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ABSTRACT

 
The recently announced multi-billion dollar Hydrogen Fuel Initiative is proceeding without the benefit of any serious public debate about our energy future.   There are many who stand to benefit from such a massive spending plan, but the American public may not be one of them.  Substantial issues remain regarding the cost, technical feasibility and even desirability of a hydrogen economy.  New issues, such as ozone depletion from widespread hydrogen distribution, are being brought forward that challenge very fundamental assumptions that hydrogen is a clean fuel.  This white paper addresses many of the problems associated with transitioning our economy away from fossil fuels, and calls for a renewed public debate on the merits of hydrogen as a model for our future economy and a vehicle for U.S. Energy Independence.
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The Hydrogen Report

An Examination of the Potential Role of Hydrogen 
In Achieving U.S. Energy Independence




1. Introduction

Hydrogen is being evaluated and promoted world-wide as an environmentally benign replacement for gasoline, heating oil, natural gas and other fuels in both transportation and non-transportation applications.   For at least 30 years, environmentalists and several industrial organizations have promoted hydrogen fuel as the solution to the world's rapidly worsening global warming problem.  Hydrogen proponents argue that hydrogen will eventually replace, or at least greatly reduce our dependence on fossil fuels.   This perspective is driven by the concerns for global warming, the appearance of “zero emissions” from the use of hydrogen, and by the diminishing supply of fossil fuel sources.

Inaccuracies, inconsistencies and contradictions abound in the seemingly persuasive arguments targeting the general public and politicians regarding the merits of the hydrogen case.  These inaccuracies tend to create the public perception that hydrogen will be a panacea for our energy needs, replacing today’s inefficient and dirty machines with clean fuel cells that will efficiently power cars, trucks, homes and businesses, resulting in an end to global warming and delivering strategic energy independence
With this public perception charging ahead at full steam accompanied by no small amount of evangelistic fervor, significant State and Federal funding is being earmarked for developments relating to the hydrogen economy.  President Bush’s recently announced $1.7 billion (over 10 years) Hydrogen Fuel Initiative is the largest program undertaken to date.  The program depends on several fundamental assertions to underpin the need to move forward quickly to create the hydrogen economy
. These key assertions of the initiative, listed below, fully reflect the widespread public and political naivety about hydrogen:

1. Fuel cells are a proven technology 

2. The initiatives will overcome key technical and cost barriers for fuel cells 

3. Hydrogen fuel will help ensure America's energy independence 

4. Fuel cells will improve air quality and dramatically reduce greenhouse gas emissions 

5. Hydrogen is the key to a clean energy future 
.Amory Lovins recent white paper addressing 20 common myths only furthers the wishful thinking about hydrogen as a future fuel source
.  As has become the norm for the environmental movement, Professor Lovins carefully selects a few facts and adds a good measure of half-truths, misinterpretations and misunderstandings.  Then, with his usual disregard for all-important economic and market forces, and for the complexities, compromises and trade-offs involved in engineering real-world systems, he concludes that all is well in the hydrogen world.  
We will shortly publish a critique of Prof. Lovins paper on our web site (http://www.tmgtech.com).  As we shall show, all is not well in the (hydrogen) rose garden.  Very significant and perhaps insurmountable issues remain regarding the manufacture, transportation, and use of hydrogen as a fuel.  Hydrogen is not a source of energy – it does not occur naturally and must be made at high cost from naturally-occurring hydrogen sources such as water and hydrocarbons.  Like electricity, hydrogen is only an energy carrier.  

The manufacture of hydrogen consumes energy.    The science and technology of making hydrogen clearly indicate that the energy required to produce hydrogen will always greatly exceed its eventual energy contribution as a fuel.  All fuels require some energy consumption during their production, but the amounts required in the case of hydrogen raise fundamental questions about whether the proposed “hydrogen economy” is a responsible way in which to use our declining energy resources.  Certainly, as we will see, this is a poor start towards gaining US energy independence and a very costly way in which to control emissions. 

Many petroleum experts agree that world oil production will peak within the next 10 years (see, for example, the Hubbert Curve and its many variants
), after which time the world may see production declines (as has long been the case in the U.S.) and steadily increasing oil costs, eventually leading to supply interruptions that will be disruptive for advanced economies.  
Fig. 1:  The Hubbert Curve
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This graph (often referred to as the Hubbert Curve) is based on an assumed ultimate recovery of conventional oil of 1,750 billion barrels and depicts alternative scenarios of production.  The swing case assumes a price leap when the share of world production from a few Middle Eastern countries reaches 30%.  This is expected to curb demand, leading to a plateau of output until the Swing Countries reach the midpoint of their depletion.  At this point, resource constraints force down production at the new depletion rate.

These supply issues will be particularly troublesome for the US economy due to our consumption requirements.  Great distances separate major US cities (as compared with Europe, for example), and suburban sprawl contributes to the inherent inefficiency of our transportation systems.  US citizens consume huge quantities of energy for lifestyle needs, far exceeding that of citizens of other countries.  Food supply issues aside, some third-world countries may be only ‘inconvenienced’ by a ten-fold increase on oil prices, where the US economy would be significantly impaired.  Finding a truly independent replacement for oil and natural gas is thus already a critical issue for the United States.

While there is considerable disagreement on timing, we appear to have roughly 25 to 50 years to develop large-scale replacements for petrochemical products before energy supply issues pose insurmountable problems to energy and food supply requirements.  We must use the remaining time and inexpensive energy sources wisely to create a sustainable human habitat for future generations.  Given the huge investments of time and money required to develop a new, large- scale energy infrastructure, we have to start soon and we must choose the right path.  There will be a high price to pay for choosing the wrong direction or even trying all of the options at once.  Which way, then, should we go?

2. The Paths to Energy Independence and a Clean Environment

U.S. domestic oil production has been slowly declining for several years while that of Canada and Mexico has been increasing
.  As a result, the U.S. has become heavily dependent on imported crude oil and, to a lesser extent, distillates such as diesel fuel and gasoline.  Now, with growing restrictions in the supply of domestic natural gas, imports of liquefied natural gas (LNG) are on the increase.

Added to this is the clear evidence that our use of hydrocarbon fuels (among which we include coal for present purposes) is harming the environment through emissions of CO2 and other global warming agents.  Any solution to our concern over declining energy reserves and energy independence must also address this problem.  For many, the use of hydrogen as a fuel appears to solve both problems but, as we shall show, it does not.

Ideally, the ultimate objectives of any alternative-fuel strategy are to:

1. Identify and manufacture a single, or a small number of, low-emissions or emissions-free fuel(s) of acceptable cost that is/are at least as convenient, safe and easy to use as motor gasoline for all users;

2. Identify and develop very large and environmentally benign energy sources from which to produce and distribute the alternate fuel(s) on a massive scale.

3. Develop the ability to manufacture the alternate fuel(s) on a massive scale, employing zero emissions technology or other technology that at least minimizes all forms of global warming emissions; 

4. Ensure that the new fuel(s) can be produced with minimal energy consumption, thus ensuring that their manufacture contributes as much as possible to total energy conservation;

5. Ensure that the new fuel(s) can be used in a wide variety of applications, but especially in fuel cells for electrical power generation, thus ensuring efficient use such fuels;

6. Ensure safe and economical transportation of the alternate energy carrier to its many points of end use at reasonable cost and with minimal energy consumption;

7. Avoid dependence on any domestic current energy resource that is in present and future limited supply, the use of which would lead to greater dependence on imported energy or the need to curtail supplies to other users; 

8. Make maximum use of existing energy distribution infrastructures, thus avoiding unnecessary additional capital cost;

In addition, perfecting and substantially reducing the cost of one or more suitable fuel cell technologies for the chosen alternate fuel(s) must take the highest priority.

3. Which Fuel?

There are several potential fuels that meet the criteria listed above.  Perhaps because of its use for fuel cells in the space program since the 1960s, hydrogen appears to have become the choice of many.  However, there are numerous other possibilities that include methanol, ethanol, methane, even direct natural gas and other more exotic possibilities.  We discuss all of these with particular emphasis on hydrogen, and rate them according to their ability to meet the alternate-fuel criteria listed in the previous section.

In particular, this paper attempts to collect and clarify the basic facts about hydrogen to contribute to the ongoing public debate on this important topic.  The paper is written in three parts covering the manufacture, transportation, and energy source requirements for a hydrogen economy.  Along the way, the paper also examines the magnitude of the task that must be undertaken, issues relating to safety and use, and makes recommendations for developing a comprehensive approach toward achieving energy independence.
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Part 1 -
 Hydrogen Production Methods

1.1. The Promise of Hydrogen 

Hydrogen is the most common element in the earth's crust at about 18 atomic %.  Due to its very low density this converts into less than 1% by mass, placing hydrogen 9th in order of occurrence by weight.  Hydrogen does not occur to any significant extent on earth in the free, elemental form, but instead is found in a myriad of chemical evolutions.  It is present as water (H2O) and hydrocarbons (mostly alkanes, CNH2N+2).  Dry coals also contain about 4-6 wt.% of hydrogen, compared to about 12.5 wt.% in gasoline.  

Pure hydrogen contains no carbon and thus burns to form water with no carbon dioxide or carbon monoxide emissions.
  The clean burning characteristics of hydrogen give hope to the prospect of reducing greenhouse gas emissions.  Hydrogen can be used directly in an internal combustion (IC) engine with only slight modifications, as has been demonstrated by BMW and other vehicle manufacturers.  Used in a fuel cell, hydrogen produces energy with about twice the efficiency of a modern IC engine.  Hydrogen also produces a significant amount of energy per unit weight.  

Since it is a gas, hydrogen is, in principle, easily transported from the point of manufacture to the point of use.  Given these many advantages, hydrogen appears to represent an “ideal” fuel solution for transportation, home heating and other similar applications.  

With regard to end-user conversion of hydrogen to useful energy, fuel cells have proven their ability to generate electricity and are thus technically feasible.  However, much development work remains to make them smaller, more reliable, and more durable.  The principal challenge is making these improvements while drastically reducing the cost of the device.  Fuel cells will need at least an order of magnitude (i.e., 10X) reduction in cost to reach large consumer markets.  There are many examples of innovative products simultaneously driving down cost and improving performance as large-scale production affords both innovation and improvement.  This process is arguably underway for fuel cells now; thus, this paper will step back from issues confronting fuel cells to look more broadly at other problematic hydrogen economy issues.  

1.2. The Scale of the Task – Replacing Gasoline

The vast appetite of the U.S. for energy means that the task of replacing any part of it becomes a gargantuan task.  The U.S. consumes just over one million metric tons of gasoline daily, along with 230,700 mt/day of jet fuel and 497,500 mt/day of distillate (mostly diesel fuel and heating oil).  Replacing any of these with hydrogen or any other alternate fuel represents a major challenge.  We focus below on gasoline, since this is the target of the hydrogen lobby.  
The United States uses about 19.6 million barrels or 2.61 million metric tons (mt) per day of crude oil
 and approximately 58% of this oil is imported, principally from the Middle East and Canada.  Close to 68% of the total, or 13.3 million barrels/day is used for transportation (mostly as gasoline, along with lesser amounts of diesel and aviation fuel).  The U.S. consumes about 9 million barrels or approximately 380 million U.S. gallons of gasoline each day. This totals roughly 2.27 billion lbs. or 1.03 million metric tons of gasoline daily
.  About 90% of this gasoline is refined in the United States.  

Any alternative vehicle fuel other than gasoline will initially, and perhaps for many years, be sold in parallel with gasoline but to a different and slowly growing fleet of vehicles while the gasoline-fueled fleet gradually declines in number (a private automobile has an economic life of 12-15 years).  This should allow ample time for the oil industry to accommodate the decline in gasoline consumption and to redirect its crude oil resources to other products, bearing in mind the expected decline in crude supplies.  

