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Introduction

Goal

The ultimate goal of this project is to develop a green energy system harnessing energy from the sun by photo-panels and using the energy to electrolyze water. An optimized process of electrolysis to produce hydrogen gas would be installed and powered by the sun. The hydrogen would be compressed by a special pump and stored in a low carbon steel tank. The hydrogen would be used at will by the service group of the Fountain Hills Unified School District by directing the hydrogen into a fuel cell that would require hydrogen and air to produce electricity and water as products.   

Phases of the Project

This project is the third phase of a four-phase project to occur over three years. This project has been evolving as more grant money and donations have been collected toward the project. The original scope was to evaluate fuel cells and hydrogen optimization in order to use less expensive energy to run district equipment. The energy would be captured and stored in the form of hydrogen gas. The gas would then be sent at will through developed fuel cells in order to produce electrical power and water.  

The current project became reality with a generous educational donation from ASU Polytechnic of four solar panels. We have now reconfigured the program to be a four-phase process. The overall scope has not changed but with the advent of the solar panels, last year’s effort was diverted from fuel cell development to mainly hydrogen production optimization using a totally environmentally friendly energy source, solar energy.  Parts of this year’s resources have been devoted to experimenting with the solar panels in order to understand how much power can be relied on during different weather conditions. The fuel cell research will continue in year two with new students and solar power studies will be carried out this summer 2007.    

Fall 2005 – Spring 2006
The first phase involves the investigation of basic optimization of hydrogen gas by various techniques and materials. In addition to the optimization, a literature search was done on fuel cells during this phase. The DOE (Department of Energy) has a very specific web site that addresses most of our concerns and interest in cell efficiencies.  

Spring 2006 – Fall 2006

The second phase involves a long-term study using two and four solar panels. The purpose of the study is to calculate the average energy the fuel cells will generate per hour during the day. The cells will also be examined during the months of the four seasons. Energy generated by the panels will be translated into volumes of hydrogen produced and waste materials produced. A Cost Benefit Analysis will result from the study.  

Fall 2006 – Spring 2007 

Phase three involves the study of a small number of fuel cells and the analysis of the long term generation of power possible with the quality of the hydrogen from the phase one electrolysis process. Power comes from the mix of air and hydrogen into several catalytic stacks of cells that create energy and water as products.  

Spring 2007 – Spring 2008

Phase four involves the matching of tools and their power needs with the output potential of the fuel cells as well as an efficiency study. Tools and their requirements will be matched up with the power capability of the fuel cells so a profile of equipment that the service group uses can be matched up with the green energy production. Finally, a number of studies will be carried out.  The efficiency of the system will be monitored. The possible energy storage capacity for the system will be predicted.  The financial savings of the system over using conventional power will be calculated. 

Literature Discussion

As demand for environmental protection becomes more of a priority, researchers, companies and government incentives build to look at alternate fuels and resources as methods of both reducing our dependency on fossil fuels and improving our environment at the same time. Recently the President of the United States has expounded on the need to look at alternative fuels and directly mentioned hydrogen as one of those fuels whose time has come.   

Hydrogen production has long been explored by electrolysis. It is well documented and understood. The methods of optimization of hydrogen have been examined in the literature. A number of catalytic and chemical methods exist to stimulate the production of hydrogen but the most recent areas of interest are those that use other energies to stimulate hydrogen production during electrolysis. The areas uncovered that appear to help reactions and physical processes proceed include laser, ultrasonic, and microwave stimulation.

It is the purpose of this phase of the research to examine fuel cell capability and technology. In addition, we are going to examine the integration of photovoltaics, combined with deep cycle batteries to produce stable 120 volt AC current for district usage. Fuel cells are to be examined from their utility, capability, efficiency and practicality in helping the district power up their transportation facility rain or shine with non-polluting inexpensive energy alternatives. As seen below, solar installations are a normal part of life in many parts of the country. This is especially true in Arizona. An example of this is the world’s largest solar installation that exists in Tucson, Arizona.   
The largest commercial PV installation in the U.S. as of 2003 is 3.4 MW for Tucson Electric Power in Tucson, Arizona. DOE web site.
Installations are improving every year as this graph shows below.  Well over one million homes use passive solar energy. The number appears to be growing. The actual installations per year grew from barely 20,000 in 1997 to 350,000 in 2003. Last year (2006) it was reported almost 850,000 installations were done. DOE web site.

