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DESIGN OF A DC HOUSE
by
Dr. Gary Johnson
February 21, 2022
Chapter 1: Introduction
I hope to build an off grid cabin in the mountains southwest of Colorado Springs that
operates on DC, with solar panels and batteries but no inverter. This document describes
my design of this DC House, as well as some of the electrical code issues that might arise.
My background for doing such a design includes having taught electromagnetic fields and
electric power at Kansas State University for 28 years before taking early retirement in 1994.
I am also a licensed Professional Engineer in the state of Kansas, on retirement status. I am
sharing my design with the hope that others in the EHS/MCS (Electromagnetic HyperSensitivity/Multiple Chemical Sensitivity) community will find suggestions for their own building
plans and also for others to make suggestions for improvements in my design.
My motivation is my health. AC makes me ill! This condition is called Electromagnetic
HyperSensitivity, and other terms like microwave sickness. I have had it for over 30 years. It
was a factor in my taking early retirement, leaving a really good job at age 55. There is not
a definitive medical test for EHS. One has to be exposed to fields and see if they make one
ill. One example in my case is when I was attending a church about a block from an ATT
cell tower. Sunday nights I would experience fibromyalgia symptoms, every muscle in my
body hurting. I switched to another church not near a cell tower and no more symptoms, at
least not nearly as severe. There have been plenty of other incidents over the years, involving
cell phones, WiFi, 60 Hz magnetic fields, etc., that I am absolutely convinced this is a real
condition (not something in my head).
There was a battle called “The War of the Currents” fought in the early 1890s between
Thomas Edison and Nikola Tesla. Edison had developed a DC system and Tesla had patented
an AC system. The battle was fierce! Edison took the position that AC was inherently
dangerous to human health. He would go to county fairs, catch a stray dog, and electrocute
it on stage with AC. He once even electrocuted an elephant! He persuaded the New York
State Legislature to adopt electrocution (by AC) as the method of executing criminals rather
than hanging. But society went with the lower cost and greater convenience of the AC power
grid, ignoring the safety aspects. The Tesla system is universally used today. We accept the
accidental electrocutions as part of the cost of doing business.
I believe Edison was right about 60 Hz electricity being dangerous, not only for electrocutions but also the low level (and probably accumulative for many of us) effects of 60 Hz
electric fields and 60 Hz magnetic fields. AC electricity has not been universal for all that
many years. My parents and I moved into a house with electricity when I was 11 years old.
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I distinctly remember the satisfaction of having a better source of light for reading than the
coal oil lamps we had used up to that time. So we are quickly reaching the point where all
the elderly have been exposed to 60 Hz electric and magnetic fields their entire lives. If the
accumulative effect of these fields has negative health effects, we would expect life expectancy
to decline, along with the quality of life of the elderly. I believe we are seeing exactly that
in this country! People blame this decreased life expectancy on all sorts of causes: increased
use of drugs, obesity, pesticides, herbicides, etc. I will not argue against any of these having
a significant effect, but we should not ignore the 60 Hz electric and magnetic fields (plus the
ever increasing cell phone and WiFi fields).
If I am right, then continued use of 60 Hz electricity would be as stupid as continuing to
smoke after seeing convincing data about lung cancer. We need to shift entirely to DC. DC
has both electric and magnetic fields, but mankind has been living in dc fields for thousands of
years without obvious ill effects. The earth has a net negative charge which causes a vertical
electric field on the order of 100 V/m, directed downward. The earth’s magnetic field is on the
order of 500 milliGauss (mG), used by many lifeforms (including man) for navigation. Many
with EHS have significant problems with 60 Hz electric fields above 1 V/m and magnetic fields
above 3 mG, but no problem at all with the much higher dc fields.
The plan is to avoid all 60 Hz voltages and currents as much as possible. If electric motors
or pumps are necessary, and they produce fields at frequencies above, say 10 Hz, then these
devices should be separated a maximum distance from the living space.
This design is for an all electric cabin. I want it warm in the winter and cool in the
summer, with good thermostats. I want a refrigerator and a means of cooking. I want a
computer with a good (wired) Internet connection, and a phone using Voice Over Internet. I
want electric lights capable of at least 100 to 200 lux. I want to take a hot shower like my
on-grid brethren. And I would like it to make sense economically.
I realize that the FCC made a pronouncement many years ago to the effect that non
ionizing radiation was safe. One would think that such an important pronouncement would
be made by a task force of medical people willing to put their reputations on the line. To my
knowledge, the FCC has never convened such a task force. I like the name of Dafna Tachover’s
website WeAreTheEvidence.org. Those of us with EHS are ‘The Evidence’ that the FCC is
wrong.
The fraction of the population with EHS is a subject for debate. I see estimates of 3%
tossed around. In my own case, I have lived in Canon City, Colorado, with over 20,000 people
in the vicinity for over 10 years, have been vocal about my EHS, and have yet to find another
local person with EHS. Based on that one data point, I would guess that the fraction who
know they have EHS is well under 1%. On the other hand, the fraction who feel unwell from
EHS and do not realize what the real problem is might be well over 3%.
There are four classes of fields that need to be considered. They affect our bodies physiologically in different ways. One sensitive might be affected primarily by one class while
another sensitive might be affected more by a different class. The four classes are:
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1. 60 Hz electric fields, measured in volts per meter. These exist in a home even when all
lights and appliances are switched off, due to the 120 VAC still being present on the wires.
They are reduced when a circuit is switched off at the breaker box. In new construction, they
are reduced by placing wiring inside grounded metallic conduit.
2. 60 Hz magnetic fields, measured in milliGauss or nanoTeslas. My personal tolerance
level is about 3 mG or 300 nT. These are caused by current flow in a wire, either house
wiring or on power lines. Wiring according to the National Electrical Code (NEC) minimizes
the magnetic fields, but common wiring errors increases the fields by factors of ten or more.
These errors do not otherwise bother electrical function, so are not found without specifically
looking for them. Shielding against these fields is very difficult and expensive.
3. Dirty electricity, electric and magnetic fields produced by the multitude of electronic
devices in our homes at frequencies above 60 Hz and below perhaps one MHz (million cycles
per second). Devices include computers, monitors, inverters, LED bulbs, etc. We do not have
a standard measurement unit for dirty electricity. There are two types of small, inexpensive,
hand-held meters used to measure dirty electricity, one measuring in Stetzer units and the
other in milliVolts (mV).
4. Cell phones, WiFi, microwave ovens, smart meters, operating at frequencies above about
one GHz (billion cycles per second), measured in µW/m2 (microWatts per square meter) or
mW/m2 (milliWatts per square meter). My personal tolerance level is about 10 µW/m2 .
(Most homes today will have ‘hot spots’ of 10 mW/m2 , so I do not socialize much). This is
the one class that has drastically increased in the last decade and is rapidly increasing today.
Everyone seems hellbent on increasing our toxic load of fields, with absolutely no regard for
possible health effects.
I have exercised prudent avoidance of as many fields as possible over the years. I have
always used wired Ethernet connections to my home computer, for example. I have always
used a landline telephone at home, changing to Voice Over Internet Protocol in recent years.
I confess to owning a cell phone, used only when traveling and for emergencies. My EHS has
gotten worse in the last year or two such that traveling days are over. I think I used the cell
phone a total of 8 minutes in the year 2020.
I am now at a point where my chest will be hurting within 15 minutes of walking into a
small Methodist congregation (somebody is carrying a new 5G phone?). Going to the library
is past history, as well as going out to a restaurant. But the good news is that I feel rather
well for my age (born in 1938) as long as I avoid fields. My three best high school buddies are
all dead from cancer. They could not walk away from their medical disorder like I can. We
might say that I am highly motivated to build me a structure where I can live in reasonable
comfort (warm in the winter, cool in the summer) with good access to phone and Internet
and with absolute minimum AC fields. I know EHS people more sensitive than I am, who
cannot be in the same room with a computer. I hope with prudent avoidance of toxic loads
of AC fields that that day will not come for me!
My sensitivity has gotten worse over the last year or two, but there are times when it
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improves, perhaps due to other factors in my life. I had Covid in November 2021, three weeks
of being sick, but no hospital time. Since then, at least through mid January 2022, I have
been less sensitive. Hopefully this will continue.
Since I know I am intolerant to 60 Hz magnetic fields, the obvious choice is to use DC in
my house, rather than 60 Hz AC. It should be noted that nothing in the existing codes forbids
such a house. The Informational Note in the National Electrical Code (NEC) Article 712.30
states “Examples of nominal dc system voltages include but are not limited to 24, 48, 125,
190/380, and 380 volts.” I do not know of any technical reason that a DC house operating
at say 125 VDC is inherently less safe (regarding fires and electrocutions) than a 120 VAC
house. Certainly it will be much more healthy for those of us with EHS.
There has been significant interest in DC buildings for the past 20 years or so, for reasons
of efficiency rather than health. We are at the point where a large fraction of the electrical
loads in a building either require DC, or will work equally well on DC as on AC. But the
typical off grid house generates DC from photovoltaic panels, stores DC energy in batteries,
then installs a large, expensive inverter to convert DC to AC. At the computers, monitors,
printers, TVs, LED lights, etc. in the house the AC is converted back to DC for use. Every
conversion from DC to AC, or AC to DC, is accompanied by a few percent of losses. It does
not take a ‘rocket scientist’ to recognize an opportunity to improve the efficiency of electric
energy usage by changing from AC houses to DC houses.
Some fraction of AC power coming to our houses is made by burning fossil fuels, an
inconvenient truth that will be the case for decades into the future. If we save energy by
improving efficiency, we reduce the amount of fossil fuel we burn, and improve our numbers on
climate change. Our government loves to pass laws reducing the amount of fossil fuel burned
(more efficient gas burning vehicles, replacing gas vehicles with electric vehicles, outlawing
incandescent light bulbs, etc.). It is just a matter of time before some politician discovers that
DC houses are more efficient and starts passing laws accordingly.
My DC house will be a Net Zero house, with no propane furnace or wood stove. There
will be no carbon dioxide going into the atmosphere because of my heating or cooling interior
space. I predict that similar DC houses will become common in the future.
An off grid DC house will automatically reduce 60 Hz electric and magnetic fields by
a very large fraction. The North American power grid uses the earth to carry part of the
current returning to the generators after doing its desired work, and this current produces a
measurable magnetic field everywhere in the 48 states, so we cannot say we have eliminated
60 Hz magnetic fields. My hope is that most of us can tolerate such low level fields.
My DC house must be a Faraday cage, if the reduction in cell phone signal strengths is
to be sufficient. Conventional frame construction, straw bale, adobe, or log allow too great
a fraction of outside signals to come in. These might reduce the signal by a factor of 10
(10 dB) but I need at least a factor of 100 (20 dB) and preferably a factor of 1000 (30 dB).
This means a metal roof, metal exterior siding, and interior wall and ceiling surfaces also of
metal (a double wall Faraday cage). This type of construction is becoming more common, for
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reasons of hail and fire resistance. I think anything other than a good metal roof in the High
Desert, where hail storms and forest fires are all too common, is just plain stupid. Companies
like Morton can build a metal house that is just as attractive as a conventional frame house,
at a very similar price.
My motivation is survival (and then reasonable comfort) rather than minimal cost, but a
quick look at the numbers might be of interest. I pay almost $3000 per year electric bill for an
1500 ft2 house on the Rockvale property. There is an economic concept called present value
or present worth regarding the amount of cash in hand right now that is equivalent to this
string of payments. This is used to calculate the monthly mortgage payment when you buy a
house. The present value of $3000 per year for 20 years at 6% interest is $34,410. If the cost
of the installed solar panels and batteries is less than this amount, then the economic decision
would be to go off grid. There are other motivations (health, in case the grid goes down for
an extended time, save the planet, etc.). But the point is that there is a chance that I will
enjoy better health at a lower energy cost than if I were living in the existing Rockvale house.
We are now in a housing bubble in America, brought on by the government’s decision to
operate the money supply system at extremely low interest rates. At the time of writing, an
interest rate of 3% is possible. The present value of $3000 per year for 20 years at 3% interest
is $44,632, making it even more economical to go with solar panels and batteries.
Building a house for the electrically sensitive requires some knowledge of electricity. You
should expect to learn about volts, amps, and ohms. You should learn the difference between
power (watts) and energy (watt hours), and use the terms correctly (saves considerable confusion and√misunderstanding). DC is easier to understand than AC. There are no imaginary
numbers, −1, differential equations, trig functions, or reactive power in DC, like appear
regularly in AC. If you made a B or better in your high school freshman algebra class, you
should have no problem understanding my design. I have to use AC concepts in Chapter 9:
Protection. You have my permission to skip that Chapter.
CABIN SIZE AND LAYOUT
The living space for the cabin will be 20’ by 40’ or 800 ft2 . It will be well insulated,
with walls about a foot thick. It will be a Faraday cage, steel panels for roof and outside
walls, then more steel panels for ceiling and inside walls. There will be a combined living,
dining, and kitchen space, one bedroom, a walk in closet, and a bathroom. The structure will
contain a separate 10’ by 26’ utility room with less insulation, unheated, not air conditioned,
for batteries, water tanks, and the like. The concrete slab will be 30’ by 50’, with a covered
porch on the north and part of the east sides. From the porch there is a nice view of Pike’s
Peak through the open end of a box canyon. A rough sketch is shown in Fig. 1.
The present plan is to assemble my own crew and function as the General Contractor on
the cabin construction. The roof is tentatively a 1:12 slope, using standing seam metal panels.
The panels would show up at the site in 32’ lengths so no splicing or overlap is required. No
penetrations would be made in the roof, so it should be zero maintenance for at least a half
century. The roof will need 32’ long trusses, which could possibly be fabricated in the garage.
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Figure 1: My Planned DC House.
GREENHOUSE AND GARAGE
I would like to have a combination greenhouse and garage on the south side of the cabin.
Good nutrition is important for we sensitives. I have an organic garden already but a greenhouse would extend the season. Pending the usual set of changes, the size will be on the
order of 15’ wide by 40’ long for the greenhouse, and a similar size for the garage. The two
structures will share a common wall. The garage will provide work space, tool storage, etc.
for the greenhouse. I am considering a four season greenhouse with a climate battery. This
involves excavating the floor of the greenhouse to about the 4’ depth and installing an array
of 4” PVC pipe. We backfill about 2’ and install another array of PVC pipe. We then use
good soil and compost to finish the backfill to grade. There are manifolds, risers, and motor
driven fans that circulate warm air down to heat the soil, and cool the air, when the sun is
shining, and circulate cool air down at night to use the heat stored during the day.
WATER
Town water is available about 1400 feet away from the cabin site. It would be technically
feasible to trench a pipe from the existing water supply to the cabin. Water pressure is low
at the connection point, barely enough for the adjacent house. It would not be enough to
reach the cabin without the addition of a booster pump. Town water is relatively expensive (I
think $6000 for a meter and then $50/month plus water usage) so I will avoid that if possible.
Rockvale water does not have added fluorides, a good thing, but has chlorine, which I have
avoided for decades.
RAINWATER
My plan is to collect rainwater for house water usage, which I believe to be healthier than
town water. Rockvale gets about a foot of rainfall each year, but can go months with zero
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rainfall. The roof area (about 32’ by 50’) times a foot in thickness holds 11,968 gallons (call
it 12,000 gallons). The cabin site is on the side of a mesa which extends upward another
200 feet or so above the cabin, so I will dig a trench with my excavator and install a water
storage tank perhaps 50 feet above the cabin elevation, on the side of the mountain. This
would provide a constant water pressure in the cabin of about 21 psi. This is a low pressure
but I could probably learn to live with it. There is plenty of mountain above the spot I have
selected for a tank, but getting another 50’ of elevation will be a real challenge!
Estimating water usage is always a challenge to get right. I will assume a 10 gallon shower
each day, a 10 gallon laundry twice a week, and 10 gallons per day of miscellaneous usage
(washing hands and face, dishes, etc.) This is 160 gallons per week or a little more than 640
gallons per month. The average input from rain is 1000 gallons per month, so there will be
times when I am dumping water. There will be a small garden and a thirsty compost pile at
the cabin, so any extra water can be used, at least in warm weather.
The water storage tank can be either buried or above ground. A buried tank costs perhaps
$2 per gallon of storage, while one might get a 2500 gallon above ground tank for $2000, or
$0.80 per gallon, but one must add on the cost of a structure and insulation to keep the above
ground tank from freezing. My guess is that a 2000 or 2500 gallon buried tank will be least
cost. The Essential Rainwater Harvesting book keeps talking about the piping complexity of
a buried tank, so perhaps I would be better off using the above ground option. A 2500 gallon
tank will last almost 4 months at 640 gallons per month with no rain, which seems reasonable.
I will need a collection tank connected to the house gutter. The maximum daily rain
amount that I have seen in 9 years is about 1.5”, equivalent to about 1500 gallons. I will
probably install a second 2500 gallon tank at the cabin. I will keep track of the water level
in the uphill tank and pump from the collection tank as required to keep the uphill tank full.
A 1/3 hp to 1/2 hp pump should be able to pump at a rate of at least 20 gpm, so a large
rain event of 1500 gallons would take perhaps 75 minutes to pump. The collection tank will
probably be installed in the garage. A 2500 gallon tank is much easier to move through a
garage door opening than through a walk door on the utility room in the cabin.
SEPTIC
The town of Rockvale does not have a central sewage treatment plant. Everyone is on
a septic system. Colorado has recently changed the rules on septic systems, making them
more expensive. Certainly the water required for flush toilets is a problem here in the high
desert. I have read the book The Humanure Handbook by Joseph Jenkins (both the third and
fourth editions) and agree fully with him that it is better to compost our humanure and use
the resulting compost on our gardens. One poops in a five gallon bucket, covers the poop
with sawdust for odor control, and dumps the bucket on a compost pile when full. He has
walked the walk, raising a family in Pennsylvania using this technique. He claims there has
never been a documented case of disease transfer while using compost toilets. I had a 62 year
old woman with severe EHS and MCS live in my shop for two months, and used a compost
toilet for that time without complaint. Jenkins acts as a resource person for government
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bodies considering how to best handle our ‘waste’, and comments that some states (Arizona,
California) are relaxing their requirements for flush toilets in favor of compost toilets. This
cabin will use a compost toilet.
GRAY WATER
Also known as grey water, this is the household output from showers, washers, and the
like. It is distinguished from black water, the household output from flush toilets and garbage
disposals. There are the usual bureaucratic rules, but it is generally legal to use in wetlands,
on gardens, etc. I plan to install three plastic drain pipes under the concrete slab, one from
the floor drain in the utility room, one from the shower and vanity in the bathroom, and one
from the kitchen sink, draining to daylight on the downhill side of the cabin. This area will
be a small garden after the removal of rocks and the addition of rabbit manure and compost.
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Chapter 2: Codes, Standards, and Inspections
Colorado has a statewide system of electrical inspections. A state employed inspector will
come to the home and inspect the wiring to make sure it is in line with the National Electrical Code (NEC). The NEC is written to protect the public from electrocutions, shocks, and
electrical fires. A new edition is published every three years by the National Fire Protection
Association. Their website (www.nfpa.org) states: “The National Fire Protection Association
(NFPA) is a global self-funded nonprofit organization, established in 1896, devoted to eliminating death, injury, property and economic loss due to fire, electrical and related hazards.
NFPA delivers information and knowledge through more than 300 consensus codes and standards, research, training, education, outreach and advocacy; and by partnering with others
who share an interest in furthering our mission. Our mission is to help save lives and reduce
loss with information, knowledge and passion.”
There are dozens of similar professional groups, each with its own motivation. Another is
the International Code Council (ICC), whose publications include the International Building,
Residential, Fire, Plumbing, Mechanical, Fuel Gas, Energy Conservation, Wildland-Urban
Interface, Green Construction, Swimming Pool and Spa, Existing Building, Property Maintenance, Performance, Private Sewage Disposal, and Zoning Codes. The International Residential Code covers one and two family homes up to three stories in height, including the
structure (foundation, floors, walls, etc.), heating, cooling, plumbing, and electrical. Chapters
34 through 43 (the electrical portion) are produced and copyrighted by the NFPA, with license
granted to the ICC.
SAFE VERSUS HEALTHY
For all practical purposes, electric utilities, telecommunications companies, and electrical
equipment manufacturers have taken a rigid position that AC is safe and healthy, period, full
stop. Utilities have spent large sums to convert from analog (non radiating) power meters to
the new Smart Meters, improving utility convenience and profit. To even admit the possibility
of Smart Meters being unhealthy is basically unthinkable.
I once sat in my driveway for an hour, about 30 feet from the Smart Meter, to measure
how often it transmitted information back to the utility and at what field strength. I was
ill afterwards. One of my former students is an engineer for that utility, and he arranged a
meeting between me and the Head of Metering. I presented my health history and politely
asked for a non radiating meter. I also told them that I knew a mean New York attorney who
was EHS and who would love to sue them for not accommodating me. A few months later
the Smart Meters at both my house and my lab were replaced with non radiating meters. A
technician drives by every few months to read the meters. They told me they could go back
to Smart Meters at any time, for any reason or no reason at all. My impression is that they
think I am insane, and they are doing this just out of the goodness of their hearts.
People who write the electrical codes have the same mind set. They are driven to lower the
numbers of electrical fires and electrocutions with no consideration at all for the health of those
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who are in the electromagnetic fields. I will illustrate with a personal example. Around 1970
I was called to a dairy farm in eastern Kansas to investigate a problem with tingle voltages.
There were several power poles, each one with a heavy bare copper wire running from top
to bottom, connecting the overhead ground wire to earth. This formed ground loops, and
caused AC currents to flow through the earth from one pole to another. The currents produce
voltages from point to point on the surface of the earth, such that a cow might experience a
voltage of a volt or so (a tingle voltage) between a front foot and a back foot. This is enough
to cause a cow to not let down her milk, which in turn leads to mastitis and a slow, miserable
death.
I proposed to the utility that all but one of the heavy copper wires be cut, eliminating
the ground loops and tingle voltages. This would have the effect of making the installation
somewhat less safe. My own risk assessment was that it would increase the probability of
electrocution from one per hundred million per year to two per hundred million per year. The
alternative was a 100% chance of sick cows and a bankrupt farmer. A paraphrase of the reply
from Code Enforcement is as follows: “The NEC requires a ground wire on every pole, for
safety. We must enforce that interpretation regardless of health considerations.” If memory
serves, the cows did die and the farmer did go bankrupt. This rigid interpretation has been
relaxed since that time, fortunately.
A somewhat parallel situation is the use of cannabis for some medical conditions, including
epilepsy. The government position has been: “We do not care if the use of cannabis reduces
the number of seizures your child has from a hundred a day to zero per day, when no other
medication in our system will reduce the number of seizures significantly. We must protect
your child from possible long term side effects of cannabis. If you try to administer cannabis
to your child to improve his quality of life, we will throw you in jail.” This government position
is slowly being relaxed, of course. At least in Colorado, a parent can try using cannabis to
reduce the symptoms of a chronically ill child with minimal fear of doing jail time.
My point is that there will be conflicts between maximum safety and most healthy. Somehow the poor farmer needs to be allowed to accept a somewhat greater safety risk of electrocution or fire, and the parent of the epileptic child the risk of possible long term side effects, in
exchange for the immediate benefit of better health. Conflict resolution can take many forms.
It might include opting out of code or other society requirements that impact our personal
health. I might write a letter to some central office stating that I am EHS and accept all risks
to personal safety if a Smart Meter is replaced with a non radiating meter. Surely there is
some way to resolve the conflict without criminalizing the EHS person who is just trying to
survive in a hostile world.
My DC house will operate on the cleanest possible voltage, with all non essential sources
of dirty electricity eliminated. Solar panels produce a pure DC and can be used to charge
batteries directly, without a Maximum Power Point Tracker (MPPT) adding dirty electricity.
The batteries act as very large capacitors so the battery voltage should be quite pure.
Consistent with the desire for a clean (healthy) voltage, the breaker box will avoid all safety
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features involving electronics, including Ground Fault Circuit Interrupters (GFCI), and Arc
Fault Circuit Interrupters (AFCI).
It is not obvious to me that a DC house would have a need for a GFCI, but the same
arguments for a AFCI in the AC house would apply in a DC house. The electronics in a
AFCI produce dirty electricity which in turn will impact some with EHS. Eliminating AFCIs
would make the house less safe so we should at least glance at some of the safety statistics.
The NEC started requiring ground fault circuit interrupters in the early 1980s and arc fault
circuit interrupters around 2000. We had about 900 electrocutions per year in 1983, and I
think the number is in the range of 430 per year now. I suspect part of the reduction is due
to better training and fewer DIY types doing their own wiring. It is conceivable that the code
requirement of GFCIs and AFCIs saves 300 electrocutions per year, or with a population of
a little over 300 million in the country, reduces our risk by about one in a million, per year.
If the inclusion of a AFCI in my DC house made me ill, I would gladly accept the one in a
million risk involved in removing it.
It should be emphasized that the suicide rate of those with EHS is higher than that of
the general population. Some of us get very ill from EHS. When we cannot find a safe place
to run to, thoughts naturally go to suicide as a way out. If a code requirement for a AFCI
saved one EHS person from electrocution, but caused ten people to commit suicide, I believe
the requirement should be relaxed.
WHAT NOMINAL VOLTAGES?
The NEC mentioned 24, 48, 125, 190/380, and 380 volts as possible nominal voltages. I
would add 12 VDC as a historical voltage that is still widely used. My EHS friends who have
been forced out of civilization by cell phones and WiFi and are living in their car in a national
forest are basically using a 12 volt system. They might have a 12 VDC solar panel to charge
a battery in the daytime and give them some light in the evening.
There will be three different voltage levels used in the cabin: 12, 24, and 125 VDC. I will
use 12 VDC to power a computer and Arduino hardware used for measurement and control.
It will be convenient to use 24 VDC for appliances like swamp coolers and refrigerators until
manufacturers shift over to using something in the vicinity of 125 VDC. I can also use 24
VDC LED strips for lighting if I choose to do so.
I will use 125 VDC for lighting and cooking. I have discovered that some 120 VAC LED
bulbs work very well for voltages between perhaps 100 and 150 VDC. The power input and
the light output stay constant over this wide range. They do not affect the reading of a
Stetzer meter, hence have low dirty electricity. Heating elements in hot plates, slow cookers,
etc. work equally well with DC as with AC. We just need to modify the thermostat circuit so
the cookware functions on DC.
We have plenty of experience with 12 and 24 VDC systems. MPPT charge controllers are
readily available for either voltage, as well as circuit breakers. But using the NEC nominal
voltage of 125 VDC directly, for lighting and cooking, is not common. To my knowledge,
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there is not a MPPT charge controller available to charge batteries at that voltage. Later in
this document I will describe a simple charge controller that I built using the Arduino Uno.
Our AC system is historically referred to as 110/220, 115/230, 117/234, and 120/240 VAC,
all referring to exactly the same system. The NEC defines Nominal Voltage as: “A nominal
value assigned to a circuit or system for the purpose of conveniently designating its voltage
class (e.g. 120/240 volts, 480Y/277 volts, 600 volts).” Even when the official nominal voltage
is 120 volts, equipment may be marked with other values. Your three prong wall receptacle is
probably marked 125V. This might be called a ‘listed’ voltage rather than a ‘nominal’ voltage.
This can be a bit confusing to newcomers.
My guess is that selecting 120/240 as nominal, rather than say 115/230, is a historical
accident, encouraged by a desire to be clear and precise in our language. For the AC system,
there is no obvious technical reason to select 120/240 over 115/230. While we are in the early
days of true DC houses, we should at least ask the question: Is there any reason to select 125
VDC over 120 VDC, 130 VDC, etc.?
The three nominal voltages of 12, 24, and 48 VDC are all based on lead acid battery
chemistry, at 2 volts per cell. The nominal voltages are reached with 2, 4, or 8 deep cycle 6
VDC nominal batteries in series. Using the same pattern, nominal voltages around 120 VDC
would be 120, 126, or 132 VDC. A nominal voltage of 120 VDC would imply 20 deep cycle
batteries in series while a nominal voltage of 126 VDC would imply 21 batteries in series. The
NEC choice of 125 VDC (rather than 120 or 126) suggests that this ‘old rule’ of 2 volts per
cell fails above the 48 VDC battery level.
I will use the NEC value of 125 VDC as the nominal value of my electrical system for
no particular reason except for the NEC reference. The battery itself might have a slightly
different description (120, 126, 128 VDC, etc.)
PLUGS AND SOCKETS
I like the present system of house wiring, where wires are placed inside the walls, between
a breaker box and an outlet. For my DC house, should I use the same socket (receptacle)
as for AC, or should I find a physically different socket? The concern is that someone may
bring a AC appliance into the house, plug it into a DC socket, and destroy the AC appliance,
perhaps causing a fire.
Two big names for plug and socket manufacturers are Bryant and Hubbell. I have a 1977
wiring device selector from Hubbell that shows 34 different configurations for non-locking,
straight blade devices. The three pin socket used throughout American houses is rated at 15
A, 125 V. A slightly different pattern is rated at 20 A, 125 V, another pattern at 30 A, 125
V, and so on. At that time, nothing was listed for DC. To my knowledge there are still no 12
VDC, 24 VDC, or 125 VDC plugs and sockets available that are equivalent to the 120 VAC
plug and socket.
One possibility I have considered is the import of plugs and sockets from a country that
uses a different pin pattern. The July 2021 IEEE Spectrum had an interesting article on the
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15 plug and socket standards used throughout the world. North America uses the two pin
Type A and the three pin Type B. The United Kingdom uses Type G, Italy uses Type L,
Brazil uses Type N, etc. On a trip to England I bought a sack full of Type G plugs and
sockets, which I have used for this purpose. A recent check on Ebay failed to find a decent
selection of devices, so it appears this option is not a very good idea, just because of the
difficulty of finding the ‘right’ components at a reasonable price.
As mentioned, we will be using three different voltage levels in the house; 12 VDC for
electronic devices, 24 VDC for swamp cooler and refrigerator, and 125 VDC for lighting and
cooking. There are two options; one is to have three separate and distinct solar panel, charge
controller, and battery for each voltage level, and the other is to have a single 125 VDC system
and produce the 12 and 24 voltages where needed with DC-DC converters. The first option
would require a four conductor cable to the receptacle boxes, three conductors for the three
voltages and a single return conductor.
For the first DC house, I plan to use the North American three pin socket (not one from
a different country) with an added color code. A socket for the 125 VDC system will have
some red tape or paint added. A 24 VDC socket will have black tape or paint, and a 12 VDC
socket will have white tape or paint. A plug on a given appliance will have a corresponding
tape or paint. Occupants of the DC house will need to have the mental ability to only insert a
red plug into a red socket, black into black, etc. Unmarked plugs (unmodified AC appliances)
should not be plugged into marked sockets. I think this has the possibility of working nicely.
A given receptacle box will have two ‘hot’ conductors that are not used. They can be
terminated with a wire nut. The North American system does something similar in that it
uses two separate 120 VAC lines (with respect to neutral). These have a 180o phase difference
so there is 240 VAC between the two conductors.
CODES
The codes are massive documents. The 2018 International Residential Code contained 964
pages and weighed 5.03 pounds. The 2017 NEC Handbook contained 1306 pages and weighed
6.12 pounds. They are not legally binding when published, but become so when adopted by
some elected body of a state, county, city, etc. This body will be referred to as the Authority
Having Jurisdiction (AHJ). The language tends to be legal in style and has been polished in
many committee sessions.
A given AHJ might not adopt a code like the NEC as soon as it is published, but wait
for months or years before doing so. Some jurisdictions never adopt any codes. They issue
building permits for a fee based on a percentage of construction costs, but no inspector ever
comes to inspect. A person building a house in such a place faces a risk of shoddy construction.
However, they save the cost of the inspector’s time and also the time of their crews who may
just be standing around while waiting for an inspection. This easily mounts into the thousands
of dollars.
A professional group that is relevant to the construction of a DC house is the Emerge
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Alliance (www.emergealliance.org). It was formed in 2008 to encourage the use of DC in
commercial buildings. Their approach is actually a hybrid system. AC power comes to the
building in the traditional manner, and is converted to 380 VDC with high efficiency. The
380 VDC is then used directly by electrical loads. I think this is now standard practice with
buildings housing large numbers of computer servers.
A major part of their motivation is efficiency. Energy usage in commercial buildings could
be reduced by at least 3% if their recommendations are followed. The consumer saves a
buck, and the utility gets to delay building another power plant, usually unwanted by the
neighbors. Members of Emerge Alliance are mostly electrical equipment manufacturers and
electric utilities. They are separated into technical committees that develop standards for
different aspects of the electrical system.
The first note in my file on Emerge Alliance is dated 10/13/12. At that time their website
carried a Power Point presentation by the Electric Power Research Institute (EPRI) on 380
and 24 VDC Microgrids, where 4 out of 15 pages credited Emerge Alliance. They listed 6
Governing members at $50,000 per year, 27 Participating members at $10,000 per year, 13
General members at $5,000 per year, 4 Corresponding members at $1,000 per year, and 23
Supporting members at $350 per year, a total of $647,000 per year. It seemed that their
main focus was 380 VDC Data Centers. There was nothing on their website about residential
applications. Since then I have checked back every few months to see if anything has been
added that would be of use to me.
If Emerge Alliance has actually accomplished something of real value in the first 12+ years
of their existence, it is impossible to discover it on their website. It shows one Standard (on
Data Centers) but the only way for me to review it is to become, at minimum, a Corresponding
Member (now costing $2,000 per year). This seems to be strange behavior to me.
I found another Internet site, www.csagroup.org, which has a very nice 45 page white
paper on “DC Microgrids in Buildings” March, 2019, which mentioned four standards from
Emerge Alliance: Occupied Space V1.0, Residential V1.0, Commercial Building V1.0, and
Data/Telecom V1.1. It would seem that 2+ years later, that these standards would be worthy
of mention on the Emerge Alliance website.
It will be interesting to see how many modern electrical devices can be incorporated into a
Healthy House. Cell phones, WiFi, microwave ovens, and 60 Hz motors will all be forbidden, of
course. Anything with a WiFi antenna (devices for the Smart House, the Internet of Things)
will need the antenna disabled at a minimum. This may be as simple as taking the back off
of a smart TV and just disconnecting the coaxial cables to the two WiFi antennas. Every
possible device in the house needs to be tested with a good signal strength meter.
There is also the perception that codes are becoming over zealous in introducing new
(and expensive) construction practices, with minimal attention to costs versus benefits. Some
would say that the last edition was ‘good enough’, so what is the point of adopting the
current edition? Browsing the NFPA website is like reading the thoughts of a fundamentalist
religious group. Their Worldview seems to be: “We are saving lives. Don’t even think about
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the dollar cost!” I agree that lives are important, but the NFPA may be missing the fact
that increasing the cost of housing will increase the number of homeless, who statistically die
sooner than they would if properly housed. Certainly addiction and crime are major factors
in homelessness, but there are those who are homeless just because they cannot pay the rent.
We as a society need to be looking for the optimum point, where the number of lives saved by
spending more for safety exceeds the number of lives lost (or otherwise destroyed) by being
driven into homelessness by the increased cost.
It is my opinion that the NFPA and Emerge Alliance have not seriously investigated the
health effects of AC, and many of their members would actively resist such an investigation.
When society finally realizes how bad the health effects really are, these groups will have egg
on their faces for not protecting the public as they claim to be doing. Reputations will be
lost. Companies will go bankrupt. Think of those who manufactured asbestos, but orders of
magnitude worse. There is a very strong incentive to put off the ‘moment of truth’ as long as
possible.
The problem with asking for an electrical inspector to approve the wiring of a 125 VDC
house is that it is just not covered in existing codes. There are some important differences
between AC and DC systems that will eventually get detailed in a Standard for the 125 VDC
house. Trying to write the Standard today might be premature because not all the necessary
research has been done. Somebody needs to design, build, and live in a DC house, discover
any technical issues, and report on health effects. To have any statistical value we need a
dozen or more such DC houses. To my knowledge, there is no central authority with the
power to approve a request for such a research project. One could ask the local Planning
and Zoning group for a variance. At some level this is unfair to the group because of lack
of background to properly evaluate such a request. It is unlikely to end well for the EHS
person doing the asking because most such groups would be composed of people who enjoy
cell phones and WiFi and think EHS is a figment of somebody’s imagination. This brings
to mind two sayings: “Ask forgiveness rather than permission.” and “Desperate people do
desperate things.”
Even on non-EHS issues, there may be major differences in interpretation of the NEC.
I taught classes related to electric utilities for many years at Kansas State University and
would always spend time on the importance of safety. I had served as expert witness on a
number of legal cases involving electrical fires and electrocutions. Students had no problem
staying awake while I told some of the gory details of these cases! After retirement I built
a research building on 20 acres near Manhattan, Kansas, about 600 feet from the meter for
the existing house and barn. I inquired about putting in a second meter, if the utility would
install it according to my needs for a ‘clean’ ground connection. As far as I could tell, the
Code allowed two options, A and B, of which I wanted Option A. But the local utility, a rural
electric cooperative (REC), used only Option B. It turned out that the REC did not have
an engineer on staff but hired consulting engineers as needed. They put me in contact with
their consultant, who happened to be one of my former students. He repeated my lecture on
safety almost word for word, then told me (somewhat paraphrased) that Option A was illegal,

