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ABSTRACT


For over a century, industry has embraced a wide variety of applications for hydrogen.  Since the mid-1970’s, the focus of the bulk of hydrogen research has been in the area of fuel cells. Unfortunately, despite a number of research studies dating back as far as 1974, there is limited awareness of more immediate applications for hydrogen, namely as a catalyst designed to improve the performance of existing hydro-carbon fuelled internal combustion engines, dramatically reducing emissions and fuel consumption.

Canadian Hydrogen Energy Company (CHEC) manufactures an on-board hydrogen generator (electrolyser) – its patented Hydrogen Fuel Injection System (HFI) – that disassociates hydrogen and oxygen from distilled water and injects them, in measured amounts, into the air intake on any fossil-fuelled (or alternative-fuelled) engine. Various-sized units have been developed to deal with applications including commercial trucks, buses, stationary generators, passenger cars, marine and rail, etc.  There are at least two other manufacturers supplying similar products in North America, and almost a dozen more with products under development.
The CHEC units  are quite sophisticated and designed to handle almost any climatic and operational demands they might encounter,  and the basic science behind the units is becoming quite well understood. The hydrogen in the electrolyser acts as an initiator to promote more complete combustion, earlier in the power stroke, with remarkable results. The major benefits are:

· Dramatically reduced emissions, particularly Carbon Monoxide, NOx, and Particulate Matter (typically achieving EPA 2007 and EURO III standards, or higher, even on older vehicles.

· Increased horsepower and torque (typically 3%)

· Improved fuel efficiency (typical  results are over 10%), and concomitant reductions in CO2
· Reduced oil degradation and maintenance expenses

In use on over 150 private and municipal fleets, the overwhelming evidence of significant improvements to fuel economy and to reductions in emissions is supported by over 100 million kilometers of field data over the past six years, as well as extensive third-party testing in both Canada and the United States.  Over 140 certified installation centers (CICs) have been established to market the product, making the HFI units the most widely distributed hydrogen product in North America. In September 2005, the products received ETV (Environmental Technology Verification) designation, the highest environmental standard in Canada.

Because these electrolysers require no hydrogen storage, at any time, it represents the safest possible application of hydrogen in locations such as airports and underground mines.  At the same time, given the recent dramatic increase in fuel prices, the application of this technology typically enjoys a payback time of 10-18 months, making it one of the very few applications that have been able to deliver significant environmental benefits while producing cost savings that, typically, more than offset the cost of the equipment.

With fuel cell technology not expected to reach the point of commercial viability in transport applications for another 10-20 years, the HFI system, specifically, and on-board electrolysis, generally, offers the first large-scale transport-related application of hydrogen and serves as an excellent bridge to the fuel-cell technologies of the future. 
1.  INTRODUCTION: THE RATIONALE FOR ADDING H2 TO HYDROCARBON FUELS
Two primary factors indicate that the current pattern of fossil fuel use will change significantly. First, although it has always been known that fossil fuels are non-renewable, it is only recently that pricing, and the associated market awareness, has reflected that the supply may not extend much past the middle of this century. Second,  regulatory frameworks have begun to reflect the scientific consensus that there is a need to reduce emissions of Greenhouse Gases (GHGs) as well as noxious emissions such as PM, NOx and SO2. Hence, we are currently moving from an era of plentiful supplies of fossil fuels (and the associated con-sumption levels) toward an era of tightened supply, higher prices, tighter regulations - and the associated necessary efficiencies.  Call these two energy paradigms Fossil Fuel - Basic and Fossil Fuel - Constrained.

As hydrogen fuel cells and renewable energy technologies develop, many see that we can move toward a completely hydrogen-based economy; an economy in which renewable sources will provide for primary energy and hydrogen will be the carrier of choice for the transportation and micro-generation sectors.   Iceland’s stated goal of a hydrogen economy, with geothermal as the primary source, is a good representation this kind of energy infrastructure. Call this energy paradigm Renewable-Hydrogen.

