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1. Abstract

Many energy consuming applications are beyond the realm of a distributed power network.  In the state of Nevada there are an estimated 10,000 off-grid locations with costs up to $500,000 to be connected to the electrical grid. These applications require an economical and environmentally friendly means for constant and sufficient power.  It is the goal of this study to develop and evaluate a system to supply power for this current and future demand.  

The system consists of a mobile unit with inverters, batteries, electrolyzer, hydrogen storage, propane storage, internal combustion engine generator, and a computer unit with a renewable energy source and a water source from the site connected to the trailer.  The residential load was met using solar renewable energy in the form of solar panels and wind turbines.  The mobile power system can be brought to off-grid locations to supply the electricity requirements of a typical residential lifestyle.

This system is capable of replacing the current fossil fueled power systems and/or reliance on the electrical grid that requires the dependence on non-renewable materials harmful to the environment.  The efficiency of a power system is often used to measure such applications effectiveness.  When evaluating renewable energy, the efficiencies can be meaningless as the source cannot be depleted.  However, efficiencies are necessary in comparing different renewable source components to choose the proper configuration for the most efficient renewable energy power system. 
2. Introduction

There is an ever increasing demand for energy from lights at home and in the office to fuel for vehicles.  The major source for these power needs is currently from fossil fuels.  Fossil fuels are not renewable, have a large economical impact on society and have been proven to threaten society through pollution. Renewable energy is sought after as it consists of an unlimited supply and does not require some of the logistical and economical factors of fossil fuels.  

One solution is to use solar power.  The sun’s radiation can be captured and transformed into useful energy, as well as the wind which is dependant on the sun.  Many methods have been studied, and used for capturing energy from renewable resources to overcome our dependence on fossil fuels.  A mobile trailer with the capability to store energy received from the sun and used for a residential or industrial applications is one step towards protecting our environment.  


The state of Nevada has abundant sunshine with over 300 days a year.  There are also many off-grid locations throughout the state.  Much of Nevada is rural or uninhabited making it difficult to find a source of electrical power, making it an appropriate location for using an energy storage system from solar renewable energy for power purposes.  The darkest months in Nevada still average 2-3 kW-hr/m2/day.


Off-Grid power systems have been tested in the past.  They use fuels such as natural gas, propane, and diesel to run a generator.  It would be beneficial for the environment to stay away from these fuels and use a fuel source such as hydrogen that does not pollute.  Hydrogen burned ideally in an oxygen environment has no harmful emissions, but since the earth’s atmosphere consists of more than just oxygen, there are certain emissions such as NOx that still affect the environment during combustion.  The chemical reaction in ideal conditions is as follows:
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The chemical reaction in the atmosphere can have any or all of the products shown in the following chemical equation:
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n= number of moles

The actual products depend on the fuel to air mixture and the temperature of the reaction. A fuel rich combustion will increase CO2 emissions while an extremely lean mixture and/or high temperature will increase NOx emissions, however a properly tuned system can minimize the pollutants to a small amount of NOx.

The goal of this paper is to display the results of a renewable energy power system using hydrogen combustion.  The individual components have been studied; however an integration of the components to create a closed renewable energy power system faces many challenges for safe, reliable, and robust operation.  To evaluate the effectiveness of the project’s configuration an analysis of the power systems overall efficiency is required.  The effects on the environment should also be taken into consideration and will be discussed.
3. Method

The power system was designed and built at the Desert Research Institute (DRI) with the help of a local company, Collier Technologies.  It was then tested at a field location as well as DRI.  The field site location was a residence in Galena, NV with two 1.5 kW rated tracking solar arrays, solar hot water, and a passive solar building design.   Testing was then moved to DRI where it was connected to two 1 kW rated tracking solar arrays and two 1.5 kW wind turbines.  A second larger electrolyzer was added to the system for this test.  Testing demonstrated it could supply a common household load on a continuous basis, with profiles running anywhere from 8 hour to multiple day runs and ranging from 6.5 kW-hr/day during testing at DRI to 21 kW-hr/day at the residential site.
Configuration
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An 8x12 foot enclosed trailer was purchased to house the components of the power system.  It was sent to Collier Technologies in Reno, NV to install the ICE.  A Lister-Petter .9 liter two cylinder engine  was converted to run off of propane or hydrogen.  The ignition system, carburetor, and spark voltage were varied in order to convert the engine.  A turbocharger was installed on the engine and later removed as it was not producing enough boost.  The remaining components of the trailer were installed at DRI according to the ICE position in the trailer, and based on the weight distribution and ease of energy flow.