Notwithstanding this gradual phase-in of any new fuel, the scale on which any new fuel manufacturing must be established if it is to have any significant impact on energy independence and global warming is mind-boggling.  We examine below some of the numbers that apply to hydrogen.

1.3. Hydrogen as an Alternative Fuel

Hydrogen must be extracted from those materials in which it occurs.  In all cases, this requires a considerable investment of energy.  Replacing this vast quantity of fuel with manufactured hydrogen is an enormous undertaking, even if only the gasoline component of total U.S. national fuel consumption is addressed.  It is made especially difficult by the high energy content of gasoline; the combustion energy of 1 U.S. gallon of gasoline is 124,800 BTU, equivalent to 36.6 KWh.  Thus, U.S. gasoline consumption alone equates to an energy consumption of 4.90x107 GJ daily.

To put this figure into perspective, consider the electrolysis process for making hydrogen - the oldest commercial method in use today.  Electrolysis of 1 metric ton (1,000 kg.) of water results in 111.5 kg. of hydrogen and 888.5 kg. of oxygen.  At ambient pressure this hydrogen will occupy about 1,237 m3.  To replace just the gasoline component in the US, hydrogen plants would be required to electrolyze more than 3 million metric tons of water daily (1,650 swimming pools per hour
) into 339,500 mt/day of hydrogen, also producing 2,716,000 mt/day of oxygen.  This represents a daily hydrogen volume of 3,766,470,852 m3, or 1,237 times volume of Kennedy Space Center’s Vehicle Assembly Building, the largest single building in the world by volume.  

Based on current electrolysis technology, production of this quantity of hydrogen will consume about 845 gigawatts of power generating capacity.  This is almost equal to the total U.S. generating capacity (including reserves) for 2003.  Adjusting for the potential energy efficiency improvement obtainable from hydrogen and accounting for transmission losses, the United States will need to add the equivalent of 28 Three Gorges Dam power plants (18.2 GW each) to supply the electricity for this additional hydrogen production
.  The Three Gorges Dam in China, displacing about 1.5 million ancestral residents, is the largest construction project in the history of mankind, and will take a total of 16 years to complete if all goes according to schedule.  Merely adding this amount of additional electrical generating capacity to the U.S. industrial base is an enormous undertaking to say the least, but only hints at the magnitude of problems confronting a hydrogen economy.

1.4. Hydrogen Production Methods

For commercial energy use, hydrogen must be extracted from naturally occurring resources in which it is abundant, such as water, natural gas, crude oil, coal or a few biological sources such as cellulosic biomass and sucrose.  Several of these methods may contribute in part to the total hydrogen production necessary to support US energy needs, and each must be evaluated in terms of their potential to scale to the huge production volumes required for the hydrogen economy.

Hydrogen, usually mixed with other product gases, has long been produced in large commercial quantities.  Total U.S. production is now about 9 million mt/yr.  There are numerous potentially applicable technologies:

1. Electrolysis of conductive water.

2. Thermochemical reforming of hydrocarbons with steam at elevated temperature.

3. The reaction of steam with hot coal coke or petroleum coke to produce a producer gas or low-energy content 'syngas' (mostly CO+H2). 

4. 'Distillation' (pyrolysis) of coal, e.g. in coke ovens - the product gas contains 45-55 vol. % of hydrogen and was the basis of the former town gas industry.

5. Partial oxidation of fossil fuels such as residual oil, coal, or their derivatives (for example the Shell Gasification Process or the Texaco Partial Oxidation Process), which also produce a syngas.

6. Fluid-bed gasification of coal to form a syngas (of a composition dependent on the oxidizing gas used).  Some processes use lime in the bed to absorb CO2.  The carbon dioxide can be recovered and used or sequestered and the lime recycled.

7. Thermal cracking, pyrolysis or decomposition of hydrocarbons (typically, natural gas) or ammonia.  Ammonia is a very effective hydrogen carrier and contains no carbon, but it has disadvantages.

8. Other methods, such as reactions between highly electronegative metals (e.g., sodium) and water, reactions between certain oxides (e.g., V2O3) and water, or the reaction of certain hydrides (e.g., CaH2) with water.

Current hydrogen production, constituting approximately 9 million tons/year, has a variety of uses, listed here in order of importance: 

1. The manufacture of ammonia (NH3) for use as a refrigerant and as a fertilizer (~40%).

2. The manufacture of methanol (10%) and other chemicals (5%).

3. The removal of sulfur from gasoline, diesel fuel, aviation fuel and bitumen (5%).

4. Refining of heavy crude oils and bitumens into lighter oils such as heavy distillates that can then be converted into diesel fuel, gasoline and additional products (4%).

5. Miscellaneous smaller-volume uses (about 35%).  

The established technologies employed to produce the large quantities of hydrogen currently used by chemical and oil industries for ammonia manufacture, desulfurization of gasoline and heavier hydrocarbon fuels, and also for heavy oil hydrogenation, are by no means 'clean'.  Although practical for current hydrogen production, byproducts include large quantities of carbon dioxide and pollutants.

1.5. Water-Splitting Processes

Most methods of hydrogen production, including the electrolysis of water, involve “water-splitting”.  Sometimes this involves an additional contribution from hydrocarbons; alternatively, just carbon is involved as the de facto water-reducing agent:

CH4 + 2H2O ( 4H2 + CO2
C + H2O ( H2 + CO.
This is accompanied or followed by:

C + 2H2O ( 2H2 + CO2  and/or  CO + H2O ( H2 + CO2 (shift reaction).

As indicated in Part 1, these reactions with carbon represent the basic chemistry of the long-established water-gas process and its many variants, although the products, especially (H2 + CO) are now more often referred to as Syngas.  The shift reaction is used when maximizing product hydrogen.  Most commonly, the carbon used is either coal coke (a product of coal pyrolysis) or petroleum coke (the final residue of petroleum processing).  

Water gas was for many years a mainstay of the fuel gas industries in North America and Europe.   Its downfall was its relatively low energy content and the need for a suitable supply of bituminous coal or petroleum coke - both disappearing resources, now that there is less demand for these commodities.  In addition to CO and CO2, smaller amounts of many other compounds are produced, including sulfur compounds, which must all be removed from the hydrogen if it is to be used for fuel cells.

Coal can be used directly instead of coke, thus avoiding the coking step, but the results are much more complex.  Low-grade western coals may be preferred in this case.  The choices are discussed further below.   Water can be also be split (reduced) by metals (e.g., zinc, aluminum, the alkali metals) to form hydrogen; e.g., H2O + MII (  MIIO + H2  and also, at elevated temperatures, by some metal oxides, e.g.: H2O + 2MIIO (  MIII2O3 + H2

It takes little imagination to consider other possibilities, especially with multi-valent metals such as vanadium, but of course the thermochemistry should be exothermic for the reaction equation as written and the speed (kinetics) of the reaction must be acceptable.  Catalysts can be used to accelerate the reactions, but they add considerable cost.  

When the reducing/splitting agent is a hydrocarbon; the reaction is then referred to as steam-hydrocarbon reforming.  For example, in its simplest form, steam-methane reforming:

CH4 + H2O (  CO + 3H2

The carbon monoxide can then be shifted to carbon dioxide by reacting with more steam to form more hydrogen:

CO + H2O (  CO2 + H2

Any hydrocarbon can be used, even gasoline, represented here by octane:

C8H18 + 8H2O  (  8CO + 17H2

Again, if desired, some or all of the CO can be converted to CO2 and hydrogen using the water-gas shift reaction.  However, the CO is more easily removed from the product hydrogen than the CO2.

Technically, all of the above are water-splitting reactions, although seldom recognized as such.  Similarly, water can be “split” using methanol, ethanol or any other compound that can be oxidized by the oxygen in water (which is split in the process) and delivers the right reaction thermodynamics and kinetics.  The kinetics of most reforming reactions can be improved by the use of catalysts, which also permit much lower reformer temperatures.

Several methods of producing hydrogen, their advantages, disadvantages and issues related to scaling the manufacturing capability to the volumes required to support the hydrogen economy are discussed in the next sections.  

1.6. Hydrogen Production by Electrolysis

Until the 1950’s, water electrolyzers were in widespread use for hydrogen production. Currently, electrolysis provides only a small percentage of the world's hydrogen, most of which is supplied to applications requiring small volumes of very high purity hydrogen.  There is significant renewed interest in the use of electrolyzers to produce hydrogen due to the simplicity of the process for smaller production facilities.   This method provides good potential to be integrated with intermittent renewable electrical sources such as photovoltaic and wind.

Thermodynamics dictates that electrolysis of water takes hydrogen from its lowest widely-encountered energy state, combined in water, to its next-to-highest energy state, pure molecular hydrogen (only monatomic hydrogen would be higher), consuming a lot of energy in the process.  

Manufacture by electrolysis of water is relatively simple but also extremely energy-intensive.  For this reason it favors manufacturing in close proximity to the power plant to reduce electrical transmission losses that can be as high as 3-6% depending on the distance electricity must travel to the point of manufacture.  On the other hand, as we will show later, transportation of hydrogen to the point of use actually consumes more energy, suggesting that the electrolyzer is best located close to the user.

Pure water is an excellent insulator.  It must conduct electricity to be electrolyzed, so soluble salts or dilute acids are usually added to enhance conductivity.  Clean seawater is a practical conductive material, but is not sufficiently pure for reliable hydrogen production, which implies that fresh or desalinated water sources will be needed to meet the demand.  Electrolysis of 1 metric ton (1,000 kg.) of water results in 111.5 kg. of hydrogen and 888.5 kg. of oxygen.  At ambient pressure the hydrogen will occupy about 1,237 m3 and the oxygen about 679 m3.  Electrolysis requires DC power, so the supplied AC power must be inverted, resulting in as much as 10% additional energy losses, which are dissipated as heat.  The design of the electrolysis cell is also important, both in minimizing cell resistance to the flow of electricity and in separating the oxygen that is produced:  H2O --> H2 + ½O2.  

1.7. Electrolysis Scaling Issues

1.7.1. Oxygen Byproducts

Oxygen, as a co-product of hydrogen electrolysis, easily represents the dominant product by weight.  It takes some of the energy supplied through electrolysis with it.  Replacing only 10% of current gasoline consumption with hydrogen, all other factors being equal, would generate nearly 266,000 mt/day of by-product oxygen.  Current U.S. production capacity is in balance with consumption at about 27.65 million mt annually or 75,755 mt/day.  Thus, electrolytic oxygen produced as a consequence of replacing only 10% of American gasoline consumption with electrolytic hydrogen would exceed current demand by a factor of 3.5.  

Such a large increment of oxygen would create turmoil in the oxygen industry.  The economics of bulk oxygen production are attractive only if the production facility is very close to the user (e.g., a steel mill).  Oxygen co-produced with hydrogen is therefore likely to have only limited commercial value.  If simply released continuously into the atmosphere, it would represent a substantial loss of the input energy, and might have an impact on local flora and fauna. 

Possible markets for electrolytic oxygen may evolve, such as feedstock for the partial oxidation of hydrocarbons into syngas and thence into additional hydrogen, if justified by local economics.  This raises the possibility of positioning water-to-hydrogen electrolysis plants as an adjunct to a facility using thermal or catalytic methods of generating hydrogen (e.g., from hydrocarbons) in which the oxygen replaces, or adjuncts air in processing.  This offers some advantages as it makes use of the energy stored in the oxygen while eliminating the nitrogen that is otherwise a burden on the partial oxidation process.  