Million Solar Roofs Progress
[image: image1.png]MSR systems installed

400,000

We've Exceeded Our Goall
(by 240,000 installations)

Planned-

Actual Total
[\
110,000

Planned Total in 2002
Installations





A laboratory demonstration board was produced to simulate the power of four full-sized 200 watt photo-panels and safely convert this to AC current.  In addition the fuel cells are being examined to integrate added power to the battery grid during off peak times as well as during darker days when sun light is not available. Available literature is available but the integration aspects are not addressed well.

Several sections of literature were examined and the developments evaluated. There are numerous publications on many of the aspects but few that pull the integration of the systems together. The system this group has developed with the help of a number of engineers is one that will be integration versatile and low maintenance.  

The actual running cost of photovoltaic systems appear to be free but really need to be looked at in equipment maintenance, replacement and life time. This is called a Levelized Effect Cost.  According to DOE this was around $0.30/ KWH versus the live cost to consumers of $0.12/KWH.   

“The cost of larger PV [PhotoVoltaic] systems (greater than 1 kW) is measured in "levelized" costs per kWh—the costs are spread out over the system lifetime and divided by kWh output. The levelized cost is now around 30 cents/kWh. At this price, PV is cost effective for residential customers located farther than a quarter of a mile from the nearest utility line. Reliability and lifetime are steadily improving; PV manufacturers guarantee their products for up to 25 years.6” DOE web site
When a survey is examined of typical installation cost plus equipment the cost appears to be reasonable at $3-10 per watt or translating, it would be 10-30 cents per kilowatt-hour.

“A residential energy system typically costs about $8-10 per Watt. Where government incentive programs exist, together with lower prices secured through volume purchases, installed costs as low as $3-4 watt—or some 10-12 cents per kilowatt-hour can be achieved.12  “     DOE Web site
Fuel cells are even less obvious in their cost per KWH. This report will examine the practical side of installation, cost and running on small-scale photovoltaics and fuel cells. 

Materials and Methods 

PART ONE: Integration of Solar Energy into Direct AC Current

A. Power output by the panels

Four 500 watt solar panels were installed on the roof of the High School Science building where studies of the power coming form the panels were first initiated. Direct electrolysis was done to first investigate the power coming from the roof. The rate of hydrogen production was clocked at roughly 10 milliliters per second. This volume equals 12 joules per second.

We then looked at the watts of energy flowing into the apparatus. This turned out to be very difficult since the voltage coming out of a line with solar panels is variable at best. Depending on the time of day it would oscillate between 2 volts early in the morning to 25 volts at mid day in the summer. The current appeared to be fairly predictable from 1.5 to 20 amps.  The highest power therefore was 500 watts which is close to the power rating of the panels.   

B. Converted power into AC – Stabilizing Voltage 

After consulting with a few experts in the area and researching the technology of solar panels, it became quite clear that our first job was to stabilize the DC voltage. There are several manufactures of voltage regulators around and we found a local manufacturer in Tempe, Arizona who could make a voltage regulator capable of handling 500 watts of power and stabilizing the voltage between 10-15 volts. Our goal was to keep the AC voltage in that range since the main storage of power for this energy would be simple deep cycle batteries that typically run on 12 volts DC.

A profile of the output of voltage before and after is shown below:
	
	Prior to Regulator
	With Regulator



	Full Capable Range


	2 – 25 volts
	10 – 14 volts

	Operating Voltage (over 1 minute)
	+/- 3 volts
	+/- 0.2 volts


C. Converted power into AC – Storing Energy

We then hooked up one motorcycle battery (deep cycle) from Pep Boys that runs at 12 volts. This helped stabilize the voltage even more. It kept the actual line voltage at 12 volts +/- 0.1 volts. The battery we used for the rest of the trial was just the single cell. We decided to not invest in additional battery power until it was required.

