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I. Motivation

There are as many reasons for a particular act as there are people.  I will address some of the more popular reasons for installing photovoltaic (PV) power.

· Environmental reasons: PV offsets or replaces utility power that is provided by nuclear facilities (leakage and waste), fossil fueled facilities (greenhouse gases, acid rain, mercury, particulates, ozone, NOx...), and large hydro (habitat destruction, population displacement).

· Political reasons: PV decentralizes power, reduces international demand for petroleum and the resulting conflict, and reduces U.S. dependence on foreign oil.

· Economics: Lack of utility or high utility cost

· Love of gadgetry

· Need/want uninterrupted power: Utility power is 99.9% available, on average.  That means an average of nine hours per year down time, system wide.  In some areas the utility is down more often and for longer periods.  For some people this is an inconvenience, for others a serious threat.  A stand alone or bimodal system can give a residence the ability to power its vital loads for hours or days.


Understanding motivation is the first step in designing a system.


Environmental and political factors have no particular design restrictions associated with them.  The main point is to get the solar electricity into the system.


Economics is a more complicated area, but there is one firm principle: At present, PV supplied electricity, minus incentives, is not cost competitive with utility power.  Most people in the continental U.S. are buying electricity at 5 to 12 cents per kilowatt-hour (kWh). (More on this unit later)  If you amortize the cost of a residential installation over 20 years, PV electricity costs roughly 13 to 15 cents per kWh. Incentives and tax credits change the picture entirely. With a 30% federal tax credit, PV electricity is competitive with retail electrical rates.

If you want a rough guide to the levelized price per kWh from a PV system, take the price per watt (installed) and divide it by 25.


The hidden cost of subsidies to oil companies and utilities, plus the pollution related health costs and environmental remediation costs associated with conventional power tip the economic balance.
Many people are interested in building a house in a site that is distant from the nearest utility pole.  In these cases, the cost of a line extension can exceed the cost of an entire PV system.  If the load profile of the residence is appropriate, a PV system can save the homeowner money.

The need for uninterruptible power demands a particular kind of technology, either stand-alone or bimodal.  Stand-alone is just what it says, a system that is independent from the utility.  A bimodal system can interact with the utility or cut itself off from the utility as needed.


If you have utility power, and don’t need backup power, then a direct utility tied system would work. This feeds the power from the solar panels directly into your main breaker box, and then into your house. If there is any excess, it flows back into the utility grid. If the utility fails, the system shuts down. This type of system is simpler and less expensive than a battery based bimodal or stand alone system.

II. Qualifications

Now that you have defined your needs, you must ask yourself the question: Will PV meet my needs?  I have already discussed the economic questions, but there are technical restrictions to be addressed as well.

Solar energy is cyclical and unpredictable.  When I say cyclical, I mean not only the day/night cycle, but also the increase and decrease of daylight hours throughout the year.  In Vermont, we might expect an average of 2 hours of "blue sky" sunlight per day in mid winter.  In the summer our average is about 5 hours per day.  This means that over a period of a week in the winter our total supply of energy is less than half what it is in the summer.


The unpredictability of sunlight is more obvious in New England than in New Mexico, but in either place a standalone system must have a sufficient amount of storage to cope with cloudy weather.


A residence with continuous vital loads would have to size and budget for equipment accordingly, or perhaps bite the bullet and install a fossil fueled generator.

Most of us are used to having utility power.  It seems to be an endless supply, limited only by the size of our checking accounts.   The energy supply from a PV system is limited by the solar array size and the solar resource.


Likewise, the power output of a PV system at any moment is limited by the capacity of the equipment.  Buying and increasing this capacity is expensive compared to installing a bigger cable from the power company. This plastic box of lead plates and sulfuric acid requires watering, cleaning, and constant monitoring.