1.7.2. Energy Consumption and Electrolyzer Efficiency

The electrolysis process is not 100% efficient in its use of energy, although modern electrode and membrane technologies largely derived from fuel cell developments have produced significant improvements in the lab.  Early electrolysis cells were about 60-75% efficient, but the small-scale best practice figure is now closer to 80-85%. Larger units are usually a little less efficient at 75-80%.  The use of higher-pressure electrolysis cells operating at higher temperature (reportedly 30 bar, 140OC) proposed by Linde AG can theoretically drive it above 100% of the input electrical energy, but capital costs are also projected to be much higher.  Other efficiency improvement attempts used solid polymer electrolytes and high temperature (reportedly 700-900OC) supercritical water vapor electrolysis.  There is a very good chance that one or more of these technologies will result in a high efficiency electrolysis process.

Data from recent operating practice using hydroelectric power in Canada and Norway, suggest that a plant consuming 90 MW will produce about 36 mt (36,000 kg) of hydrogen per day, indicating that a consumption of 60MWh per metric ton of H2 is a suitable guideline (by comparison, Linde AG's proposed high-pressure system offers 48.7MWh/mt. H2).   Assuming that all of the combustion energy in the hydrogen is recovered (at 144,320 kJ/kg or 62,050 BTU/lb), these figures indicate an overall thermal efficiency in current practice of 66.8% (compared to 83.5% for the proposed Linde plant).  If we combine this value with an optimistic thermal efficiency estimate for a modern power generating station using fossil fuels (~35%) that will generate the power required for the electrolysis, we arrive at an overall efficiency of no more than 23.4% for the conversion of fossil fuel energy into hydrogen.  Therefore, it requires roughly 1.195 billion BTU of fuel energy (1.12 billion kJ) to produce one million cubic feet of hydrogen, from which only 320 million BTU (337.5 million kJ) is theoretically recoverable by conversion back to water for a net loss of 875 million BTU per million SCF of hydrogen.  This does not represent a very attractive return on the invested energy.  The result is considerably worse when the inevitable transportation and end-user inefficiencies are allowed for.

1.7.3. Emissions

Electrolytic hydrogen is carbon-free and therefore does not generate any CO or CO2 at the point of use.  However, if the CO2 emissions during manufacture are taken into account, hydrogen, when manufactured by electrolysis using conventionally generated power, is almost as "dirty" as direct-burning of coal.  Generating hydrogen in sufficient quantities to replace a significant proportion of U.S. gasoline consumption would require considerable electrical power, as discussed above, most of which will have to come from conventional power-generating facilities to ensure sufficiently low energy costs and supply stability, but negating the carbon-free advantage of hydrogen over gasoline in the process.  If and when the hydrogen can be generated by one of the many proposed zero emissions technologies (see part 3 of this white paper) the entire cradle-to-grave emissions picture is changed very much for the better.

1.8. Hydrogen from Thermochemical Reforming of Hydrocarbons

Numerous large-scale production facilities now exist to convert inexpensive hydrocarbons of high hydrogen content, such as methane, natural gas, naphtha or gasoline, into pure hydrogen by thermochemical reforming.  Numerous conceptual processes exist, some of them being piloted, that would remove all of the carbon and if necessary, sequester it into compounds such as calcium carbonate, much as is proposed for the zero-emissions coal case.  Reforming is currently used to produce most of the world's hydrogen.  The steam reforming process can, in principle, convert existing fossil fuels such as natural gas, methane or coal to hydrogen. 

1.8.1. Hydrogen from Natural Gas

Hydrogen in large volumes is typically made by reforming natural gas or, less often, other gaseous or liquid hydrocarbons, at a very high temperature (~1000OC) using steam.  Although this is the most efficient method of producing hydrogen to date, the steam process relies on non-renewable energy sources to produce heat.  
CH4 + H2O -->  3H2 + CO...............(1)  

CO + H2O --> H2 + CO​2... .............. (2)

This is, in effect, one of many methods of water-splitting.  In this case, the splitting ‘agent’ is the hydrocarbon, as opposed to a metal, carbon (as coke) or an oxidizable metal oxide.

Equation (2), the shift reaction, is also widely used to increase hydrogen production from water gas or producer gas generators.  The two steps require somewhat different conditions and take place in separate parts of the reformer furnace.  Reaction (1) is quite strongly endothermic (it absorbs heat) while reaction (2) is moderately exothermic (it generates heat).  If pure hydrogen is required, any residual carbon monoxide can be removed cryogenically or by one of several absorption or membrane processes.  

Several well-proven methods of removing carbon dioxide from product streams are available.  Absorption in monoethanolamine (MEA) or, in some cases, hot potassium carbonate solution (the HPC process) is the best known.  Other alternatives include the widely used Selexol Process (Union Carbide), which uses a dimethyl ether of polyethylene glycol as an absorbent.  All have associated costs but the Selexol process offers very low energy consumption and is generally preferred.  None are considered sufficiently low in cost to permit treatment of combustion as opposed to process gases.

In most cases, pure CO2 can be recovered from the absorption fluid, thus permitting re-use or easy sequestration of the latter.  The CO2 finds a variety of uses in the food industry, beverage industry, oil and gas recovery, and chemicals manufacture.  On the other hand, the amounts of CO2 generated as a result of hydrogen production from hydrocarbons are likely to overwhelm the existing CO2​ markets and it is likely that at least some of the recovered carbon dioxide will have to be sequestered, perhaps in magnesium silicate formations, on the sea floor, or pumped into former natural gas formations, as it frequently is now.

Unfortunately, the conventional thermal (non-catalytic) steam-hydrocarbon reformer furnace must run at very high temperature (800-1000OC) and uses large quantities of fuel, even with good furnace insulation.  That fuel, depending on overall refinery economics, can vary from "POX" (partial oxidation) gas
 to residual fuel oil.  The preferred reformer furnace fuels are gaseous since this minimizes the possibility of exterior fouling of the furnace tubes with ash deposits, but clean gaseous fuels are generally premium-priced.  Hydrogen in excess of requirements could also be used as fuel, but this seems unlikely given the shortage of energy feedstocks.

Although natural gas (represented here for simplicity by methane) is the cleanest feedstock for hydrogen production and minimizes carbon deposition on furnace tubes, it is (a) is relatively expensive and (b) in increasingly tight supply.  As we will show later, this effectively eliminates natural gas as possible future source of the large quantities of hydrogen required for gasoline substitution.

1.8.2. Catalytic Thermochemical Reforming 

Hydrocarbon reforming can be performed at much lower temperatures (and therefore somewhat more efficiently) through the use of catalysts.  Several processes have been commercialized.  It has even been suggested that the product gases from biomass pyrolysis could be converted to hydrogen in this way.

In the catalytic steam methane reforming (SMR) process, steam and hydrocarbon are mixed and passed over, through, or are fluidized with, an inexpensive nickel-based catalyst at temperatures much lower than those used for thermal reforming.  For some applications, catalytic reforming is an attractive way to generate hydrogen, especially for on-board vehicle applications because of the low reforming temperatures (250-300OC).  Catalytic SMR technology provides simplified operations, compact layout, and high product purity (99.99 H2).

Modification of the conventional steam methane reforming process to incorporate an adsorbent such as calcium oxide in the reformer to remove (sequester) CO2 from the product stream may offer a number of advantages over conventional processes.  Upsetting the reaction equilibrium in this way drives the reaction to produce additional hydrogen at lower temperatures than conventional catalytic SMR reactors.  Although still in the research stage, the cost of hydrogen from this modified process is expected to be 25%-30% lower, primarily because of reduced capital and operating costs.  Operating costs are increased slightly by the need to dispose of the sequestered CO2 (typically as calcium carbonate). 

Numerous efforts are being made worldwide to improve existing thermochemical processes or to develop new ones.  All are centered on either partial oxidation/syngas or a version of steam reforming of hydrocarbons as the underlying process.  Most offer removal of carbon and other impurities from the product stream and/or lower-temperature catalytic reforming, perhaps combined with the use of a non-polluting heat source such as nuclear power. Perhaps the most promising direction is the development of small-scale, low-temperature methanol reformers for on-vehicle use as the 'front end' of a fuel cell power system.  This would allow the 'distribution' of hydrogen as methanol.  
Partial oxidation/ceramic membrane reactors are also under development for the simultaneous separation of oxygen from air and the partial oxidation of methane. If successful, this process could result in improved production of hydrogen and/or synthesis gas compared to conventional reformers.  Also, numerous development programs are investigating improvement of some of the older, more established technologies (especially catalytic reforming of hydrocarbons). 

1.8.3. Thermochemical Scaling Issues

While thermochemical reforming is a proven high-volume production method with notable efficiency improvements underway, this interesting conversion technology suffers from at least two serious drawbacks when operations are scaled to the magnitude required to support the hydrogen economy.

1.8.3.1. Combustion CO2
Carbon dioxide production represents a major environmental problem with any fired equipment.  The quantity of CO2 produced per million BTU of heating energy is dependent on the type of fuel.  For pure carbon (the nearest naturally-occurring approximation is high-grade anthracite with ultra-low volatiles content) the combustion chemistry is simple (Table 1, equation 1).  However, relatively little energy is produced per unit of CO2 produced - i.e., "straight" carbon is a dirty fuel.

A scrubbing technology capable of removing CO2 from combustion gases at acceptable cost does not yet exist, although work is in progress in many centers, most notably in the U.S. and Canada.  Removing it from the fuel first is much more effective, but requires gasification of the coal in one of many available processes, followed by shifting CO to CO2 and CO2 removal from the resulting fuel gas.  

Natural gas performs better than anthracite (Table 1, equation 2).  Using methane as a 'model' for natural gas demonstrates that as an energy producer, it is more than twice as effective as carbon (anthracite) per unit weight of CO2 generated.  Similar results are obtained with propane, C3H8 (3.0 mt carbon dioxide and 47.7 million BTU).  Other fuels present a more complex picture due to higher volatiles content or a wider boiling range, but fall between coal and natural gas.

By comparison, combustion of one metric ton of excess hydrogen would result in zero CO2 emissions and about 143 million kJ (136 million BTU), but at ambient pressure and temperature this would involve handling 3,128 ft3 per million BTU of hydrogen compared to the 1,055 ft3 of methane and 408 ft3 of propane.  A typical thermal reforming furnace using a natural gas or refinery gas feed, consumes about 170 million BTU of fuel and 267 million BTU of feed methane per million standard cubic feet (SCF) of hydrogen produced, the exact figure depending on boiler feedwater temperature, heater losses, etc.  

Table 1

Combustion Energies per Ton of CO2 Produced
	
	∆HCOMBUSTION

	Reaction
	Btu/lb.FUEL
	KJ/KgFUEL
	MKJ/mtCO2

	(1) C (anthracite) + O2 ( CO2
	15,000 (app.)
	34,887
	9.4

	(2) CH4 (methane) + 2O2 ( CO2 + 2H2O
	22,900
	53,260
	19.4

	(3) C3H8 (propane)+ 5O2 ( 3CO2 + 4H2O
	21,660
	50,377
	16.8

	(4) 2H2 (hydrogen)+ O2 ( 2H2O
	61,500
	143,037
	N/A

	(5) 2CH3OH (methanol)+ 3O2 --> 2CO2 + 4H2O
	9,612
	22,355
	16.4


MKJ = Million Kilojoules

The reformer also generates the steam required for the process and typically also exports steam for use elsewhere in the process.  The energy recoverable from 1 million SCF of hydrogen is about 364 MM kJ (345 MM BTU), resulting in an approximate net loss of about 120 million BTU.  The result however is clean, carbon-free fuel.  Electrolytic hydrogen combined with conventional power generation results in a greater net energy loss of 740 million BTU.  As in the case of hydrogen, this estimate does not address downstream compression, pipeline, combustion and/or fuel cell losses which will further decrease the overall thermodynamic efficiency for all cases.