Design of DC House by Dr. Gary L. Johnson

February 21, 2022

Chapter 2—Codes, Standards, and Inspections

2–16

immoral, and unethical, and was out of the question. I decided not to install the second meter,
but instead powered the building with a 600 feet long extension cord.
The point is that well-educated, sincere people, highly motivated to protect your safety,
can have strongly held opinions about what the Code allows that differ from your opinions.
I see a parallel with the interpretation of the Bible. People who love God and His Word
will come up with different answers to important questions, resulting in hundreds of different
denominations. We don’t have a Moses or an Apostle Paul with an open line to God today
who can get a definitive answer to the tough questions.
The fact that I have P.E. after my name gives me some legal status in research on the built
environment, just as having an M.D. gives legal status in trying new drugs. I might build a
structure as a research facility rather than as a house, perhaps even living in it for extended
periods. The problem comes when I want to sell it. There is no ‘Certificate of Occupancy’ so
I cannot legally sell it as a house, (or rent it). The whole situation is awkward!
The NEC and other building codes have not protected the health of the EHS person.
We cannot carry over baggage from the NEC just because it might improve safety. We are
definitely on the horns of a dilemma, where better health comes at a cost of less safety. If not
having AFCIs increases the risk of fire by a few percent, but allows me to live a ‘normal’ life
(not shortened by the negative impact of dirty electricity), the choice is simple: no AFCIs!
Codes also do not deal with economic consequences. I know people who are disabled by
EHS who are trying to survive on a $700 per month disability check. They need a place to
live that costs no more than $300/month, in a place with low cell phone signal strength, and
at least 100 feet from the nearest neighbor (who might be using electronic equipment that
radiates too much). I have 40 acres in a box canyon with room for a few cabins. I have
not raised this particular issue with the local planning and zoning office, but assume for the
moment that they say I must install a flush toilet and connect to town water. That means
I will need a septic system costing $10,000, a water meter costing $6,000, a monthly fee of
$50, plus cost of water used, plus plumbing costs inside the house. Assume also that I get a
reasonable rate of return on investment if I rent the cabin at 1% of construction cost, ignoring
the value of the land. That means that an allowable cost for a cabin with a composting toilet,
renting for $300/month, would be $30,000. I think it might be possible to build a Tiny House
for this amount. A cabin with a flush toilet would have to rent for $250/month because of the
$50/month for the water system. The allowable budget for the cabin would then be $25,000 $10,000 - $6,000 = $9,000. I would not have the nerve to ask anyone for $250/month for the
shack I could build for $9,000!
A rule that every dwelling unit have a flush toilet certainly ‘feels’ good, but has the
consequence that no housing can be built at the necessary price point, so people are forced
to become unsheltered/homeless. They park their vehicle in a National Forest, moving every
two weeks as required by local law enforcement. Their lives are unpleasant. Locals threaten
them and steal their supplies. They poop in the forest, possibly impacting other users of the
National Forest. ‘Feel Good’ rules have very real consequences!
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As a nation, we have made progress in reducing discrimination against Blacks, homosexuals, etc. but still discriminate against the poor by our use of codes. At some point the Blacks
had to engage in civil disobedience, to refuse to move to the back of the bus, to call attention
to their plight. I think we are at that point now, where those with EHS and/or MCS will
refuse to abide by the laws, codes, rules, ordinances, and interpretations that injure us.
One problem with the current system is that there is no obvious path to appealing a
decision by a code inspector. We might talk to the county commissioners, the town board,
or a lawyer, but in most cases we would be asking non technical people to make technical
decisions. We could use something like a Small Claims court where everyone could present
their case before one or more technical people and receive a ruling with some legal standing.
If this court ruled in favor of my cabin with a composting toilet, then I could go ahead and
build it, and reduce the homeless population by one.
This design is for a cabin for me. I will use a composting toilet to save the money for a
septic system and water meter, but otherwise I will spend whatever is necessary to have a
nice place to live and to show off to visitors who are EHS.
SWITCHES
One difference between the AC and DC houses is the switch used on the lighting circuit.
The standard toggle switch available at the Big Box stores for a dollar or two is not able to
open a 120 VDC circuit under load. There will be an arc at the contacts which will continue
until something burns down. One must buy a switch rated to interrupt DC at 120 V or more.
Mouser.com carries the DA284-73 rated for 8 A at 250 VDC or 16 A at 125 VDC for $11.38.
The screw terminals are not ideal for the 12 or 14 gauge solid copper wiring usually used for
a lighting circuit, so other adjustments may be necessary. Digikey.com carries two switches
rated at 125 VDC with wire leads, the 111-16-73, 6 A,$7.14, and the 54-130, 8A, $7.88. Wire
nuts would be used to connect the switch to the lighting circuit. They also carry the 110-S-73,
125 VDC, 6 A, $7.14, with screw terminals.
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Chapter 3: Solar Panels
Photovoltaic (PV) panels have gotten cheap in the last few years, so are being installed in
large numbers, including by homeowners. One would assume that the Big Box stores would
carry in stock at least one or two brands and several of the popular sizes. But that does not
seem to be the case. One surfs the Internet, orders a particular panel, and waits for delivery
by a semi truck. (The appropriate panels are too large/awkward/fragile to ship by UPS). The
truck will deliver a pallet to a commercial address (that has a fork lift) for perhaps $150 or
to your home for perhaps $300 (or more depending on distance shipped). If you order from
Home Depot, you have the option of them shipping to either the store or to your home.
In March, 2020, I bought four 300 W Renogy PV panels from Home Depot ($1287 plus
tax), that I had shipped to the store (no extra cost). They came flat on a pallet, which they
loaded in the back of my full size F-150 pickup with their fork lift. I bought four 25’ lengths of
1.5” by 1.5” by 1/8” aluminum angle at the local steel and tubing supply house (significantly
less per foot than the same angle in shorter pieces at Home Depot). I had the supply house
cut the lengths in half so I could haul them in my pickup. The vertical angle pieces were
attached to the building with three 5/16” lag screws. The panels were mounted at a steep
angle to get maximum winter power, as seen in Fig. 2. They will help heat the all electric
building.
The model number is RNG-300D-G1. The maximum power is at Vmp = 32.2V and Imp =
9.32A. Open circuit voltage is Voc = 38.8V. Short circuit current is Isc = 9.71A. Efficiency is
18.44%. Dimensions are 64.57 × 39.06 × 1.57 in (1640 × 992 × 40 mm). Weight is 41.3 lbs
(18.7 kg). These are 60 cell panels.
The Renogy PV panels provide the lighting and part of the heating for my lab, working
fine for my experimental needs. My cabin will need more than 1200 W of solar panels so I
went on line to check out my options. I like to buy local/made in USA when possible so I
identified six manufacturers that have at least some manufacturing capability in the USA or
Canada. These are
1. Heliene Solar, Ontario
2. Mission Solar, San Antonio
3. Seraphim, Jackson, Miss.
4. Silfab Solar, Washington State
5. Solar Tech Universal, Florida
6. Sun Spark Technology, California
I decided to use Mission Solar panels for the first cabin. Other manufacturers will be
tested when additional cabins are built.
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Figure 2: Renogy PV Panels on Morton Building.
Solar panels for solar power plants rated at a few kW or more are mostly made of either
60 or 72 cells in series. The individual cells are typically squares about 6 inches on a side.
The 72 cell Mission Solar MSE385SR9S, 385W, 78.7” × 39.68” × 1.58” (close to 2 m by 1 m),
Voc = 48.53 V, Vmp = 40.84 V, Isc = 9.993 A, Imp = 9.426 A, efficiency = 19.11%, 52 pounds,
had a list price of $270.00 at www.solarpanelstore.com on 3/3/21, or 270/385 = $0.7013/Watt.
The Mission Solar MSE345SX5T is rated 345W, 1748×1054×40mm, (68.82”×41.5”×1.57”),
Voc = 41.00 V, Vmp = 33.37V, Isc = 10.92A, Imp = 10.34A, efficiency = 18.7%, 44.8 pounds,
list price $192.00 on 4/10/21 at www.thepowerstore, or 192.00/345 = $0.5565/W. The 60 cell
panel is shorter, lighter, easier to handle, and less expensive per kWh produced.
Solar panels are undergoing continual improvement so model numbers and precise performance measures change frequently. It is always good practice to get multiple bids. In the
Fall of 2020, I spent some time on the Internet and decided to try the Mission Solar brand.
I got several quotes from different vendors for 10 panels, and the Solar Panel Store in New
Castle, Colorado gave the best price. Then in March, 2021, I decided to buy a full pallet
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(26 panels) of the MSE345SX5T. The Solar Panel Store bid $238.95 per panel or $6212.70
total (plus shipping). I asked one other vendor, The Power Store, Alvarado, Texas, for a
quote. They bid $179.40 per panel or $4664.40 total (plus shipping of $464.37) or (4664.40 +
464.37)/((26)(345)) = $0.572/W. I am not sure why the difference was that great. Perhaps a
year from now, the industry would have adjusted itself to where the Solar Panel Store would
give the best price. The point is that a little price shopping can save you some money.
The pallet was delivered surprisingly quickly. They announced Monday that it was loaded
in San Antonio, Texas. It got to Colorado early Tuesday and to my lab Wednesday morning,
by FexEx Freight. The semi did not carry its own fork lift. The driver used a hand operated
lift like those seen at auto repair shops. His semi was parked with the rear aimed up hill, so he
asked me to help him push the pallet out once he lifted it off the floor of the truck. We rode
the truck lift gate up to floor level. He maneuvered the pallet to where it was almost falling
off the rear end on the lift gate. We rode the lift gate down. The pallet was now partly on
the gravel driveway and partly on the lift gate. He then just drove out from under the pallet.
I can remember teaching about alternative energy some 30 years ago, when solar panels
cost about $10/W, and telling the class that if the panels ever got to $1/W, they would be
economically competitive. It appears that day has finally come. Note that the cost of the
Renogy panels was $1287/1200 = $1.072 per watt, almost double the cost of Mission Solar
panels bought by the pallet. It would seem that buying by the pallet will always yield the
lowest cost per watt, assuming of course that one can actually use that number of panels. It
might be a good idea to plan on buying more panels than needed, and storing the extras, so
one always has a compatible panel to quickly swap for a panel damaged by hail, falling trees,
or gunfire.
The rated power output is obtained at standard conditions of 1 kW solar radiation per m2
and the panel aimed directly at the sun.The power output drops with increased cloudiness,
increased angle to the sun, and increased ambient temperature. The power output may exceed
the rated value slightly on a cold, clear day, especially if there is snow on the ground.
It is possible to build trackers that keep the panels pointed at the sun, but at this low
price for panels, the small amount of extra energy would not begin to pay for the tracker.
For fixed panels, the power output at any moment is given by the solar radiation in W/m2
times the cosine of the angle between the normal to the panel and the sun times the panel
area in m2 times the efficiency. Using spherical trigonometry to determine the angle can be
a bit tedious. The National Renewable Energy Laboratory (NREL) has written a nice online
program to do this, available at pvwatts.nrel.gov. You enter the tilt and the azimuth of the
panel and it gives you the monthly average integrated solar radiation on the panel surface in
kWh/m2 /day. Just multiply by the efficiency and the area of the PV cells and you have the
desired daily energy production. The solar radiation for the months of November-March is
about 5.6 kWh/m2 /day on average.
The area of the MSE345SX5T is (1.748)(1.054) = 1.842 m2 The estimated daily output
is then (1.842)(0.187)(5.6) = 1.93 kWh/day. We will continue with the design process of how