It is our considered opinion that the move toward the Fossil Fuel Constrained economy is imminent, and additionally, that the move from Fossil Fuel – Constrained to Renewable-Hydrogen will not happen for some time; in other words, the Fossil Fuel – Constrained economy has considerable longevity.  As will be explained in the following sections, Canadian Hydrogen Energy’s (CHEC) Hydrogen Fuel Injection (HFI) increases the efficiency of much of the existing fossil fuel infrastructure, reducing fuel consumption and emissions, through the use of hydrogen as a fuel additive.

Hence, HFI can be considered to be significant potential contributor to the Fossil Fuel – Constrained (FF-C) economy, a bridge from Fossil Fuel – Basic (FF-B)  to Renewable-Hydrogen (R-H).

The number of vertical markets already covered by existing HFI units is considerable; Heavy Goods Vehicles (HGV), buses, passenger cars, marine, rail, military vehicles and stationary generators. Essentially, any and all internal combustion engines are eligible markets, both existing stock and future production by the Original Equipment Manufacturers (OEMs).

1.1 THE LONGEVITY OF FOSSIL FUEL – CONSTRAINED

There is considerable reason to believe that the FF-C economy will not be a transient affair. World-wide, there is an enormous existing energy infrastructure based on the extraction, refining, distribution and retailing of fossil fuel products. Over the past century, hundreds of billions of dollars have been invested to ensure a comprehensive distribution network for fossil fuels, globally. There is, therefore, an incredible economic inertia opposing any systemic change. The second barrier will be the cost of replacement technology. It is one thing to react to the increasing cost of fossil fuels, but when fuel cells, the ultimate replacement technology, at least from an emissions standpoint,  currently produce power at 60 times the price of the corresponding sized internal combustion engine, there will, clearly, be barriers at the consumer level.  In concert with changes in the powering of vehicles, themselves, there will need to be a staggeringly large and time-consuming investment in creating a new distribution network for any fuel designed to replace hydrocarbons. Another excellent application of hydrogen, hydrogen internal combustion engines, while much closer to commercial viability than fuel cells, will also require the development of literally billions of dollars worth of new fuelling infrastructure in order to become broadly practical. Some entrenchment considerations:
· There are over one billion internal combustion engines worldwide.

·  85% of total world energy use (including electricity) comes from fossil fuels, 40% coming directly from oil.  World energy use has increased 70-fold since the start of the 20th century.[1]

· The petroleum industry is the largest in the world, valued at between US$2-5 trillion[2]

· Total estimated capital investment in exploration and production is upwards of US$1 trillion.[3]

1.2 THE INEVITABILITY OF FOSSIL FUEL – CONSTRAINED

That it is inevitable we move toward a FF-C economy seems evident; our reasons are supply concerns and associated increased fuel costs, and a tightening regulatory environment, both in terms of Kyoto and Kyoto II relating to climate change, and local regulatory frameworks being put into place to deal with smog and the associated health-related issues.  Evidence provided for this claim in this paper is minimal; it is assumed the reader is familiar with the current state of oil production and the evolving regulatory landscape.

A major mitigating factor on the supply side would be the increased use of coal (so-called “clean coal”) as a source of synthetic fuels. In Canada, for example, the private sector and the government of Alberta have forecasted cost-effective gasification strategies, by 2007, which will produce coal-derived fuels with similar emissions characteristics to nethane. If successful, the proven coal reserves, in Alberta, alone, have the potential to supply all the energy needs – for mobile and fixed engines – for all of North America for the next 140 years! Rather than obviate the need to change fuel types, the discovery of a new form of hydrocarbon fuel will reinforce the sense that there is no need to change existing fueling infrastructure
2.  HYDROGEN FUEL INJECTION: THE SCIENCE