Audus et al (1997) 
 report hydrogen production costs based on then-current raw materials costs::

From Natural Gas:
$  5.6/GJ (reforming)

From Coal:

$10.3/GJ (gasification and reforming)

By electrolysis:
$20.1/GJ (electrolysis)

Natural gas spot prices have trebled since 1997 (see Fig. 2); thus the cost of hydrogen derived from this commodity has also increased greatly to about $15.00/GJ.  Electrolytic hydrogen is now estimated at almost $50.00/GJ but hydrogen derived from coal is can be at or below the cost determined by Audus.    
Figure 2:  Monthly Natural Gas Prices – Historical (line) and Forecast (points)
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Identifying comparable alternative methods of clean hydrogen production is achievable when tabulating the energy requirements, CO2, or other emissions generated in the manufacturing process (Table 2).

Table 2:  CO2 Emissions Comparison

	Fuel ▼
	ΔH 

Manufacture
	ΔH 

Recovery
	CO2 

Manufacture
	CO2 

Recovery

	
	MJ/kgH2
	MJ/kg
	gmCO2/MJ
	gmCO2/MJ

	H2 Electrolysis
	480
	144.3
	96.6***
	0.0

	H2  Reformer
	181.5
	144.3
	26.3
	0.0

	Methanol
	
	22.7
	
	60.9

	Ethanol
	
	29.7
	
	64.3

	Dimethyl ether
	
	31.7
	
	  60.25

	Octane**
	
	48.0
	
	64.4

	Ammonia*
	
	22.5
	
	0.0

	Carbon (coal)*
	
	36.0
	
	101.9

	Methane* (gas)
	
	55.5
	
	49.5


*Included for comparison.  **Included as a model for gasoline.

Notes on Table 2:

1. CO2 will be zero for future 'clean energy' sources such as wind, solar, etc., but these are not available yet.  This figure assumes conventional power generation using a high-carbon solid fuel such as anthracite.

2. All of the carbon-containing fuels are surprisingly close in terms of CO2 emitted when burned.  They all are responsible for some CO2 emissions during manufacture, but this data is not readily available.

3. Liquid ammonia is not very effective (or safe!) as a fuel, but is an excellent vehicle for hydrogen transport due to its high hydrogen density.  It is easily converted into hydrogen by low-temperature, atmospheric-pressure thermal dissociation.  Methanol is also especially attractive primarily because of its low cost and ease of manufacture combined with a reasonably high hydrogen density.

4. Coal is the major producer of CO2 per energy unit - no surprise here!  Of all the compounds considered here, methane produces the least CO2 per energy unit delivered.
1.8.3.2. Natural Gas Reserves

Based on data compiled by the U.S. Energy Information Agency
, at present rates of consumption (~22-23 trillion SCF/year), the US has about 9 years of natural gas in proven, producible reserves (~180 trillion SCF).  There is undoubtedly more, but most of that is in unproven, difficult-to-develop offshore areas (Arctic, Atlantic and deep water Gulf coasts).  Canada has about 59 trillion SCF in proven reserves (2.7 years at U.S consumption rates), but this figure has been declining fast, especially in the West - partly due to domestic increases in use for power generation, and partly due to exports of about 4 trillion cu.ft./yr. to the US.  Proven world reserves in 2000 were 5,147 trillion SCF, mostly in the former USSR and the Middle East and thus not readily accessible to the U.S.  Absent the construction of immensely expensive international undersea pipelines, such gas can only be accessed as expensive LNG. 
 Adding any significant supply requirement for hydrogen production to the existing natural gas supply/demand curve would drive already-high prices substantially higher.  In practical terms, North American natural gas supplies will probably run out before a significant hydrogen fuel source supply develops.  This conclusion is supported by Shell Oil’s recent reversal of an earlier decision not to import natural gas into the U.S..  Shell has now made a major infrastructure commitment for the importation of offshore LNG.  If US consumption is doubled due to demand for hydrogen manufacture, the United States alone could consume the world reserves of natural gas in under 100 years. Obviously, global politics will not allow this to happen. There will be many other takers for the world’s largest reserves of gas (for example, North Sea Gas reserves are declining rapidly and at least Norway and the UK will soon require supplemental supplies).

1.9. Other Hydrogen Production Methods

It is important to distinguish between methods for producing hydrogen and energy sources needed to fuel the conversion processes.  For example, electrolysis is purely a hydrogen conversion process requiring electrical energy that can be supplied by coal, wind, or nuclear energy sources. Biomass conversion includes its energy source (sugar) that is derived from ultimately from photosynthesis.  Energy sources are covered in more detail in part III of this paper.

1.9.1. Photo-electrolysis 

Another option for long-term hydrogen production may be photo-electrolysis.  Multijunction cell technology developed by the photovoltaic industry is being used for photo electrochemical (PEC) light harvesting systems that generate sufficient voltage to split water and are stable in a water/electrolyte environment
.  As in the case of conventional electrolysis, oxygen is a co-product of the hydrogen and must be separated.  Theoretical efficiency for tandem junction systems is 42%; practical systems could achieve 18%-24% efficiency; low-cost multi-junction amorphous silicon (a-Si) systems could achieve 7%-12% efficiency. This is one of the advantages of a direct conversion hydrogen generation system. Not only does it eliminate most of the costs of the electrolyzer, but it also has the possibility of increasing the overall efficiency of the process. Research results for the development of PEC water splitting systems have shown a solar-to-hydrogen efficiency of 12.4% lower heating value (LHV) using concentrated light.  Low-cost a-Si tandem designs with appropriate stability and performance are also being developed. An outdoor test of the a-Si cells resulted in a solar-to-hydrogen efficiency of 7.8% LHV under natural sunlight.  

1.9.2. Biomass Conversion to Hydrogen

Certain photosynthetic microbes produce hydrogen in their metabolic activities using light energy. By employing catalysts and engineered systems, hydrogen production efficiency could reach 24%. Photo-biological technology holds great promise but because, once again, oxygen is produced along with the hydrogen, the technology must overcome the limitation of oxygen sensitivity of the hydrogen-evolving enzyme systems. Researchers are addressing this issue by screening for naturally occurring organisms that are more tolerant of oxygen, and by creating new genetic forms of the organisms that can sustain hydrogen production in the presence of oxygen. A new system is also being developed that uses a metabolic switch (sulfur deprivation) to cycle algal cells between a photosynthetic growth phase and a hydrogen production phase.

Unlike cyanobacteria or algae, photosynthetic bacteria do not reduce or split water. They do, however, evolve hydrogen from biomass (previously generated from sunlight, water, and carbon dioxide). These bacteria use several different enzymatic mechanisms with near-term commercial potential for biological hydrogen production from biomass. One mechanism in particular looks promising for applications as a biological conditioning agent for upgrading thermally generated fuel gases to a level where they can be directly injected into hydrogen fuel cells.  This same system has potential to subsequently evolve into a second-generation photobiological method to produce hydrogen from water. 

The thermal processing techniques for plant material (biomass) and fossil fuels are similar, with a number of the downstream unit operations being essentially the same for both feedstocks. Using agricultural residues and wastes, or biomass specifically grown for energy uses, hydrogen can be produced via pyrolysis or gasification.  Biomass pyrolysis produces a liquid product (bio-oil) that, like petroleum, contains a wide spectrum of components that can be separated into valuable chemicals and fuels. 

Unlike petroleum, bio-oil contains a significant number of highly reactive oxygenated components derived mainly from constitutive carbohydrates and lignin. These components can be transformed into products, including hydrogen. Co-product strategies are designed to produce high value chemicals, such as phenolic resins, in conjunction with hydrogen.

1.9.3. Hydrogen Production – Summary 

Despite potential improvements to photo-electrolysis and biomass, these alternate methods should be evaluated with regard to the scale of hydrogen production proposed.  Neither are unlikely to be cost-competitive with other processes for the foreseeable future. Methane can be produced from plants and biomass, but it is important to look critically at the complete energy cycle of this feedstock to evaluate this approach. Hydrogen production can be achieved through a number of additional methods that have not yet achieved even pilot scale operation, including exposure of water to high intensity UV or other (including possibly nuclear) radiation.  While certain “breakthrough” technologies are possible, we must look for the clear technical feasibility, scalability, and modest environmental impact required as we realistically access the feasibility of the hydrogen economy as proposed.
Hydrocarbon (natural gas, methane or methanol) reforming represents a technically viable technology capable of generating the large quantities of relatively low-cost hydrogen required to replace a significant fraction of the world's current gasoline consumption. Development work in the reforming area is extensive and continues to focus on hydrogen purification, emissions minimization, alternate heat sources and the like, especially for the smaller-scale methanol units.  Because it is in widespread use and is improving in terms of emissions and efficiency, thermochemical reforming is likely to be the process of choice for hydrogen production for the near future, notwithstanding the complaint from the environmental lobby that this will let "big oil" control hydrogen.  

However, any process that requires natural gas as a feedstock for hydrogen production is probably not defensible, other than in the short term.  Its fundamental reliance on hydrocarbon fuels that are already diminishing in availability presents problems for sustainability as well as the desired reductions in greenhouse gases.  North American natural gas supplies are becoming very tight because of sharply increased consumption in multiple use areas.  There are not sufficient natural gas reserves to permit its use unless major new supplies are found and developed.

Longer term, beyond 10-20 years, the U.S. economy must find other methods for providing fuels or energy carriers if we are to sustain the current pace of economic growth.

The Hydrogen Report
Part 2 - Transporting and Distributing Hydrogen




In Part I of this paper, we reviewed the many factors that are likely to seriously delay, or even curtail, the development of a “Hydrogen Economy”.  We concluded, as have others, that the production of hydrogen by electrolysis of water is prohibitively costly at current electrical energy prices and that manufacturing hydrogen by reforming natural gas, while economically more attractive than electrolysis, is compromised by increasingly tight natural gas supplies.  In Part II we will explore issues associated with the transportation and storage of hydrogen to its point of use, and look related fuel cell problems.

Transporting and Distributing Hydrogen



The chemical and petroleum industries mostly use hydrogen close to its point of manufacture.  Thus transportation issues seldom arise and the hydrogen is treated and evaluated economically as a commodity chemical.  The small hydrogen distribution infrastructure that exists today in the Gulf States area serves niche refining and chemicals manufacturing markets but will not begin to support the distribution or scaling needs of the hydrogen economy.  However, unlike a number of other energy sources, hydrogen presents a number of unique challenges that must be overcome.  

Hydrogen has an exceptionally low specific gravity and therefore a low energy density (content per unit volume), despite its high heating value per unit weight.  For this reason, hydrogen is always transported in a compressed or condensed state as a gas or liquid.  

Following this pressure conversion process, hydrogen must be transported, stored, and then delivered to the end user for conversion into useful energy.  Each step in this process adds (sometimes substantially) to the energy required to produce and deliver hydrogen. 

2.1
Compressed Hydrogen

Because of its very low volumetric energy density, hydrogen must be compressed before it is pipelined.  Even when compressed to 800 bar (11,600 PSI), the result is not very impressive since even the compressed gas is a poor energy carrier.  Eliasson and Bossel
 have provided an analysis of the energy requirements to compress hydrogen.  They demonstrate that the energy required to compress hydrogen from 1 to 200 bar (2,900 psi) is about 7.2% of its heating value and suggest that compression to 800 bar will require about 10% of its energy output.  This is a large figure in relation to other compressed gases, and severely impacts the current economic competitiveness of hydrogen as an energy carrier.