D. Converted power into AC – A Power Inverter

After additional research we examined ways to convert DC to AC power without spending large amounts of money. It appears that there are a variety of inexpensive inverters. Most inverters are made for camping and boating.  They all work at 12 volts in and 120 volts AC out since most of the power comes from charged battery power from some engine.  

Sources were investigated. Various types from the photovoltaic manufacturers to the outlet camping stores were examined. A very acceptable 800 watt continuous inverter was obtained and worked on specification during out trials. The output from the inverter was 120 volts AC (+/- 0.1 volts) and very steady amperage that varied with the available sunlight.  

E. Schematic of the DC to AC Photovoltaic system

Below is the schematic used successfully in our labs for the photovoltaic system:

F. Power test runs with the Photovoltaic system using lights

1. Test with a 100 watt bulb 
A power test using a 100 watt bulb on our system was performed on a sunny day starting at 8 AM and running until Noon. The power coming from the solar panels with this bulb exceeded 80 watts at times coming directly from the roof. No shut down was experienced during the four hour run starting with a fully charged battery. The power was tracked as it was traveling through the various parts. The loss in power after the voltage regulator was nearly the same with an 8 watt loss mostly in the voltage being experienced.  

A small energy loss was experienced through the battery probably from internal resistance. The power dropped from typically 80 watts to 79watts or less than one-watt loss on average.   

The power inverter suffered the largest loss of the system from heat loss in the conversion. The power typically went from 110 watts DC power to 60 watts AC power. This is a loss of 50 watts. The power inverter was the actual weak point of the system since it could suffer from high resistance from heavy usage and heat loss. Typically the system would give a warning sound and shutter down power when it was experiencing heat problems or severe power draw. This was a factor of the inverter we chose and served as a warning that we needed to do our homework on this apparatus when we expand next year.   

2. Test with a 200 watt bulb

The test with a 200 watt bulb did draw more power from the photo panels. The most power drawn was 210 watts but the most typical power draw was 120 watts prior to the inverter. With the 200 watt bulb the power from the roof to the battery was 120 watts. The power draw from the battery to the inverter was just over 200 watts DC of power and that dropped to 121 watts of AC power.  

As one can see, the battery drain was tremendous and the motor cycle battery typically drained after a full charge within one hour.

3. Test with a 150 watt bulb

This test was similar to the 200 watt test where the power draw from the roof was typically 120 watts and after the battery the draw varied from 140 watts to 160 watts. The power draw after the inverter typically fell to 115 watts AC.  

As expected we pulled excess power from the battery but the battery lasted two hours on average prior to low voltage shut down. The process was repeated three times in a row and was very reproducible.  A battery charger was used to restore the battery which took an average 20 minutes each time.

4. Test with a 75 watt bulb

This test produced continuous runtime of four – six hours continuously without any sign of voltage and power loss. The power draw from the roof was a consistent 70-78 watts through the battery up to the inverter. The power drop from the inverter was typically from 41 watts down to 32 watts.  

This, by far, was the largest power drop suffered at the inverter.    

PART TWO: Optimization of Fuel Cells
A. PEM Fuel Cell TEKStak TM (Parker Industries)  
The single stack cells were examined for their ability to operate as single direction fuel cells. The cells are not reversible.  

Break-in

The cells were found to require a large amount of initial moisture to help activate the cells.  The quickest way to activate the cells is to, on a very short term basis, add deionoized water to the cells and apply small voltage to the cells starting at 0.1 volts rising eventually to 2.0 volts at a maximum.  This process was done over a 1-2 hour period.  The result was reasonably activated cells when we added hydrogen to the cells from a purchased pressure tank.  

Short term testing

The cells were tested in an outside facility because of the requirements of the local fire department.  The hydrogen was not humidified for short-term runs.  Long-term runs would be done through water bubblers.  The cells in general were found to be very active for 4 square centimeter MEA (membrane electrode assemblies).  