Design of DC House by Dr. Gary L. Johnson

February 21, 2022

Chapter 3—Solar Panels

3–21

many of what size panel to buy in a later section.
Note that solar panels degrade during use. The warranty on the MSE345SX5T is “Degradation guaranteed not to exceed 2.5% in year one and 0.7% annually from years two to 30 with
80.7% guaranteed in year 25.” Panels that produce 25 kWh per day when new will produce
closer to (25)(.807) or about 20 kWh per day in year 25. This makes life interesting for the
system designer! Should we design a system that barely meets requirements when new, or
one that comfortably exceeds requirements at year 25?
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Chapter 4: Lead Acid Batteries and Chargers
The most common battery for electric energy storage has been the lead acid battery. I
bought four 6V Trojan T-105-RE deep cycle batteries in 2013 that were in service until 2021.
If discharged slowly (100 hours from full charge to full discharge) they are rated at C100 = 250
Amp Hours. The nominal energy content is then 6(250) = 1500 Wh = 1.5 kWh. At a more
rapid discharge, 20 hours, they are rated at C20 = 225 Ah.
Trojan recommends charging their battery with constant current (0.10C20 to 0.13C20 up
to about the 90% charge level. This would be at a current level of (0.1)(225) = 22.5 A to
(0.13)(225) = 29.2 A. One then moves into the absorption mode where the battery voltage
increases to about 2.35 V/cell to 2.45 V/cell and the charging current drops to 0.01C20 to
0.03C20 or 2.25 to 6.75 A. The last 10% of the needed battery charge is done in absorption
mode. It requires about five hours if the charging current is 0.02C20 .
We can then remove the battery from the charger, or we can continue to charge at a very
low rate, just enough to replenish the battery losses. This is done by applying a float voltage
of about 2.2 V/cell to the battery. This float voltage can be attached to the battery on a long
term basis.
The state of charge of the battery is determined from the specific gravity of the electrolyte
and the open circuit voltage, as shown in Table 1.
Percentage Charge
100
90
80
70
60
50
40
30
20
10

Specific Gravity
1.277
1.258
1.238
1.217
1.195
1.172
1.148
1.124
1.098
1.073

Cell
2.122
2.103
2.083
2.062
2.04
2.017
1.993
1.969
1.943
1.918

12 Volt
12.73
12.62
12.50
12.37
12.24
12.10
11.96
11.81
11.66
11.51

24 Volt
25.46
25.24
25.00
24.74
24.48
24.20
23.92
23.63
23.32
23.00

Table 1: State of Charge as a Measure of Specific Gravity and Open-Circuit Voltage for
T-105-RE.
A twelve cell (24 VDC) battery will have an open circuit voltage of about 2.017(12) =
24.20 VDC at 50% SoC. I can draw power from the battery at 24.20 VDC less any ohmic
drop, but to charge the battery I need to apply (2.35)(12) = 28.2 to (2.45)(12) = 29.4 VDC.
We need a charge controller to connect the solar panels to a given battery pack. This is
almost universally done with MPPT (Maximum Power Point Tracker) circuits. These are able
to maintain the voltage and current at the panels at the values required for maximum power
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while supplying power to the battery at the required charging voltage. They are a really great
invention, but unfortunately they produce dirty electricity.
DEPTH OF DISCHARGE
To get long life, one should never fully discharge a lead acid battery. Trojan has prepared
a table of the expected number of discharge cycles during a lifetime versus the Depth of
Discharge (DoD), shown in Table 2.
DoD
20%
30%
40%
50%
60%
70%
80%

Cycles
4800
3500
2600
2000
1600
1300
1200

Table 2: Lifetime cycles versus Depth of Discharge for T-105-RE.
If the battery is discharged (0.8)(1.5) = 1.2 kWh each day, and recharged fully, it will last
1200 cycles or 1200/365 = 3.3 years. On the other hand if it is discharged only (0.2)(1.5) =
0.3 kWh/day, it will last 4800 cycles or 13 years. The cost of battery ownership might be
defined as the initial cost of the battery divided by the product of usable energy times the
expected number of cycles. The T-105-RE was priced at about $200 each on www.alte.com
on 3/4/21, making the ownership cost 200/((0.3)(4800)) = $0.139 per usable kWh cycle.
The cost of a twenty battery string (to get a voltage of (20)(6) = 120VDC) would be about
$4000. The usable energy would be (20)(0.3) = 6 kWh. Note that we can exceed this number
during emergencies, say 2-3 days per year, without shortening the lifetime significantly.
The weight of the T-105-RE is 62 pounds, far more than I can lift. It is a flooded battery,
requiring an inspection a few times per year to check the water level and add distilled water
as necessary. Individual battery voltages also need to be checked. If the voltages differ by an
excessive amount, an equalization process can be performed to bring them back into line.
The efficiency of a flooded lead acid battery is on the order of 88%. That is, about 12%
of the energy put into the battery is lost as heat and chemical reactions. The efficiency of
lithium ion batteries is much better, closer to 99%. Also, one can get a decent lifetime with
a greater depth of discharge. For all these reasons I will use lithium ion batteries in my DC
House.
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Chapter 5: Lithium Ion Batteries and Chargers
Lithium ion batteries have emerged as an alternative to lead acid batteries in recent
decades. There are many different chemistries, including lithium cobalt oxide (LiCoO2 ) or
LCO, lithium iron phosphate (LiFePO4 ) or LFP, lithium manganese oxide (LiMn2 O4 ) or
LMO, and lithium nickel manganese cobalt oxide (LiNiMnCoO2 ) or NMC. Large numbers
of lithium ion batteries are made for consumer electronics and for electric vehicles. Several
companies, including Battle Born, KiloVault, and SimpliPhi, make lithium ion batteries for
the renewable energy market.
The Battle Born BB10012 100 Ah, 12 V, 1.2 kWh, LiFePO4 battery (www.alte.com) lists
for $949. The weight is 30 pounds, the efficiency is 99%, and they claim 5000 cycles at a 80%
DoD. The ownership cost is then $949/(1.2)(0.8)(5000) = $0.1977 per kWh cycle. This is 42%
higher than the ownership cost for the T-105-RE, but the BB10012 has several features that
must be considered in this decision. It is more efficient (99% compared with perhaps 88 to
90%) so we might need fewer solar panels. It needs zero maintenance over the entire lifetime.
It needs no ventilation (does not emit fumes of any kind). It weighs half as much so I might
be able to install it myself. It has a sophisticated Battery Management System (BMS) built
in to the battery to protect it from shorts, overcharging, excessive discharging, unbalanced
cells, etc. I consider it to be a quite reasonable choice for those willing to pay for good quality
and long life with minimal malfunctions.
The cost of a 120VDC string of these batteries would be $9490, more than double the cost
of the equivalent T-105-RE string ($4000). The usable energy is also higher, 9.6 kWh versus
6 kWh.
Those with some technical ability may want to consider buying used lithium ion batteries,
either the 18650 cell used in laptops or batteries from an electric vehicle. Search YouTube
for Tesla Powerwall and you will find many examples. Using cells from dead laptops would
require the testing and connecting of literally thousands of these cells. I looked at the time
required to do this and decided to try recycled electric vehicle batteries first.
WHICH LITHIUM ION CHEMISTRY DO I NEED?
I started this DC House design knowing basically zero about lithium ion batteries, so I
spent considerable time on the Internet, perhaps 20 to 40 hours, reading about them. I want
12 and 24 VDC plus something around 125 VDC. The 12 and 24 VDC sources could be from
separate solar panels, charge controllers, and batteries, or from DC-DC converters connected
to the 125 VDC supply. If I decide to use three separate battery packs, should the chemistry
of all three packs be the same, or is there some good reason for using one chemistry for the
125 VDC system and a different chemistry for the others?
The website batteryuniversity.com lists the nominal voltage per cell and the range of
voltage per cell while charging and discharging. The Lithium Manganese Oxide (used in
electric vehicles) has a nominal voltage of 3.7 (or 3.8) V per cell and a range of 2.5 (or 3.0) to
4.2 volts per cell, while the Lithium Iron Phosphate has a nominal voltage of 3.2 or 3.3 volts
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per cell and a range of 2.5 to 3.65 volts per cell. A four cell Lithium Iron Phosphate battery
would have a maximum voltage of 4(3.65) = 14.6 VDC, basically the same as a lead-acid
battery being charged. We can set the minimum at 11.5 or 12 VDC, so that externally it
looks the same as a lead-acid battery. I think the Battle Born 12 VDC battery is considered a
drop-in replacement for a 12 VDC lead-acid battery. The Lithium Manganese Oxide chemistry
would have a maximum voltage of 4.2(4 cells) = 16.8 V, much too high to be considered a 12
VDC battery.
The same argument applies for a 24 VDC battery. Eight cells of Lithium Iron Phosphate
in series ‘naturally’ looks like a 24 VDC lead-acid battery. There is not a set number of cells
of other chemistries that ‘naturally’ look like a 24 VDC lead-acid battery.
I started this effort with Lithium Manganese Oxide cells from a Nissan Leaf and a Chevy
Volt, looking to supply LED lighting in the 120 to 130 VDC range. It turns out that a
maximum voltage of 4 volts per cell is a good value for a long life, so 32 cells in series would
have a maximum voltage of 128 VDC. I built a Arduino controller that connected my solar
panels to the battery when the battery voltage dropped to perhaps 124 VDC and disconnected
the panels at 128 VDC. This voltage range is close to the maximum power point of (4)Vmp =
(4)(32.2) = 128.8 VDC, so the efficiency is good. There is no dirty electricity produced by a
maximum power point tracker. I do not know of a MPPT that is built for this voltage, so my
design seemed to be a ‘natural’ fit to the problem.
But when I tried to extend my design to 12 and 24 VDC with the Lithium Manganese
Oxide cells, it just did not work. Six cells in series is not quite enough to work with a 24 VDC
load, and seven cells in series is too much. Therefore it appears that if I use separate batteries
for the three different voltage levels, the 12 and 24 VDC batteries need to be Lithium Iron
Phosphate. Any chemistry will work for the the 120/125/128 VDC battery. We just have to
adjust the number of cells in series to get a maximum voltage somewhere in the range of 125
to 130 VDC.
I now believe it to be true, without ever seeing a clear statement to that effect, that the
Midnite Solar charger “LI” setting only works for the Lithium Iron Phosphate chemistry. The
chargers I am familiar with will all charge lead acid batteries. Most will also charge lithium
ion batteries. I bought a Midnite Solar MNMPPT60DIY charger on 1/24/22 to charge either
a 12 V or a 24 V lithium ion battery. The User Manual is a 5” by 7”, 24 page document with
a tiny font. Many different parameters can be set from the menu, including five options for
the battery type: “SLD” (sealed lead-acid battery), “FLD” (open lead-acid battery), “GEL”
(gel battery), “LI” (lithium battery), and “USE” (user defined).
The User Manual does not say a word about different lithium chemistries, or that “LI”
will not be the right setting for some chemistries.
ELECTRIC VEHICLE BATTERIES
The battery in an electric vehicle (EV) is under warranty for a certain number of years
and/or a certain number of miles. If the effective battery capacity drops below say 70% of
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the capacity when new (called capacity fade), the manufacturer will replace the battery bank.
The old battery packs are either shipped to a recycling center or made available to the off grid
community. The battery pack spends the first third of its life in an electric vehicle, then the
second third of its life in an off grid house, then goes to a recycling center. With a reasonable
DoD, these old batteries could easily function nicely in an off grid setting for another 10 or
15 years.
Capacity fade is worse when the depth of discharge is greater. An all electric vehicle that
uses almost all the battery energy daily will have greater capacity fade than one that goes
back on the charger when the battery pack is half full. Heat will also increase capacity fade.
EV batteries last longer in Seattle than in Phoenix. These second life batteries need to be
housed in a battery storage space that is kept between 50o F and 90o F. High current flows
(high EV acceleration) will also shorten life.
Different strategies have the potential to significantly affect capacity fade. An all electric
vehicle like the Nissan Leaf, with minimal temperature control, will experience greater depth
of discharge and greater temperature extremes than a hybrid vehicle like the Chevy Volt,
which heats or cools the batteries to keep them in the best thermal range, and which just
turns on the internal combustion engine when battery current flow would be excessive.
The Idaho National Laboratory (INL) tested electric vehicle battery packs in the early
days (say 2011 to 2015). To this untrained eye, it appears that once they determined that
capacity fade was in an acceptable range, that EVs would run for 10 years or 100,000 miles
without needing a battery replacement, that the funding agencies lost interest. I have been
unable to find a detailed treatment of capacity fade that covered the full ten year/100,000
mile time frame. I have also been unable to find measurements on ‘Second Life’ batteries.
How does capacity deteriorate during years 11 to 20?
The Nissan Leaf tested by the INL started with a rated battery energy of 24 kWh. At
6696 miles on the odometer the measured energy was 21.0 kWh, and at 22,606 miles it was
17.9 kWh, a capacity loss of slightly over 25%. A footnote stated that the car had been in
two separate accidents, that it was frequently charged using DC fast-chargers, and that it was
tested in Phoenix, all of which “could have accelerated the degradation of the battery”.
If you Google “Idaho National Laboratory Nissan Leaf” you should find a report with two
voltage versus energy discharged curves, one for Beginning of Test (BOT) and the other for
End of Test (EOT). The adapted curves are shown in Fig. 3. The battery pack is charged to
a voltage slightly above 400 V (or 4.15 V/cell) and then discharged at a constant current of
C/3. If the rated pack capacity when new is 66 Ahr, then C/3 is about 22 A. The voltage
drops to 350 V in a nearly linear manner when it hits a ‘knee’ in the curve. The actual curve
is gently rounded rather than the sharp turn shown at the knee of my adapted curve.
Between 400 and 350 V (3.646 V/cell) the battery delivered 18.4 kWh at BOT and 15.4
kWh at EOT. Past the knee, between 350 and 240 V (2.5 V/cell), the battery delivered an
additional 2.6 kWh at BOT and 2.5 kWh at EOT. This additional energy could be used in
emergencies, but will shorten the battery life.
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Figure 3: Nissan Leaf Discharge Curves (adapted from INL).
The INL also tested a Chevy Volt in the same (2012) time frame. The rated energy was
16 kWh. At 8478 miles the measured energy content was 15.2 kWh and at 23,314 miles it was
14.9 kWh, a capacity loss of about 7%. Based on that one data point, the Chevy Volt battery
is preferred over the Nissan Leaf. From my Internet research, I get the impression that the
Chevy Volt made long battery life a much higher priority than that of a Nissan Leaf.
There are chop shops which acquire the old battery packs, separate them into individual
modules, test the modules, and sell on Ebay. When I started looking for EV batteries, there
were plenty of Nissan Leaf modules available, so that was my first choice.
Early versions of the Nissan Leaf had a battery bank of 48 modules. Each module contained
four cells in a series parallel configuration, 2S:2P. Therefore the full battery pack has 96 cells
in series and another 96 cells in parallel, 96S:2P. A module is shown in Fig. 4.
I bought 24 modules from www.greentecauto.com on 7/13/2020 at a list price of 8 modules
for $470 or $58.75 each. When new, their rating was 7.6 V and 64 Ah. If we multiply the
nominal voltage by the nominal Ah we get a nominal energy content of (7.6)(66.2) = 503 Wh
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Figure 4: Nissan Leaf Module.
per module, and (48)(503) = 24 kWh total.
The average capacity for this set of Nissan Leaf modules was about 43 Ah when removed
from service. The 43 Ah was measured by www.greentecauto.com by discharging the fully
charged module from 8.3 V to 5 V at a 20 A rate. The module will survive this heavy discharge
but life will be longer with less aggressive treatment. For design purposes, we might consider
using a maximum charge voltage of 8.0 V rather than 8.3 V (or 4.0 V per cell). I made the
design decision to use 16 modules in series, producing what I will call a 128 VDC battery, as
shown in Fig. 5. The modules are held together with 5/16” all thread bolts. The modules are
spaced apart by the thickness of a 5/16” nut, to allow for some air circulation and cooling.
I made jumpers to connect from plus to minus of adjacent modules from copper strap.
Bare copper wire of 12 gauge size or larger would work as well. Some people make jumpers
from 3/8 or 1/2 inch copper tubing that has been mashed flat with a large hammer. I would
hesitate to use aluminum jumpers for the same reasons we do not use aluminum wiring in our
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houses. The aluminum will eventually oxidize, becoming aluminum oxide, a non conductor.
(Copper also oxidizes but copper oxide is a conductor.) Aluminum also tends to ‘flow’ such
that a tight screw becomes loose over a period of years. Resistance of a connection increases,
causing a hot spot, and even a fire.

Figure 5: Nissan Leaf 128 VDC Battery Pack.
I consider the Nissan Leaf modules a good choice for someone with average technician
skills. Note that the 48 modules in a Leaf will make three of the battery packs shown in
Fig. 5. These can be connected in parallel to get a greater battery capacity.
I connected the Nissan Leaf battery pack to a circuit of 11 overhead bulbs in my shop.
All bulbs are 100 W equivalent LED bulbs that work nicely over a voltage range of perhaps
100 VDC to 150 VDC, constant power input and constant light intensity output. The total
current to the circuit is 1.06 A at a voltage of 127 VDC. The bulbs are turned on for about 8
hours/day while I am in my shop. Daily energy use is on the order of (127V)(1.06A)(8Hr) =
1.077 kWh per day.
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The claimed efficiency for the Renogy panels is 0.1844 and the active area is about 1.46
Assuming an average daily solar intensity of 5.6 kWh/m2 , the average daily output of the
four panel string would be (4)(0.1844)(1.46)(5.6) = 6 kWh/day. This is six times the energy
required by the LED lighting per day so I can look for additional loads, to better utilize the
panel capacity.

m2 .