The basic science was established in a series of academic and professional papers by the Society of Automotive Engineers (SAE), a partial list of which is included as reference [4]. The first significant research was performed by the Jet Propulsion Laboratories, for NASA, in 1974 and the first prototype for the current HFI technology was built in 
The HFI operates by producing hydrogen and oxygen on-demand, via electrolysis, and introducing those gases into the zone in which some fuel is undergoing combustion. Typically, that zone is the combustion chamber of an internal combustion engine.  In the large turbo-diesel engines that are typical of Heavy Goods Vehicles (HGVs) , for example, the gases are introduced post-turbo into the diesel-air mixture as it enters the combustion cylinder. The presence of even trace amounts of hydrogen in that fuel-air mixture allows for a number of beneficial effects. The net result is increased horsepower, a cleaner burn of the fuel resulting in fewer emissions, reduced fuel consumption, reduced engine wear and reduced oil degradation. 

2.1 No ‘Free’ Energy

A common misperception is the claim that the net increase in energy output of the engine is ‘energy for free’; that is, there is the suggestion that a violation of the conservation of energy occurs.
This is simply not the case, and betrays a misunderstanding of the basic energy dynamic taking place. Although there is an energy draw from the engine to supply the electrical current needed for electrolysis (roughly an amount equivalent to running a set of headlights), the increased efficiency -or extra useful energy - derives from the changed combustion dynamic of the fossil fuel itself, in that it is burned more efficiently from the point of view of the engine power cycle.  The hydrogen is acting as a kind of catalyst (this is metaphoric, except for the case of 'hydrocracking' – see below) for the fossil fuel, and the energy required to get the hydrogen is more than offset by the increase in energy released by the fossil fuel in the presence of hydrogen.  

It is the altered combustion dynamic that provides for the increase in efficiency. Modern diesel engines operates at approximately 44-45% efficiency (the remainder goes to heat, noise, light); the HFI can increase that useful work percentage to somewhere, we estimate to increase to a minimum of 50%.
To emphasize, the trick is to get more energy out due to the effects of hydrogen as a catalyst, than one must put in to get the hydrogen in the first place. 

2.2 Electrolysis and Thermodynamic Efficiency

Electrolysis itself is well understood. Passing an electrical current through water (or in this case an electrolyte solution) results in a splitting of the water molecule into its basic constituents of hydrogen and oxygen, which appear as gaseous bubbles that form in the water between the anode and cathode.  This gas is collected, and injected under an appropriate pressure, into the fuel-air mixture. 

A key feature of the HFI is its thermodynamic efficiency; that is, the ratio of the power of disassociation of the hydrogen (a measure of the chemical energy of the hydrogen itself) to the amount of power it takes to get that hydrogen.  There are two power requirements of the HFI, that required for the core electrolysis itself, and that required by the complete device, including the digital control board, etc. The thermodynamic efficiency of the complete HFI device is 57.5%, and of the core electrolyser itself is 68.2%, the most efficient portable electrolysers in the world today.
2.3 Hydrogen – Effects on Combustion - Primary

The effects due to the presence of hydrogen are due mainly to the fact that hydrogen is extremely flammable and has a laminar flame speed (the rate at which the combustion reaction spreads through a given volume) that is 5-14 times that of hydrocarbons.  The presence of hydrogen also (and relatedly) allows for very lean air to fuel (A/F) ratios, and for very efficient combustion at lean A/F’s.   Close to lean limits, hydrocarbon laminar flame speeds become quite low, due to the low density of combustible material in the combustion volume.  Most engines have trouble with A/F’s beyond 18:1. However hydrogen has a low lean flammability limit of approximately 340:1.  Therefore, hydrogen/fossil fuel A/F’s of 24:1 and up are attainable. 

