disconnects, and
overload protections connected to products from different manufacturers.
The complexity comes from the multiple pathways the electricity can
travel; line diagrams are a map of the circuit. There is no need to make the
drawing to scale or to represent the actual size of the components, because
mapping the conductor pathways and relationships between components is
what’s important.

Once you know which components you will use, sketch them on a piece of
paper and draw a line connecting the inputs to the outputs. This is a single
line diagram, which will help you determine the series and parallel
connection points as well as how the wires will be distributed. With a single
line, you can ignore the positive, negative, and grounding conductors and
just acknowledge that the components have a closed pathway. Use this
single line to explain to yourself and others what your plan is. Include notes



about quantities, fuse sizes, distances, location, enclosure type, power
requirements, etc.

EXAMPLE SINGLE LINE DRAWING
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After you’ve made a single line diagram, you can make a three line or
multi-line diagram showing greater detail, including the positive, negative,
and grounding paths with wire type and sizes, number of conductors, and
the conduit type and size. Both types of line diagrams should show the
connection path between the PV modules, charge controllers, inverters,
batteries, combiner boxes, fuses/breakers, and disconnects. Once the line
diagrams are complete, they can be compared to the BOM to determine if
anything has been overlooked or forgotten.

You will be required to present a complete three-line diagram if you are
submitting permits to a building department. Otherwise, not all projects
require one, but it will certainly help you while you are in the design phase.
Most importantly, a three-line diagram will help you determine the things
you haven’t been thinking about, like the type of conductors, connections,
termination, and circuit protection.

Often times, without a three-line diagram, small things get overlooked until
the system is getting installed. If you don’t have access to an electrician’s
equipment supply, then you might not be able to complete your installation.
For example, when you plan to have multiple wires connect together in



parallel, will you use DIN rail terminal blocks, wire connector nuts, or
block connectors? Are you using compatible wire types and sizes to connect
between your equipment? Line diagrams are great for project review and
implementation, especially if you are doing your installation in a remote
location where you lack extra supplies.

Installation Safety

CAUTION: Danger to life due to high voltage. Risk of death and serious
injury due to electric shock.

I strongly encourage you to hire a licensed local electrician or a properly
trained and qualified installer to complete the final connections and
energize the system. Only work directly with the equipment if you have
proper training.

This book does not cover proper electrician training. If you have experience
with constructing electrical equipment, proceed with caution. You can also
consider only working with low-voltage systems or never work with live
equipment.

Personal Protective Equipment (PPE) is used during an installation to
protect the installer and the people around the area. This includes hardhats,
safety glasses, safety shoes, gloves, and fall protection equipment. All of
this equipment may not be necessary for your installation, but safety
glasses, gloves, and closed-toed shoes are an absolute must for every
installation.

Always assume any circuit you are working on is live with electricity.
Better safe than sorry! If you see any liquid near lead-acid batteries, you
should always assume it is battery acid. Do not touch it! It will burn your
skin and clothes. Dab a cloth in a solution of baking soda mixed with water
to clean off the top of the battery if necessary.



Tools

You may not need every one of these tools for every job, but I bring them to
every installation just in case. You never want to be missing the right tool
for the job.

Kill A Watt Meter
e The Kill A Watt® meter plugs into a standard AC
"'"i”’é TR ' outlet receptacle and can measure kilowatt-hours

(kWh), watts (W), volts (V), amps (A), line
06000 frequency (Hz), apparent power (VA), and power
factor (PF). This meter only works on the AC side of
your system after the inverter. If you want to
measure anything on the DC side, you need a
11 multimeter or clamp meter. The voltage and current
are measured using the accurate RMS method and
——— the meter has over current protection.

A Kill A Watt meter primarily measures the power of individual equipment
and appliances, thus helping you determine your consumption per device
for your load calculation table. It can also find out if you have voltage drop
on any of the AC wiring throughout your system. When a significant drop
in voltage occurs, like a drop of 10 volts or more between two parts of the
same circuit, then you know that there is improper or malfunctioning
wiring.



Multimeters

Multimeters get their name because they can
measure multiple things, such as voltage, current,
and resistance. They are a valuable
troubleshooting tool, which can help diagnose
many problems in your energy system.

The simplest function is to check for continuity
and this can help you ensure that sections of your circuit are as
interconnected as you expected. You can check the resistance between two
points in the circuit to determine if it is electrically connected.