My lab is heated with electric baseboard heaters. It requires 20 to 25 kWh per day in cold
weather. I might get close to 5 kWh per day from the solar panels, which will help the utility
bill a little.
CHEVY VOLT
On 6/3/21, I called the local salvage yard to ask about electric vehicle battery packs.
They had just acquired a 2017 Chevy Volt with 17,000 miles on it, and offered the battery
pack for $2500 plus tax. The nominal energy content (100% depth of discharge) is 18.4
kWh. The age and mileage are such that little degradation has occurred, so we can do simple
calculations using the rating when new. The cost per rated kWh is $2500/18.4 = $136/kWh.
This compares with the cost of the Trojan battery mentioned earlier of $200/1.5 = $133/kWh.
The longer life and better efficiency of the Lithium ion batteries suggest that the Volt battery
pack at that price at least has the potential of being a ‘good deal’.
They did not take personal checks so I pulled out my debit card, which was declined! It
turned out that my bank imposed a $2500 limit on my card, even though there was ample
cash in the account. After a half hour on the phone and Internet, I managed to get it paid
for. After they had their money, they pulled the vehicle into their shop to remove the battery
pack. First order of business was to remove a large jumper that electrically separated the
battery into two sections, then wait two hours for the capacitors in the inverter to discharge.
They called about four hours later, that the battery pack was ready to be picked up. I backed
up to an open garage door with my Ford F-150. The pack was on a sturdy cart. Four strong
guys picked up the 400 pound lump and put it into the pickup.
The individual Lithium ion batteries are mounted on a steel plate and then covered with
a fiberglass cover. The cover is “tee” shaped, about 38” across the “top” portion (outside
dimension including flanges) and 65” tall. There are seven clusters or packs where individual
cells are packaged together as a unit. Cells are connected in a 96S-2P format, 96 cells in series
and another 96 in parallel, for a total of 192 cells. I measured the weight of one cell as 19.5
oz, so the weight of 192 cells is 234 pounds.
The cells are heated in cold weather, and cooled in hot weather, by a liquid cooling
system. The cells are approximately 6.45” wide by 9.15” tall. The plus and minus plates are
a thin foil tab and extend out the “top” of the cell. The cells are nested into plastic forms
that contain two manifolds for carrying the coolant. There are thin metal plates that are
sandwiched between the cells that carry coolant from one manifold to the other. Each cluster
is a sandwich of cells, plastic forms, and metal plates pressed together with enough force to
prevent the coolant from leaking.
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Construction of a cluster proceeds by placing two cells adjacent to each other in parallel
(plus to plus and minus to minus). One polarity is spot welded to a copper foil connected to
a terminal. The other polarity is spot welded to one side of a U-shaped copper foil the same
length as the cell tab. Then two more cells are placed adjacent to the first two, but oriented
plus to minus. The two tabs touching the other side of the U-shaped foil are then spot welded
to it. We move to the other side of the cluster and repeat the process.
There are three clusters of 16 double cells, containing (3)(16)(2) = 96 cells, and four
clusters of 12 double cells, containing (4)(12)(2) = 96 cells, in the Gen II Chevy Volt battery.
A cluster of 12 double cells is shown in Fig. 6. I have put in two 1/4” all thread bolts in
the openings used for flow of coolant to prevent the cluster from expanding at the bottom.
Otherwise it is just as removed from the Chevy Volt. If charged to a voltage of 4 volts per
cell, this would be a 48 VDC battery.

Figure 6: Chevy Volt 12 double cell cluster.
The three clusters in the top of the ‘tee’ are bolted together with long bolts, which must
be removed to separate the clusters. The top of each cluster is held together in a fixed spacing
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Figure 7: Chevy Volt 16 double cell clusters in series to form a 128 VDC battery.
by the spot welded connections. The bottoms of the clusters expands due to the pressure of
assembly. I then put in two lengths of quarter inch all thread bolt into each cluster to provide
some stability. The liquid coolant leaks out during this process, making a mess. I did the
disassembly outside in the back of my old pickup. The coolant looks and feels like a light
weight oil but evaporates cleanly from concrete floors that it drips on.
As mentioned I can use two of the seven ‘clusters’ to make one 32S-2P battery pack. The
remaining 128 cells must be disassembled down to the individual cell , then reassembled into
appropriate packages. A series connection of 32 single cells (32S-1P) weighs 39 pounds, which
most of us can lift, so it makes sense to put the 128 cells into four packages. A 32S-1P battery
pack is shown in Fig. 8.
I put the 32S-2P pack in parallel with the 32S-1P pack for long term testing in my lab.
This uses 96 cells or half the total Chevy Volt complement. The Chevy Volt pack is rated
at 18.4 kWh when new, so I am testing a nominal 9.2 kWh battery pack. I then paralleled
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Figure 8: A Chevy Volt 32S-1P (128 VDC) battery pack.
the 16 Nissan Leaf modules with the Chevy Volt pack. The original rating of the 48 module
Nissan Leaf pack is 24 kWh, so my 16 modules would have a new rating of 8 kWh. So I am
powering my lab with a combined battery pack with a new rating of 8 + 9.2 = 17.2 kWh.
LITHIUM ION BATTERY CHARGER
Each battery chemistry has its own ‘optimum’ charging pattern. A lead acid battery is
charged in three stages: constant current until a maximum voltage is reached, constant voltage
until the charging current drops to a low value, and then a float voltage to offset the battery
self discharge. The maximum voltage is in the range of 2.30 to 2.45 volts per cell. Battery
life is greater at the low end of the range but sulfation may occur and charge times are long.
Flooded lead acid batteries will need more water added at the high end of the range. The
float voltage is in the range of 2.25 to 2.27 V per cell.
I have been unable to find really authoritative pronouncements on what a ‘good’ charging
range should be for the electric vehicle batteries. What numbers should we select for maximum
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Figure 9: Discharge curves.
and minimum voltages that will give long life? One site (www.schultzengineering.us) selected
390 and 335 VDC as the ‘extreme’ limits for long life operation for the Chevy Volt, keeping
away from the knees of the charge curve, and then 380 and 340 VDC as the ‘safe’ limits for
really long life. This translates to 4.06 and 3.49 VDC per cell ‘extreme’, and 3.96 and 3.54
VDC per cell ‘safe’. Two clusters of 16S-2P cells can be connected in series (combined 32S-2P)
to have a voltage range of 113.28 to 126.72 VDC for ‘safe’ operation.
This is the same cell configuration as what I have been testing with the Nissan Leaf
modules. Early results suggest that this is a good voltage range. LED light bulbs are happy.
Cookware modified to work on DC should be indifferent to whether the voltage is 120 VDC
or 120 VAC. This means that one third (64 out of 192) of the cells in the Chevy Volt battery
can be immediately reused in my off grid system.
Table 3 shows four possibilities. The first two rows (‘Minimum’ and ‘Good’ Life) were
found for the Nissan Leaf battery and the second two rows (‘Good’ and ‘Better’ Life) were
found for the Chevy Volt. It is seen from Table 3 that 16 modules in series produces a ‘Better’
voltage range between 113.28 V and 126.72 V, very similar to the allowed voltage range of 114
VAC to 126 VAC for our nominal 120 VAC systems. A minimum voltage in the range of 110
to 115 VDC will be just right for my LED bulbs, and also for cookware (hot plates, cookers,
etc. modified to operate on DC), so we will proceed with these values until experience shows
us better values.
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I charged the combined pack to about 128 VDC, then separated the two packs and discharged them one at a time through a Extech wattmeter and a fixed resistor of about 14.5Ω.
The curves of voltage versus energy discharged are shown in Fig. 9. I get about 3 kWh from
the Nissan Leaf battery before hitting the knee of the curve, and almost 6 kWh from the
Chevy Volt before the knee. I did not test the discharge all the way to 2.5 V/cell, in the
interest of protecting the battery life, but a visual projection suggests I could perhaps get 4
kWh from the Nissan Leaf and 7 kWh from the Chevy Volt packs. The capacity fade of my
Nissan Leaf battery is much worse than that of my Chevy Volt battery!
If I maintain the maximum and minimum voltages according to ‘Better’ of Table 3 I get
3.02 kWh from the Nessan Leaf and 4.71 kWh from the Chevy Volt. If I assume 5000 cycle
life, the ownership cost for the Nessan Leaf is $940/(3.02)(5000) = $0.0622 per kWh cycle,
and $0.052 per kWh cycle for the Chevy Volt.
Life
Minimum
Good
Good
Better

1 cell
4.15-2.5
4.1-3.6
4.06-3.49
3.96-3.54

12 V
3 cells
12.45-7.5
12.3-10.8
12.18-10.47
11.88-10.62

24 V
6 cells
24.9-15
24.6-21.6
24.36-20.94
23.76-21.24

28 V
7 cells
29.04-17.5
28.7-25.2
28.42-24.43
27.72-24.78

128 V
32 cells
132.8-80
131.2-115.2
129.92-111.68
126.72-113.28

Table 3: Battery life for various charge voltages

The circuit that is being controlled by my Arduino is shown in Fig. 10.
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Figure 10: Charge Controller.
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PV+ and PV- are the terminals from the series string of photovoltaic panels. Electrically
solar panels are a long string of diodes that would tend to discharge the battery at night.
Diode D1 prevents this from happening. Switch S1 isolates the panels and S2 isolates the
battery while maintenance work is being done.
The resistor marked INA260 is actually a 2 mΩ current sense resistor for the precision
INA260 current and power monitor, available from Adafruit.com. The INA260 is mounted
as a daughter board on the data logger board which in turn is mounted on the Mega 2560.
It works for voltages up to 36 VDC and currents up to 15 A. The PV+ open circuit voltage
can be over 150 VDC so a voltage divider is necessary to get a proper voltage VBUS to the
voltage input circuit of the INA260. One then multiplies VBUS by the inverse of the voltage
divider ratio, in software, to get the actual voltage.
The boxes marked SSRx are solid state relays. Crydom is a well known name among
manufacturers. The Crydom D4D12 is a black plastic box about 1.75” by 2.25” by 1” and
rated to open loads at voltages up to 400 VDC and carry up to 12 A. The control signal
can be any DC voltage between 3.5 and 32 VDC. I go to digikey.com, click on solid state
relay, then select Active, In Stock, and DC, and get a list of 315 devices made by 18 different
manufacturers. When I click on Sensata-Crydom, the list shrinks to 122 devices. They carry
the D4D12 for $107.92 each. There were several of the D4D12 on Ebay, used or new open
box, for $39 to $70.
Be sure to get relays rated for DC. The AC relays cannot open DC to a load.
In my lab there are a total of nine SSRs in parallel (SSR3 through SSR11), each controlling
an incandescent light bulb, marked LB in the circles. An old electrician retired and gave me
a large stock of 52 W and 200 W, 130 VAC, incandescent bulbs. I mounted five of the 200 W
and six of the 52 W bulbs on the wall above a cluster of three file cabinets, for a nominal load
of about 1300 W when all are on. The nominal maximum power of the PV panels is 1200 W
under standard conditions, but this can be exceeded under unusual circumstances (very cold
with snow on the ground reflecting sunlight onto the panels).
PV panels are basically constant current sources for a given level of solar radiation. They
supply this current at load voltages ranging from zero (a short circuit) to Vmp , the maximum
power voltage. Above this voltage the current declines rapidly until it reaches zero at Voc , the
open circuit voltage. The output power V I increases almost linearly from zero voltage to Vmp ,
then declines rapidly back to zero. We get the most possible energy from our panels if we are
able to change the load to maintain the load voltage at about Vmp . When the solar radiation
drops by a factor of one half, the current drops by the same amount, and the resistance must
be doubled to keep the voltage at the right value. The Mega 2560 connects and disconnects
light bulbs until the voltage is in the general range of 110-130 VDC. It calculates power,
then connects a 52 W bulb. If the new power is greater than the old power, the bulb is left
connected. Otherwise it is again disconnected. I believe this process gets us within a few
percent of the optimum energy production for a given set of PV panels.
The battery supplies power to the overhead lights (eleven 100 W LED bulbs) and other
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loads like the monitor, hot plate, etc. at the junction marked LOAD. The 15A fuse will
hopefully prevent a catastrophic discharge of the battery if the load develops a short. If
switch S2 is opened while the battery is being charged, the LOAD voltage will rise to the
140-150 VDC level from the charging voltage of perhaps 125-130 VDC. The LED bulbs are
happy at 150 VDC, which is not necessarily the case for other loads.
The Arduino Mega 2560 reads the PV panel voltage from the INA260 and the battery
voltage VB with the Mega on-board analog to digital converter (ADC). When VB drops below
some selected value, say 123 VDC, the Mega turns SSR1 off and SSR2 on, to charge the
battery. When VB rises above say 128 VDC, the process is reversed. SSR1 is left off during
warm weather months when no lab heating is required.
It is important to note that solid state relays only block current in one direction. Consider
the case where the battery is fully charged, SSR2 is off and SSR1 is on, as well as some of
the SSRx, and the sun goes down. Without a diode D2, battery current will flow up through
SSR2 and discharge the battery through the incandescent bulbs LB.
USED BATTERY AVAILABILITY
In July 2020 www.greentecauto.com had plenty of Nissan Leaf batteries at a price less
than $60 per module. This was not the case in February and March 2021. They showed a
Gen 1 Nissan Leaf module for $80, Out of Stock, and one lot of 48 Gen 1 modules for $2800,
Out of Stock. Ebay had one seller on 3/5/21 with Gen 1 modules for $90 each. Apparently
the supply has dried up.
I checked on www.car-part.com for Nissan Leaf 2012 model battery with battery warmer.
They listed 19 battery packs with a price range of $2500 to $4500, with the nearest one 475
miles away.
One option to get batteries would be to buy a functional electric vehicle that is no longer
under warranty, say from www.craigslist.com, with batteries at the 70% capacity level. We
drive it to the nearest junk yard and ask for a bid on the vehicle when it is missing its battery
pack. We drive the vehicle home, put it up on jacks, and drop the battery pack. We then
push the vehicle onto a trailer, haul it back to the junk yard, and collect a few hundred dollars
for it. If we have extra modules left over, we keep them for spares or sell them on Ebay.
A second option would be to call the local junk yard every week or two, and ask about
the availability of an electric vehicle battery pack.
A third option would be to buy an EV at auction. This could be a challenge. In Colorado
and many other states, it is not legal for an individual to buy a car at some of the auctions
(the ones with the most cars). One has to hire a broker, who buys the car and then resells it
to you, for a fee of course. The car shows up at your front door on a flat bed truck. You take
out the battery pack and take the remainder of the vehicle to the local junk yard.
The clusters with 12 double cells would have a nominal terminal voltage of about 48 VDC,
hence might be used ‘as is’, without separation into single cells and spot welding back together.