2.2
Liquid Hydrogen

Currently, hydrogen is transported over short distances in the liquid form, usually in insulated rail cars or trucks.  Each vehicle comprises what amounts to an industrial-sized Dewar or vacuum flask, sometimes with a cooling system to maintain the hydrogen at low temperature.  Liquid hydrogen has a very low density of only 4.43 lb.ft-3 at 20OK (about 7% of the density of water) which compares very unfavorably with other liquefied fuels.  While this cubic foot of hydrogen contains 274,900 BTU of combustion energy, a cubic foot of gasoline (~45 lb.) and propane (~36 lb.), contains 922,500 BTU and 784,000 BTU, respectively.  

Eliasson and Bossel point out that the cooling process for hydrogen is very energy-intensive with a Carnot efficiency of only 7%12.  Actual plant experience suggests that even at very large plant sizes (which are the most efficient), about 40MM kJ/kgH2, or about 30% of the heating value of the gas, is required to liquefy hydrogen.  The very low cryogenic temperature at which hydrogen may be transported requires both pressurization and refrigeration to prevent the liquid from boil off.   Due to ambient heating, hydrogen would require substantial re-refrigeration along any long pipeline, eventually requiring more energy to transport than is delivered by the hydrogen itself.
2.3
Pipelining Hydrogen

The United States has a vast infrastructure of pipelines that are used to transport gasoline, natural gas and propane.  Natural gas as well as methane and propane are easily liquefied; propane, while typically used as a gas, is easily shipped and stored as a liquid.  Natural gas is also commonly liquefied for international marine transportation, although this requires special cryogenic equipment for both ports and ships.  Land transportation of natural gas by pipeline now typically employs 30-48" diameter line operating at pressures of 500 - 5,000 psi with 1,000 psi still being common.  

The compressed natural gas, despite flowing at only about 15 mph (about 3 days per 1,000 miles) to minimize drag losses, loses pressure gradually.  Compressor stations are located every 50 to 100 miles along the line recompress the gas to the design level.  These compressors are fueled by the gas being transported, which results in additional loss of the transported energy.

Comparative data for other fuels shipped by pipeline are given below.  We can see that hydrogen performs very poorly, offering the lowest volumetric efficiency while requiring the most thermal and pressure conditioning.   

Table 3:  Comparative Data on Fuels

	Fuel 
	Spec.Vol., ft3.lb-1
	∆Hcomb, BTU.lb-1
	TCRIT, OC
	PCRIT, psia

	Hydrogen
	194.0
	62,050
	-240
	189

	Methane
	24.2
	22.290
	-82.3
	673

	Propane - Gas             - Liquid
	8.84

0.0325
	21,660

21,840
	96

N/A
	618

N/A

	Gasoline – Liq 
	0.0228
	20,400
	N/A
	N/A


Table 4:  HHV per Liter for Various Fuels.
	Fuel
	Pressure, bar/psi
	HHV, MJ/Liter

	Liquid Octane (~ gasoline)
	Ambient
	33.5

	Methane (gas)
	800/11,600
	32.5

	Propane (liquid)
	Ambient
	25.2

	Methanol (liquid)
	Ambient
	17.5

	Hydrogen (gas)
	800/11,600
	10.2

	Hydrogen (liquid)
	~200 psi at -240 OC
	10.0

	Methane (gas)
	200/2,900
	  8.0

	Hydrogen (gas)
	200/2,900
	  2.5


The ability of a fuel pipeline to transfer energy, all other factors being equal, is a function of the energy per unit volume of the gas being transported at the operating pressure of the pipeline.  Gasoline, of course, is not compressible, so we use data for gasoline at ambient temperature and pressure.  We have, approximately:

Table 5:  Data on Compressed and Condensed Gases

	Fuel  
	BTU/ft3 at STP
	BTU/ft3 at 1000 psi (approx)

	Hydrogen
	320
	22,857 (~114,300 at 5,000 psi and ~230,000 at 10,000 psi).

	Methane
	985
	70,357 (~680,000 at 10,000 psi)

	Propane
	2,450 (as a gas)

782,000 (as a liquid)
	~175,000 (as a gas)

782,000 (as a liquid)

	Gasoline
	894,740 (as a liquid)
	894,740 (as a liquid)


Here again, we can see that hydrogen performs poorly in comparison with fuel sources, delivering only 2.5% of the energy provided by gasoline per unit volume.  At 5,000 psi pipeline pressure, hydrogen would carry about 114,285 BTU/ft3, a more attractive figure than at 1,000 psi, but a large-bore pipeline at 5,000 psi (or possibly more) involves substantial additional engineering and cost and might not be acceptable in urban areas.  However, even at this elevated pressure, a hydrogen pipeline will carry only 12.8% of the equivalent gasoline line at, say, a 15 mph flow rate.  Only by increasing delivery pressures to the 8,000 psi range (currently not attainable in commercial practice) do we approach the energy value of propane gas which is itself a relatively poor performer compared to gasoline.  

There are other important issues related to hydrogen transportation.  High pressure hydrogen, as any laboratory experimentalist knows, leaks easily through the smallest of holes and even straight through a lot of materials that would be impervious to natural gas.  It can also embrittle the type of mild steel used for pipeline construction.  Thus, pipelining hydrogen at high pressure will require different designs (e.g., of valves, pumps, sensors and safety devices), different welding procedures and different selections of materials (e.g., for gaskets or seals and even for the pipeline itself) than are in current use for natural gas.  The production, transportation and use of natural gas results in small but significant losses due to leakage; hydrogen will be substantially worse.  Any discussion of using existing pipelines for hydrogen transportation is inappropriate for these reasons. While the existing hydrogen industry can offer some solutions to these problems, there is little experience with long-distance transportation by pipeline for which hydrogen losses could become considerable due to the inherent leakage problems.

Eliasson and Bossel14 have presented a fairly detailed analysis of the energy required to move hydrogen over long distances through pipelines. They show that if a similar pipeline configuration to that used for natural gas is assumed, the low volumetric energy density of hydrogen, even at pipeline pressures, means that hydrogen must be moved through the pipeline much faster than natural gas to deliver a given amount of energy.  As a consequence, despite the lower viscosity of hydrogen even at high pressures, flow resistance is greatly increased.  The analysis shows that about 4.6 times more energy is required to move hydrogen relative to natural gas for a given energy delivery rate.  About 1.4% of the hydrogen energy will be used every 150 km to power the compressors compared to an acceptable 0.3% for natural gas.  In the example of a hypothetical 3,000 mile pipeline, only about 70% of the hydrogen fed into the pipeline would actually make the entire trip.

Many of the same issues arise if truck or rail transportation of compressed gas is considered, except that higher costs will be incurred as materials handling losses and round-trip fuel costs increase substantially.   

Three-fourths of the crude petroleum and almost two-thirds of petroleum product ton-miles carried in domestic transportation during 2000 were carried by pipeline. There are more than 200,000 miles of oil pipeline in the United States, which operate in all 50 states. Motor carriers transport about 31% of petroleum products, which are mainly gasoline, diesel fuel, jet fuel, and home heating oil.
  

Table 6:  Petroleum Carried in Domestic Transportation, 2000 
(billions of ton-miles) 

	
	Pipelines
	Motor Carriers
	Water Carriers
	Railroads
	Total

	Crude Oil
	283.4
	1.2
	91.0
	0.4
	376.0

	Petroleum Products
	293.9
	153.4
	30.1
	19.9
	497.3


Its thermodynamic and physical attributes present serious economic questions about the cost of transportation of hydrogen over long distances.  
In conventional energy areas (refining, power transmission, sea or land transportation of liquid fuels) losses seldom amount to more than 10% in total, "well to wheels".  Hydrogen must initially compete with these performances to represent a practical alternative to fossil fuel.  The absence of an ”economic foothold” will prevent hydrogen from gaining increased usage which will in turn increase the distribution infrastructure further.  

Hydrogen’s properties raise major issues regarding storage and transportation, as hydrogen’s massive volume for a given amount of energy, far exceeds that of gasoline, natural gas, and any other possible fuel with the same energy content.  Since hydrogen is only an energy carrier, not an energy source such as oil, these factors clearly mitigate against its use.  These simple considerations have a profound impact on how and where hydrogen is used and what constitutes a viable economic use. 

2.3. Transportation and Distribution Alternatives

2.4.1. Distributed Manufacturing of Hydrogen

It has been suggested that rather than pipelining the gas across country, hydrogen filling stations should be developed at which the gas is generated on-site by electrolysis – in effect, a distributed manufacturing system.  This would require each filling station to be equipped to receive substantial amounts of electrical power, transform it, convert it from AC to DC, produce hydrogen in large quantities (up to 100,000 lb./day or 4.5 mt./day for a busy station).  The on-site facility would require upwards of 100 MW of power for the same busy station (2,000 vehicles/day) as well as substantial makeup water (about 400 m3 or 105,600 U.S. gal./day).  Oxygen disposal (800,000 lb. or 362 mt./day) would also present an interesting challenge in an urban environment. 
The concept has been evaluated by Bossel and Eliasson12 who show that the total energy needed to generate and compress the hydrogen at the station would exceed the heating value of the hydrogen generated by at least 50%.  Note, too, that local generation would require a very major expansion of the present power generating and distribution system, as discussed earlier.

The same authors rightly point out that distribution of hydrogen by tanker truck, even if liquefied, is simply not feasible.  The low energy density of hydrogen would require a substantial multiple (about 20X) of the number of trucks presently in use for distributing gasoline and the fuel used to power the trucks, whether hydrogen or diesel, would represent a substantial fraction of the energy in the fuel being delivered. 

2.4.2. Storing Hydrogen in Metal Hydrides

Hydrogen can also be transported, and especially stored, in the form of metal hydrides.  Members of this broad class of compounds are also used in such products as nickel-metal hydride batteries, familiar to cell phone and computer users.  There are more than one thousand potentially suitable metal hydride compounds, most of them complex hydrides containing two or more metals.

Because of their application in batteries, metal hydrides have been widely researched as materials for hydrogen storage.  Numerous proprietary formulations have been developed and are available for sale at "research quantity" prices.  Some offer quite remarkable "effective compression" - up to 2.5 times the compression achieved by a pressure of 5,000psi.

The materials that are most effective at storing hydrogen are titanium hydride, TiH2 and vanadium hydride, VH2  at 9.2 X 1022 and 11.4 X 1022 atoms/cm3  respectively.  However, those compounds that store the most hydrogen may not be effective as commercial hydrogen storage media unless they can store hydrogen quickly and easily when cold or at high pressure and release it equally quickly when only modestly heated and/or at lower pressure.  Storage and recovery are generally selected by adjusting the temperature.  Hydrides should also absorb and release hydrogen with minimal volume change and with minimal consumption of energy (formation of most hydrides involves the evolution of heat; that heat is seldom recovered in any way and more energy may be required to recover the hydrogen).  

Several complex metal hydrides are among the best choices for this application, along with magnesium hydride (MgH2).  The most effective storage media in terms of meeting the commercial requirements are compounds such as LaNi5H7, Mg2NiH4 but the most attractive may be the so-called alanates.  These have been used since at least the early 1950s as hydrogen carriers for use in organic hydrogenation reactions.  They are compounds that incorporate aluminum plus an alkali metal such as lithium or sodium, and hydrogen.  Examples include LiAlH4 and NaAlH4.  These compounds could also form the basis of a fluid hydrogen transport medium - in principle, hydrogen could be transported as a metal hydride slurry (particles of hydride suspended in a suitable inert carrier fluid).  There has been minimal research in this area due to the very high cost of the transport material and the need to have a recycling path for the hydride carrier.  It is difficult to imagine this technology being deployed on a large scale.