Another easy and important function of a multimeter is to check the
voltage. Testing the voltage is safe, because you are not interrupting the
circuit, just measuring the voltage difference between two points. The larger
the voltage, the more dangerous it is for your test. Before you touch any
part of an electrical system, be sure you are properly equipped and
educated.

Testing continuity and voltage is safe and easy, but testing current with the
probes of a standard multimeter is not. Since you are interrupting the
circuit, electricity flows through the multimeter. Since there is little
resistance in your new circuit, the current can be very high, enough causing
a dangerous situation and potential to blow the fuse in the multimeter. If
you want to test the current, [ recommend you test with a clamp meter.

Clamp Meter

Clamp Meters, also known as Current Clamps, are multimeters equipped
with a clamp to measure current indirectly. Measuring current is safer with
a clamp because you are not interrupting the circuit for the measurement.
Instead, a clamp meter analyzes the magnetic field in a conductor, without
having to make physical contact with it or disconnect it. Clamp meters are
great at measuring currents over 1 ampere. Anything lower than 1 A is
difficult to measure accurately with a clamp meter.



There are some multimeters and clamp meters
that have the capability to measure the inrush
current of a circuit. This is particularly helpful if
you are designing a system with large motors.
Look for an “inrush” button to see if the clamp
meter has this capability.

Angle Gauge /
Angle Finder /
Inclinometer

This tool determines
the actual tilt angle of
your solar array or
the roof pitch. There
are some that have a magnetic bottom so you can mount it to ferrous metals
and tilt to the appropriate angle.




Magnetic Compass

A magnetic compass points to the
magnetic north pole and, as I stated
earlier, that may not always be true north
for your location. You must take into
account the declination of your area.
Revisit the Finding True North in the
System Design chapter for more details.

Solar Pathfinder

A Solar Pathfinder measures the path of the sun and the shade from
obstacles in a particular location. It helps you determine what your actual
PV production will be by accounting for the shade. This product is non-
electronic, simple, and requires little skill to use properly. There are other
electronic tools that are more complicated but can digitize your results for
you, such as the Solmetric Suneye.

Hydrometer

A hydrometer measures the specific gravity in
flooded lead-acid batteries. By measuring the
specific gravity in your batteries, you can
more accurately determine the voltage of each
cell and the health of your batteries. If the
voltage difference between cells is 0.2 V or
more, it’s time to perform an equalizing
charge on the batteries. A large difference of
voltage between cells is also a sign of a
malfunctioning or dead battery, or possibly of
sulfated cells.




Depending on the manufacturer and battery type, most lead-acid batteries
will read 2.12 to 2.15 VPC (Volts per Cell) at 100% charge, 2.03 VPC at
50% charge, and 1.75 VPC at 0% charge. The specific gravity will be 1.265
per cell at 100% charge and 1.13 or less for a completely discharged cell.

State of Charge, Specific Gravity and Open-Circuit Voltage

Average
Approximate Specific Open circuit voltage
State of Charge | Gravity at

26° C 2V 6V 8V 12V

100% 1.265 2.1 6.32 8.43 12.65
75% 1.225 2.08 6.22 8. 30 12.45

50% 1.19 2.04 6.12 8.16 12.24

25% 1.155 2.01 6.03 8.04 12.06

0% 1.12 1.98 5.95 7.72 11.89

Correct the readings to 26° C:
e Add .007 to readings for every 10° above 26° F
e Subtract .007 from reading for every 10° above 26° F



Operations & Maintenance

Below is a checklist that will help you focus on the possible problems that
can come from age or the environment and will help you ensure your
system is functioning properly. It is important to do this entire list at least
once a year, and some of the items should be completed even more
frequently.

Battery Examination

Inspect the area around the batteries for liquid that could potentially
be leaking battery acid. Use extreme caution with any liquid near
batteries.

Check to see if the sides of the battery cases are bloated. This is a
sign of under charging, over discharging, and/or sulfate build-up.
Follow equalizing procedure if bloated.

Let the batteries rest without charge or discharge for at least 6 hours.
Test the voltage between batteries and between battery cells (if
possible) to ensure there are minimal voltage differences. Follow
equalizing procedure if there is a significant difference in voltage.
For flooded batteries, check the specific gravity with a hydrometer.
Follow equalizing procedure if there is a significant difference in
specific gravity between cells.

Inverter & Charge Controller Examination

Cycle through the user interface if available and record the set
points, voltages, and production values. Record the last logged error
if available.