Design of DC House by Dr. Gary L. Johnson

February 21, 2022

Chapter 5—Lithium Ion Batteries

5–38

I have another application involving eight 100 W PV panels, approximately 20 V and 5 A
each, connected series parallel in the rack as 80 V and 10 A. I need 120 VAC at that site to run
an air compressor. I bought a combination inverter/charger, the MidNite Solar MN3548DIY,
which will both charge a 48 V battery from the existing PV panels, and generate 120 VAC as
needed. It would probably make me ill if I had to be near it for any amount of time. but in
this case, I can turn it on and run to a place where the fields are low.
I found the disassembly and reassembly of the Chevy Volt cells very challenging! It took
all the experience and cleverness that I possess, plus a good dose of dumb luck, to get what
I hope will be a reliable 128 VDC battery pack. My recommendation for all but the very
proficient technicians is to stick with the Nissan Leaf module (and other manufacturers with
similar technologies) where we do not need to cut and spot weld thin metal strips. Or just
buy individual Lithium Iron Phosphate cells and connect an appropriate number of cells in
series.
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Chapter 6: 125 VDC
LIGHTING
I will consider only electric lighting in this building. Fumes from propane lamps, coal oil
lamps, candles, etc. are simply unacceptable in a tight space. There are two competitors,
incandescent and light emitting diode (LED). Incandescent can be considered the ‘gold standard’. It has minimal impact on those with EHS, even those who are also photosensitive.
However, LEDs use about one fourth the power to produce the same amount of light. Solar
panels are getting cheaper, but batteries are not. Lighting is needed primarily when the sun
is not shining, so the power must be stored in batteries. We can buy a given amount of solar
panels and batteries for an LED system or four times as many solar panels and batteries for
the same light levels with incandescent bulbs. The difference is significant in terms of cost,
space, and maintenance, so we need to look carefully at LED lighting.
LEDs are available in two forms: bulbs that are direct replacements for 120 VAC light
bulbs, and adhesive backed strips that operate on 12 or 24 VDC. I have investigated both
forms in some detail. My shop is lit with LED bulbs and both bulbs and strips are in regular
use in my home. Some LED bulbs produce large amounts of dirty electricity, so obviously I
do not use those. Clean LEDs seem not to affect me to any significant degree.
I see comments on the Internet about people who are affected by LEDs. I assume this
is due either to accidentally using the dirty LED bulbs, or to a reaction to the LED light
spectrum. (LEDs tend more toward blue light and incandescents more toward red). My guess
is that well over half the EHS population will feel fine while using clean LEDs so I will proceed
with that choice.
I do not want to use an inverter because of the 60 Hz fields and the dirty electricity
produced by inverters. Lighting voltage must therefore come from batteries. This voltage will
vary with the state of charge and whether the batteries are being charged or not. We therefore
are looking for LED bulbs that work on DC, and over an appropriate range of voltage.
In July 2020 I tested 19 different bulbs, 3 by ACE, 1 by Cree, 3 by EcoSmart, 2 by
Feit, 3 by Great Value, 1 by Green Light, 5 by Phillips, and 1 by Satco. All worked with
minimal variation in light intensity from 110 VAC to 140 VAC. Eleven maintained a fixed
light intensity down to 100 VAC. All bulbs worked for 140-160 VDC. One EcoSmart, both
Feit, 2 Great Value, and 3 Phillips bulbs worked for 110-160 VDC.
I also tested for dirty electricity by plugging a Stetzer meter into the same 120 VAC circuit
with a bulb. The background Stetzer reading was about 40 Stetzer units. Fifteen of the bulbs
did not change the Stetzer reading by more than 3 or 4 units, except for one Phillips bulb
that increased it by 15 units. One of the Feit bulbs increased the reading by 400 units, one
of the Great Value bulbs increased it by 150 units, one of the Phillips bulbs increased it by
240 units, and another of the Phillips bulbs increased it by 80 units. These four bulbs were
rejected from further consideration.
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There were four bulbs that worked down to 110 VDC and had relatively little dirty electricity; the Ecosmart A6A19A100WUL01, the Feit A1600/830/10KLED/6, the Great Value
A191011, and the Phillips 9290011351A. The Phillips bulb increased the Stetzer reading by
15 units, enough for concern but not enough for automatic rejection, especially if the first
three bulbs were not available.
In December 2021 I went to Walmart and bought some more of what I thought was the
Great Value A191011. The box was identical to the boxes I had bought earlier, same SKU,
same price. When I got home I looked at the bulbs and found I had bought the A191017. It
does not work on 100 to 120 VDC!
Two terms need to be defined. The lumen (lm) is the “total” light radiated by the bulb. It
may be called the luminous flux or the luminous power. The illuminance is the light incident
on a surface, in lm/m2 or lux. It is recommended that a family living room have at least 50
lux. Hallways and toilets in an office building should have 80 lux. Working areas in an office
building should have 320 to 500 lux. Very detailed work may require 2000 lux. I personally
like a well lit space, in the 200 to 500 lux range.
At 120 VDC the Ecosmart used 13.9 W and had a light intensity of 2161 lux/W, the Feit
used 11.4 W and produced 2471 lux/W, the Great Value A191011 used 13.5 W and produced
2420 lux/W, and the Phillips used 12.7 W and produced 2762 lux/W.
I have done tentative designs for both the 24 VDC strips and the 125 VDC bulbs. The
125 VDC design is presented here and the 24 VDC design in a later section.
My shop has a room of 86 m2 that has 11 LED bulbs in the ceiling, all rated at 100 W
equivalent or about 1500 lumens. These are connected to a battery bank of 16 Nissan Leaf
modules in series or to a battery bank of 32 Chevy Volt cells in series. I try to maintain the
terminal voltage between 120 and 130 VDC. Power input and light output of the bulbs are
nearly constant over this voltage range. At 125 VDC the current is about 1.06 A, for a power
of (125)(1.06) = 132.5 W. In an eight hour day, the energy consumed is (132.5)(8) = 1.06
kWh.
If all the lumens were radiated downward, the light intensity would be (11)(1500)/86 =
192 lux. Measured lux level at chest height is between 60 and 140 lux. (Some of the lumens
are directed to the side or up, rather than down toward the floor.) This measured level is
acceptable for most activities. I use a floor lamp or table lamp when more light is necessary.
We are now ready to do a lighting design and power budget. The cabin under design has
four rooms: bathroom 5.2 m2 , closet 4.2 m2 , bedroom 13.0 m2 , and living/kitchen 39.3 m2 .
Six bulbs in the living/kitchen would yield a lux level of (6)(1500)/39.3 = 229 lux, if all the
lumens were directed down. Two bulbs in each of the other areas would yield lux levels of
(2)(1500)/5.2 = 577 lux for the bathroom, 714 lux for the closet, and 231 lux for the bedroom.
The living/kitchen bulbs will be wired on at least two switches so lower light levels can be
selected.
I will assume that I will have three 100 W equivalent LED bulbs on for 16 hours per day.
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The lighting load (e.g. the Ecosmart bulb) would then be (3)(13.9)(16) = 0.67 kWh per day
or (3)(13.9/120)(16) = 5.56 Ah per day.
If all 12 bulbs in the cabin were on at the same time, the power would be about (12)(13.9)
= 167 W and the current about 1.34 A.
The availability of LED bulbs that work on 120 VAC and also on 110-150 VDC allows
the use of ‘conventional’ wiring equipment, the same 14 or 12 gauge wire and the same light
fixtures and bulb sockets. We just have to use light switches rated for 125 VDC.
125 VDC COOKING
I use a rice cooker to prepare breakfast, a small hotplate to fry eggs for lunch, and a
popcorn popper for a Sunday evening snack, all counter top appliances that typically operate
on 120 VAC. I might use a slow cooker to warm food for the evening meal. The cookers and
hotplate all must be modified to operate on DC. They all have a bimetallic strip that expands
and contracts with temperature changes to close and open electrical contacts. These contacts
are guaranteed to fail if used with DC. What must be done with each device is to rewire it with
the contacts controlling a solid state relay, which in turn will operate the heating element.
I have no problem in eating directly from the can or jar. On a gloomy winter day with
the batteries not at full charge, I would just cook less or not at all. But for budget purposes,
I will estimate using a 300 W rice cooker (or equivalent hot plate or slow cooker) for one hour
per day. This contributes 0.3 kWh or 2.5 Ah.
125 VDC ELECTRONIC LOADS
The input power supply of monitors, computers, printers, etc. that just plug into a 120
VAC outlet probably rectifies the AC immediately and then uses pulse width modulation to
convert that DC voltage into the DC voltages needed by the device. Such devices may work
just fine when plugged directly into our 125 VDC system. Certainly my 40” HiSense TV that
I use for a monitor does. A crude way of testing would be to measure the rms current of the
device while operating normally on 120 VAC. The HiSense draws 37 W and 0.49 A at a 0.61
power factor on 120 VAC. Then apply 125 VDC through a DC ammeter and a switch. There
may be a transient when turned on, but after a second or two, the direct current should be
about the same as the rms current on AC. If significantly more, turn the switch off and hope
you did not destroy your device.
If I assume operation 12 hours per day, the monitor uses (37)(12) = 444 Wh/day or 0.44
kWh.
DOMESTIC HOT WATER
I need to be able to wash clothes on site, to avoid MCS issues with detergents. According to
the Internet, cold water can be used to wash clothes, with these possible exceptions: polyester
fabrics, cold water below 60o F, and a ‘cheap’ detergent that will not dissolve completely in
60o F water.
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I plan to use rainwater as my water supply, which, during the winter, will enter the holding
tank as snow melt, less than 40o F. Even in warm weather, rain in this dry climate will cool
the air off by perhaps 20o F, so we would not get much water into the storage tank at greater
than 60o . The holding tank will be in the unheated utility room, which could easily drop
below 60o F in the winter.
The detergent that I find to be kind to my skin and also kind to my garden watered by
gray water might not dissolve well at 60o F. For design purposes, I think I need to assume
using some hot water for clothes washing.
I also need hot water for the occasional shower. As a very crude estimate, I will assume I
need 10 gallons of hot water for each shower and for each load of wash. The worse case would
be in the winter when the holding tank might drop as low as 40o F. The energy required to
raise 10 gallons of water from 40o to 120o F is (10)(8.344)(120 − 40) = 6675 BTU = 1.96 kWh,
or about 2 kWh.
I will use a large hot water tank for space heating (to be discussed later), but this should
not be used for domestic hot water (DHW) because the temperature may be well above 120o F,
high enough to quickly burn flesh.
On 10/28/21 I bought a 40 gallon Rheem electric hot water heater from Home Depot for
$427 plus tax. This is a ‘bottom of the line’ heater, with a 6 year warranty. I positioned
it centrally in my shop to serve as an experimental unit to test concepts on water heating
with solar panels and batteries. It will be heated with the ‘surplus’ solar panel energy not
needed for lighting or other applications. The standby losses will help heat the building in
cold weather. I could not find where Rheem published the standby losses for their heaters
so I will measure the losses. I filled the tank with a garden hose through the cold water
connection. On the hot water connection, I placed a Walmart plastic gallon food container
as an expansion tank. The garden hose was removed after the one time filling so the heater
operates at atmospheric pressure. The expansion tank allows the water in the tank to expand
with increasing temperature without pressurizing the tank.
The Rheem heater is a dual element heater, with a nominal 4500 W (at 240 VAC) element
close to the top and another 4500 W element mounted toward the bottom of the tank. Each
element is controlled by its own thermostat, and interconnected so only one element is hot at
any time. At startup, or whenever all the water in the tank is cold, only the upper element
is turned on. It heats only the top 10 or 15 gallons in the tank (hot water tends to stratify
on top of the colder water below). This smaller amount of hot water is available in about one
third the time that would be required for the lower element to heat the entire tank. Once
the water temperature reaches the desired value in the upper tank, the upper thermostat
switches power to the lower element, which then proceeds to heat the remainder of the tank.
In practice, the lower element does over 90% of the water heating, and therefore is usually
the first element to fail.
The resistance of each element was measured at 12.7 Ω. The dissipated power in a 12.7
Ω resistor at 240 VAC is (240)2 /12.7 = 4535 W, very close to the claimed 4500 W. In this
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case the element will be connected to a nominal 125 VDC system, so the power rating would
be (125)2 /12.7 = 1230 W. The nominal rating of the solar panels is 1200 W and there is
a constant lighting load of about 130 W while I am in the building, so the battery will be
discharging whenever the heater is asking for power. There will be a solid state relay (SSR)
connecting the battery to the heater. The charge controller that connects the solar panels
to the battery when the battery needs charging can also connect the battery to the heater
element when the battery voltage is say in the top half of its charge/discharge range. That
connection will need to be in series with the heater thermostat, so the SSR is turned off when
the battery is low OR when the heater is at the set temperature as shown in Fig. 11. I assume
the thermostat will not reliably interrupt 125 VDC at 10 A, but will interrupt 12 VDC at a
few milliamperes.
If I connect the element to 125 VDC, the current is 125/12.7 = 9.84 A. The Crydom
D4D12 rated at 12 A should work, but the safety factor would be better with a design rating
of 20 A. Digikey.com options include the D2D12K ($79.90, 200 V, 12 A), the D4D12 ($107.92,
400 V,12 A), the DC200D20 ($105.35, 150 V, 20 A), and the DC400D20C ($125.07, 300 V,
20 A). They carry units with higher voltage and current ratings as well, at somewhat greater
costs.
If the failure mode of a solid state relay is open circuit, then I have no hot water until I
trouble shoot the system and replace the relay. However, if the failure mode is short circuit, as
seems to be common, then power continues to be applied after the set temperature is reached.
Eventually the overflow valve on the heater will open and spray hot water on the floor (in
a pressurized situation). In my case, steam bubbles will rise into the expansion tank above
the hot water tank terminal. It is therefore important that this SSR be of good quality and
properly rated.
I tried to save a buck and bought several FDR1 DD220D60 relays on Ebay, rated at
220 VDC and 60 A, for about $35 each, including shipping from China. The company is
Fulrd Corporation. I put one between the battery, voltage around 125 VDC, and the heating
element, and applied 12 VDC to the control circuit. It turned on as expected. After an hour
or two, the temperature of the SSR had risen to about 90o F. I removed the 12 VDC and the
unit did not turn off! It had failed in short circuit mode. I replaced it with a second unit,
with exactly the same result. The 60 A rating must refer to a brief surge of a few seconds,
with the ‘true’ continuous current rating of no more than perhaps 6 A. Looks like this is a
case where you pay for what you get!
Even a good quality SSR can fail in a closed state, resulting in a drained battery and an
overheated water tank, which obviously needs to be prevented. All electric water heaters are
supplied with a high limit control switch that removes power if the water temperature reaches
170o or 180o F. This is a double pole switch that opens both legs of the 240 VAC supply. It is
the top portion of the upper thermostat. I will attempt to connect the two contacts in series,
such that the distance is doubled for quenching the DC arc, which should be able to interrupt
the arc. On the hopefully rare occasions when the arc is not interrupted, there is another
layer of safety, the pop off valve on the heater that releases boiling water before the heater
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Figure 11: Water heater wiring.
explodes.
Earlier, I calculated that a single Mission Solar panel would produce 1.93 kWh/day on
average in the winter months in Rockvale. There will be four panels in series, so the total
energy production would be 7.7 kWh/day, on average. My guess on lighting, cooking, and
monitor needs in the cabin was 0.43 + 0.3 + 0.44 = 1.17 kWh/day, leaving 7.7 - 1.17 = 6.53
kWh/day for other loads. This should be plenty for the occasional shower and load of wash.
PV FOUR PANEL RACK DESIGN
Once we select four of the 60 cell PV panels for this application, we need to mount them
on some sort of rack. This might be a roof mount, a ground mount, or a mount on the south
side of a building (using the wall of the building as a large part of the mount structure). These
panels are used all year, so a tilting capability is desirable, to optimize energy production.
My first cabin has the wrong orientation for a roof mount. I will reserve the wall mount space
for PV panels used just for the heating season, such that there is no need to adjust the tilt.
That leaves us with a ground mount rack.
I assume there are dozens of companies selling DIY racks suitable for four 60 cell panels,
but a quick search of the Internet did not reveal them to me. There are hundreds of YouTube
videos about ground mount racks, but I was unable to find one that dealt with rack design
issues. So I decided to try designing a four panel rack. Design criteria include static and
dynamic strength, expected life, availability, ease of assembly, and cost.
The first choice is wood versus steel (or maybe aluminum). The solar panels have an
expected life of 25 years or more, so the rack should last at least as long. About half of the
YouTube videos are of wood racks, so wood is commonly used. It is my guess that wood
will not last as long as properly treated metal. Morton Building has been making pole barns
for over a hundred years, using treated lumber in the ground. They are now bragging about
“getting the lumber out of the ground”, using a concrete or metal footing, so even the experts
are shifting away from planting wood in the ground. Treated lumber has been treated with
some very undesirable chemicals, which can be assumed to leach into the soil and air around
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the posts. So I decided to use steel.
There is a supply house for metal products a few miles away, selling tubing in longer
lengths and lower cost than Home Depot. I decided to use square tubing, two inches on each
side, for no particular reason. The supply house carried five different weights of 2” tubing: 16
gage/24’ long, 14 gage/20’, 11 gage/24’, 3/16” wall thickness/20’, and 1/4” wall thickness/20’.
My guess is that the 11 gage will be satisfactory. (The Manual of Steel Construction, Eighth
Edition, American Institute of Steel Construction, uses the spelling ‘gage’ rather than ‘gauge’.)
My tentative design is shown in Fig. 12. We are looking from the south toward panels
fully tilted toward vertical. Tubing pieces A and D are 8’ long, and section C is 12’ long,
conveniently cut from 24’ sticks with minimal waste. Section A is planted about 3’ into the
ground, putting the midpoint of the rack about 5’ above ground. At the top of each post A
is a hinge connecting to the horizontal member C. The PV panels are bolted to the members
D at four places per panel. Members D are bolted to member C where they cross.
D

D

D

D

C

A
B

A
earth

B

Figure 12: Rack for four PV panels.
I once built a large steel Savonius wind turbine, and learned the lesson that dynamics can
destroy a machine that is very conservatively designed using statics. A gust of wind that hits
the two panels on the right will tend to rotate the rack around a vertical axis. A single post
in the middle of the rack will experience torsion and the whole rack will oscillate around the
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post. Having two posts A will reduce this oscillation.
There will also be oscillation around member C. To damp this oscillation we will use two
posts B, set toward the south from the plane of the posts A. To adjust the tilt we grab the
bottom of the members D and pull toward the south and up. The bottoms describe a quarter
circle as the tilt changes from vertical to horizontal. When the panels are at the desired tilt,
depending on latitude and season, we somehow block them to temporarily hold that tilt while
identifying a point on the ground directly under the member end, and finding the distance
from member end to ground. We move the panels from this position to vertical or horizontal
to get them out of the way while digging a post hole at the marked locations. We cut pieces
of tubing the exact length to reach from the bottom of the post hole to the bottom of member
D. Member D is bolted securely to member B and a sack of Quikcrete is poured into the post
hole. This will reduce the oscillations around member C.
This tubing is ungalvanized and unpainted, hence will rust. There is always the possibility
of galvanic action between the tubing and the surrounding soil, as well as chemical reaction
with the soil. The tubing may last longer than wood, but will still rust and decay until it too
fails. I suspect the time to failure will be well over 25 years in this dry climate, but, for the
sake of appearance, I think I will paint all the tubing members. I will use a good quality oil
based primer and final coat, similar to what is used to paint restored tractors.
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Chapter 7: 24 VDC
SWAMP COOLER AND PUMPS
Evaporative coolers (swamp coolers) work quite well in the high desert, at much less power
than a conventional air conditioner with a compressor. For several decades the off grid and
recreational vehicle community has provided a market for units that work directly on 12 VDC
or 24 VDC. I bought a 1424XP Solar Chill evaporative cooler (24 VDC) from Southwest Solar
in 2012. It now provides cooling for a 1500 square feet house on my Rockvale property. Power
comes from two 12 V PV panels in series, connected to four 6 V T-105-RE lead acid batteries
located on the floor of the coat closet in the house, until they failed after seven years of service.
Batteries are now seven Chevy Volt cells in series, what I call a 28 VDC battery. The swamp
cooler has worked quite well.
I found one website carrying the 1424XP in 2021, www.warehouseappliance.com, for $1054
plus shipping. This unit has a 14 inch diameter fan and consumes 38 W at low speed and 52
W at high speed. It is rated at 1000 cfm and should cool 800 square feet at ‘higher elevations’.
They also handle the 1824XP, 18” fan, 53 or 73 W, 1500 cfm, for $1192, and the 2424XP, 24”
fan, 80 or 250 W, 3000 cfm, for $1639.
If we assume 8 hours per day of operation at high speed for the 1424XP, we will need
(52)(8) = 416 Wh = 0.42 kWh per day in hot weather.
In cold weather there will be a need for a pump to circulate hot water through the PEX
tubing in the slab, another pump to blend stored hot water with return water to get the
proper temperature for the circulation water, and ventilation fans. Ideally, these would all
operate directly on 120 to 130 VDC, but 24 VDC pumps and fans can also be used. The
energy budget should be similar to that of the swamp cooler, perhaps 0.5 kWh per day.
REFRIGERATOR
I enjoy gardening and enjoy eating what I grow. My sensitivities are such that I need
to eat organic as much as possible. I want to store my own garden produce for as long as
possible into the fall and winter. A good way to do this is to ferment the vegetables (like
making sauerkraut). I made several different batches of fermented vegetables for the first time
in the summer of 2020. I liked the flavor and texture, and have no argument with the widely
held opinion that this is healthy. My problem was that after about a month of setting in a
space at 75o the batch turned an ugly shade of brown and smelled worse. A fair amount of
work had gone to waste.
After that, when the 7-10 days of fermentation process was finished, I put the product
in half gallon glass jars in a small refrigerator. While refrigerated, the product lasted nicely
until March. Nothing spoiled, so it might have lasted until the new harvest if I had prepared
more of it. Therefore I am inclined to put a large refrigerator in the cabin, to store food on a
seasonal basis as well as what is needed between weekly trips to the grocery store.
The specific model of refrigerator is not critical to the design of a cabin, so I will just pick
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one at random. The website www.solarpanelstore.com carries 24 VDC SunDanzer refrigerators
and freezers. The largest refrigerator, the DCRF450, $1799, has 10 ft3 in the refrigerator and
5 ft3 in the freezer. They claim 0.55 kWh per day in a 70o space and 0.89 kWh per day in a
90o space. The input power range is 70 to 110 W
The daily energy needed in the summer is something like 0.42 + 0.89 = 1.31 kWh/day. I
calculated earlier that the average daily output of a single Mission Solar panel is 1.93 kWh/day,
which should be adequate to supply both the swamp cooler and the refrigerator.
LED STRIP LIGHTING
I will use 125 VDC for lighting in this cabin, but another cabin with another set of
constraints might see 24 VDC being chosen. This would be especially true if we were to use
propane for space heating, hot water, and cooking.
Advantages of using a 24 VDC battery bank rather than a 120 VDC bank include the
following:
1. We need fewer batteries.
2. There is a safety issue. Touching 120 VDC with one hand while the other hand is
grounded can kill, while touching 24 VDC would probably not even be noticed.
3. Using LED strips uniformly across the ceiling gives an uniform light intensity across
the room, as opposed to LED bulbs which will have dark corners.
I installed LED strips in one bedroom of my house in Rockvale several years ago and
liked them so much that I thought they would soon become commonplace, readily available
at Walmart. That has not happened, so one still needs to buy strips at places like Ebay.
There are many brands, which appear and disappear rapidly. Not all will clearly specify all
the important parameters. I notice that the company ABI is still operational over a period
of years, and makes an acceptable product at an acceptable price. At the time this design
was prepared, the particular strip I wanted was not available on Ebay, so I had to go to the
website of their parent company at www.jacobsparts.com. They accepted my order, but later
informed me they were out of stock and refunded my money. I was unable to immediately
find an equivalent strip elsewhere, so was ‘forced’ to go to Plan B, the use of 120 VAC LED
bulbs. I will leave the LED strip design in this document for those who would like to try it.
The particular strip I selected was the ABI LSL-EX-2800K. It has 600 LED chips on a 10
m long strip. The chips are 5 mm by 5 mm, referred to as a 5050 chip. The light production
is 11 lumens/chip. The power rating is 3 A, 72 W for the 10 m strip operating at 24 VDC.
A strip producing (11)(600) = 6600 lumens at 72 W has an efficiency of 6600/72 = 91.7
lumens/watt. By comparison, I have some Sylvania double life soft white 100 W incandescent
bulbs rated at 1580 lumens, or 1580/100 = 15.8 lumens/watt. The LEDs yield 5.8 times the
light for a given power input.
The wiring diagram for a strip is shown in Fig. 13. The battery voltage varies from about
24 VDC at night to a little over 29 VDC when charging, for a nominal 24 VDC lead acid
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battery. The voltage range is less for lithium ion batteries operated for extended lifetimes,
perhaps 23 to 24 VDC for a six cell lithium ion battery and 27 to 28 VDC for a seven cell
battery. I think I prefer seven cells for the swamp cooler and refrigerator, but six cells might
be better for LED strip lighting. The light output will increase with voltage, perhaps 20%
to 30% as the voltage increases from 24 to 28 VDC. Operating above rated voltage lowers
operating efficiency and shortens the LED strip lifetime.
Each 10 cm portion has 6 diodes and three 62Ω resistors in series (shown as a single 186
Ω resistor in Fig. 13.). Each 10 cm segment is in parallel with every other 10 cm segment. A
full 10 m long strip would have 100 of the series diode strings shown in Fig. 13 in parallel. If
the rated current for the whole strip is 3 A, then the rated current for one segment is 3/100
= 0.03 A. Current flow through a diode increases exponentially with the voltage across it, so
series resistors are added to prevent catastrophic failure.
The left end of the diode string is permanently connected to the positive terminal of the
battery bank. The other end is connected to the negative terminal through the mechanical
switch S1 , which must be rated for DC switching.
This circuit requires full current to flow through S1 and all the wiring, both from battery
to LED strip and from LED strip to switch. Efficiency will be better if we put an electronic
switch M1 physically near the LED strip and just run a small control current through the
mechanical switch S2 , mounted in some convenient location, and back to the LED strip, as
shown in Fig. 14. M1 is a power MOSFET (metal oxide semiconductor field effect transistor).
The mechanical switch in Fig. 14 also switches DC, but slightly less than 1 mA rather
than the several amps required by the LEDs. (The gate of the power MOSFET is essentially
a high quality capacitor that draws almost no current once charged so all the current flows
through the 10K and 20K resistors.) This tiny current is enough to ‘wet’ the switch contacts,
but far below the amplitude necessary to sustain an arc or cause a fire. A standard hardware
store AC switch will work in these conditions.
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Figure 13: LED switching circuit.
The gate voltage of this MOSFET is limited to 20 V, which requires the 10K and 20K
resistor combination to reduce the 24-28 VDC battery voltage to less than 20 V.
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The power MOSFET needs to have an ‘ON’ resistance as low as possible to maintain high
efficiency in the circuit. The IRFP048NPbF will withstand 55 V while ‘OFF’ and is rated
at 64 A while ‘ON’. The nominal resistance is 0.016Ω. There is nothing sacred about this
particular MOSFET. The cheapest 50V MOSFET rated for at least 15 or 20A should do fine.
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Figure 14: LED switching circuit with MOSFET M1 .
The bathroom will naturally accommodate 3 strips of 2 m length each, or 360 diodes. If
no lumens were absorbed by the walls, and each diode produced 11 lumens, the illuminance
would be (360)(11)/5.2 = 760 lux. Some lumens are absorbed by the walls and other surfaces
so the effective illuminance will be lower than this number. I have not seen any Internet
guidelines for what this fraction is. My one data point for a room with this lighting system
installed in 2014 suggests a factor of about 0.5. That means the bathroom illuminance would
actually be about 380 lux. (Hopefully between 300 and 500 lux. This factor is not easy to
calculate.) This range feels about right to me.
The closet naturally could use two strips of 2 m each. The theoretical illuminance is

Fcloset =

(240)(11)
= 630
4.2

lux

(1)

I will consider two strips of 4.2 m each for the bedroom. The total number of diodes is
(2)(4.2)(60) = 528. The theoretical illuminance is

Fbed =

(528)(11)
= 450
13.0

lux

(2)

The living/kitchen can accommodate 5 strips of length 7 m each. The number of diodes
would be (5)(7)(60) = 2100. The theoretical illuminance is

Fliving =

(2100)(11)
= 590
39.3

lux

(3)