Although hydrogen has a much higher auto-ignition temperature (temperature to sustain combustion) it has much lower ignition energy than diesel (by an order of magnitude) – therefore the hydrogen surrounding the evaporating droplets will pre-ignite and provide an initial impetus to get the combustion started.  This is probably the dominant effect in newer engines.  By acting as a kind of ‘pre-ignition’ catalyst for the rest of the fuel, it reduces the crank angle duration of combustion in the cylinder, providing more pressure and heat energy earlier in the power stroke.  This contributes to the increase in torque and horsepower, as well as to the reduced fuel consumption.
2.4 Hydrogen - Effects on Combustion - Secondary

What is not as well understood is how the presence of hydrogen gas and ions may react with the four main classes of hydrocarbons themselves, outside of the main 'ignition' effects listed above. Hydrocarbons are organic compounds composed of carbon and hydrogen atoms: paraffins, naphthenes, olefins, and aromatics.  Paraffins have carbon atoms linked to form chain-like molecules, and have the general formula CnH2n+2. Naphthenes have some of their carbon atoms arranged in a ring. The naphthenes in diesel fuel have rings of five or six carbons, and generally have the formula CnH2n. 

Olefins have fewer hydrogen atoms and contain at least one double bond between a pair of carbon atoms, and also have the general formula CnH2n.  Paraffins and naphthenes are classified as saturated hydrocarbons because no more hydrogen can be added to them without breaking the carbon backbone. Olefins are classified as unsaturated hydrocarbons. They contain carbon to carbon double bonds or aromatic bonds that can be converted to single bonds by adding hydrogen atoms to the adjacent carbons. When straight-chain olefins are saturated with hydrogen, they become paraffins.

These carbon chains are broken down in the combustion chamber through the use of available hydrogen, heat, and pressure.  This process is similar to hydrocracking – which is a refining process that uses a catalyst (hydrogen) under high pressure and temperature to 'crack' the carbon chain fractions into smaller molecules.  Through the assistance of hydrogen the burn process in the combustion chamber is a more linear burn. The hydrogen that does not react with any hydrocarbons will burn first followed by the smaller carbon chains. As this is occurring, the longer hydrocarbon chains reacting with the hydrogen are broken down into smaller chains.  This breaking of the chains helps smooth out the burn by gradually having longer and longer chains burn. This, we believe,  contributes to a greater combustion efficiency over the power cycle. 
The third mechanism is via “pre-flame oxidation”. There is an increase in the Pre-Flame Oxidation phase, as hydrogen is available to participate and this, in turn, increases overall combustion efficiency. Pre-flame oxidation occurs when the hydrocarbons oxidize prior to reached auto-ignition temperature.

The fourth mechanism leading to improved efficiency is through Engine Friction Losses and Carbon Presence. On older engines, we clean the carbon off the cylinder walls and injection pumps, increasing combustion efficiency significantly. The mechanism responsible for this effect is the low ‘quenching gap’ of hydrogen – it will burn very close to the cylinder walls.  This is undoubtedly the dominant mechanism on older engines.
The net effect of these mechanisms is to alter the Pressure-Crank Angle to enable a faster rise of pressure, and a smoother top pressure characteristic (but limiting the peak pressures and thereby mitigating NOx). This change in the pressure diagram leads directly to the efficiency gains.
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3.  HYDROGEN FUEL INJECTION: THE ENGINEERING
HFI units have been designed for a number of applications, ranging from passenger cars to multiple units operating in parallel (with fault tolerance and redundant capacity) for large applications such has standing generators and cruise ships.  Over 60 million miles of road testing have been completed, and the unit is currently in its sixth generation of development. All internal controlling is digital, and the unit can be tracked by GPS and communicated with by satellite to monitor operations or upload new firmware.  The electrolysis cell is augmented by a stand-by refill tank, which automatically kicks in when required. A unit typical of a large truck application requires a refill only every 150 hours, and can operate in any climatic condition, from –60C to +80C.