Clean air filters and inside of the cabinet if accessible.

Examine the fan and test for proper use.



e Check fuses, circuit breakers, and lightning arrestors near the
equipment
e Test for continuity on the system ground and equipment ground

Racking System Examination

e Remove any vegetation that might have grown tall enough to shade
the modules.

e Examine PV modules for defects such as discoloration,
delamination, or broken glass.

e Check concrete footings and ground connections for erosion or
damage. Look for signs of cracking or wear.

e Check racking for rust or corrosion particularly on edges and on
hardware.

e Check racking for sagging or broken parts, make sure cantilevered
spans are not bowing or twisting.

e Check for signs of animal or pest infestation, such as nests, chewed
wires, dislodged parts, etc.

e Make sure none of the wires are bent, discolored, or showing signs
of wear. Determine the cause of loose, hanging wire and properly
fix it back into place, avoiding sharp edges.

For rooftop arrays:
e Check integrity and watertight seal on rooftop penetrations.
e Check drainage on roof around racking equipment. Remove clogs or
damming to prevent water pooling.

For trackers or adjustable racking:
e Check for signs of parts rubbing or hitting each other
e Lubricate gears with a grease per manufacturer recommendations
e Recalibrate the position of the inclinometer with a digital level.



Battery Maintenance

The most important thing you can do to protect and extend the life of your
Off Grid solar energy system is to care for your batteries. Lead-acid
batteries can be irreparably damaged through misuse or neglect. Common
problems of batteries are sulfate build-up, loss of electrolytes, and
undercharging. Luckily, the charge controller and/or inverter will protect the
batteries from most of the common issues of over-charging or discharging.
However, they will not protect the batteries from lack of charging. You need
an energy source, like solar, to push energy into the batteries.

When you purchase new batteries, buy them just before you install them or
make sure they don’t sit longer than a week or two without a full charge. If
you buy them early, make sure you can trickle charge them before you put
them in use. Also, brand new batteries will not reach their full capacity until
they have been cycled up to 30 times. During its first few weeks of
operation, a battery will likely function 5% to 10% lower than its rated
capacity.

On the next page is a table showing the state of charge with four zones for
lead-acid batteries. It is best to stay in the Good Zone and rarely dip into the
Unsafe Zone. At minimum, lead-acid batteries should reach 80% every day
and 100% every four days to extend their life. If the battery is discharged to
less than 40% too often, it will significantly impact the lifespan.

LEAD ACID STATE OF CHARGE

Battery State of 12-Volt Volts per Gsrlz):fciglca ¢
Condition Charge battery Cell 26° C
100% 12.7 2.12 1.265
90% 12.5 2.08 1.250
Good 80% 12.42 2.07 1.235
70% 12.32 2.05 1.220
60% 12.2 2.03 1.205




OK 50% 12.06 2.01 1.190
40% 11.9 1.98 1.175

Unsafe 30% 11.75 1.96 1.160
20% 11.58 1.93 1.145

Harmful 10% 11.31 1.89 1.130
0% 10.5 1.75 1.120

Correct the Specific Gravity readings to 26° C:
® Add.007 to readings for every 10° above 26° C
®  Subtract .007 from reading for every 10° above 26° C
* The above table depends on the manufacturer and battery type, but most lead-acid batteries will

have similar characteristics.

Inverter & Charge Controller Maintenance

Most inverters and charge controllers are warrantied for 10 years and
usually only last about that long, even if they are used according to the
manufacturer and shielded from moisture, debris, and excessive sunlight.
They have sensitive electronics that can wear out from heat, moisture, or
excessive use. Batteries are almost always the first part of the system to fail
and inverters and charge controllers tend to be the next component to fail,
no matter how well designed your system may be.

When electronics, such as inverters and charge controllers, get hot, they
usually need fans to run at full speed. This will age the equipment and can
cause failures earlier in its expected life. Fan failure is a common problem
for old inverters. Replacing the fan quickly, though, may prevent other
problems from over-heated electronics. Either way, you should expect to
replace the inverter and the charge controller at year 10.

Below is a list of potential error messages and the applicable
troubleshooting techniques for your inverter or charge controller.

DC Under Voltage:
e Check for module shading or soiling on the glass.
e Replace all blown fuses between PV array and inverter.



Measure voltage and current close to the PV array and then again
close to the electronics. If there is a significant difference, check all
fuses, conductors, and conductor terminations between those two
points.