I expect to put two strips on one switch and three strips on a second switch, so I can
operate at 235 lux, 355 lux, or 590 lux.
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At a minimum I would want the living/kitchen two strips on for 16 hours/day on cloudy
winter days. The power would be (14 m)(7.2 W/m) = 100 W. The daily energy would be 1.6
kWh.
We saw earlier that the PV panels I am looking at will produce an average of 1.93 kWh/day,
or slightly greater than the minimal 1.6 kWh/day for lighting that was just calculated. It will
take some management, but I think this will work.
I bought several spools of 5050 LED strip from Ebay, 10 m long, rated at 24 VDC and 3
A, and mounted one strip on the ceiling of my lab for test purposes. At 20 VDC the current
was 1.3 A and the illuminance at chest height was 151 lux, or 5.81 lux/watt. At 25 Vdc the
current was 3.0 A, with illuminance 289 lux, or 3.85 lux/watt. We see the efficiency drops
significantly with increasing voltage.
One problem is the adhesive backing on the strip. I used some masking tape to hold the
input end of the strip to the ceiling, then proceeded to pull off a foot or two of the protective
cover and press the strip to the powder coated steel ceiling panel with my fingers. I used some
more masking tape at the far end of the strip to give some additional support. Then I used
a paint roller to press the strip uniformly against the ceiling panel. The ceiling seemed clean
to me, so I did not do any additional cleaning. The strip held in place for a few weeks, then
peeled off and dropped to the floor. I installed Gorilla double sided mounting tape on the
ceiling and then pressed the strip onto this tape. It will take a year or two of operation with
a daily on/off cycle to see if this combination will keep the strip in place.
The LED strips I bought are rated at 24 VDC, 3 A, 72 W for 10 m, or 7.2 W/m. The
total length of LED strips is 53.4 m, tentatively selected for the four rooms in the cabin,
which would draw (53.4 m)(7.2 W/m) = 385 W if every light in the cabin were on at the
same time. If the refrigerator and swamp cooler were also drawing maximum power, the total
power would be 385 + 110 + 52 = 547 W.
The 385 W LED strip power requirement is more than double the design value of 167 W
for LED bulbs that was seen earlier. The lux level will be higher, of course. At some point I
may need to do another iteration on the design, perhaps reducing the number of LED strips.
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Chapter 8: 12 VDC
There are two different ways to get power to our computer and monitor: (1) Just plug the
120 VAC power cord into a 125 VDC outlet, or (2) Buy equipment with a native DC input
and install a separate PV panel, battery, and wiring system for that voltage.
While it is possible to buy a 12 VDC monitor (or TV), it is not easy. Websites typically
do not show the actual input voltage of the device. There is a market for TVs and monitors
in recreational vehicles, of course, and these typically work on 12 VDC. These need to be
ruggedized to withstand the potholes and temperature and humidity variations in an RV,
which may double or triple the price. This heavy duty construction is not really needed in
our case. Also, it seems that the 12 VDC inputs are restricted to smaller sizes, perhaps up to
32 inches. I use a 40 inch Hisense TV as a monitor in my lab (with direct 120 VAC input) in
my lab and would hate to downsize.
If option (1) works it would make life simpler for us. As I mentioned earlier, I tried it
with my Hisense 40H3E TV and it worked fine for DC voltages between 110 and 140 VDC.
The input power was about 38 W at 140 VDC, increasing to about 39 W at 110 VDC. The
only way to find out if a device works on DC is just to plug it in and see what happens. On
occasion this would burn up the TV power board. I can buy a replacement power board for
this TV for $29 from www.shopjimmy.com, so it may not be too great a loss if the experiment
fails.
My 12 VDC loads include my OnLogic ML210G-10 desktop which uses 16 W, and the
Arduino devices doing system control and data collection. The Uno that measures the voltage
on the 125 VDC battery and turns on or off the solar panels as necessary uses 61 mA at 12.4
VDC, or about 0.76 W. The Arduino devices are operational 24/7 so the daily energy would
be (24)(0.76) = 18 Wh. If the desktop is on for 12 hours per day, the energy use would be
(16)(12) = 192 Wh per day. If three Unos were active, the total daily energy would be 192
+ (3)(18) = 246 Wh. A single Mission Solar panel would supply this energy in less than two
hours per day.
DC TO DC CONVERTERS
A major equipment manufacturer, Square D, makes a QO circuit breaker rated both for
AC (120/240 VAC) and DC (up to 48 VDC). Household wiring must be protected from
excessive battery currents during a short circuit, so having a relatively inexpensive circuit
breaker readily available at the local hardware store (or on Ebay) is convenient. I bought a
QO816L100S breaker box, list price $105. This has space for 8 standard size breakers, half
connected to one pole of the 120/240 system and the other half connected to the other pole.
The box also contains a ground bus. A 12 VDC battery will be connected to one pole and to
the ground bus. and a 24 VDC battery will be connected to the other pole and to the ground
bus. That means I can have a maximum of four 12 VDC circuits in my cabin and four 24
VDC circuits. Wiring will be with 12 gauge solid copper, red for 125 VDC, black for 24 VDC,
white for 12 VDC, and green for the return. A lighting circuit will have just red and green
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wires. Circuit breakers of either 15 or 20 A should be adequate.
Historically, off grid housing has been 12 VDC, 24 VDC, or even 48 VDC (but not 125
VDC), so manufacturers have responded by building 24 VDC refrigerators and swamp coolers.
My options for powering these appliances are to use a separate solar panel and 24 VDC battery,
or a 120:24 DC to DC converter. I have decided to use the separate solar panel and battery
in my cabin, for the following reasons:
I taught a Power Electronics course at Kansas State University once or twice, so I have
some theoretical knowledge of how a DC to DC converter works. But I have never used one,
so have zero practical experience. I assumed that these converters would be readily available
in user friendly form; a box with two screw terminals for the input voltage, two more screw
terminals for output, an off/on switch, and maybe a trim pot for minor adjustments in the
output voltage. If available in this form, I was unsuccessful in finding them.
I have spent considerable time (a week or more) looking at the converters available on
Digikey and Mouser, reading data sheets, looking at YouTube, etc. and hope I have discovered
how things work.
I bought two 100 W converters from Mouser for about $100 each. There is a Cincon
CHB100-110S12 with a 12 VDC output and a Murata IRQ-24/4.2-T110N-C with a 24 V
output. The Cincon is a half-brick size (about 2.3 by 2.4 inches) and the Murata is a quarterbrick size (about 2.3 by 1.2 inches). These are standard size packages that make it easy to
mix and match converters, heatsinks, and enclosures by different manufacturers. Both have
an aluminum plate on one side with metric M3 screw holes that accept M3 screws that attach
a heatsink. Documentation for one converter mentioned part numbers for mating heatsinks,
the other did not. Once you decide what size converter to buy, you type in the Search box
something like “quarter brick heatsink kit”. That gets you a heatsink, some M3 screws, and
a sheet of plastic that helps the heat transfer between converter and heatsink. Mouser had
quarter and half brick heatsink kits for $5 or $6 each.
It appears to be common to use a fan to move air over the heatsink. In my case, I want
to use natural convection. I was unable to find a clear presentation on what heatsink to buy
for natural convection in any website or application note.
My two converters (and most of the ones available on Digikey, Mouser, etc.) have pins
coming out of the package on the opposite side from the heatsink. I just soldered input and
output leads directly to the pins. After thinking about it, it appears the pins are intended
to be inserted into a printed circuit board (PCB). Some application notes call for additional
capacitors across the input and output leads, and a trim resistor to adjust the output voltage,
which is most easily accomplished with a PCB. Since ‘everyone’ knows a PCB is always used,
nobody bothers to even mention it! I have used PCB software to lay out a circuit for various
projects, emailed the resulting files to a PCB fabricator, and received a nice PCB in the mail a
few days later. The process is not difficult but does require a fair amount of sophistication as
an electronics technician. I am sure there are some readers of this document who can readily
do this, but I want this DC House design to be usable by those without such sophistication.
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I will therefore not be using DC to DC converters that require making a PCB.
Another concern is that some application notes talk about audible noise under some circumstances. We certainly do not need that in our cabin. There is also the dirty electricity
caused by the typically 40 kHz to 250 kHz switching action in the converter. Yet another
concern is the mounting of the PCB with converter and heatsink where there will be adequate
natural convection, but where things still work after 20 years of dust collection. No where in
my search did I find a picture of a converter mounted on a PCB or with a heatsink mounted
with some mention of air flow.
I might consider, however, using smaller converters for single point uses. Such a converter was purchased on Ebay for about $20. The case has “Intelligent DC-DC Converter,
48/60/72/94/120 to 12 VDC 180 W, output current 15 A maximum, red input line, yellow
output line, black earth line” printed on it. There is no company name, no website, and
no spec sheet. I connected it to the desktop computer in my lab, an OnLogic ML210G-10
fanless computer w/12 VDC-in on-board power, purchased 4/1/20 for $554.94. Input power
to the converter is only about 16 W at 125 VDC. If efficiency were 80% the power into the
computer would be about 13 W, or less than 10% of ‘rated’ power. The losses of 3 W or so are
dissipated into space from the case of the device. There is no provision for adding an external
heat sink. I observed one spot on the case at 120o F when the room temperature was about
65o F. I would say that an ‘honest’ rating would be about 30 W rather than the claimed rating
of 180 W. Even though it is badly overrated I think it is a reasonable choice for this particular
application. I striped the three wires coming out of the case, soldered red and black to a two
wire cable to the battery, and yellow and black to a short length of cable to a power plug to
the computer (salvaged from an old power supply), and covered the solder joints with heat
shrink tubing. The process was quick, easy, and cheap. The converter would hopefully last
for a long time at this low power level.
The DC-DC converters are awkward to use and seem relatively expensive. Since LED
bulbs are rated for AC but work just fine on DC, it seems likely that AC-DC converters
might do the same. These are called wall warts or battery eliminators. I looked through my
junk box and found three battery eliminators that worked on DC. I was unsure about present
day availability of these devices, so I went on Ebay and bought six more. I was looking for
branded devices, built by well established companies, and proud enough of their product that
they would put their name on it. Even though I thought I was buying branded devices, most
of the units purchased did not have anything resembling a company name printed on them.
But five out of the six worked well on DC. The details of the three converters I already had,
plus the five just purchased, are listed in the following:
#1 EDACPOWER.ELEC, Model EA1024ER, input 100-240 VAC, output 12 VDC, 3A.
#2 D-Link Model AF0605-B, input 100-120 VAC, 1A, 50-60 Hz, output 5 VDC, 1.2A.
#3 Asian Power Devices Model WA-24Q12FU, 100-240 VAC 50-60 Hz, 0.7 A, output 12
VDC, 2A.
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#4 Model PS-US12V1000mA, input 100-240 VAC, output 12 VDC, 1A. $4.73.
#5 Kastar Model LLY036SPS-120300U, input 100-240 V 50-60 Hz 1A, output 12 VDC
3A. $10.21.
#6 Model PH-1901A, input 100-240 F 50/60 Hz, output 12 V, 1A. $5.73.
#7 Model GACUN-2450, input 110-240 V-50-60 Hz, 1.0 A, output 24 VDC, 5A. $15.65.
#8 Model LY-082405, input 100-240 V-50/60 Hz, output 24 V 5 A. $17.91.
These wall warts just plug into the 125 VDC receptacles. The low voltage plugs directly
mate with the Arduino hardware. Cost is low, convenience is good. I think I will wire the
receptacles for 125, 24, and 12 VDC, but leave the 12 VDC wire unconnected at the Square
D breaker box. If the wall warts put out dirty electricity above my sensitivity threshold, I
can hook up another solar panel, MPPT, and 12 VDC battery at that time.
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Chapter 9: Heating
HEATING OPTIONS
Heating options include wood, propane, passive solar (sunlight through south facing windows onto the thermal mass of a concrete floor), solar thermal (direct heating of water in
solar receivers, and photovoltaic. Wood is a common heat source for off grid cabins. There
is not enough biomass growing on my 60 acres to supply a wood stove long term, but I am
sure that wood can be acquired from area sawmills or tree trimming crews. I would like to
put a dozen or more similar cabins on this property and wood smoke from all these cabins
would definitely lower the air quality in the gulch. The main argument for me is that I might
want to live in this cabin past the age of 85 or 90, when handling wood is no longer physically
possible. I also do not like the dust and ash that are associated with a wood fire. So wood is
rejected.
Propane is also a common choice for off grid cabins. One can heat with it, cook with it, and
even use it for refrigeration. It works for us old geezers! I have never experienced any reaction
from propane fumes. But I know people who are extremely sensitive to propane. They need
to isolate the propane appliances from the air in the living quarters, perhaps cooking outside,
or using strong exhaust fans. This is a research structure, hopefully safe for a large fraction
of the EHS and MCS population. Propane is a known problem to some of us, so it is rejected.
Passive solar has been well known for many years. It is easy to find guidelines on the
Internet for the size of the south facing windows and the amount of overhang necessary to
shade the windows in the warm months. It requires a bit of management to work well, such
as closing curtains at night to prevent heat loss back outside. It also requires some tolerance
for a diurnal temperature swing of 5-6o F or more from late afternoon to early morning. And
the house will cool off significantly after a couple of days of cloudy, cold weather unless there
is some form of backup heat. I do not do well with wide diurnal temperature swings and do
not want to put in any backup heating system so passive solar is rejected.
Solar thermal was a bit of a fad 40 years ago. I just do not see very many people using
it today, suggesting it does not live up to its hype. I have tried resurrecting old technologies
in research projects in the past, and found out that they were dead for a reason. Without
further discussion, solar thermal is rejected.
Using photovoltaic (PV) panels for space heating is a relatively new concept. Just a few
years ago, PV panels would have produced space heating at a cost perhaps ten times as much
as one could heat space with wood or propane. But PV panel costs have dropped to where it
is thinkable to do it. There are plenty of research opportunities regarding heat storage, smart
thermostats, etc. so this is the technique I will try.
The cabin will be heated by the electrical output of an appropriate number of solar panels.
Heat storage will be in the form of hot water (rather than batteries). The hot water tank
might be on the order of 1000 gallons in size, and will be heavily insulated. One possibility
is that it will contain perhaps a dozen hot water heater replacement heating elements that
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can be connected to the solar panels through solid state relays. There will be sensors and
computer control to turn these solid state relays on and off to maximize the energy collected.
Basically we measure the power generated by a certain collection of solid state relays, then
turn one off, or another one on, and measure the power again. If the power increased, we keep
doing whatever it was that we just did. If not, we undo it. Power measurement will occur
every few seconds, so the frequency of the resulting magnetic fields will be very low. This hot
water will be circulated through PEX tubing in the floor. This eliminates fan noise, which I
am told is a problem to some sensitives.
A second possibility is to use a single heating element but with a lithium ion battery in
place. The battery will hold the system voltage near the Maximum Power Point, so efficiency
should be acceptable. We just have to watch the battery voltage, turning off the water heater
before the batteries get discharged.
HEAT LOSS AND INSULATION
How many PV panels are needed to heat the cabin? This depends on the heat loss
through the building exterior and also on my tolerance to how many days per year the building
temperature dropped below some desired level. It will take more panels to keep the cabin
temperature above 65o F except for one day in ten years, than to keep the cabin temperature
above 55o except for ten days per winter. I think I will go with the minimum number of panels
and just move into the grid connected shop or house if the cabin gets too cold.
It will also take more panels to heat a poorly insulated building. There is a direct correlation. I can either buy more panels or buy more insulation. We have enjoyed cheap energy
in the USA for many years, so the common practice has been to put in minimum insulation
to save on the initial cost, and let the poor house buyer pay larger monthly utility bills. The
building codes specify minimum insulation levels well below what is easily achieved. I think I
will go with a well insulated or even superinsulated cabin, at least R25 for the walls and R50
for the ceiling.
One way of reaching R25 or R30 for the walls is to build a double wall. In my case this
will be a standard 2 × 4 wall with 24” stud spacing on the exterior, then one (or maybe two)
2” sheet of foam insulation, then another 2 × 4 wall with the studs offset by 12” from the
studs of the first wall to prevent thermal bridging through the studs. There will probably
be fiberglass batts between the wall studs, or perhaps blown in cellulose. With nailers and
metal siding, the overall wall thickness will be on the order of one foot thick. The interior
space of the living portion of the cabin will be about 180 × 380 × 80 . The gross wall area is
(2)(18)(8) + (2)(38)(8) = 896 ft2 . There will be one door of standard 30 × 60 8” size or 20 ft2 .
There will be three windows of about 12 ft2 each or a total of 36 ft2 . The net wall area is
then 896 − 20 − 36 = 840 ft2 . The ceiling area is (18)(38) = 684 ft2 .
The heat loss through a building component is
Q=

A
(Tin − Tout )
R
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where Q is the rate of heat transfer through the material in BTU/hr, Tin is the inside temperature in o F, Tout is the outside temperature, A is the area in ft2 , and R is the R value of the
material. I will be using the notation in the book Modern Hydronic Heating, Third Edition by
John Siegenthaler. This cabin will generally resemble the Morton building recently built on
my property. The R values that Morton listed for their construction were 38 for the ceiling,
21.3 for the walls, 3.5 for the double glazed windows, and 1.67 for the doors. I will assume
R60 for the cabin ceiling, R30 for the cabin walls, and the Morton values for the windows and
door. I will also assume a target indoor temperature of 65o F.
Another important heat loss is due to infiltration or leakage. Siegenthaler gives an equation
for this, Eq. 2.8, as
Qi = (0.018)(N )(V )(∆T ) BTU/hr

(5)

where 0.018 is the heat capacity of air, N is the number of air changes per hour, V is the
interior volume of the heated space in ft3 , and ∆T is the inside air temperature minus the
outside air temperature in o F.
The long term average temperature for Canon City in December and January is 33.75o F.
I hope to have a cabin with several days of heat storage, so a selection of Tout = 30o F might
be adequate for design purposes. This yields a ∆T = 35o F.
The various heat losses are calculated as
Qwalls =

840
(35) = 980 BTU/hr
30

(6)

Qceiling =

684
(35) = 399 BTU/hr
60

(7)

36
(35) = 360 BTU/hr
3.5

(8)

Qwindows =

Qdoor =

20
(35) = 419 BTU/hr
1.67

Qi = (0.018)(0.4)(18)(38)(8)(35) = 1379 BTU/hr

(9)

(10)

Siegenthaler shows in his Fig. 2-15 that N = 0.4 air changes per hour is appropriate for
the “best” construction.
The sum of the above heat losses is 3537 BTU/hr, or 84888 BTU/day, or 24.9 kWh/day.
That is, we need our PV panels to provide an average of 24.9 kWh/day to meet our average
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heating needs during periods when the inside to outside temperature difference is about 35o F
and Qi is in the neighborhood of 1400 BTU/hour.
I report elsewhere (MortonEff2021.pdf) about efficiency tests on my Morton building. It
has no exhaust or ventilation fans, only baseboard electric heat. Windows are kept tightly
closed through the heating season. It seems to me, and not contradicted by my test results,
that Qi for this type of building is almost entirely due to wind blowing through cracks in
the building. Qi can therefore be neglected in calm conditions. The differential air pressure
from outside to inside is actually due to the square of the wind speed. My guess is the 0.4 air
changes per hour will be reached at a wind speed of about 20 mph for a well build building.
The average wind speed here is well under 20 mph, so a loss of 1379 BTU/hr (7.9 kWh/day)
may be pessimistic by as much as a factor of four. A value like 2 kWh/day might be more
realistic for estimating purposes. That would give a heating loss of 19 kWh/day rather than
24.9 kWh/day. So we need to select solar panels that will provide a minimum of 20 to 25
kWh/day over the lifetime of the panels. Panel output declines with age, from 100% when
new to perhaps 80% after 25 years. If we really need 20 kWh/day, we should design for a
minimum of 20/0.8 = 25 kWh/day. We will start the design process looking for 25 kWh/day,
and round up as needed.
HEAT STORAGE
Step one for my heat storage concept is to buy a water tank. It needs to be as large as
possible to hold the maximum amount of heat, but still needs to fit within the available space.
Availability of tanks seems to vary randomly. In early 2021 Home Depot sold a 1000 gallon
water storage tank for $756 plus shipping. Dimensions for the Chem-Tainer TN6974IWGREEN are 69 inch diameter and 74 inch height. If I choose a double door access to the
utility room, nominal dimensions 72 inch by 80 inch, I should be able to get this tank into
the utility room, and perhaps even to replace it if necessary.
But in late 2021 Home Depot seemed to not want to sell me a tank larger than about
250 gallons. I then took a look at Tractor Supply. Their 1100 gallon tank is 87” diameter
by 53” tall, at $1700. I think I want a tank with a smaller diameter and greater height, so I
went looking on the Internet for tanks. www.ntotank.com carries a wide variety of tank sizes,
including a 1000 gallon tank that is 64” by 80”, for $1272.
Water weighs 8.344 pounds per gallon, so 1000 gallons weighs 8344 pounds. It takes one
BTU to raise the temperature of one pound of water one degree Fahrenheit, so at 180o F the
tank holds 920,000 BTU more than at 70o F. This is the same as 269 kWh. If we got zero
power from our panels for several days, it would take 269/19 = 14.2 days to lower the water
temperature to 70o F.
The tank will be rated at some maximum temperature, above which the plastic will become
soft. We will need to measure the water temperature and disable the PV connection at some
point.
The tank will be well insulated inside an unheated utility room. Losses through the
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insulation will be helpful in keeping the utility room at a moderate temperature (at least
above freezing).
The concrete slab itself is a large thermal mass. I calculate that it requires 2.73 kWh to
change the slab temperature 1o F. So if we had a long period with zero power from the panels,
the hut and slab temperature could be maintained at the desired level for 14.2 days by water
heat storage, and then would drop only 19/2.73 = 7o F the following day due to heat storage
in the concrete.
There are two options with hydronic heating, standard pressure (say 40 psi) or unpressurized. I think I will try the unpressurized case first.
HYDRONIC SYSTEM THERMOSTAT
I personally have no experience with hydronic heating. Information on the Internet suggests that it is a very nice system regarding the thermal comfort of the house occupants. The
‘standard’ practice is to have a boiler that heats water to a desired temperature, perhaps 20o
above room temperature, before it is circulated through the PEX tubing. The circulation
pump is on a good fraction of the time, even up to continuous operation. We cannot use the
hot water in the main storage tank directly since it might be 80o F or more above the room
temperature. Water that hot would overheat the room and might even fracture the concrete
slab due to thermal shock.
We could get the ‘right’ temperature with a smaller reservoir, perhaps 20 or 30 gallons,
and a circulation pump connecting it to the main tank. A second circulation pump would
pump water from this reservoir through the PEX system. It appears this is not the common
approach, that mixing valves are used instead, as shown in Fig. 15. The circulating pump will
pull hot water from the top of the storage tank, or cooler water from the bottom depending
on the position of the mixing valve.