2.4.3. Other Storage Materials 

There are other materials that hold some hope as viable storage media for hydrogen.  For example, carbon nanotubes can be 'packed' with a surprising amount of hydrogen (although it is difficult to get the hydrogen out again) while some "chemical hydrides" - a class of compounds that can be stored in alkaline solution - are especially attractive as media for the safe transportation and storage of hydrogen since the hydrogen that they contain can be released only catalytically.  Other than alanates (M+AlH4)-, the borohydrides (M+BH4-) probably offer the best prospects as chemical storage media, but they are still well down the energy density scale.

Another possibility may be the pipelining or storage of hydrogen as liquid ammonia or as a solution of ammonia in water (1 gm. of water will dissolve about 1 gm or 1,176 cm3 of ammonia at 0OC and atmospheric pressure).  However, this would require the conversion of hydrogen into ammonia at the point of manufacture (using, presumably, some variation of the Haber-Bosch process) followed by controlled thermal dissociation at the use end.  The cost of these two additional steps has not been carefully evaluated and may prove to be prohibitive.  

Projected costs are prohibitively high for all hydride-based hydrogen storage and transportation options and many technical problems remain to be overcome before the cost can be reduced to an acceptably low level.  None of these advanced hydrogen storage methods can yet compare for storage efficiency with methods for gasoline or other liquid hydrocarbon fuels, measured in MJ/kg or MJ/Liter; energy densities must improve by a factor of at least eight to equal to that of gasoline.  At present, there are not any particularly attractive hydrogen storage technologies suitable for the pervasive use of hydrogen in its pure form.  

2.4.4. Hydrogen Carriers - Methanol 

Methanol has been, and still is, used as a motor fuel, especially in certain classes of automobile racing.  It has never been accepted as a general-purpose fuel, primarily because of its lower energy density relative to gasoline.  Methanol contains only about half of the combustion energy of gasoline by weight.  In addition, methanol attacks some common automotive fuel system materials (easily addressed).  It is also somewhat toxic and burns with an almost invisible flame - a safety consideration.  

However, compared to gasoline, methanol has a high hydrogen content and a much lower carbon content.  As a liquid fuel, it burns to form water and less carbon dioxide than is obtained by burning an equivalent volume of gasoline.  In this sense, it lies between hydrogen and gasoline - it substantially reduces emissions but does not eliminate them. 

Methanol is now (once again) being re-evaluated as a general transportation fuel.  It can be viewed as a hydrogen storage medium and carrier, since it is liquid and easily transported.  Like hydrogen, it has been used extensively in fuel cells as a direct fuel.  A methanol-water mixture may therefore become a future automotive fuel since it can be fed directly to an on-board, low-temperature catalytic reformer for conversion into hydrogen.  Alternatively, it can be used directly in a direct-methanol fuel cell (DMFC).  Since these fuel cells now provide about twice the efficiency of a gasoline internal combustion engine, the gallon for gallon comparison is roughly equivalent.  For this reason methanol deserves serious reconsideration as a gasoline replacement. 

Methanol can be produced by methane (or other hydrocarbon) reforming or by processing of coal-based syngas from one of a number of possible partial oxidation processes.  Such processes are operated commercially in several parts of the world, many of them using “clean coal” technology.  The syngas can be converted catalytically to methanol.  The latter can then be transported easily and used as a liquid fuel or as a source of hydrogen.  

Methanol manufacturing, transportation and use technologies are well established, and the product is relatively inexpensive.  Although a world-wide consensus seems to have been reached to give emphasis to hydrogen as a fuel, the difficulties associated with hydrogen use that are reported here suggest that methanol a more attractive intermediate or even permanent option. 

While methane produces the least CO2 per unit of energy delivered of any fuel, both methane and methanol produce this waste product.  We will return to this matter in Part 3 of this paper.

2.4 End Uses of Hydrogen

It is not the objective of this paper to evaluate technologies for the end use of hydrogen except to note that extensive research has been done both on fuel cells (the hydrogen fuel cell was invented in 1930 and was first put to serious use in the space program in the 1960s) and on reciprocating engines designed to use hydrogen as a fuel.  This research and the prototype vehicles that have been developed and demonstrated have shown the technical feasibility of hydrogen as a fuel in transportation.

Current hardware utilizing hydrogen in conversion devices (fuel cells, and everything other than simple external combustion devices such as stoves or furnaces) is prohibitively expensive, and remains so despite substantial effort.  Only the internal combustion engine, modified for hydrogen, offers a reasonable cost in the near term but at 40% or so 'best case' thermodynamic efficiency, is only about half as efficient as current 'best case' hydrogen fuel cell technology with heat recovery.  

2.4.5. Fuel Cells

Fuel cells represent a fairly attractive way of powering future road vehicles, provided that the fuel that they will require can be delivered to them economically, whether through hydrogen refueling facilities or through on-board reforming of hydrogen carriers such as methanol.  Alternatively, methanol can be used directly in fuel cells that use solid oxide electrolytes, but this alternative has not yet been pursued very far.    
Fuel cell vehicular power systems are still projected to cost about ten times as much as a typical auto engine, even in mass production.  This is due in part to the current requirement for precious metals such as platinum as catalysts (there is not a sufficient quantity of platinum on earth to supply the number of fuel cell systems that would be needed to fully transition to a hydrogen economy).  They are only about 65% efficient at high loads, approximately 85% at low loads, and currently offer an unimpressive vehicle performance compared to the gasoline engine of equivalent capacity.  
However, although development work may be needed before some less conventional applications of hydrogen are ready for use, the conversion component of the hydrogen economy appears to be making reasonable progress.  The major concern, other than cost reduction, is delivering a vehicle that offers the same or better driving characteristics than the gasoline powered vehicles it replaces.  

Similarly, the use of hydrogen as a substitute fuel for internal combustion engines appears to present no insurmountable problems other than the huge issues related to storage and to delivering a sufficient volume of this very low energy density gas to the engine.  In addition, on-vehicle storage presents some very challenging issues in chemistry and physics.  
2.4.6. Hydrogen Safety 

There are many important management and safety issues associated with the widespread use of hydrogen.  Hydrogen is a low-density gas, but, when mixed with air and ignited, the flame front moves very quickly (approx. 175 feet per second) and it releases much more energy per unit weight than other fuel gases.  A hydrogen explosion can do substantial damage.  Pre-production hydrogen fueled vehicles are parked outside at night or in special storage facilities that provide positive ventilation to minimize the danger of explosion.  A multi-car pile up of hydrogen-fueled vehicles could cause billions of dollars in damage to a tunnel or in Boston’s Big Dig, for example.

In addition, both the gas and the flame are almost invisible.  By the time you see the fire, it is often too late to avoid injury.  An additive to the hydrogen could be used to give the flame some color, but the resulting contamination would probably not be acceptable to the expected end users (fuel cells are intolerant of impurities).  For storage and use, any hydrogen generated will have to be compressed - and hydrogen compressors, large and small, are a frequent source of industrial fires. 

2.5 Summary of Transportation and Storage Issues

We have seen that hydrogen transportation and storage issues place formidable technical and economic barriers in the path of the widespread use of hydrogen in transportation vehicles.  These issues will seriously inhibit the economic development of a hydrogen infrastructure, which must ultimately compete with traditional fuel sources, at least through several decades of transition.  Significant cost/performance, availability and safety issues remain for hydrogen fuel cells as well.  

Clearly, it is necessary to find an alternate form of hydrogen carrier such as methanol.  The use of methanol as a transitional fuel avoids many apparently insurmountable thermodynamic hydrogen issues and at least reduces the formation of CO2 pollutants from vehicles. Recent advances in the development of low-temperature, methanol-fueled SOFC fuel cells that do not require the use of rare earth metals should be accelerated. 
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Part 3 - 
Energy Sources for the Hydrogen Economy

In Part 1 of this paper, we reviewed the many factors that are likely to seriously delay, or even curtail, the development of a “Hydrogen Economy”.  We concluded, as have others, that the production of hydrogen by electrolysis of water is prohibitively costly at current electrical energy prices and that manufacturing hydrogen by reforming natural gas, while economically more attractive than electrolysis, is compromised by present (and expected continuing) tight natural gas supplies.  In Part 2 we also concluded that the transportation and delivery of hydrogen by conventional means – pipeline, truck tanker, etc. – makes little economic sense and presents some major engineering problems.  Part III examines the fuel source requirements needed to sustain a hydrogen economy, and concludes by proposing a uniquely North American solution: Zero-Emissions Coal Technology.

3.
Energy Sources for the Hydrogen Economy

As we have seen, hydrogen is an energy carrier, not an energy source.  This means that the fuel source for our hydrogen economy cannot be hydrogen itself, but must be some other ‘real’ fuel.  Ironically, the U.S. will consume significantly more energy in a hydrogen model than consumed in an oil economy due to very high conversion and transportation costs intrinsically associated with hydrogen.  

Since all large-scale hydrogen-manufacturing processes require ‘splitting water’ (i.e., reducing it), we should use the best and lowest-cost ‘splitting agent’ or reducing agent that we can find.  We will now review a number of energy sources and consider their suitability for the massive energy requirements needed to sustain the U.S. economy.  These energy sources fall into only two camps: nuclear and solar (contemporary solar and ancient solar).  

3.1 Nuclear Energy Sources

Several power sources that are not based on solar radiation may be among the energy sources fueling the hydrogen economy.  They include nuclear (and perhaps fusion) power, geothermal power, tidal power

3.1.1 Nuclear Power
Nuclear energy represents a potentially large, readily available and ‘clean’ source of energy for hydrogen production, although it encompasses the steam-cycle inefficiencies associated with conventional power generation.  Secondary hydrogen production processes based on electrolysis or steam reforming would be utilized.  

Though nuclear power it is not problem-free, it is recognized as having an advantage in contributing to the goals of sustainable development due to its low emissions and large fuel reserves. From today's point of view of sustainability criteria, the entire energy chain from nuclear fuel production to radioactive waste disposal has very limited emissions of greenhouse gases and other pollutants and does practically no harm to the environment. Nuclear plants are now being used to produce almost 17% of the world's electricity, from over 400 reactors with a total capacity of about 350 GW in 2002.

There is a renewed interest in nuclear power production particularly for Small to Medium sized Reactors (SMRs)
.  SMR designs are not downsized version of larger reactors, they are new simplified designs that are easier to operate and maintain, and that make extensive use of passive and inherent safety components and systems.  These safety systems are usually built into the design of SMRs to protect the plant against severe accidents.  They can hardly be compromised by malfunctioning equipment or human intervention, especially with regard to reactor core damage and the associated potential radioactivity release.  Some SMRs prevent severe accidents by eliminating the need for forced coolant flow for removing residual heat, while others reduce or even eliminate the necessity for correct operator action to avert or control major occurrences.
Current public sentiment strongly disfavors nuclear power generation.  Thus construction of additional nuclear facilities seems improbable in the near-term, at least in the United States, unless there is a substantial shift in opinion.  Issues associated with the Yucca Mountain waste storage facility underscore the emotions involved.   Japan, among other countries, has studies underway seeking incorporation of nuclear power, either to generate steam or to provide process heat, in the hydrogen economy.  Nuclear power is generally competitive with other forms of electrical generation (with the disposal caveat), and represents an excellent resource that negates the use of fossil fuels and associated contributions to global warming.  Technically, SMR nuclear power stations paired with Steam Methane Reforming hydrogen production facilities would be an attractive conversion technology, but sources of methane (or natural gas) remain highly problematic considering scale and sustainability issues.

3.1.2 Fusion Power

Fusion energy may someday have an economic impact, but it has yet to advance beyond the research stage after nearly 50 years of effort and billions of R&D investment.  Fusion theoretically represents the ultimate energy source, but practical applications for harnessing fusion power in the foreseeable future appear dim.