Check to see if the MPPT Charge Controller is performing as
expected. Measure the voltage and current before and after the
charge controller.

DC Over Voltage:

During the day, with sufficient sunlight, perform a Voc string test.
Disconnect the PV array from the charge controller so it is not
supplying a load. Measure the voltage at the PV combiner box or at
the end of the module string and check to see if voltage exceeds the
input of the charge controller or inverter. This is more likely to
happen during cold days with intense sunlight.

If voltage is too high, reduce Voc by changing array angle or
reducing the number of modules in a string.

DC Ground Fault:

Testing for ground fault can be challenging since sometimes a
ground fault only happens when the system is wet or in a particular
angle.

Turn off inverter, DC, and AC disconnect. Test the ground fault fuse
with an ohmmeter or continuity meter.

If the fuse is still good, there might not be a ground fault. Test the
voltage to ground with the fuse removed. If voltage is low and
within specifications, replace fuse and restart inverter.

If the fuse is not good, then there might be a ground fault. Make
sure the fuse is appropriately sized and is the right type. Identify the
string that has the ground fault with a voltage meter. If the voltage is
close to the Voc of the string, then fault is likely at the normally
grounded end of the string. If the voltage is different, then it is likely
in the middle of the array or even in the module.

AC Under/Over Voltage:

Disconnect all other AC sources, such as a generator or wind
turbine.



e Check to see that all the breakers are on and test the AC voltage
with a multimeter.

e [fit is within range, manually restart the inverter.

o Test again after restart and, if still out of range, call the inverter
manufacturer.

Low Power:
e Most likely there is not enough sunlight to initiate the charge
controller or inverter. If it is sunny, follow the same procedures as
the DC Under Voltage above.

Over Heating or High Temperature:
e Test the power supply for the fan. If working, replace the fan motor;
otherwise, replace the power supply.
e Also, clean out the air filters for the intake and the exhaust and
make sure the sensor is giving accurate readings.

Software/Firmware Error:
e First try a manual restart, and then try updating the firmware. If the
problem persists, call the manufacturer.

Module & Racking Maintenance

Dust covering the modules can greatly reduce the production of the system.
If you live in an area without regular rainfall, it is recommended that you
clean off the modules to improve production. It’s best to keep an eye on the
array and ensure it is clean, but, at minimum, the modules should be
cleaned off once or twice a year. If the modules have a significant tilt,
normal rainfall should do a majority of the cleaning for you.

Be careful to not pour cold water on hot modules; the difference in
temperature could shock and crack the glass. It’s best to clean the modules
in the morning or late evening. Never walk on the modules. If you have to
walk on them, then only walk on the edges of the frames, stepping near the
points of contact with the racking.



Check the racking for signs of daily cycles of thermal expansion. Some
racking systems are not designed to handle the daily cycle of expansion and
contraction of the metal, glass, and plastic parts. It is possible that wires
will creep, clips and attachments could loosen or snap, and hardware could
loosen over time. If necessary, retighten hardware and use appropriate
adhesive to prevent hardware from slipping.

If ground footings for the racking are getting compromised due to erosion,
consider pouring more concrete or using gravel to secure the feet in place.



Understanding Electricity

I saved this section for the end of the book since it is such heavy reading.
But just because it is at the end of the book doesn’t mean that it’s not
important. Understanding electricity as it relates to solar energy systems is
critical for a properly functioning system and for your safety.

Below I will explain the basic concepts of electricity required to design and
operate an Off Grid energy system. It is important that you eventually have
a complete understanding of each section below. If you don’t completely
understand all the concepts, then nothing beats hands-on work experience.

Power vs. Energy

People sometimes mistakenly use the words “power” and “energy”
interchangeably, not knowing the difference. Power is an instantaneous rate
and 1s the ratio of energy per unit of time. By contrast, energy is the amount
of power that is generated or consumed over a period of time. Solar panels
produce power when exposed to sunlight and batteries take in that power
over time and store the energy.

Here is an analogy: within electric cars the batteries need high power for
quick acceleration, but they also need plenty of energy capacity to drive
long distances. Power is the instantaneous force that allows the car to
accelerate quickly, so with low power the car would accelerate slowly.
Energy is the capacity or the amount of time the power is available, so with
low energy the car could not travel long distances.



What is a watt-hour?