-

Circulating
Pump
storage tank

Mixing

@

Slab



Figure 15: PV panels and water heater elements.
PEX comes in sizes from 3/8th inch to 1 inch or more. I arbitrarily chose the 1/2 inch
size. According to Siegenthaler, flow rates for 1/2” PEX should be kept between 1.2 and
2.4 gpm (gallons per minute). (The lower flow rate is able to clear the system of bubbles.
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The higher flow rate gives us acceptable noise.) The maximum allowable length of 1/2”PEX
in underfloor heating is 300 ft. I assume that two circuits will be needed in this floor, or
a maximum of 600 ft of PEX. This length of 1/2” PEX holds 11.54 gallons of water (96.3
pounds). A circulation pump that pumps at a rate of 2.4 gpm is able to replace the entire
11.54 gallons in 11.54/2.4 = 4.8 minutes. If the 11.54 gallons was originally at 90o F and cooled
to 70o F it would have transferred (96.3)(20) = 1926 BTU = 0.565 kWh to the concrete slab
and on to the hut interior. To transfer a total of say 25 kWh to the hut the pump would need
to operate about 25/0.0565 = 44 times per day, for a total of about 3.5 hours per day.
This will require a very sophisticated thermostat. I anticipate measuring the indoor temperature, outdoor temperature, main tank water temperature, reservoir water temperature,
and maybe wind speed (infiltration loss), and inputting these numbers into an Arduino Uno
microcontroller. It could easily take an entire heating season to get the computer program
working properly.
I have found trying to design a hydronic heating system very frustrating. There are at
least a dozen manufacturers of pumps and controllers (Taco, Wilo, Bell & Gossett, Grundfos,
etc. I have been unable to find a pump selection chart where one can see the range of pumps
from the smallest to the largest. It is common to complain about the poor design of others
where pumps that are much larger than necessary are often used. The industry is moving
toward ECM (electronically controlled motors) or brushless dc motors, but I was unable to
find a list of just ECM. One has to look at the installation instructions for each model number
and try to sort out if it is ECM or not. There are some pumps that work on 24 VDC, but
I could not find a list. Apparently one has to call a company specializing in pump sales
(nationalpumpsupply.com) and ask the sales person about pump sizes, DC operation, etc.
Pump prices start around $200 with many costing several thousand dollars. There is
never a clear explanation of why the difference in price. Pump size and weight are obviously
important variables, but one would think advantages of each motor would be emphasized in
the literature.
I suspect that at least some of the motors will work nicely on variable DC, like LED bulbs,
but that will require buying the pump and trying it on variable DC.
I think I need (1) an ECM circulating pump, (2) a device that removes air from the lines,
(3) an electronic thermostat that can drive the circulating pump directly.
If we assume the pump operates 3.5 hours per day, and the required power is 40 W, the
pump requires (3.5)(40) = 140 Wh = 0.14 kWh per day. This would increase the battery load
from our calculated 1.93 kWh/day to 2.07 kWh/day.
PV PANEL DESIGN FOR HEATING
We now need to do a design for PV panels connected to electric heating elements in the
hot water storage tank to heat the water. The basic concept is shown in Fig. 16. Each panel
is shown as a single diode directed downward. The figure shows four panels connected in
series and three sets of four panels then connected in parallel. We could have up to seven
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panels in series. The number of parallel strings would be selected to meet the total energy
requirements.
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Figure 16: PV panels and water heater elements.
We have already decided to use four of the 60 cell panels for charging batteries, so there is
an incentive to continue with the same size panel if possible. The 60 cell panel is less expensive
per watt, and lighter (easier to handle) than the 72 cell panel (at least for the Mission Solar
panels).
The switches shown in Fig. 16 are DC solid state relays. The actual switch will be a
MOSFET or perhaps an IGBT, able to both turn on and turn off a direct current. Many
solid state relays are made with Triacs, which can turn on a direct current but cannot turn
it off. (Triacs are AC switches, depending on current going to zero to bring the switch to the
off state.) A DC solid state relay should have a + on one terminal and a - on the other. We
must watch for both adequate voltage rating and adequate current rating of these relays.
Fig. 16 shows six switches/relays. This number will vary as we try to load the PV panels
in an optimum fashion.
Crydom has been a major manufacturer of solid state relays. Typing ‘Crydom’ on Ebay
resulted in about 6500 hits. Prices seemed to range in the $10 to $20 range. The company is
listed on www.Digikey.com and www.mouser.com as Sensata-Crydom. The name printed on
the relay is still Crydom, as seen on these websites. Prices on these websites are in the range
of $80 to $120 each, for quantity 10.
I have also used MGR solid state relays (270 hits on Ebay) and unbranded (just SOLID
STATE RELAY printed on the package). Four of these non-Crydom relays have failed during
testing, sometimes when I am fairly confident I was not exceeding the ratings. All four failed
shorted (always on regardless of the control voltage). The voltage rating for these relays is
220 VDC. If we want a higher voltage rating, or a more realistic current rating, we need to
select Crydom (or perhaps a brand I am not familiar with).
Home Depot has a 240 V 1500 W water heater element available for $6.15 each. The
nominal resistance is
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R=

V2
(240)2
=
= 38.4
P
1500

Ω

(11)

I calculated earlier that I needed at least 19 kWh/day for heating. I then noted that
power output of solar panels degrades with time, so to get 19 kWh/day at the end of the
PV life, I needed perhaps 25 kWh/day when new. Many assumptions were made to arrive at
estimated energy productions of 1.58 kWh/day for the 60 cell panel and 1.96 kWh/day for the
72 cell panel if operated at, or close to, Vmp . Operating at a lower voltage reduces the energy
production proportionally. We would have to increase the number of panels to compensate
for lower energy production per panel.
Table 3 shows computations for seven different configurations, 4, 5, 6, and 7 of the 60 cell
panels in series, and 4, 5, and 6 of the 72 cell panels in series.

Panel
4×60
5×60
6×60
7×60
4×72
5×72
6×72

N Voc
164.56
205.70
246.84
287.98
194.12
242.65
291.18

N Vmp
131.88
164.85
197.82
230.79
163.36
204.20
245.04

N Vmp
38.4
3.43
4.29
5.15
6.01
4.25
5.32
6.38

El
11
7
5
4
7
5
4

R
3.49
5.49
7.68
9.6
5.49
7.68
9.6

I
37.8
30.05
25.76
24.04
29.78
26.59
25.52

config
4P4S
4P5S
3P6S
3P7S
4P4S
3P5S
3P6S

panels
16
20
18
21
16
15
18

Table 4: Design options for PV panels.

The nominal open circuit voltage for four of the 60 cell Mission Solar panels in series is
4(41.14) = 164.56. The solid state relays will certainly see open circuit voltage from time to
time, so must be rated at this voltage or greater. The 220 VDC MGR and unbranded relays
will work for four and five of the 60 cell panels in series, and for four of the 72 cell panels in
series. If we decide to go with more panels in series, we will need to select a rating of at least
300 VDC.
The fourth column in Table 3, N Vmp /38.4, is the current that would flow in a 38.4 Ω
heating element when N Vmp is applied. The relay must be rated for this current or more.
Crydom makes a D4D07 (300 VDC) rated at 7 A for $73.33 (each, quantity 10, at Mouser), a
DC400D10 rated at 10 A for $95.48, and a DC400D20 rated at 20 A for $111.08. A relay with
a higher current rating would be expected to operate at a lower temperature, which might
extend its lifetime. The 7 A relay might work fine for 30 years, but my gut says to go with
a higher rating if at all possible. The MGR and unbranded relays I have are rated at 10 A,
which might be optimistic.
The power input to a heating element is V I = 131.88(3.43) = 452 W for the first row in
Table 3. We will assume this power can be supplied for 5 hours per day on average, making
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the daily energy production 5(452) = 2.26 kWh per element. We would need 25/2.26 = 11
heating elements to get our total of 25 kWh from the panels to the water tank.
Suppose I have 11 heating elements connected in parallel. The net resistance is 38.4/11 =
3.49 Ω. If the voltage were 131.88, the current from the panels must be 131.88/3.49 = 37.8
A. The panels are current limited and cannot provide more than about Imp when the voltage
is near Vmp . Four strings of panels in parallel can provide 4Imp = 4(9.40) = 37.6 A, very close
to the 37.8 A needed, so 16 panels, 4 parallel strings of 4 panels in series, 4P4S in shorthand,
should work.
We then repeat the process for six other combinations of series and parallel for 60 and 72
cell panels. The second line in Table 3 is for five of the 60 cell panels in series. The higher
voltage means each heating element will absorb more power (V 2 /R) so fewer elements will
be needed (7 instead of 11). Seven elements in parallel have a resistance of 5.49 Ω, so the
required current is 164.85/5.49 = 30 A. The possible current from three strings of panels in
parallel is 3Imp = 3(9.4) = 28.2 A. Since three strings in parallel cannot provide the required
30 A, we have to put another string in parallel, making the total number of panels (4)(5) =
20.
When we examine the case of six panels in series, the increase in voltage lowers the required
current to 25.76 A, which is less than 3Imp so three parallel strings is enough. The required
number of panels is (3)(6) = 18.
It appears to me from my testing on the Charge Controller, discussed earlier, that a system
of 9 or 10 relays is about the minimum number to give reasonable confidence that we are close
to the optimum or peak load. Looking at Table 3, only the 4 × 60 configuration requires more
than 9 relays. The others require between 4 and 7 relays, making switching that is too coarse.
It thus appears that our first panel configuration of 4S4P is the best. I would put 12 heating
elements in the tank, one connected direct (no relay), and eleven connected via relays. I might
decide to use 13 elements, with 2 elements in series for one of the relays, or 14 elements, with
2 relays controlling a double resistance/half current resistor to give even finer control when
near the optimum point.
We will need 16 panels for space heating and 4 for battery charging, a total of 20. Mission
Solar ships this particular panel as 26 panels per pallet. I bought a full pallet of 26 panels so
I have 6 spares. I could immediately parallel 4 panels with the battery charging bank if my
load had grown. Or if my heating calculations were not very good I could add 4 panels to the
space heating bank. There could be issues with mixing different panels, and the probability
of having the exact same panel available even five years in the future is low, so having spares
is a prudent practice. We always need to be mindful of Murphy’s Law. Lightning, hail, rifle
bullets, foul balls, etc., just might lower the performance of a panel enough to justify its
replacement.
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Chapter 10: Protection
PROTECTION AND GROUNDING
There is no obvious need for fuses or circuit breakers in the water heating circuit since the
panels are current limited. We just need to make certain that all wiring is rated at 125% or so
of the short circuit current of the panels. The battery circuit, on the other hand, must have
circuit breakers to reduce the hazard of an electrical fire. These must be rated for DC. There
are some exciting videos on YouTube of AC breakers catching on fire after failing to interrupt
a DC current! MidNite Solar has a good selection of 150 VDC breakers, the MNEDC series
at $22 and the MNEPV series at $18. They also sell a breaker box, the MNEDCQUAD, for
$68, that holds 4 breakers. We could have a breaker for 120 VDC lighting, and another for
120 VDC cooking.
A casual reading of the National Electrical Code suggests that the NEC might not require
a connection from some part of the battery circuit to earth ground. Nothing is immediately
obvious to me as to why a ground would improve safety. The PV panels will be mounted in a
grounded rack, which will be a target for lightning. If the photovoltaic portion of the panels
are not grounded, there will be less tendency for a lightning strike to follow the wiring into
the cabin.
GROUNDING
The NEC Article 250, Grounding and Bonding, takes up 58 pages in the 2017 NEC
Handbook, establishing it as an important and complex topic. It states “Electrical systems
that are grounded shall be connected to earth in a manner that will limit the voltage imposed
by lightning, line surges, or unintentional contact with higher voltage lines and that will
stabilize the voltage to earth during normal operation.”
We will not have a problem with power line surges or contact with other power lines in
our off grid setting, but lightning will be a concern. There are a number of issues involving
grounding which we need to explore. We start with a crude picture of our DC House/Faraday
cage and photovoltaic panels shown in Fig. 17.
Faraday Cage

+
PV

6

-

V+−

6

V+

6 V−

Ufer

Figure 17: Faraday cage and PV panels.
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The soil where my DC house is located is mostly dry sand, a relatively poor conductor
of electricity. It is located on the side of a mesa with a 20’ or 30’ thick cap of sandstone.
This is not uncommon in the high desert where many DC houses are likely to be built. A 10’
long ground rod driven into this dry (poor) earth may have a resistance of hundreds of ohms
between it and the wet earth below the water table (about 300 feet down at my DC house
site). It has been known for many years that this makes a very poor grounding system.
An engineer by the name of Herbert G. Ufer was assigned the task of finding a better
ground during World War II, for lightning protection on bomb storage buildings in Arizona.
He discovered that steel reinforcing bar (rebar) covered with concrete was much superior. His
system is the preferred ground in the NEC, although the NEC calls it a concrete-encased
electrode rather than the term ‘Ufer ground’ commonly used in the industry. Concrete is a
better conductor than dry soil and attracts moisture under it. The codes now specify that
rebar should not touch soil, because of corrosion, so any current flowing from building to
earth flows entirely through concrete. The rebar is positioned with appropriate spacings, tied
together to form a large conducting matrix, then completely covered with concrete. A short
section of rebar is brought up into the space under where the electric service will be installed
to serve as the ground connection. Inside a wall and above the foundation there is no concern
about corrosion.
The best possible Ufer ground is when the floor of the building is a concrete slab poured
directly on compacted earth. One problem is that concrete also allows moisture to wick
upward from earth to floor, such that the building will have extra moisture in it, perhaps to
the point of excessive. To have a dry building, a layer of polyethylene sheet is placed on top
the earth before the concrete is poured. But polyethylene is a good insulator, so that portion
of the concrete slab is not available for grounding. Only the portion of the foundation that
does not have the sheet under it provides the Ufer ground. Typically the foundation is poured
with the slab in what is called a monolithic pour. A trench perhaps 8 inches wide and 30
inches deep is dug around the perimeter of the building. Rebar is installed in the trench and
bonded to the steel under the slab so all the concrete is electrically at ground potential.
Fig. 17 shows the two conductors from the solar panel before one of them is connected to
earth. There will be a differential mode voltage V+− produced by photons hitting the panel
and by a time changing magnetic field in a loop formed by the conductors. There will also be
a common mode voltage V+ = V− , produced by static charge in the atmosphere. There is no
technical reason that lighting and cooking circuits must be connected to ground. Loads will
operate the same whether floating or grounded. Decisions about grounding therefore must be
made for reasons of safety (fire, electrocution, etc.).
I could argue either way, for floating or grounding, but I think I will ground the negative
PV conductor to the Ufer ground. This will require some attention to wiring techniques to
not introduce ground loops. These are a common source of noise in audio systems. We have
a conductor carrying a signal that will form a loop with the earth ‘conductor’ when earth is
connected to the signal wire in more than one place. A time changing magnetic field in this
loop will generate a differential mode ‘noise’ on the system.
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Our present wiring practice for 120 VAC guarantees ground loops in our Faraday cage, if
metal boxes are used for receptacles and light fixtures. We bring three wires to each box, hot,
neutral, and ground. The ground wire is connected to the grounding screw of the receptacle,
which is internally connected to the receptacle mount, such that the ground wire is connected
to the box when the receptacle is mounted in place. Our Faraday cage has metal panels on
the interior walls, which touch the metal receptacle box. A parallel path (ground loop) is
formed between the ground wire and the metal panels. This would not be an issue when a
nonconducting wall panel like sheetrock is used.
This problem showed itself when I was testing fields in a newly built Morton building,
purposed for my lab. The 60 Hz magnetic field was small until I turned the lights on, at
which point it would jump to several milliGauss. I had to go into every ceiling box and isolate
the ground wire from the box, to get rid of this extra 60 Hz magnetic field.
The negative conductor will be connected to the Ufer ground when it enters the building.
There will not be a separate ground wire brought to the boxes.
EMI/RFI FILTERS
The whole idea of building a DC house as a Faraday cage is to not allow any electromagnetic
fields from outside to inside. We put metal screens over the windows, use steel doors, etc. to
not have any gaps in the cage where these undesired fields can sneak in. Then we place large
antennas (also known as PV panels) outside, cut openings in our cage, and bring conductors
from the antennas into our cage. These conductors will carry everything from AM/FM radio
to TV to cell phone signals into our building that we desperately want to have clean. We need
to put what is called a low pass filter at the openings into the house that will allow DC to
enter, but block all the radio, TV, and cell frequencies. We call this device a EMI/RFI filter
(ElectroMagnetic Interference/Radio Frequency Interference). Entering “EMI/RFI filter” into
the Digikey.com web page showed over 2000 filters made by about 50 different manufacturers.
The ones we would be interested in are small metal boxes containing resistors, capacitors,
and inductors. If these commercial units meet our needs, it would be pointless to try to build
them ourselves from the individual components.
I went on Ebay and bought 4 filters, the Schaffner FN 2030-20-06 ($36.92), the Schaffner
FN2060-16-06 ($27.40), the Corcom 20VB1 ($16.34), and the Aotuker DNF05-H-20A ($17.90).
The Schaffner and the Corcom are old, well known names in the filter business. All are built
for the 120/240 VAC wiring pattern of hot/neutral/ground but will function on DC as well.
The circuit diagrams are shown in the following figures.
All four filters have a shunt capacitor at the input (LINE), followed by a series inductor in
both the hot and the neutral lines. There is a shunt resistor to bleed off the capacitor charge.
This prevents the technician from being shocked while working with the filter. One end of the
filter is labeled ‘LINE’, and would be connected to the solar panels. The other end is labeled
‘LOAD’, and would be connected to the battery bank.
The number of components make it difficult to do a simple hand analysis of the filter. There
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Figure 18: Schaffner FN 2030-20-06. Series R = 6.21 mΩ, fr = 1.78 kHz.
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Figure 19: Corcom 20VB1. Series R = 3.36 mΩ, fr = 51 kHz.
are good software packages (e.g. PSPICE) that can do a proper analysis, which probably will
not be that useful in our situation. One problem is that we are interested in performance all
the way to GHz frequencies, at which point the components are no longer acting like simple
inductors or capacitors. An inductor will have stray capacitance between turns, for example.
All capacitors have an upper frequency at which they still function as capacitors, and this
frequency decreases as capacitor size increases. If the top frequency for a 1 µF capacitor is 1
MHz, then the top frequency for a 10 nF capacitor might be 10 MHz. That is why we often
see capacitors in parallel, like the right side of Fig. 18. The 1 µF capacitor attenuates the
lower frequencies and the 10 nF capacitors attenuate a higher range of frequencies that the 1
µF cannot.
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Figure 20: Schaffner FN2060-16-06. Series R = 6.01 mΩ, fr = 7.7 kHz.
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Figure 21: Aotuker DNF05-H-20A. Series R = 4.15 mΩ, fr = 15.9 kHz.
The inductors in the filters will have some series resistance, which is not shown in Figs. 1821. I put 1 amp through each inductor, measured the voltage, and calculated the resistance. I
then calculated the power loss when rated current was flowing (16 A for the Schaffner FN206016-06, and 20 A for the others.) All filters had a loss between 2.7 and 5 W, which I would
assess as reasonable values for a well designed filter.
Each filter has a series resonant circuit included among its components. To determine
the resonant frequency we need to look at the concept of impedance. The impedance of an
inductor is
ZL = jωL
√
where j = −1 and ω = 2πf. The impedance of a capacitor is
ZC = −j

(12)

1
ωC

(13)

In Fig. 18, a portion of the circuit consists of a 4 mH inductor in the top conductor,
connected to a 1 µF capacitor, and then to another 4 mH inductor in the bottom conductor.
The series impedance of these three components is
Z = jω(2)(4 × 10−3 ) − j

1
ω(10−6 )

(14)

The impedance goes to zero at
fr =

1
1
√
= p
= 1.78
2π (8 × 10−3 )(10−6 )
2π LC

kHz

(15)