III. Basic Calculations

Site Assessment: True south, shading, space, structural issues, zoning, aesthetics

True South:

True south is not the south of a compass needle. It is the direction of the sun at its highest point in the sky – the same on any day of the year. My favorite way of finding true south uses a newspaper, a watch, two sticks, and a rock on a string. On a sunny day, buy your local morning newspaper. Look in the weather section for the times of sunrise and sunset. Let’s say it is summer, and the sunrise is at 5:30, with the sunset at 8:30. This is a 14 hour day. The sun will be at solar south exactly half way through this day, seven hours after 5:30 in the morning, or 12:30 in the afternoon. Go to your site just before 12:30. Drive one of your sticks in the ground. At 12:30, dangle the rock on the string just above the ground so that the shadow of the string crosses the stick. The shadow is exactly solar north-south. Lower the string so the rock touches the ground. Drive in your other stick right where the rock is. The line between the two sticks aims solar south. The more distance you can get between the two sticks, the more accurate a north-south line you can get. To this end, I will tie the end of the string to the end of a long stick so I can hold it higher and get a longer shadow.

You can also get the times of sunrise and sunset from online weather sites such as weather.com or wunderground.com. You may replace the rock and string with anything that is truly vertical and casts a shadow. A 2x4 made plumb with a carpenter’s level will do fine.

Shading:
PV's must be installed with great attention to shading.  Even the shadow of a twig can dramatically reduce output.  A PV array should be placed so that it receives direct sunlight from before 9 AM till after 3 PM.  These 6 hours are the time when a flat, stationary panel will receive 90% of its energy.


A quick assessment method is the "Billy Graham" technique.  Stand facing south.  With your arms straight, raise your hands up slightly above shoulder level and spread them out nearly east and west.  You will resemble a charismatic preacher addressing the multitudes.  If you have clear sky between your hands, you are standing on a reasonable solar site.


A more exact method is performed with a solar path map.  The software for this is available online at www.eren.doe.gov/buildings/tools_directory/software/sundi.

This map shows the position of the sun through the day at various times of the year.  With a compass and an inclinometer, you can take sightings of obstructions and match them to the chart to see when the sun will be blocked.

Get yourself a compass, preferably a rectangular map-reading type.  Adjust it for local magnetic declination.  This is 14.5 degrees west in Vermont.  That means that true north is 14.5 degrees east of magnetic north and true south is 14.5 degrees west of magnetic south. It is 15 degrees for all practical purposes.
I have made an inclinometer using a cheap plastic protractor.  Drill a hole in it at the center point. Bend a 90-degree angle in the end of a piece of coat hanger wire so there is about a half an inch sticking out. Cut the long end so it is a few inches more than the width of the protractor. Stick the short end through the hole in the protractor. Get a stick of epoxy putty, preferably the kind with metal in it (for weight), and form a blob of it on the long end of the wire. Put another blob on the short end to keep it from slipping back through the hole. You can sight along the flat side of the protractor at an obstruction, letting the wire dangle. Pinch the wire against the side of the protractor and you can look at it to see the angle.



Hold the protractor so you can sight along the flat edge, with the body of the protractor straight down below it.  Hold the compass up against the other side of the protractor and point the protractor straight east.  Sight along the flat edge at the top of whatever obstruction there might be.  The wire with the weight will, of course. dangle vertically, indicating the angle of the obstruction above the horizon.  Pinch the wire to the bottom of the protractor so that it will stay in place.  You can then lower the protractor horizontally and note the angle of the wire.  Write a note if the direction and the angle.  Now put the compass back against the protractor and point 15 degrees south of east.  Sight again and record as before.  Continue this till you have made a sweep all the way to the west.  You now have a record of the obstructions that might interfere with your solar array.
You can also buy a nice Suunto combination compass and sighting inclinometer for about $170.

The precise solution is a device called the Solar Pathfinder. It uses a clear plastic dome to show the shadow of the horizon on a paper chart. You hand draw the outline of the horizon on the paper chart and manually add up the solar percentages, or you can take a digital photo and use the associated software to calculate it for you. The Pathfinder/software package will set you back about $450, so it is more for the professional.

Back to the simplified methods. You will now need the solar path chart mentioned above.  I have generated some for this course. Note each elevation angle, look for the corresponding direction on the sun chart (E, E-15, E-30...) and mark the point on the chart.  You will end up with a rough horizon line running across the bottom of the chart.  From this you can see how many hours of unshaded sunlight you will get at any point in the year.  If the site is shaded between 9 AM and 3 PM at any time during the year, you should relocate the array or get out the chainsaw. Bulldozing the neighbor’s house is not recommended.
Load calculation:

This is fairly straightforward, but time consuming if done right.  There are three different load calculation situations.