The unit commonly described for energy is a watt-hour (Wh), which is not a

ratio. It is not watts per hour;it is watt-hours. I’m referring to the two units

— watt andhour — which are in the numerator (top side of the fraction).
watt

= =
Wh watt hour = bt

Here is an example: a light bulb uses a little bit of energy to shine for a
second but uses more energy to shine for an hour, even though that light
bulb always uses the same amount of power.

How much energy does a light bulb consume? It depends on the power
measurement of the light bulb and the length of time it is on. If a 15-watt
light bulb is used for 10 hours, it will use 150 watt-hours of energy.

Another source of confusion is the relationship of volts, amps, and watts. A
watt (W) is also equal to voltage (V) times current (I). So the current flow
of one amp with a voltage of one volt is equal to the power of one watt. All
of these units are interrelated.

Power = Volts x Amps
lwatt= 1volt x 1amp

After reading, you should know that power is the ratio of energy per time
and energy is either generated or consumed.

Power:
lwatt = 1lvolt x 1amp

Energy:

1 watt hour = 1watt x hour= 1lwvolt x 1amp x 1 hour

With solar energy systems we will talk about power in watts (W) or
kilowatts (kW) and energy in watt-hours (Wh) or kilowatt-hours (kWh).



Voltage & Volts

Voltage is the potential to flow

Voltage is the amount of electric potential and is measured in volts (V).
Voltage always measures the difference in electrical potential between two
parts of a circuit. It is commonly compared to pressure.

For example, imagine two water buckets: one full of water, the other one
empty. If a pipe connects the two near the bottom, the water will rush from
the full bucket to the empty bucket, because of the water pressure. The
same thing will happen if you connect a solar module and a battery. As long
as the solar panel has a higher voltage, or “pressure,” it will push energy
into the battery.

In a solar energy system, all the components are designed to function within
a particular voltage range. Some components could be damaged if they are
exposed to a voltage higher than their designed voltage threshold. Be sure
to have a strong understanding of the voltage requirements of your
equipment before you connect a circuit. For example, charge controllers are
designed with a maximum input voltage. Having too many modules
attached in series can overload the circuit and cause the electronics to short
circuit.

Current & Amperes

Current is the flow

Current, also known as amperage, is the measure of electrical flow and is
measured in amperes or amps (A). The conventional symbol is I. You can
think of this as the number of electrons moving through a conductor in a
given time period. One ampere is literally the measurement of 6 billion
billion (6.2415 x 10') electrons per second!



In the water bucket analogy;, it is like the amount of water flowing per unit
of time.

If a circuit has no voltage, then it has no current. Or in other words, if there
is no difference in electric potential, then there will be no flow of electricity.
In the water bucket analogy;, it is like the amount of water flowing per unit
of time. When both buckets have the same level of water, there is no
potential energy left and the water does not flow anywhere.

What would happen if you filled up one bucket and left the other one empty
but then put a valve between the two tanks? There would be no flow of
water when the valve was closed. The water has the potential to flow when
you open the valve, but, since it is not flowing, there is no current. This
example shows us that there can be voltage without current. These
examples taken together illustrate the difference between a dead battery and
a fully charged one. A fully charged battery that is unplugged has a voltage,
or a difference in electric potential. Because it is unplugged, it has no
current flow, thus consuming no energy.

Resistance

Electrical Resistance is a measure of how much a conductor opposes the
passage of electrons. It represents the difficulty of electricity to flow and is
measured in Ohms ( Q). Resistance is the ratio of voltage to current.
Therefore, if you want low resistance, then you want high voltage compared
to current.

It is important to understand resistance as it relates to wire size and wire
length. The longer a wire, the higher the resistance. Also, the thinner a wire,
the higher the resistance. High resistance turns into heat and heat in your
electrical wiring can cause a fire. Resistance can also build up from a
damaged wire. If you ever notice an unusually hot wire or extension cord,
you should replace it ASAP.



Ohm’s Law

Now that you have a better understanding of voltage, current, and
resistance, let’s tie it all together. With solar systems we generally want to
be mindful of resistance in our circuit in order to avoid too much of a drop
in voltage. Ohm’s Law states that the electric potential difference (V)
between two points on a circuit is the product of the total current (1) and
total resistance (R) between those two points in the circuit.

Qv =1 x R

This equation is frequently used, as it is a predictor of the relationships
between voltage drop, current and resistance. All conductors experience
some resistance; your goal is the minimize it. As you design your system,
Ohm’s Law will help determine your acceptable voltage drop. You are in
control of the conductor sizing, and you need to ensure that resistance is
kept to a minimum. Otherwise, the conductors can get hot from the
increased resistance and cause a fire.