Fuel cell testing

The cells were run under a variety of conditions with hydrogen and either air or oxygen.  The cells were hooked up to an H-Tec computer monitor system which will both control and record the activity of the fuel cells under a variety of voltage, current and resistance changes.  The data recorded is placed on Excel spreadsheets and then arranged into graphics.  

The hydrogen used for these tests was purchased 99.9% pure from Air Products corporation.  The 2,200 psi cylinder was stored in an outside enclosure protected from the attached structure by a double thick cinderblock wall.  All data was done remote at this location.

B. PEMRFC – PEM Reversible Fuel Cell

PEMRFC fuel cells were purchased from the Fuel Cell Store on-line. The single stack cells were examined for their ability to operate as a multi-direction fuel cell.     

Break-in

The cell was found to require a large amount of initial moisture to help activate it The quickest way to activate the cells is to, on a long term basis, add de-ionized water to the cells and apply small voltage to the cells starting at 0.1 volts rising eventually to 2.0 volts at a maximum. This process was done over a 1-2 hour period. The cell was then run as an electrolyzer for several days. The result was a reasonably activated electrolyzer.

The reversing process took an equal amount of time. Days of both hydrogen and oxygen addition to the cell as a fuel cell was done at low voltage (0.1 V) and gradually rising to 2.0 volts. The current never rose above 0.3 amps. After a few days, the cell started to respond. The reversible cells do not like being reversed. Although the implication is that it is possible, the cells are very sluggish and actually refuse to act like a fuel cells for a number of days.  

Short term testing

The cell was tested in a lab facility at the High School since we had a low volume electrolysis cell to supply the fuel cell. The hydrogen was humidified for short-term runs through columns of de-ionized water.  Long-term runs were also done through water bubblers. The cells in general were found to be very active for 16 square centimeters MEA (membrane electrode assemblies).  

Fuel cell testing

The cell was run under a variety of conditions with hydrogen and oxygen. The cells were hooked up to an H-Tec computer monitor system which will both control and record the activity of the fuel cells under a variety of voltage, current and resistance changes. The data recorded is placed on Excel spreadsheets and then arranged into graphics.  

The hydrogen and oxygen used for these tests were manufactured by an electrolysis cell hooked up in series with the fuel cell also purchased from the fuel cell store.   

C. PEMFC – Non-Reversible Fuel Cell

A PEMFC fuel cell was purchased from the Fuel Cell Store (on-line). The single stack cells were examined for there ability to operate as single direction fuel cells. These cells are not reversible.  

Break-in

The cell was found to require a large amount of initial moisture to help activate the cells. The quickest way to activate the cells was to, on a very short term basis, add de-ionized water to the cells and apply small voltage to the cells starting at 0.1 volts rising eventually to 2.0 volts at a maximum. This process was done over a 1-2 hour period.  The result was reasonably activated cells. The hydrogen came from an electrolysis cell in series with the cell.  

Short term testing

The cell was tested in a lab facility at the High School since we had a low volume electrolysis cell to supply the fuel cell. The hydrogen was humidified for short-term runs through columns of de-ionized water.  Long-term runs were done also through water bubblers. The cells in general were found to be very active for 4 square centimeters MEA (membrane electrode assemblies).  

Fuel cell testing

The cell was run under a variety of conditions with hydrogen and oxygen. The cells were hooked up to an H-Tec computer monitor system which will both control and record the activity of the fuel cells under a variety of voltage, current and resistance changes. The data recorded is placed on Excel spreadsheets and then arranged into graphics.  

The hydrogen and oxygen used for these tests were manufactured by an electrolysis cell hooked up in series with the fuel cell also purchased from the fuel cell store.   

PART THREE: Integration of the Photovoltaic and Fuel Cell Technologies

This portion of the research is being carried out after the CARSEF competition. The plan is to integrate the fuel cell and electrolysis unit up to the line leading to the battery. The long term plan is to use the system both at day or night. At night the batteries would be recharged by the fuel cells if they were needed at night. During the day the photo panels would keep the batteries charged as they are used.  