For a standalone system

For bimodal backup system

For a utility intertie system

The basic technique is to go from room to room in your house and note each electricity consuming object, how much power it uses, and how many hours per day you use it.  This includes your furnace and your water pump, if you have one.  Most appliances will have a rating in Watts on the label, or Volts and Amps (multiply them to get Watts).  

Make a chart like so:

	Appliance
	Watts
	Hours/day
	Watts x hours/day

	kitchen ceiling light
	60
	4
	240

	food processor
	600
	0.25
	150

	
	
	
	

	
	
	
	

	Total
	660
	
	390


At the bottom of the chart you can total the Watts column and the Watts x Hours column.

For a stand alone system, make two more columns so you can separate winter hours per day and resulting Watt-hours per day from summer figures.  This is important because you will have less than half the sunlight during the winter and must budget accordingly.

For a bimodal backup system, only record the vital appliances that you must keep going in an outage.  These are the only appliances that will be on your system.

For a utility intertie you can simply read your power bills and add them up to get your yearly total.  The only point is to figure out what percentage of your demand will be covered by a particular size of system.

If you haven’t built the place yet, you can do a virtual tour of the house using a floor plan. Sketch in the lights and appliances, and look at the power ratings of devices in your present home. If necessary, go appliance label shopping.

Insolation:

For insolation data, I recommend the NREL charts, available online.

http://rredc.nrel.gov.solar/old_data/rsrdb/redbook/sum2/state/html

Pick a city as near as possible to your site.  The numbers are only accurate + or - 9%, so always underestimate to be safe.  The numbers you should pay attention to are for "daily insolation on a fixed array."  Generally, the best angle for your panels is the same as your latitude.  If you are utility intertied, then about ten degrees lower is best, to rack up the kilowatt-hours during the sunny summer months. The numbers, in kWhr/m2/day, represent, essentially, the number of theoretical hours of blue-sky, direct-south sunlight in a day.  Solar panels are rated in Potential Watts, their output under ideal blue-sky conditions, so these numbers tell you how many hours of performance you will get from them, on average.

Array Sizing:

First, you should understand that photovoltaic modules will never produce as much power as their rating. When you purchase a 100 Watt module, it is rated 100 Watts under Standard Test Conditions (STC). The most important problem with the STC rating is that the modules are tested at 25 degrees C. No module in full sun would be that cool for very long. They get as hot as 45 or 50 C, which lowers their voltage, reducing their power output by around 10%. The PTC (PVUSA Test Conditions) rating is more accurate, taking into account the usual high temperature.

Many manufacturers put in some fine print that tells people with good eyesight that their modules are rated within an error factor of plus or minus 5%. It is generally minus.

Another factor is burn-in. Modules will lose about 2 to 4% of their initial capacity in the first month or so, followed by a slow decline after that.

Once you have accounted for these factors, you should also consider that a percentage point or so will be lost in the wiring between the module and the electrical equipment. The inverter will be 96% efficient at best. If you have a battery-based system with a charge controller, you lose a few percentage points there. 

In the end, a rule of thumb is to multiply the STC module rating by 0.77 with a direct utility tied system, or 0.74 for a battery based system to get the realistic AC output.

To size a direct utility tied system, look at your utility bills for a year and add them up. Then look up the NREL solar data chart for a city near you. It will have the average daily solar resource in kWh/m2/day for a variety of array mounting angles, namely 0, lat – 15, lat, lat + 15, and 90. As mentioned before, the best angle is your latitude angle. Look in the “Average” row for “Lat.” Then look over to the “Year” column. You’ll se a number somewhere between 3.5 and 5.5. This is the average hours of peak sun per day for the whole year. Multiply this number by 365, and you will get the average peak sun hours for the whole year. Divide the number of kilowatt-hours you got from your year of bills by the yearly peak sun hours you just calculated. Then divide by 0.8, the inefficiency factor. Multiply by 1,000.This will give you the size of your array in STC watts. 

Your array sizing is most important in standalone systems.  Take the daily winter load and divide it by the daily number of kWhr/m2 for December, generally the least sunny month.  Divide by 0.75. This will give you your array size in STC Watts.

Battery Sizing:

The standard batteries for PV systems are deep cycle flooded lead acid batteries.  They are basically better, heavier versions of the battery in your car.  They are engineered to withstand deep discharges, unlike a car battery, which will die quickly from that treatment. Don’t ever use car batteries or marine batteries for a PV system – it’s a waste of money. Use only true deep cycle batteries.