Our current development work is aimed at three broad targets, each involving greater degrees of integration with the engine. Our next development goal is to re-capture the water from the exhaust, in all weather conditions, so that the system is totally closed and requires no fill. Second, to develop communication protocols with the on-board Engine Control Modules (ECM's) found on most large engines. The ECM governs timing, air-fuel ratios, etc. and in order to maximize the beneficial effects of the presence of trace amounts of hydrogen, particularly in terms of fuel consumption, a greater degree of integration/communication with the ECM is required. Third, to find the optimum amount of hydrogen to inject at any point in the engine’s operating curve, and dynamically alter the amount of hydrogen produced/injected accordingly.

4.  HYDROGEN FUEL INJECTION: THE RESULTS
Results for the HFI are in two broad categories: emissions and fuel consumption.  The results we have obtained to date do not represent the upper limit of what can be achieved, as development into optimization is on-going. 

4.1 EMISSIONS

Results are not immediate, as there is a ‘purge cycle’ in which the presence of the hydrogen acts to clean out any accumulated carbon build-up in the engine; indeed, during the initial portion of the purge cycle, there is an increase in Hydrocarbon and Particulate Matter, as the carbon buildup on the cylinder walls is oxidized.

Results from a comprehensive test conducted at Millbrook Vehicle Emissions Laboratory in the U.K., on a 1988 London Taxicab with a 2.7L Ford diesel engine, installed with the HFI-LT, show emission reductions of roughly 50% for particulate matter, hydrocarbons and carbon monoxide (See Appendix “A”)
Experience shows that the emissions continue to decrease, after the initial “purge” period where accumulated carbon is burned off.  We have internal testing numbers and customer data that indicates an ultimate reduction in PM of up to 92%.
4.2 FUEL CONSUMPTION

The commercial guarantee on the HFI is a minimum of 10%, although results in the field range upward from 10% and range as high as 20%. Again, this is not considered to be the upper limit of fuel reduction, as work toward optimization continues.  ETV-accepted results from an EPA-approved lab – California Environmental Engineering – on a model of the HFI which produced only 50% of the output of the current model, indicated a 10.21% reduction in fuel consumption in the portion of an 8-mode test designed to simulate a large engine operating at speed on the highway.  ETV-certified testing is on-going, as the HFI has just entered production in its sixth generation.

4.3 HORSEPOWER AND TORQUE

Third party tests conducted by Polar Mobility Research Ltd. using a Caterpillar Acert engine, demonstrated a consistent 3% increase in horsepower and torque. (See Appendix “A”). The accelerated combustion (combustion complete by 8° below top dead center) means greater energy released, earlier in the combustion stroke, with the result that more energy is transferred to the crankshaft.

5.  COMPETITION OR COLLABORATION?
Most technologies designed to mitigate emissions or fuel consumption are not strictly competitors to the HFI (although the HFI is cost- and performance-competitive with all of them) since the HFI can be used in conjunction with most of them. Particulate filters, bio-fuels, electric-hybrids can all be used in conjunction with the HFI since the HFI will still deliver the relevant benefits at the source of combustion itself.

Fuel cells, even H.I.C.E. engines, would be direct competition. Both await hydrogen distribution infrastructure, and fuel cells also await the cost efficiencies of commercial production levels.