There is a delicate balance between acceptable voltage drop and conductor
size. When connecting components in short distances to each other, it’s
practical to simply use larger-gauge wire than necessary without too much
extra cost. But running longer distances can be expensive, as thicker-gauge
conductor costs more than thinner-gauge wire. This is a case for defining
exactly the right gauge of wire for your particular set up using a voltage
drop calculator.

Ohm’s Law Formula Wheel

The graphic on the next page shows how power, voltage, current, and
resistance are all related. In this graphic, voltage is represented with an E,
since the scientific reference to voltage is electromotive force. If you know
two variables, this chart helps you find the third. For example, let’s say you
want to know the maximum current in a circuit if you have an inverter with
a maximum out of 1500 W at 120 V. To find the current, you look for “I” on



the top left side of the wheel and find the equation below with “P” power
and “E” voltage.

_ P _ 1500W _
S E T 120V

OHM’S LAW FORMULA WHEEL

Matt Rider / CC-BY-SA-3.0


http://creativecommons.org/licenses/by-sa/3.0/

More Resources

I encourage you to contact me directly if you still have questions or
concerns about the content of this book. This is the first edition of the book
and my goal is to provide all the resources required to design and install an
Off Grid solar energy system anywhere in the world. If there is something
particularly challenging in your area of the world, let me know! I encourage
you to share your knowledge with me and also with others seeking to learn
more about solar energy.

On my website there are more resources available to assist you in the design
of an Off Grid solar system. These resources are free for download:
e System Designer template in MS Excel
o Load calculator table
o Derate Table
o System Summary
e Bill of Materials template in MS Excel
e Solar insolation maps
e Declination maps
e Voltage drop calculator
e  GOGLA Photovoltaics for Productive Use Applications: A
Catalogue of DC-Appliances.

Please visit the following links to access more information or to contact me
about the book.



http://www.offgridsolarbook.com/

OCON Energy Consulting

As the founder of OCON Energy Consulting, Joe O’Connor is currently
providing consulting services for a range of clients in need of solar system
design, energy storage systems, and product development. Please visit the
following links to find more information or to contact OCON Energy about
consulting opportunities. www.OCONEnergy.com



http://www.oconenergy.com/
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Adjustable racking - 117, 155

Alternating current (AC) - 9, 20, 39, 88, 89, 91, 92,97, 99, 102, 103, 107, 122, 133, 136, 141, 143,
144, 148, 158

Altitude - 29, 30, 32, 37

American Society of Civil Engineers (ASCE) - 124
American Wire Gauge (AWG) - 96, 97, 101, 103
Amp (ere) (A) - 40, 150, 162, 164

Amperage - 40, 56, 77, 164

Amp-hour (Ah) - 45, 62, 65

Amp-hour meter - 65

Annual energy yield - 34, 35, 36

Anodized layer - 115

Array azimuth - 29, 37, 109, 113, 114

Array tilt angle - 37

Automatic transfer switch (ATS) - 122

Azimuth angle - 29, 109, 113

Balance of system (BOS) - 95
Battery
Absorbed gas mat battery (AGM) - 45
Deep-cycle - 43, 44, 60
Lead-acid - 1, 10, 41, 42, 43, 44, 45, 46, 48, 49, 50, 53, 54, 56, 59, 60, 61, 62, 63, 65, 66, 85,
102, 119, 131, 134, 135, 136, 144, 147, 151, 152, 155, 156
Flooded - 87
Gel(led) - 45, 60
Valve-regulated (VRLA) - 44, 45, 53, 55, 66, 141, 143, 144



Lithium-Ion
Lithium nickel cobalt aluminum oxide (NCA) - 49, 50
Lithium nickel manganese cobalt oxide (NMC) - 49, 50, 55
Lithium-iron phospate (LFP) - 49
Lithium-ion (Li-Ion) - i, 10, 41, 48, 49, 50, 51, 53, 55, 60
Nickel metal hydride (NiMH) - 42
Nickel-cadmium (NiCd) - 42
Nickel-iron (NiFe) - 42, 60
Sodium-ion - 42
Starting, lighting and ignition (SLI) - 44
Battery Council International (BCI) - 66
Battery management system (BMS) - 48, 50, 51
Battery system voltage - 131, 132, 134, 136, 141
Bill of materials (BOM) - 7, 142, 143, 146, 168
Bloomberg New Energy Finance Corporation - 71
Branch circuit - 98, 102, 103
Bypass diode - 75