Renewable DC electricity enters the trailer into an Outback Power System inverter unit.  There are two inverters in the unit that convert the electricity from 48 VDC to 120 VAC and vice versa.  The electricity then flows to the load, with the excess flowing to the battery bank.  There are twelve 12 VDC batteries connected in 3 parallel series for an output voltage of 48 VDC.  Once the batteries are charged, the remaining renewable energy is to be used for hydrogen generation through electrolysis.  This is accomplished with a Proton Energy HOGEN 600 PEM electrolyzer.  There are four tanks in the trailer for storage of the produced hydrogen so it can later be burned in the ICE.  If the power system requires all of the hydrogen produced, there is propane to be burned as a backup.  This system then allows for continuous power to supply a load.  Figure 1 shows the flow of electrical energy in the power system, with the first priority to supply the demand and second is keeping a charge of the batteries.  The picture in figure 2 shows the Layout of the components inside the trailer.  For testing at DRI, excess hydrogen was used from a stationary Stuart electrolyzer on site and its own hydrogen storage.  
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Every component within the system was integrated to work together and some components had to be manipulated for the entire system to work effectively.   A structure had to be built or reinforced for each component so the trailer could be stable during transportation.  The electrolyzer came with its own internal controls, so to control the amount of hydrogen produced and satisfy its safety controls a back pressure regulator and mass flow control meter were added to the system.  The structure for the electrolyzer had to be temperature controlled so the fuel stacks would not freeze and maintain a temperature below its 113 degree F maximum. The internal controls for the engine would not restart after a failure, so the system controls have to accommodate this problem.  To control and monitor the power system, a National Instruments Compact Field Point unit was installed using LabView software to run the system.  
Evaluation Method


Each component in the system has energy losses that cannot be avoided, whether through resistance to electrical energy or the conversion of energy from one form to another.  Throughout the system, energy is converted from solar radiation or wind energy to electrical energy, then to chemical energy, heat and mechanical before converted back into electrical energy.  Each component was evaluated for its own performance and the system as a whole.
At the first test site power was supplied by solar panels.  At the second test site solar panels are connected directly to the trailer, while wind turbines supply power to DRI’s electrolyzer, but only solar power was calculated for this evaluation.  The efficiencies are based off of data collected from the profiles run at DRI.  
Solar radiation was measured by a pyranometer that has been installed on the roof of the trailer.  The trailer is located in a courtyard area surrounded by buildings, which blocks early morning and late afternoon radiation. The accuracy of the pyranometer was measured by comparing it to the solar radiation measured at DRI which can be downloaded from the Western Regional Climate Center (www.wrcc.dri.edu).    The values from DRI and the trailer differ in value but are consistent throughout the day.  The difference could be the result of the pyranometer mounted directly on the roof of the trailer and not on a stand, while noise and error in the readings could also be affecting the signal.  Since the difference in the readings has been consistent throughout the test, an average of the two numbers will be used for calculation of solar radiation.  Data is used from July 3rd through the 5th showing the highest radiation from 12-1 in the afternoon.  The average value is .65 kW/m2.  Figure 3 compares the solar radiation measured on the trailer, solar radiation measured by DRI and the power supplied by the solar panels.
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ent entering the trailer from the solar panels is measured through the Field point computer unit.  Due to the nature of solar panels, the voltage was constantly changing, so the power was estimated using the current and voltage that is charging the batteries.  (Shown in Figure 3).  The Outback inverter unit displays a real time value for the supplied power and is observed to match the calculated estimated power.  The solar array consists of ten .9 m2 solar panels making a total of 8.9 m2.  With these values, the efficiency of the solar panels is calculated to be 12%.
Energy flows into the Outback Unit where it is either inverted from DC to AC electricity or sent directly to the batteries.  For this evaluation the efficiency of these inverters is assumed to be 100%.  All power systems of this kind will have to convert electrical power from DC to AC so for comparison purposes this efficiency will not be acknowledged.
DC electrical energy is then stored chemically in the small battery bank, supplying 1.5 kW-hr of energy storage for the system.  The batteries are Deka gelled-electrolyte, designed for solar power applications. Although efficient, the batteries do lose some energy through the chemical reactions, with the manufacturer stating that their efficiency is from 86-96%.  Their efficiency will vary with factors such as temperature and charge rate.
Electrical energy is converted to hydrogen, as a energy medium by electrolysis.  Proton Energy’s HOGEN 600 is rated to produce .6 L/min with power consumption up to 1200 W.  The electrolyzer was observed drawing up to 500 W with data showing an average production rate of .56 L/min. 
4. Results

The efficiency calculation for the electrolyzer compares the power consumption to the energy of the fuel produced using the equation:
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η =     
                H2 Flow * LHV
Sp. Volume H2* Power Consumption
A lower heating value of 51,532 BTU/lb is used, and a specific volume of 11.998 m3/kg.  The efficiency of electrolysis with the PEM hydrogen generator is calculated as 19%.  While this efficiency appears low, it is drawing less power than the manufacturer has stated.  The electrolyzer is designed for laboratory applications and therefore not only produces high quality hydrogen but has a dryer which consumes 10% of the total power consumption.  The electrolyzer also produced hydrogen at 200 PSI which accounts for some loses in efficiency.  