6.  PROGRESS TO DATE
The Heavy Goods Vehicles market is the most advanced from a commercial perspective. Over 140 Certified Installation Centers (CICs) exist as a distribution/support network - the largest retail distribution network for any hydrogen product in the world. Over 500 units are installed in over 150 fleets, and commercial with production of the units being done in our 25,000 s.f. facility just east of Toronto. Testing has commenced in the Standing Generator market in conjunction with Cummins, Inc., a major engine manufacturer. The first installations of HFI technology have been made on natural gas boilers at an auto-parts manufacturing plant in Ontario and testing on marine and locomotive engines is expected to commence in early 2007. 
7.  CONCLUSIONS
The HFI is the only hydrogen-based solution that is commercially available and in full production today, with verifiable results in emissions and fuel reduction. It is the only emissions control technology with ETV verification in Canada and, to the best of our knowledge, the only ETV verified hydrogen technology anywhere in the world. It is our view that the HFI can be a significant contributor to meeting Kyoto targets, mitigating fuel costs and reducing smog. For the cost of one fuel-cell test vehicle,  over 100 buses could be outfitted with HFI, with the immediate effect of taking the equivalent of – at a minimum – 10 buses off the road, or ten times the environmental benefit derived from that fuel cell equipped bus. 
A broad range of hydrogen technologies will play prominent roles in our energy future, but, while government- and privately-funded research focuses on developing hydrogen applications for OEM applications, more work needs to be done to utilize the superior combustion characteristics of hydrogen as a retrofit technology with the over one billion engines operating in the world today. With global emissions expected to increase until at least 2040 there is a compelling argument that it is the cleaning of existing engines and reducing the baseline of emissions that will play a much bigger dividend in reducing the health consequences of noxious emissions and reducing the rate of global warming. Hydrogen Fuel Injection in existing internal combustion engines can pay immediate dividends while using current fuelling and vehicle technologies.
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Appendix A: Test Results

California Environmental Engineering


Initial results were obtained from California Environmental Engineering (CEE), a CARB- and ETV-Certified and EPA-Approved emissions testing center. CEE has been in operation for over 25 years. The test was performed in 2004. Testing was based around an AVL 8-Mode test, which corresponds to the exhaust profile of the Heavy-Duty FTP Transient Cycle, with 4 distinct operating environments. The test is meant to capture the exhaust profile of a typical urban bus. An outline of the engine profile during operation is given below in Table 2.  The results of this test are shown in detail below, in Table 1.

It is worth highlighting the results obtained in Mode 4. This Mode corresponds to operation in which engine speed is in the lower range, but the load is high; which also corresponds with the profile of a truck on the highway at cruising speed.  Mode 1 corresponds to idle. The HFI unit has been empirically designed for truckers; the unit has undergone a number of engineering changes as a direct result of feedback from customers in the field. It is not unreasonable to assume that the Mode corresponding to a trucker in his most frequent driving pattern, Mode 4 in this test, captures what appears be a bit of a ‘sweet spot’ in the test as a direct result of this empirical engineering feedback.

The averaged results show a decrease in HC of 9.1% and a decrease in Weighted Corrected Brake Specific Fuel Consumption (WCBSFC) of 4.7%.  In Mode 4 (the mode that simulates on-road transport truck use), the fuel decrease was over 10%. 

Note that the fuel consumption was not extrapolated from exhaust emission data, but was measured directly. 

London Taxi Tests
Test performed by Millbrook Vehicle Emissions Laboratory in the U.K., using a 1988 London Taxi with a 2.7L Ford diesel engine, and were rolling tests. The data below shows the changes in emissions after 30 days of use.
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0.782               2.771                 12.821                  1.500

After 30 days                          0.366               1.469                 11.024                  0.873  

% Reduction                           53.2%              47.0%                14.0%                  47.8% 
(HC – Hydrocarbons ,  CO – Carbon Monoxide,  NOx – Nitrous Oxides,  PM – Particulate Matter)
Ontario “Drive Clean” Program Tests (Examples)

SAE J1667 Tests
1996 Thomas School Bus w/Cummins 5.9L 6 cylinder engine Model 6BTAA
June 7, 2005              Pre-HFI       Opacity 14.4%

January 19, 2006      With HFI      Opacity 7.7%   (46.53% reduction)

2000 Volvo VVN Transport w/Volvo 6 cylinder engine Model VED12

April 12, 2004           Pre-HFI







Opacity 10.2%

November 1, 2004    With HFI






Opacity 0.8%   (92.16% reduction)
Horsepower and Torque Tests – Polar Mobility Laboratories, Edmonton, Canada
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