Cable - 95, 96, 97, 101
Capacity factor - 34
Charge controller - 20, 34, 40, 48, 51, 52, 56, 68, 72, 73, 79, 81, 82, 83, 84, 85, 86, 87, 88, 90, 91,
93,99, 100, 101, 104, 106, 107, 131, 132, 133, 138, 139, 140, 141, 143, 144, 145, 154, 155, 156,
157, 159, 163
Charge rate (C or C-rate) - 63, 64, 136
Clamp meter - 25, 90, 148, 149, 150
Cold welding - 115
Combiner box - 56, 79, 95, 99, 100, 101, 104, 105, 138, 145, 157
Condensation - 118, 127
Conductor - 40, 41, 58, 95, 96, 97, 98, 101, 103, 104, 105, 107, 117, 144, 150, 157, 164, 165, 166
Connection
Parallel - 56, 57, 58, 69, 78, 79, 101, 104, 107, 131, 135, 138, 139, 141, 145, 146
Series - 56, 57, 58, 69, 75,77, 78,79, 131, 135, 138, 139, 141, 145, 164
Continuous power - 26, 135, 141
Corrosion - 102, 108, 115, 118, 120, 124, 126, 154
Current - 40, 51, 55, 135, 136, 141, 150, 164



Current clamp - 150

D

Daily energy requirement - 27, 28, 130, 134

Daily energy usage - 23, 26, 134, 141

Days of autonomy - 28, 121, 122, 134

Depth of discharge (DOD) - 50, 51, 54, 58, 60, 62, 63, 134, 135, 143

Derate factor - 132, 133, 134, 136, 143

DIN-rail terminal - 79, 104, 146

Direct current (DC) - 9, 20, 39, 78, 79, 88, 89, 99, 105, 107, 133, 143, 144, 148, 157, 158, 159
Diversion (dump) load - 130

Electrolyte solution - 46

Enclosure - 104, 118, 119, 120, 144, 145
Energy meter - 65

Equalization charge - 87

F

Feeder circuit - 98, 103
Frequency - 88, 89, 148

G

Galling - 115

Generating capacity - 129

Generator - 28, 105, 107, 121, 122, 158

Global Off-Grid Lighting Association (GOGLA) - 39
Ground fault - 103, 105, 158

Grounding - 95, 103, 105, 106, 107, 115, 145
Grounding rod - 107

Ground-mounted PV array - 109



H

Hertz (Hz) - 88, 89, 148
Humidity - 118, 119, 127
Hydrometer - 151, 153

Inclinometer - 150, 155
Initial cost per battery capacity - 53, 54
International Building Code (IBC) - 124
International Electrotechnical Commission (IEC) - 96
International Organization for Standardization (ISO) - 126, 127
Inverter - 20, 24, 25, 26, 27, 34, 39, 40, 88, 89, 90, 91, 92, 93, 94, 99, 100, 102, 103, 107, 121,
122, 132, 133, 135, 136, 139, 141, 143, 144, 148, 154, 155, 156, 157, 158, 159, 166
Modified wave - 91, 92
Pure sine wave - 91, 141, 143
Split phase - 93
I-V curve - 72, 73, 74, 83, 84
[-V Curve
Maximum power current - 73, 141
Maximum power point (Pmp or Pmax) - 73, 81, 84
Maximum power point tracking (MPPT) - 72, 73, 81, 82, 83, 84, 85, 138, 141, 143, 157
Maximum power voltage (Vmp) - 73, 82, 83, 132, 141
Open circuit voltage (Voc) - 73, 79, 80, 82, 86, 138, 139, 140, 141, 152, 157, 158
Short circuit current (Isc) - 73, 74, 80, 100, 101, 141

L

Lightning protection - 106
Line diagram - 144
Multi line - 145
Load Calculation Table - 22, 23, 25, 134
Low-voltage disconnect (LVD) - 86, 121

M

Magnetic compass - 30, 151



Magnetic north - 31, 151

Minimum design conditions - 124

Minimum solar production - 138

Module - 32, 33, 36, 37, 40, 68, 69, 70, 71, 72, 73, 74,75, 77, 79, 80, 83, 84, 100, 105, 112, 115,
116, 125,132, 133, 138, 139, 141, 143, 157, 158, 159, 163