3.1.3 Geothermal Power

Geothermal energy sources are included under this heading because they are derived from geological sources. Geothermal power is a very small source of electricity, providing only about 0.3% of the total energy consumption in the U.S.(7% of California requirements).  It remains a very viable source of renewable power, but suffers from scarcity of occurrence and locations away from population centers.  Much of the economically developable hydroelectric and geothermal power has already been identified and developed.  It is possible that we could develop the technology to ‘mine’ geothermal activity with deep drilling equipment, but this would require materials technologies that have not yet been developed.

3.2 Solar Energy Sources

For purposes of this discussion, photovoltaic, wind, wave, and hydroelectric power are all grouped as solar energy sources due to their reliance on the incident solar radiation that reaches the atmosphere each day.  Technically, biomass conversion processes (discussed in Part 1) are also solar due to their reliance on photosynthesized sugars.   A number of these energy technologies show promise for providing at least a small percentage of our projected hydrogen requirements.  Unfortunately, they may not be scaleable to collect the amount of energy required to maintain our economic needs without seriously disrupting the fundamental ecological processes that sustain life on earth.  

3.2.1 Solar Power

Clean renewable electrical energy from solar generators would be ideal but is economically impractical as a support for a large portion of hydrogen economy.  Though enthusiasm remains at the evangelist level, photovoltaic technology has not been able to deliver the energy density/cost margins to become competitive.  The technology is also limited by geographic suitability and density.  For example, a solar photovoltaic facility capable of generating the required 845 GW of electricity would occupy over 7.36 million acres, an area larger than that of the State of Maryland. This estimate is based on data for the largest arrays that currently exist, including 3.3MW on a total of 30 acres in Serre, Italy and 3.2MW on 28 acres near Tucson, AZ.  Together, these two sites represent 0.000076 percent of the required U.S. total.  Issues associated with electricity storage and conversion suggest that this approach is not economically or physically possible with known technologies.

3.2.2 Wind, Wave, Ocean Current and Tidal Power

Although electrolytic hydrogen from these sources may be attractive for local hydrogen manufacture in isolated parts of the world, it is not viable on a large scale in the near to medium future.  The largest wind energy installations so far are in the 1-5 MW range.  Larger ones would involve many windmills, which present environmental issues as evidenced by the resistance to several recent wind farm proposals.  Continuous power generation is complex, as the output of solar and wind energy systems vary with the weather.  In order to meet a fixed demand for hydrogen, a wind powered electrolytic system would have to be oversized to generate hydrogen for large-scale storage, compensating for fluctuations in power output.  Moreover, recent estimates suggest that harnessing ALL of the globe’s wind power (zero air movement) would roughly equal the total daily energy consumption of about 0.1 % of incident solar radiation.  Wave, tidal and ocean current power all have the similar drawbacks and capital cost estimates for these technologies have been prohibitively high.
3.2.3 Hydroelectric Power

Hydroelectric power is an important but minor source of U.S. electricity, providing about 10% of the total energy used in the United States.  The U.S. is the world's leading producer of hydroelectric power. Hydropower currently provides 92,000 megawatts of electricity generating capacity in the U.S. - enough to meet the needs of 28 million households.  These figures are unlikely to increase. There are few good sites left to build new large dams, and there is widespread opposition on environmental grounds to the building of new dams.  In addition, much of the economically developable hydroelectric power has already been identified and developed.  Hydropower remains a very viable source of renewable power, but suffers from scarcity of occurrence and locations away from population centers.  Its availability also fluctuates widely (for example, downward by 25% in 2001) due to variations in the western snowpacks.
The nation's largest hydropower plant is the 7,600-megawatt Grand Coulee power station located on the Columbia River in Washington state. The plant is being scaled up to 10,080 megawatts, which will place it second in the world behind a colossal 13,320-megawatt plant in Brazil and about equal in size to Canada’s James Bay project in Northern Quebec.

3.2        Natural Gas and Oil Sources
    

As we have observed, the central problem with natural gas is identical to that of oil in that it is both non-renewable and nearing or past its peak production rates.  With the very real prospect of consuming the majority of natural gas reserves within the next 50 years, we must look beyond this resource for more durable energy sources for the hydrogen economy.
3.3 Coal Energy Sources

Coal is plentiful around the world, with reserves of approximately 1 trillion metric tons.  Both the United States and Russia have vast reserves followed by China.  Given coal’s much greater abundance than either oil or natural gas, and at a much lower cost, coal emerges as the most likely fuel to sustain the hydrogen economy.  Coal varies very widely in properties and performance, but most coals can be gasified quite easily, and, of course, have a high content of the required reducing agent for water-splitting: carbon.  

As a strategic choice, this approach significantly favors the Unites States natural resources with the largest coal reserves on earth.

Table 7:  World Coal Reserves

	 
	1994
	1995
	1996
	1997
	1998

	World Reserves
	1,039,182
	1,031,610
	1,031,610
	1,031,610
	984,211

	Canada
	8,623
	8,623
	8,623
	8,623
	8,623

	Former U.S.S.R.
	241,000
	241,000
	241,000
	241,000
	230,178

	United States
	240,560
	240,558
	240,558
	240,558
	246,643

	China
	114,500
	114,500
	114,500
	114,500
	114,500

	Australia
	90,940
	90,940
	90,940
	90,940
	90,400

	Germany
	80,069
	67,300
	67,300
	67,300
	67,000

	India
	62,548
	69,947
	69,947
	69,947
	74,733

	South Africa
	55,333
	55,333
	55,333
	55,333
	55,333

	Poland
	41,200
	42,100
	42,100
	42,100
	14,309

	Indonesia
	32,063
	32,063
	32,063
	32,063
	5,220

	United Kingdom
	3,800
	2,500
	2,500
	2,500
	1,500

	Mexico
	1,720
	1,211
	1,211
	1,211
	1,211

	Others
	66,826
	65,535
	65,535
	65,535
	74,561

	Source: Statistics Canada, CANSIM, millions of tons


Coal (or coal coke) has long been used to produce fuel gases containing hydrogen.  Coal gas, obtained by the simple pyrolysis of coal, contains about 55% of hydrogen, some of which is probably derived from water in the coal.  Coal coke, made by distilling or pyrolysing bituminous coal in retorts or “coke ovens” was for years the raw material for both water gas and producer gas production, and it is now being proposed for hydrogen production via syngas.  

3.4 Hydrocarbon Reforming Processes

All hydrocarbon reforming processes use steam.  Most of these use natural gas, refinery gas or methane as a feedstock, but some are designed to handle heavier feedstocks such as naphtha, kerosene and even gas oils.  In principle, any feedstock that can be vaporized can be used, although the heavier feedstocks present more problems with carbonization.  Flexicoking, an Exxon-developed fluidized petroleum coke gasification process, also uses steam injection, primarily to maximize hydrocarbon production via hydrogenation in the reactor. 

3.4.1 Partial Oxidation Processing

An obvious question is whether raw materials such as coal or crude oil, bitumen or even low-value residual oils, can be converted into hydrogen by reaction with water or steam without going through any intermediate step such as coke production.  This (and numerous other considerations) led to the introduction of steam into the partial oxidation processes originally developed in the 1970s by Shell (SGP process) and Texaco.  These were originally developed to process heavy residues into fuel gases that could be desulfurized and then used as clean refinery fuels.  

Part of the residual oil is burned by injection of air or (preferably, but at higher cost) oxygen or O2-enriched air to provide heat to the process.  The remaining residual oil reacts with the hot products of combustion (which include steam, of course) to form a fuel gas mixture that is predominantly CO and H2.  A typical product gas (when using oxygen) is 48% hydrogen and 51% carbon monoxide with small amounts of methane and nitrogen.  Any residual carbon (as soot) is recycled to extinction.  The CO and hydrogen are easily separated using pressure-swing absorption (PSA) technology.

The introduction of additional steam downstream of the oxidation reactor results in a water-gas shift reaction moving the reactions toward hydrogen.  The resulting product gas contains about 75% hydrogen and can be purified fairly easily to pure hydrogen by removal of the CO and CO2.  

In principle, the use of a low-cost raw material like residual oil or finely pulverized coal should result in low-cost hydrogen.  The POX process produces a fuel that is quite clean enough for refinery use but requires considerable additional refining for fuel cell use.  One especially interesting and new application is the use of the Shell SGP process to produce hydrogen for both hydrocracking and for refinery fuel gas at heavy oil and tar sand production facilities in northern Canada.  In addition, Shell has now developed a coal gasification process (SCGP) for the clean conversion of coal to synthesis gas and thence, if desired, to hydrogen.  It is especially well-suited to low-rank western coals.  The process converts finely-ground coal into syngas, but requires oxygen for optimum results.  Oxygen may not be readily available in all locations, but given sufficient demand, a dedicated PSA oxygen facility can be justified.

3.4.2 Syngas Production

Several other processes produce syngas by different pathways.  Many of these were initially developed during the 1970’s when the U.S., at the direction of President Carter, became focused heavily on the development of processes to produce alternate fuels.  Most were aimed at producing either a high-BTU substitute natural gas for pipeline use (names include Lurgi, Hygas, Bi-Gas, Hydrane, Synthane and numerous others, some involving production of coal liquids for subsequent refining) or a lower-BTU fuel syngas for local use in power generation or in refinery heaters.  None have received much attention – or use – since the 1970s, although development of partial oxidation processes (for low-BTU syngas) has continued.

Recently, the ongoing interest in ‘clean’ hydrogen fuel, and its high cost when produced by electrolysis or from dwindling natural gas supplies, along with the many, perhaps insuperable, engineering challenges involved in its transportation, handling and use, has renewed interest in (a) syngas or substitute natural gas (e.g., methane) production and (b) conversion of that gas into either hydrogen or (preferably in our view) an alternative energy carrier such as methanol using proven technologies.  Energy would thus be transported as either methane or methanol and, if necessary, converted to hydrogen at the point of use.

Several recently-reported developments have focused on the conversion of coal-water slurries (which have historically been used for coal transportation) directly into syngas and then into hydrogen and/or methanol.  All are at the research stage.  These and several other developments involve the use of, for example, lime (calcium oxide) in a fluid bed or other configuration to capture CO2 (the resulting calcium carbonate is recycled back to CaO, and the now-concentrated CO2 can be sequestered in widely-available mineral silicates in a process called “mineral carbonization”).  All are variations on the CO2 Acceptor Process, initially developed in the 1970s.

Most of these processes produce a relatively crude hydrogen stream that must be purified for use in fuel cells.  The alternative is to develop fuel cells that are capable of handling ‘dirty’ fuel environments.  Such cells are being developed at Los Alamos National Laboratory and use their proprietary PROX (for preferential oxidation) technology.  This protects the platinum catalysts used in most fuel cells by removing residual carbon monoxide from the incoming hydrogen.  Commercial development of cells of this type is crucial to the success of the use of clean coal technologies for the production of hydrogen.

Given that in energy terms coal represents a far higher percentage of North American natural resources that does oil or gas (coal is about 85%, bitumen about 10%, oil and gas about 1% each!), it clearly makes far more sense to use coal to underpin any alternate energy economy.  For example, the conversion of coal can be converted to hydrogen by one or more of the existing (but not yet commercialized) “zero emissions™” coal conversion technologies and the hydrogen used to generate electricity from high-efficiency solid-oxide fuel cells at the same location.  Energy is far better transported as electricity (or, as already noted, as a high energy content gas or liquid, but not as hydrogen).  

In this scenario, it would certainly not make any sense to use the electricity so generated to make pure hydrogen at distributed points of use just so that it can be used in fuel cells.  As we have pointed out previously, we do not view electrolysis hydrogen as a ‘smart option’ under most circumstances.  