Two standard sizes are the golf cart battery, at 6 Volts and 220 Amp-hours, and the L-16, at 6 Volts and 360 Amp-hours. Deka and Trojan are mainstream battery brands, as is US Battery. Rolls makes a very good 12 Volt, 220 Ahr battery, but it is expensive.

For standalone systems, a very rough rule of thumb is 12 Watt-hours of battery storage for every 1 Watt of PV.  Thus, a 600 watt array would need (approximately) a 7200 Watt-hour battery bank.  In practical terms, this (7200 Whr) means a 24 Volt, 300 Amp-hour bank.  (Or a 12V, 600 Ahr, or 48V, 150 Ahr) This could be approximated by a string of four 6 Volt, 300 Amp-hour batteries.

Why a factor of 12?  It really means that your solar array could charge your battery bank from totally dead to full in 12 hours, or about three average sunny days (in Vermont).  If your array is too small, then your batteries would charge very slowly and spend a lot of time partially discharged.  This reduces their lifespan.  If your array is too large, then your batteries will charge up very quickly and a lot of your expensive array capacity will be wasted.

The other way to size a battery bank is to go back to your daily average load calculation.  Multiply your daily average load in the winter by the number of days you want to be able to operate without sun or a backup generator.  A standard number is four days.  Add a fudge factor so that you won’t have absolutely dead batteries on day five.  Divide this number of Watt-hours by 12 and you have an approximate solar array size.

Even though a 6V 300 A-h battery theoretically has 1800 Watt-hours in it, I tend to treat them as having 1500 Watt-hours or so.  This gives a little leeway in sizing the battery bank.  Batteries are the weakest part of the system, so why thrash them?

To make your batteries last:

· Don’t deeply discharge them very often. Try to keep them above 50% charge.

· Keep them around room temperature. Extremes of heat and cold shorten their lives and hamper their performance.

· Don’t try to pull too much out of them at once. Try to limit their maximum constant load to 1/5th of their rated capacity, the so-called C/5 rate. For a 100 Ahr battery, this would be 20 Amps. Occasional excursions to the C1 rate are ok, but not too often.

· Don’t let them sit around partially discharged. Recharge them promptly. This means sizing the array properly, and if off grid, running the generator when necessary.

· Equalize them every few months. This function is built in to most charge controllers and battery-based inverters. It involves bringing them up to an extra high voltage for a few hours. This cleans off the plates and mixes up the electrolyte.

· Keep them topped up with distilled water.

· Keep them at a temperature that you personally might enjoy while wearing summer clothing.

· Keep them clean.

Useful URLs

Solar Radiation Data for cities all over the U.S.: http://rredc.nrel.gov/solar/pubs/redbook/

Wind maps and data for the U.S.: http://www.awstruewind.com/ (Look for the tiny “Maps” link at the bottom of the home page)

State and Federal incentives for renewables: http://www.dsireusa.org/

Home Power Magazine, a great source of practical information: http://www.homepower.com/index.cfm

The Danish Wind Industry Association - great basic wind education: http://www.windpower.org/

The American Wind Energy Association: http://www.awea.org

Basic Biodiesel info: http://attra.ncat.org/attra-pub/biodiesel.html#production

More Technical Biodiesel info: http://journeytoforever.org/biodiesel.html

A decent Web source for components: http://shop.altenergystore.com/

A manufacturer of small wind turbines: http://www.bergey.com/Intro.htm

Solar Path chartmaking software: http://solardat.uoregon.edu/SunChartProgram.html
The Solar Pathfinder shading assessment tool: http://www.solarpathfinder.com

Hate the name, but good basic info: http://www.solarfordummies.org/

Vermont solar businesses:

http://www.sourceguides.com/energy/businesses/byGeo/US/byS/VT/byN/byName.html

Lots of general info: http://www.solstice.crest.org/index.shtml

The impending (and final)oil crisis: http://www.hubbertpeak.com/index.html

More than you ever wanted to know; National Renewable Energy Lab: http://www.nrel.gov/
Renewable Energy Vermont, our local trade organization: http://www.revermont.org
The Database of State Incentives for Renewables & Efficiency: dsireusa.org