The efficiency of the engine is combined with the AC generator which is connected directly to the crankshaft.  Mass flow control valves measure the flow of fuel going to the engine and a calibrated load bank measures the power coming out of the generator.  The following equation gives an efficiency for the .9 liter two cylinder engine.
  

   η =
 Run time * Electrical Load * Sp. Volume
Mass Flow * Run Time * LHV
Set points within the Outback Inverter unit control the amount of electricity drawn from the genset, therefore controlling the mass flow of the hydrogen into the engine.  The engine operates at a constant 1800 rpm for the generator which causes changes in efficiency as the Outback inverter unit varies its demand.  The Outback has been setup so that it will draw the maximum the engine can produce reliably on hydrogen which is 2.3 kW.  At this load demand the genset shows an efficiency of 17.2%.  This efficiency was achieved through proper tuning of the timing, fuel mixture, and engine temperature.  The mechanical fan was removed from the engine and a smaller more efficient electrical fan was mounted on the radiator, still able to maintain the proper coolant temperature of 170 degrees F.  Because of hydrogen’s flammability it is important to keep a lower coolant temperature in the engine compared to gasoline, diesel or even natural gas.  The efficiency calculation includes the energy loss of the generator, which makes the engine comparable to the 20% that hydrogen engines have seen in the past.  

The efficiency of the engine on Propane is not part of this study, but was measured for comparison, calculated at 11%.  This is low due to the engine’s output lower than it is designed for.  Since the settings in the Outback Inverter unit remain the same for both fuels the engine is only run with an electrical load of 2.3 kW.  The engine proved to run reliably at over 5 kW on propane where the efficiency will rise to nearly match the 17% seen with hydrogen. (As shown in figure 5) Since the fuel is only used as a backup during inclement weather, the effects of the use of propane are minimal and will be neglected.

5. Summary
From the noon time solar energy, to the electrical output at night with the hydrogen ICE running the efficiency is the sum of the calculated individual efficiencies.  This is the worst case efficiency of the power system and is calculated at .37%.  During daytime operation the efficiency is merely the efficiencies of the solar panels and the minimal neglected efficiency of the inverters.  There are not many renewable energy systems available and therefore no good comparisons for an overall efficiency other than battery systems.  It is not appropriate to compare this number to theoretical efficiencies as there are many losses in controls, fans, safety devices, and wires.
Compared to other sources of energy this efficiency appears low.  A car’s efficiency can average above 20%, however, this does not consider the efficiency of extracting, transporting and processing the fuel combusted in a vehicle.  For this system, it has to be considered that the initial supplied energy is from the sun which is a renewable source that does not harm the environment.  This low efficiency is also the result of a renewable energy power system that is operational, reliable, and robust for continuous 24 hours a day, seven days per week operation.  

6. Discussion
This design is a small scale mobile renewable energy power system using hydrogen combustion.  This system is more efficient from an overall energy standpoint and less harmful to the environment compared to a fossil fuel based system.  Power security is accomplished with an energy source on site, an energy medium and a backup fuel source, with a reliability and robustness that can match that of other systems.  All these factors together have made such a system a viable alternative to the current fossil fuel based power systems that can be used for residential, industrial, military and natural disaster applications.

A renewable energy power was developed to provide remote access to electricity.  The entire system is in one mobile unit, without the need to extract, transport, or process the energy source which adds an advantage to previous power systems.  The system utilizes an ICE just as most generator systems which maintains approximately the same efficiency, is highly maintainable, and comfortable for end users. 

Field testing of the system demonstrated that efficiency of receiving electrical power during the day is increased to the efficiency of the solar panels.  The computer control system operates the engine for at least 50 minute intervals to maintain a proper charge of the batteries, which allows more operating time without the ICE, increasing efficiency.  Residential night time loads are normally kept to a minimum which can be supplied by the batteries.  When the engine is not running, the efficiency of the system is increased to 11%.  This means the only losses are due to the solar panels (from the day time) and the batteries.  During these same operating conditions, a fossil fuel based system would require the engine to run to charge a battery bank, with the efficiency including the extraction of fuel, transporting of fuel, processing of fuel, and ICE combustion.  During these times the renewable energy system has an efficiency advantage over a fossil fuel based system.

For an overall analysis of a power system, the environmental effects also need to be considered.  The largest detrimental emission other than the manufacturing of the components comes from hydrogen combustion is NOx.  An exhaust gas analysis of the ICE showed 270 ppm of NOx when the engine was run at its set output of 2.3 kW, which is comparable to fossil fuels.  In addition, there were no CO polluting emissions.
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Figure 1 – Energy Flow





Figure 3 – Solar Radiation








Figure 2-Trailer Interior








Figure 5 – Engine Efficiency
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