A picture of the integration schematic can be seen below:
Results

A. Capability of the Photovoltaic Systems 

The light bulb tests show that the system is very capable of supplying electricity up to 800 watts of power. The system is limited to the quality and size of the inverter as well as the capacity of the batteries. Since the system can presently operate at 800 watt hours, with proper battery capacity the current ability of the system is the following:

a. 8 computers at 100 watts hours
b. 7 TV’s at 115 watt hours

c. 2.5 blenders at 300 watt hours

The batteries will be augmented by up to ten cells of deep cycle capability.  The capacity of this system should be enough to satisfy a small bank of equipment. The total capacity of the system sought for next year would be up to 2-3 kilowatts of delivery.

The inverter is the next piece of equipment to size. There are two options.  One option is to buy an expensive inverter with capacity of up to 2 or 3 kilowatts. The second option is to buy two or three good quality inverters and hook them up in parallel. This would augment the number of pieces of equipment that can be plugged into the system.  

B. Optimization of Fuel Cells

1. PEM fuel cell TEKStak

The individual TEKStak TM cells appear to operate at a maximum wattage of 350 milliwatts. This is best accomplished at 500 millivolts and 700 milliamps. At this range the cell appears to perform well and gives a consistent output.  

The fuel cell output in general pulses like the solar energy sources from the solar panels. The pulsing is small with the single stack but there is no information on the multi-stack under consideration. The anticipation is a second voltage regulator could be required.

2. PEMRFC – PEM Reversible Fuel Cell
This fuel cell operates at a peak capacity around the 600 milliamp current range, the 310 milliwatt power range and 650 millivolt potential.  
At this capability it matches the single stack TEK cell very nicely.  This cell runs reliably. It will run at about 50 miliwatts less under forced air versus oxygen from an electrolyzer. The square area of the cell is four times greater than the next cell but close to the same area as the TEK cell.

This type of cell is a very strong contender for multi-stacking since it is reversible and can give reliable gas supply as a supplementary source. 

3. PEMFC – Non Reversible Fuel Cell
This cell at peak ran at roughly 35% of the other two cells at 90 milliwatts. This power was peaked at 600 millivolts and 150 milliamps. The size of the cell and the sluggishness of the cell might indicate that some of the single directional cells have more limitations than are realized. The sluggish behavior occurs mostly at startup but once it is burned in, little problems were observed. 

C. Integration of the Systems

Research is on-going. This phase will be completed this summer.
Conclusion 

A. Photovoltaics can produce a sustained kilowatt of power within limits
The present system can produce 800 watts of sustained power. The limitations are the battery capacity and the inverter quality.

B. Fuel cells can power kilowatts of power with some sensitivities

Out of the three cells we have tested it appears that the PEM cells do produce very reasonable power and stacks of these membranes should give up to a kilowatt of sustainable power. Two of the main sensitivities are the burn in process as well as the reversibility of some cells. Once a cell is burned into peak efficiency it is strongly recommended to maintain the configuration and not to change it.
C. Reversibility can be trying for fuel cells  

The present experience of the two cells we tried reversing has taught that you will go through an even longer burn-in process of up to several days of running to bring the cell back to peak performance. Turning a fuel cell to an electrolysis cell is quick. The reverse process takes time.

D. Fuel cells that power substantial equipment need multiple stack cells of substantial catalyst area  

The average cell produces about 300 milliwatts of power. The typical stacks require at least 10-50 cell stacks to produce reasonable levels of power.

E. Fuel cell longevity is no longer becoming a problem

Reports of only 1000 hours for fuel cells are becoming a thing of the past.  Present cells are mounting 10,000 to 100,000 hours of performance. 

F. Fuel cell energy cost matches most available power at $0.12 per kilowatt hour  

A survey done of fuel cells has shown them to be competitive with local power companies by just factoring the fuel used. When hydrogen cost is examined the cost calculates to $0.12 per KW hour. When examining the replacement cost of the fuel cell and maintenance the cost rises another $0.20/KW hour based on 10,000 hours of life time performance.  

G. Efficiency of fuel cells is 40-60% when optimized

Studies on the present three cells demonstrate efficiencies of 45% for the larger cell to 55% for the TEKStak cell.

Pictures and Spectra
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