Module clamps - 112, 115

Motorized tracking system - 113

Multimeter - 90

N

National Electrical Manufacturers Association (NEMA) - 119, 120

0,

Ohm (Q) - 41, 165, 166, 167

Open circuit - 73, 152

Overcurrent protection device - 101, 103
Overload - 103, 144, 164

Passive tracker - 113, 114

Passively-cooled system - 94

Peak discharge current - 135, 136

Peak discharge rate - 136

Peak power - 23, 24, 26, 136

Peak sun hours (PSH) - 32, 33, 34, 36, 76, 137

Personal protective equipment (PPE) - 147

Pests - 118, 128

Peukert Effect - 60

Phantom power - 26

Pole-mounted PV array - 110

Power factor (PF) - 91, 148

Power vs. Energy - 161

Price per watt - 71

Pulse width modulation charge controller (PWM) - 71, 81, 82, 83, 84
PV array - 69, 80, 86, 105, 107, 109, 111, 112, 113, 114, 121, 122, 128, 133, 134, 137, 138, 157



PV cell - 18, 68, 69, 70, 75, 132
Crystalline silicon PV cell - 69
monocrystalline (mono-Si) - 69, 70
polycrystalline (p-Si) - 69
Thin film - 69, 70
PV mounting system - 108
PV output circuit - 101
PV panel - 69

PV source circuit - 100

Racking system - 4, 38, 72, 103, 108, 109, 111, 112, 115, 116, 117, 125, 143, 154, 160

Rate of discharge - 58, 60, 61, 136

Resistance - 18, 40, 41, 42, 50, 61, 74, 75, 79, 84, 86, 89, 96, 97, 98, 103, 107, 111, 132, 135, 149,
165, 166

Reverse current protection - 86

Roof - 38, 76, 108, 109, 111, 112, 150, 155

Roof pitch - 150

Shading - 34, 74, 75, 111, 128, 132, 133, 157

Shading derate factor - 133

Sheathing - 95, 96, 97

Short circuit - 42, 73, 74, 80, 102, 103, 105, 117, 118, 164
Snow load - 108, 125

Solar insolation - 32, 35, 137

Solar irradiance - 32

Solar module specification sheet - 72

Solar pathfinder - 133, 151

Solar radiation (kWh/m2/day) - 137

Solar window - 30, 32

Solmetric Suneye - 151

Specific energy - 55

Specific gravity - 46, 65, 151, 152, 153, 156

Standard test condition (STC) - 72, 74, 79, 80, 100, 141
State of charge (SOC) - 49, 51, 52, 55, 58, 64, 65, 66, 85, 86, 122, 152, 155, 156



State of function (SOF) - 51

State of health (SOH) - 51, 54, 55, 58

Storage capacity - 129, 130

String - 77, 79, 80, 100, 101, 131, 135, 138, 139, 157, 158
Sun path - 29, 30

Sun position - 29

Surge arrestor - 107

Surge capacitor - 107

Surge power - 24, 26, 90, 141

Temperature - 36, 51, 55,79, 87, 133, 159
Temperature coefficient - 80, 138, 139
Temperature compensation - 87

Thermal cycling - 116

Thermal runaway - 50

Tier 1 module - 71

Total lifecycle cost - 53, 54

True north - 30, 31, 151

U

Underwriters Laboratories (UL) - 97

V

Volt (V) - 40, 66, 71, 82, 83, 84, 89, 101, 102, 135, 138, 139, 141, 148, 151, 162, 163, 166
Voltage drop - 7, 65, 75, 84, 86, 98, 103, 148, 166, 168
Volts per cell - 152

/4

Watt-hour - 21, 23, 25, 36, 55, 141, 162, 163

Watts - 21, 23, 24, 25, 26, 27, 32, 33, 46, 68, 74, 120, 131, 136, 138, 141, 148, 162, 163, 166
Watts per square meter - 32, 74

Wind load - 124, 125

Wind turbine - 158



Wire - 39, 58, 89, 91, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 107, 111, 116, 117, 118,
138, 142, 143, 145, 146, 154, 165, 166

Aluminum - 95

Copper - 95, 96, 102, 105

NM - 97, 99

PV -99, 100, 143

RHH/RHW - 97, 99

Romex - 97, 99

THHN/THWN - 97, 99

USE/UF - 97, 99

Wire clip - 116

Wire gauge - 58, 97, 101, 103, 104

Wire type - 58, 97, 99, 101, 145, 146

Z

Zip tie - 116
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