This would be of interest if we have a local source of dirty electricity. Suppose we have
a large inverter located outside, with a switching frequency of 16 kHz, the noise of which we
really wanted to keep outside. The Aotuker filter with a resonant frequency of 15.9 kHz would
short out any 16 kHz signal appearing at the LINE input almost perfectly.
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Historically, EMI/RFI filters have been used to block kHz to low MHz signals. Cell phone
signals in the low GHz range were not of interest. Now, of course, we with EHS want filters
that block cell signals. I saw hints in the online literature that some manufacturers were
thinking about such filters. Corcom in particular claimed that some models would filter up
to 3 GHz, but never said which models (that I could find).
My thinking at the moment is that a ‘standard’ filter, like those I bought, will be adequate.
They will filter out the dirty electricity in the kHz range, and will reduce the cell phone signal
at least a little bit. A greater attenuation will result if we run the conductors from the
solar panels into metal conduit, starting a few feet from the Faraday cage. There will be a
capacitance between the conductors and the conduit which will divert the incoming cell signal
to ground. I measured about 200 pF from each conductor to ground, conductors not connected
to the solar panels, in an installation at my lab. The reactance of a 200 pF capacitor at 3
GHz is 0.27 Ω, effectively a short.
Anyone who has studied transmission lines will immediately recognize that life is not as
simple as the previous paragraph implies. At 3 GHz, the two conductors in the conduit form a
type of transmission line. A proper analysis includes estimating the characteristic impedance
of the transmission line, the standing wave ratio, the fraction of signal reflected at each
transition, etc. It would be a nontrivial task, but it is theoretically possible to select length
and diameter of conduit, and conductor size, that would effectively block one cell frequency.
But since cell phones use multiple frequencies, this task is probably not worth the effort.
My plan is to build the DC house and measure the interior cell signal strength before the
solar panel conductors are brought into the house, then again after the conductors are brought
in through a filter and surge suppressors (discussed in the next section). If the two readings
differ by more than perhaps 1 or 2 dB, then I will consider more heroic efforts to filter the cell
signals. One interesting possibility would be to run the conductors through a tank of water.
Microwave ovens operate at a frequency of 2.45 GHz because water absorbs that frequency
and gets hot. We might put water bottles inside the breaker box if there is room. This is
definitely an important research topic.
Measuring the interior cell signal strength is challenging. Signals reflect off the walls and
ceiling to form standing waves inside the metal box (the house) so the measured signal strength
may vary by as much as 10 dB over a distance of just a few inches. The cell phone used to
measure the strength will change reading when we hold the phone differently, or when we
stand a different distance away. In an attempt to reduce some of the variables, I took an
old DC gear motor rated at 90 VDC and powered it with 3 VDC (two D cells in series). It
rotated smoothly at 3 or 4 rpm. I mounted the motor vertically on a wood sawhorse with
a circular piece of plywood about 18 inches diameter mounted on the shaft. The cell phone
was mounted vertically on one side of the plywood and a small camcorder was mounted on
the opposite side of the plywood, where it would record the phone reading. I would turn on
the camcorder and motor, step a few feet away, and collect a one minute video of the phone
screen. Later I would review the video, and manually write down the field strength at two
second intervals. The average of those numbers would be the interior signal strength for that
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particular test.
It appears that the exterior field strength provided by the neighborhood cell towers will
vary by several dB, depending on system activity. A proper test would be to have two phones,
two sawhorses, and two camcorders, and synchronize data collection. That way, we would
know what the available signal is on the outside of the house when we measured a given
strength inside. In the meantime, I collect at least half a dozen of the one minute videos and
take the average of the averages.
The first test configuration for my lab consisted of the two solar panel conductors entering
the building through small holes drilled through the plastic frame of a window. There was no
conduit, no filter, no breaker box. Six videos of signal strength were collected near the point
of entry over a couple of days. The average strength was -107.59 dBm (low video -106.59
dBm, high video -108.51 dBm).
I then installed a MidNite Solar breaker box with a 15 A DC breaker on the inside metal
wall of my lab. The Schaffner FN2060-16-06 filter was mounted inside the breaker box. The
solar panel conductors were placed in about 3 feet of 0.5 inch EMT conduit on the outside of
the building, then in more conduit through the wall and into the box. Eight more videos were
collected over a period of days. The average strength was -112.27 dBm (low -109.81 dBm,
high -114.31 dBm). The difference between the two data sets was 4.68 dBm.
The average signal strength inside the building in early 2019, just after the building was
constructed and before any solar panels were installed, was -117.85 dBm. The breaker box
and the penetration through the wall could be adding up to about 5 dB of cell signal strength
inside the building. Or the cell strength outside the building has increased due to changes in
cell tower activity. Or perhaps the building is less tight (cracks where the cell signal sneaks
in have grown wider with time).
I am fairly confident that adding conduit, breaker box, and filter lowered the interior cell
signal strength by perhaps 3 to 6 dB. It might be possible to modify the design and get another
3 to 6 dB, which will be examined carefully in future buildings.
SURGE SUPPRESSORS
We will also need a surge suppressor or two located immediately adjacent to the EMI/RFI
filter. The filter is in its own metal box, or case, with a terminal for connection to a system
ground. Fig. 22 shows a minimal filter, a shunt C1 , a series L in each lead, and C2 and
C3 connected to the two leads and to the common case ground. It also shows two surge
suppressors, an MOV (Metal Oxide Varistor) at the filter input and a Transient Voltage
Suppressor (TVS) diode at the filter output, just before the battery being charged. There is
a circuit breaker at the LINE input and a diode at the LOAD output. The diode prevents
the battery from discharging back through the solar panels at night. The case of the filter is
connected to the breaker box case and to the Ufer ground of the DC house. This means that
C3 is permanently shorted and cannot help with surge suppression. This is not a problem,
just one of the results of using a three wire AC filter on a two wire DC system.
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Figure 22: PV connected to battery with MOV and Zener Surge Suppressors and Filter.
There are other types of surge suppressors besides MOVs and Zener diodes, and many
ways of connecting everything together, but I think the configuration in Fig. 22 is a good
place to start. One goes to a supplier like Digikey.com and types in TVS (Transient Voltage
Suppressor). A long list appears. One choice is TVS diodes (84,712 items when I looked),
another choice is TVS Varistors, MOVs (14,819 items). TVS diodes appear to be mostly
Zener diodes.
A common source of surges on the house wiring is utility switch operation. Suppose a wire
breaks on the distribution system (ice, falling tree, car wreck). The utility opens a switch to
take the line out of service while it is being repaired, then closes the switch after the repair is
complete. Suppose the switch is 3000 meters away. Power travels down the distribution line
at the speed of light, about 300 meters per microsecond, so it takes 10 µs to reach your house.
You will experience a 20 µs surge of up to double the nominal voltage, the down-and-back
√
travel time from the switch to your house. The peak voltage of a 120 VAC sine wave is 120 2
= 170 V, so you might see up to 340 V for 20 µs. This magnitude of surge has been known to
destroy sensitive electronics. Switching surges are a normal part of power system operation,
so we must be confident that our electronic components can handle them.
Another common source of surges is lightning. A direct hit to the solar panels (or to the
utility transformer in the back yard if we are connected to the grid) will probably destroy
both the surge suppressor and any electronics connected to it, so we are really looking at the
near misses here, say within a few hundred meters. The math can be challenging so I have
put it into a later section.
A third type of surge is that produced by a solar flare. This is a rare event (once per
century?) and is capable of doing considerable damage to the electric grid. It will not affect
our off grid house at all.
A fourth type of surge is the electromagnetic pulse (EMP) produced by a nuclear bomb
exploded perhaps 250 miles above the central USA. It has been known since the early days
of testing nuclear weapons that an above ground nuclear weapon produces an EMP that can
wipe out sensitive electronic circuits. An enemy with a bomb and a rocket that could reach
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250 miles above Kansas could inflict considerable damage on the entire United States. A
nuclear warhead detonated tens to hundreds of miles above the Earth’s surface is known as
a high-altitude electromagnetic pulse (HEMP) device. According to Wikipedia: “The three
components of nu clear EMP, as defined by the IEC, are called ”E1”, ”E2” and ”E3”. The E1
pulse is the very fast component of nuclear EMP. E1 is a brief but intense electromagnetic field
that induces high voltages in electrical conductors. E1 causes most of its damage by causing
electrical breakdown voltages to be exceeded. E1 can destroy computers and communications
equipment and it changes too quickly (nanoseconds) for ordinary surge protectors to provide
effective protection from it. Fast-acting surge protectors (such as those using TVS diodes)
will block the E1 pulse.”
This has to be tempting to our enemies. They need acquire only one bomb and one
rocket to return the United States to the electrical usage of a century ago. Our civilization
would collapse and most of us would die of starvation and disease, but without destroying
our infrastructure or making our soils radioactive. It becomes thinkable for a relatively small
army to conquer us.
We now need to select an MOV and a TVS diode out of the huge number of possibilities. I
found significant differences of opinion in doing an Internet search for design tips. One source
said that MOVs (used in ordinary surge protectors) were fast acting enough to handle the E1
pulse if stray inductance were minimal, contrary to the Wikipedia opinion. One source said
flatly that TVS diodes could not be used for lightning protection, while several others said
the opposite. A design guide for TVS diodes said that TVS diodes can be used for surges
up to 250 A, but MOVs should be used for greater surge currents. The same guide said that
the disadvantages of MOVs compared with TVS diodes are poor voltage regulation and finite
life expectancy. At surge currents above a certain level the MOV will be degraded with each
surge. The voltage at which it starts to conduct will become lower. At some point it will
conduct enough current at the normal operating voltage to overheat. The normal failure mode
is to fail as a short, so now the entire output of the solar panels flows through the MOV. Trust
me, this ‘lets the smoke out’ !
I saw the spec sheet of one MOV that showed it would survive a 6000 A surge one time.
A second 6000 A surge would most likely destroy it. It would survive a surge of 1000 A
for a hundred times, a surge of 190 A for 10,000 times, and a surge of 55 A for a million
times. I find it interesting that we use MOVs to prevent damage, including fire, in sensitive
circuits, knowing that the MOVs themselves will eventually smoke and burn. The people who
write codes tell the manufacturers of surge suppressors that use MOVs to include some sort of
indicator that tell us whether the MOV is still functional. MOV manufacturers have responded
by making thermally protected MOVs, which have a fuse built into the MOV package. The
fuse will open when the MOV gets hot enough, taking it out of the picture.
The part number for thermally protected Littelfuse MOVs starts with TMOV for a two
terminal device and iTMOV for a three terminal device. The third lead connects to the
junction of the fuse and the MOV. While the fuse is good, this junction has the full system
voltage on it, and may be used to drive an indicating green LED through a dropping resistor.
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When the fuse opens, the green LED goes dark, indicating that the associated surge suppressor
(or at least the offending MOV) needs to be replaced.
The Littelfuse TMOV and iTMOV series have devices with a rating for continuous applied
DC voltages of 150, 170, 180, 200, . . . , 550. My present plan is to have three different DC
voltages in my DC house: 12 VDC for computers, 24 VDC for swamp cooler and refrigerator,
and 120 VDC for cooking and lighting. I will use 32 lithium ion cells in series for the latter
battery, with a fully charged voltage of about 4 volts per cell or 128 VDC total. I bought a
pallet of Mission Solar MSE345SX5T panels so I will use their specs. These panels deliver
maximum power at a voltage of 33.4 VDC under standard conditions. Four panels in series
would deliver maximum power at 133.6 VDC, which is close enough to 128 VDC to produce
a reasonable efficiency. The open circuit voltage of a panel is 41.0 VDC or 164 VDC for the
four in series. If the battery is disconnected for any reason then the MOV will see the panel
open circuit voltage. We need to select an MOV with a continuous applied DC voltage of a
least 164 VDC, which eliminates the first MOV in the series. The next three, with ratings of
170, 180, and 200 VDC should all work.
Digikey.com had plenty of the TMOV14RP150E in stock, which had the continuous DC
rating of 200 VDC, and which they would sell me 25 units for $41.58 plus shipping. I checked
Ebay, and found an open box of the same component, 600 units for a total of $40. I will have
plenty of replacement MOVs! This component has essentially zero current through it at 200
VDC. As the voltage rises, the current increases and eventually reaches 1 mA at a voltage
between 216 and 264 VDC. Current increases rapidly past this point. The clamping voltage
is 395 VDC. It will survive a surge of 6000 A (one time only).
The same MOV will also work for the 12 and 24 VDC panels. The Zener diode at the
filter output will have to do more of the work in protecting the load. The MOVs will have to
be tested periodically and the ones with an open fuse replaced, so having just one MOV type
to test should make life simpler.
Now we turn our attention to the selection of the TVS diode at the filter output. Zener
diodes come in bidirectional form where they can be installed in either orientation across the
solar panel leads, or unidirectional, where the banded end must be connected to the plus lead
of the panel. Either one works for us.
I will first select a zener diode for the 24 VDC circuit. I will use seven lithium ion cells
in series, so the maximum battery voltage will be about (7)(4) = 28 VDC. My Mission Solar
panel delivers maximum power at 33.4 VDC under standard conditions, so using a single panel
to charge the battery should not have a huge efficiency penalty.
The diode is essentially an open circuit at voltages less than the breakdown voltage VBR .
The manufacturer defines VBR as the voltage at which the current has reached some small
test value like 1 mA. Current increases rapidly at voltages above VBR so we want to make
sure our charging system never reaches VBR in normal operation. My panels have an open
circuit voltage of 41.0 VDC at standard conditions. Panel voltage increases as temperature
decreases, so a clear, cold day might see a voltage a little greater than 41.0 VDC.
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I go to one of the electronic components suppliers (Digikey, Mouser, Allied Electronics,
etc.) and enter ‘TVS diode’. There were 51 manufacturers of TVS diodes. I recognized the
name of Littelfuse as a manufacturer that had been around for a while, so I selected it (9797
hits). I select Active, to exclude obsolete parts (2352 hits). Now we see 8 different power
ratings, from 400 W to 30 kW. I arbitrarily hit the 1500 W size (275 hits). There are three
different series. I arbitrarily select the 1.5KE series, with 51 members. The lowest voltage is
the 1.5KE6.8A with a VBR between 6.45 and 7.14 V and the highest is the 1.5KE600A with a
VBR between 570 and 630 V. The 1.5KE47A has a minimum VBR of 44.70 V which is close to
but somewhat above the PV panel open circuit voltage of 41 V, so it is the one I selected. The
peak surge current that will not damage the diode is 23.5 A. It costs $0.615 each in quantity
10. Shipping for this small quantity would more than double the cost, so I looked at Ebay.
I bought 40 of the 1.5KE47CA, the bidirectional version, for $21.87, including shipping and
tax.
The datasheet also gives a value for VR of 40.2 VDC as a guaranteed voltage where the
current will be negligible, somewhere in the nanoamp range. The rated open circuit voltage of
41.0 VDC would then be expected to produce a somewhat higher current, but still less than
1 mA. If I were discharging a battery with the TVS diode I might get concerned about this
small current, but not when just applying a small load to a solar panel.
I really do not have what I consider a good design strategy for selecting zener diodes. After
entering ‘TVS diode’ on the Digikey.com website, we have a list of about 600 different series of
these diodes. Each series would have been developed to meet a particular need (power rating,
ruggedness, variability between devices with the same part number, etc.). One could spend
months reading literature about all 600 series and still not select the very best device for our
application. I do not know the exact character of the surge that is to be suppressed. And
the MOV input and the EMI filter will greatly modify the surge as seen by the zener diode.
Perhaps a good design strategy will appear after a few years of experience.
I looked at one more size, the Littelfuse 5KE40CA. It has essentially the same VBR and
VClamp as the 1.5KE47CA and costs $2.642 each in quantity 10. The peak current is 79.1 A
rather than 23.5 A. Either one will be destroyed if the lightning strike is close enough, but
the larger diode will survive a somewhat closer strike. I will have three separate solar panel
and battery systems, so I will use at least two different sizes (1.5KE and 5KP series) in the
surge protection. Perhaps some experience will reveal whether we should use the higher power
diodes or not. Digikey has the 5KP150CA, minimum breakdown voltage of 167 VDC, VC =
243 VDC, IP P = 21 A at a cost of $4.24 each, quantity 10, that should work for the 128 VDC
battery.
If I selected the 30 kW rating instead of the 1.5 kW rating, I would be looking at the
30KPA series. The only one in stock with the right VV R for a 28 VDC battery was the
30KPA39CA, the bidirectional version, at a cost of $20.08 each in quantity 10. It looks just
like the 1.5KE47A, except for a diameter of about 0.35 inch instead of 0.2 inch. Littelfuse
increased the volume of the diode by a factor of 3, the peak power by a factor of 20, and the
price by a factor of 32.65!
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I set up a surge generator to test some of the TVS diodes to failure. This consisted of a
variable autotransformer (variac) to get different voltages, an isolation step up transformer so
I could get DC voltages up to 450 VDC, a full wave rectifier, some electrolytic capacitors rated
at 1400 µF and 450 VDC, and a silicon controlled rectifier (SCR) to serve as a switch. These
were all components in my junkbox from a project many years ago where I needed a surge of
6000 A to magnetize some unmagnetized magnet blocks. The SCR is the 2N3890, rated for a
surge of 4500 A. (I used two in parallel for the magnetizer). I used 13 capacitors in parallel,
for a nominal capacitance of 13(1400) = 18,200 µF. The current collector is two sections of
1.75 inch square aluminum tubing. Capacitors have finite internal resistance and inductance
so they cannot release an infinite current to a short. Current will rise to a maximum in a few
microseconds, not vastly different from a lightning strike. This surge generator should be able
to provide a few hundred amperes to a surge suppressor without any issues.
I then connected the 1.5KE47CA across the surge generator, in series with a 0.025 Ω
resistor, for measuring current. Zener diodes have a very steep current versus voltage curve.
At a capacitor voltage of 58.8 VDC, the peak current was 65 A, dropping to half in 100 µs.
Evidently the spec sheet value of 23.5 A is for a longer duration surge. At 61.7 VDC the
peak current was 89 A, and at 63.6 VDC, the diode made a loud bang and developed a crack
around its circumference. It failed shorted and discharged the capacitor.
I then put two diodes in parallel across the capacitor. Without an effort to match diodes,
one will always draw more current than the other, because of natural variability between
diodes. At 59 VDC the peak current was 86 A, and at 64.2 VDC the peak current was 148
A. At 65.6 VDC there was a loud noise and the capacitor discharged fully. I removed the
shorted diode and continued testing with the second diode. It seemed to be undamaged. At
58.8 VDC the peak current was 52 A and at 62.3 VDC the peak current was 89 A. At 65.0
VDC the diode failed shorted, but with no noise and no obvious mechanical damage to the
diode.
One design philosophy would be to select a diode size that will survive the largest possible
surge time after time without failure. Another philosophy would be to select a (less expensive)
size that will survive most surges but will fail perhaps once or twice a year, and just replace
the diode after failure. Zener diodes and MOVs tend to fail shorted, so surge current (and
solar panel current if the sun is shining) continues to flow through the diode until it overheats
and explodes. The ruptured diode is now an open circuit, with no effect on circuit operation.
If the surge is finished by the time the diode explodes then it will have performed its duty.
If I were using the sacrificial diode philosophy, I would put perhaps two to four diodes in
parallel across the line, perhaps an inch or so apart or with a mechanical barrier between them
so an exploding diode would not destroy the adjacent diode. The sensitivity to minor voltage
changes means that of any four randomly selected diodes, one will always draw significantly
more current than its neighbor, and will fail shorted first. This diode then draws all the surge
current until failure. The other three diodes would be expected to be fully functional at this
point. If the surge is still present, the next most sensitive diode will draw the bulk of the
current until it also fails. We visually inspect the diodes after lightning storms in addition to
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once or twice a year.
This might not be a good idea because the diodes might fail without obvious mechanical
damage. They would need to be removed and tested separately. If they failed shorted, they
would short the solar panels, keeping current from the battery bank. It is possible that the
diode would thermally be able to handle this short circuit current without acting as a fuse, so
the battery might become discharged by normal system load before anyone noticed. A short
is easy to measure with an ohmmeter, but an ohmmeter cannot distinguish between a good
diode and a ruptured one by measuring resistance. Both cases show an open circuit to an
ohmmeter.
I then decided to test an MOV in the same circuit. I selected the V47ZA7, nominal voltage
47 VDC, voltage at 1 mA test current between 42.3 and 51.7 VDC, maximum clamping voltage
of 93 VDC. The internal resistance is much higher than the TVS diode. At 64.8 VDC the
current is only 5.24 A for the tested MOV. This current flows until the capacitor voltage is
about 55 VDC. The current was 14 A at 80 VDC, 30 A at 90 VDC, 67 A at 100 VDC, 106 A
at 110 VDC, and 162 A at 120 VDC.
LIGHTNING PROTECTION
Most of us have seen the results of a direct lightning strike. A tree has exploded. Wiring
has melted. Solar panels are warped and no longer function. I think I have seen figures that
about 100 people per year are killed by lightning. We can do some things to improve our odds,
but as a practical matter, lightning is going to go where it chooses. That is what insurance
was invented to cover. It is economically more efficient for the society as a whole to replace
damaged equipment at the unfortunate location than to try to make every property lightning
proof. The same is true for tornadoes. It is cost effective to design a house or a wind turbine
to withstand perhaps 120 or 130 mph winds, but cheaper to buy insurance against a tornado
wind of 200 mph.
Near misses of a lightning strike can also destroy electronic equipment by inducing a
voltage in any wiring loops. The first line of defense is to make the area of wiring loops as
small as possible, before starting to select surge suppressors. I think this is not emphasized
as much as it should be so I will give some background theory.
Lightning is a mostly vertical flow of electrons from cloud to earth (or from earth to cloud).
It can also be mostly horizontal flow from cloud to cloud. Fig. 23 shows a simplified model
of vertical current flow from a cloud at height H, typically in the one to three kilometers
range. By convention, the symbol I is given to the flow of positive charge, so the current
arrow directed down actually represents a flow of electrons up. If the thumb of the right
hand is aligned with the flow of conventional current, the fingers point in the direction of the
magnetic flux density B. To the left of the lightning, B will be directed away from us (into
the paper, shown by a × in a circle, representing the feathers of an arrow leaving us).
Martin A. Uman wrote what became a classic book Lightning in 1969, reprinted by Dover
in 1983. A well used copy has been in my library for decades. He derives the following
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expression for flux density in his Eq. 3.19.
B=

µo IH
2πD (H 2 + D2 )

(16)

p

where µo = 4π × 10−7 . For a near miss, H will be much larger than D, so B can be
approximated by
B=

µo I
2πD

(17)

A near miss induces a voltage in a loop of wire that is given by Faraday’s Law.
v=−

d(BA)
Aµo (∆I)
=−
dt
2πD(∆t)

(18)

where A is the area of the loop perpendicular to the flux density, and the ‘d’ tells us it is a
differential equation. There has been considerable research into how fast the current builds to
a peak, so we can replace dI/dt by measured values of ∆I/∆t. Uman lists values for ∆I/∆t
in the range of 10 to 20 kiloAmperes per microsecond.
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Figure 23: Model of current flow in lightning.
The loop that is receiving the impulse voltage is basically the wiring to the solar panels.
I illustrate with Fig. 24 where I mount four solar panels on a steel rack. The 60 cell panels
have an open circuit voltage on the order of 40 V, so we need four panels in series to get 160
V open circuit or 120 to 130 V for charging the nominal 128 V battery. Fig. 24a shows a
simple, neat wiring installation with minimal wire lengths. One wire is brought to the first
panel. The panel built-in leads are daisy-chained around the four panels. The second wire of
the two is connected to the last panel. This leaves a relatively large area A inside the loop.
Fig. 24b shows an attempt to reduce the area by using a longer second wire. It is zip tied
to the daisy chain of panel wiring all the way to the last panel. It would be easy to get a loop
area of 1 m2 or more using the technique of Fig. 24a. This can be reduced to 0.1 m2 or even
less by using the practice of Fig. 24b.
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Figure 24: Solar Panel Wire Layout (a) Large Area, (b) Small Area.
We can now estimate the induced voltage for a near miss. We assume D = 20 m, A = 2
m2 , and 20 kA per microsecond. This gives

v=

4π × 10−7 (1)(20 × 103 )
= 400
2π(20)(10−6 )

V

(19)

The peak current in a lightning strike averages around 40,000 A but can reach 100,000 A. I
think I have read of extremely rare cases where it reached 200,000 A. If the current is increasing
at a rate of 20 kA/µs it reaches its peak in 2 to 5 µs. The decay is slower than the rise. During
the decay the voltage applied to the battery is of opposite sign, of lower magnitude, but with
corresponding greater duration. So in this example, we have a 400 V pulse, perhaps 2 to 5
µs in duration, applied to a battery at less than 128 VDC, and to whatever the battery is
connected to (lights, cookware, etc.). Large currents will flow, with at least the possibility
of equipment damage. To prevent damage we need the surge suppression devices discussed
earlier that will act within a microsecond or so and absorb significant amounts of energy.
SOLAR FLARE
Our sun will occasionally produce a solar flare, often in conjunction with a sunspot. These
are complicated events that I don’t pretend to understand. At an over simplified level, I think
the process resembles the sun ejecting a blob of electrons that travel away from the sun in a
straight line, making its own magnetic field around the blob as it travels. If the earth happens
to be in the direction of travel it will feel the effects of this magnetic field. The result of a
voltage induced in a loop of wire is the same as that of a nearby lightning strike, except that
the rise time is measured in minutes or hours rather than microseconds. Since ∆I/∆t is so
much smaller than for the case of lightning, as long as any loops of wire have areas less than
a few m2 , our off grid house has absolutely nothing to fear from a solar flare.
The problem comes with our electrical grid. Consider the overhead lines that run from
Kansas City to Dallas to Albuquerque to Denver to Kansas City. The area of this loop is on
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the order of 106 square kilometers or 1012 m2 . Even a small ∆I/∆t will produce a significant
direct current where it should be only alternating current. If the overhead
√ wires are carrying
1000 A (AC) without the presence
of
a
solar
flare,
the
current
goes
to
1000
2 A in the positive
√
direction, and then to 1000 2 in the negative direction, with a average value of zero. The
solar flare might produce enough voltage to drive a direct current of say 200 A around this
loop for an hour or more. The current varies from 1614 A peak in the positive direction
to 1214 A in the negative direction. The electric utility transformers go into saturation on
the positive peak. Transformer losses increase and the transformer temperature rises. It is
possible for the transformer to be damaged or destroyed if it is not taken off line. This requires
special protective equipment that is not cheap. Since transformer destroying solar flares are
rare, it is tempting for utilities to take their chances. The last big solar flare to hit the earth
was the Carrington Event of 1859, before transformers and the AC grid had been invented.
It did considerable damage to the telegraph system in operation at the time.
I do not have access to information about how robust our electrical grid is against another
Carrington Event. My guess is that it is more robust than some fear mongers on the Internet
state, but probably not as robust as it could or should be. A big transformer might take two
years to build, and there would be few spares in storage, so the loss of some critical number
of transformers would mean that our grid would be down for months at best. This would
mean a collapse of our civilization. I would guess 90% of us would die in the first year, from
starvation, disease, and gunshot wounds. It is conceivable that those of us with a DC house
and a good garden could ‘shelter in place’ and not die from starvation or disease. Dying by
gunshot is likely, however, as people run out of food and get desperate.
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