3.4.3 Combined Processes

There are many ways in which hydrogen generation processes can, in principle, be combined to deliver lower-cost hydrogen – in effect hydrogen co-generation.  For example, a Shell SGP process using oxygen and heavy residuum feed can be used to generate a high-hydrogen fuel gas.  The substantial waste heat from the process is normally used to generate refinery steam.  This steam can be used to generate electrical power (as it already is in some installations) and the power then used to electrolyze water to produce hydrogen and its inevitable by-product, oxygen.  This oxygen can then be fed to the SGP unit to offset or totally replace bought oxygen.  The two hydrogen streams (one from the SGP process, after purification and one from the electrolyzer) are then combined for use.  

These technologies appear to hold great promise for providing both the scalability and sustainability to support a hydrogen economy for many decades.  Advances in processing suggest that greenhouse gas emissions can be held to very low levels.  

3.5 Zero Emissions Technologies

3.5.1 Introduction

Producers and users of coal, oil and natural gas have long sought ways to extract the energy from these fuel products without creating harmful emissions.  Direct combustion produces not only carbon dioxide, thought to be a contributor to global warming, but also much smaller amounts of nitrogen oxides, carbon monoxide, unburned fuel and sometimes aldehydes.

The auto industry has done a remarkable job of reducing all emissions except carbon dioxide by using a combination of exhaust catalysts and innovative engine ‘mapping’ – adjustment of engine operating parameters to optimize emissions under a wide variety of operating conditions – as well as significant engine redesign.  Operators of large-scale combustion equipment such as coal, oil or gas-fired power generators have also made substantial strides toward reducing oxides of nitrogen and unburned fuel emissions by burner and combustion chamber redesign and optimization of fuel/air ratios as well as pre-treatment of fuels to reduce sulfur content.  Nevertheless, there is still far to go.  Oxides of sulfur and nitrogen must be further reduced to control smog and particulates formation and strenuous efforts are needed to reduce or even eliminate carbon dioxide.  Sulfur is generally controlled by removing it from the fuel.  We focus here on CO2 removal.

3.5.2 Carbon Dioxide

Carbon dioxide is an inevitable product of the complete combustion of a carbon-containing fuel.  Choices for its control are limited to: 

(a) Removal of carbon from the fuel prior to combustion in cases where this is possible, an approach that typically means loss of the combustion heat generated by the carbon in the fuel. 

(b) Conversion of the fuel into an alternate fuel product, often via partial oxidation or water-splitting (for example, coal coke into syngas or hydrogen) with at least partial carbon removal prior to final combustion.  This is the option most commonly implemented. 

(c) Recovery of all or part of the CO2 from the combustion gases.  Removal of carbon dioxide from large volumes of combustion gas (most of which is nitrogen if produced by conventional fired equipment) has so far proven to be expensive and inefficient since the CO2 is highly diluted and therefore difficult to ‘trap’.   This option is seldom pursued.

The first option is viable only if the carbon is already present as CO or CO2 (as in syngas) or is oxidized in the process so that its heat of combustion can be captured and utilized – in which case this becomes option (b).  This second option typically aims to recover heat, in addition to a combustible fuel gas, from the partial oxidation process.  The heat is typically used to generate steam and/or electrical power while the fuel gas generated can, for example, be used directly or converted into hydrogen, methanol or other end products.

3.5.3 Coal

The technology used to recover CO2 varies, depending on whether the CO2 is captured during the initial combustion process or later.  For entrained-bed (E-bed) gasification processes such as the Texaco Gasification Process (which can handle mixed feeds such as waste materials, coal, hydrocarbon liquids, etc), carbon dioxide is usually captured downstream of the combustor.  After PSA separation of hydrogen, the tail gas can be burned to generate power.  This is easier if the bed is blown with oxygen rather than air.  If the produced hydrogen is used to manufacture ammonia, the CO2 can be converted into urea, a fertilizer.  Failing that, it can be scrubbed out with a solvent process, recovered and sequestered as carbonate or in silicate mineral deposits.

Carbon dioxide can also be captured easily by one of the several variations on the old (1976
) CO2 Acceptor Process.  CO2 was absorbed on calcined lime or dolomite dispersed in a fluidized bed of coal or other solid fuel into which was injected a suitable oxidant – typically air + steam of oxygen + steam.  The most recent variant of this uses anaerobic gasification of coal to produce hydrogen (using hydrogen + steam).  Methane is produced but is immediately reformed downstream to hydrogen and carbon dioxide (which, in turn, is absorbed, the heat so generated assisting the reformation process).  Part or all of the hydrogen from the process is used to generate power in solid oxide fuel cells (SOFCs) that operate at 800-1000OC.  Waste heat from these cells is used to regenerate the calcium oxide for re-use.  This process, developed at Los Alamos National Labs with help from the Zero Emission Coal Alliance, is now known as the ZEC process and offers very low cost hydrogen (surplus to that used in the fuel cells) for use as a fuel or chemicals manufacture.

None of these important clean coal technologies have been fully commercialized, although some have in part, but several are ready for large-scale testing in integrated form.  Most SOFCs run on clean natural gas fuel and will need further development to work reliably with a ‘dirty’ coal-based gas stream.  However, there are several processes that do not use SOFCs (but which are predicted to produce slightly more costly hydrogen) and are ready for, or already in, commercial use.  These include the Shell Coal Gasification Process (SCGP) and several variations of the Texaco POX gas process, among others.  Those of lower complexity, such as the SCGP, are likely to be the first in broad commercial use but efforts to reduce the cost of hydrogen, syngas or synthetic natural gas will undoubtedly drive the development and commercialization of the ZEC processes that use integrated SOFCs. 

3.5.4 Oil

Oil-based feedstocks such as bitumen can be processed in equipment similar to that used for coal (partial oxidation in entrained bed or even fluid bed equipment, the latter with an inert bed containing CaO) with similar results.  The products of combustion are similar to those obtained with coal and require less cleaning for fuel cell use.  Of course, oil feedstocks can also be converted directly into hydrogen and even syngas or SNG, by direct steam reforming with some form of CO2 recovery.  However, even residual oil should be regarded as a feedstock of higher value than coal
 and should be reserved for applications of higher added value – e.g., like tar sands bitumen, it should be hydrogenated into higher-value distillate.

3.5.5 Natural Gas

The suggestion that a low-value fuel such as hydrogen should be manufactured from high-value natural gas, given the many high-priority applications for the latter, is, to say the least, irrational.  Nevertheless, the standard manufacturing method for hydrogen is steam reforming of natural gas or methane, a practice that developed when it was assumed, implicitly at least, that U.S. reserves of natural gas would last forever.  Now we are faced with the need to develop substitute fuels for many long-standing natural gas applications.  Removal of CO2 from the combustion products of natural gas is as difficult as for coal or oil.  It is better to remove it at the time of combustion.  It is possible to get good results (and a clean hydrogen product suitable for SOFC use) by injecting steam and natural gas into a high-temperature fluid bed containing lime, but this may not be the best way to use this valuable feedstock.  It makes much more sense to solve the technical problems presented by coal.

3.5.6 Coal Scalability Issues - Water as a Resource

In all of the many discussions of the use of water-splitting to produce hydrogen, essentially no attention has been given to the availability or cost of water in the future.  In many parts of the U.S., especially in the Southwest, water is in very tight supply, a problem that is likely to become worse.  It is possible that destructive use of water in chemical processing (as opposed to its use and recycling) could become a political issue.

As noted earlier, every unit of mass of hydrogen produced requires 9 units of water and co-produces 8 units of oxygen – the latter may be as the element (electrolysis) or as a compound such as CO or CO2.  Thus the production of enough hydrogen to totally replace the current U.S. consumption of gasoline (1.03 million mt per day) will require about 352,350 mt/day of hydrogen and therefore about 2.8 million mt/day of water – i.e., about 740 million gallons/day or 270 billion gallons/year (about the same amount as is used from public water supplies by the average U.S. state - California leads that list with 5,830 million gallons/day).  It seems that the added demand for water should be manageable in at least the northern Midwest but probably not in the Southwest where there is already a major battle shaping up over water rights.  Hydrogen producers in coastal areas may be forced to consider desalination of seawater as a strategic option for use in the event that shortages develop.

3.6 Alternatives to Hydrogen

This report has enumerated a number of reasons why hydrogen may not become a major replacement fuel for transportation and other applications due to its significant economic and technical shortcomings.  In particular, and in agreement with others, we have suggested that alcohols (methanol, ethanol), coal-based synthetic natural gas, methane and even ammonia may be appropriate.  Other fuels that could be manufactured from coal include butane and propane.  While these fuels all burn to form CO2, they produce much less than gasoline.  That relatively modest reduction might be sufficient.  We do not currently have any data to support any specific target level of reduction of anthropogenic CO2 emissions.

Even if a market develops for hydrogen and all of the barriers to its successful application are overcome, it appears that it will be many years before sufficient hydrogen manufacturing capacity can be installed to make any difference to the amount of carbon dioxide generated by automotive transportation fuels.  This means that if the U.S. is to have any near-term impact on automotive CO2 emissions, it must find alternative technologies.

It seems clear, based on ample evidence now coming from the European fleet, that increased use of diesel engines can be a major contributor to the reduction of CO2 emissions from individual vehicles.  Direct-injection diesels provide extraordinary on-road performance, a particulate-free exhaust and, by virtue of their much higher fuel mileage, greatly reduced CO2 emissions but, to achieve this, they require ultra-low sulfur fuel.  Diesel vehicles sell well in Europe because of their excellent performance and much better fuel mileage (up to 50% better) compared to the same vehicles using gasoline.  Low-sulfur diesel is now being sold in Europe, but will not be widely available in the U.S. until 2006-2008.  Even then, the large size and long life of the existing U.S. automobile fleet means that the impact of even mandated diesel use would not be felt for another five years or so, but that timing (2011-2013) would still be an improvement on the likely impact of hydrogen.   An earlier impact might be felt from the introduction of hybrid vehicles (probably diesel-electric once clean diesel fuel is available, replacing vehicles such as the current gasoline-electric Honda and Toyota products), but these currently offer a level of performance that appeals to few users and are likely to find a very limited market.

4 Discussion and Final Thoughts

On one hand, hydrogen is a very attractive, carbon-free and therefore clean-burning fuel that could replace gasoline and other liquid fuels in road vehicles and also natural gas for applications such as home heating.  Yet a closer examination of the issues suggest that a widespread use of hydrogen for vehicles and consumer applications is highly problematic due to a host of technology, thermodynamic, scaling and safety issues that cast doubt on the economic viability of hydrogen economy model in the foreseeable future.  

In most respects, hydrogen end-user technology has advanced well beyond, and become seriously out of phase with, hydrogen manufacturing and infrastructure development.  We are of the opinion that it will be decades before substantial progress is made on many of the barriers that now impede the production and delivery of hydrogen on the scale required. 
Though it is not our intention to politicize the issue of the hydrogen economy, we take strong exception to the five principal foundations of the proposed Bush Hydrogen Fuel Plan:
1.
Fuel cells are a proven technology 
False.  Fuel cells are proven to work, but the technology to reduce manufacturing cost by an order of magnitude has not been developed, nor has the reliability or durability of low-cost fuel cells been demonstrated. In addition, we do not support the prevailing view that hydrogen is the best fuel for fuel cells.
2.
The (Hydrogen Fuel Plan) initiatives will overcome key technical and cost barriers for fuel cells
False. Even if fuel cell technology advances dramatically, the major cost barriers are associated with the manufacturing and distribution of hydrogen fuel itself.  These issues are inexorably linked to the laws of physics and thermodynamics.
3.
Hydrogen fuel will help ensure America's energy independence 
False.  America will consume substantially more non-renewable energy in a hydrogen economy that it consumes today.  Unless our huge reserves of coal (or nuclear power) are tapped, we will be increasingly dependent on foreign energy supplies (of oil and natural gas) with each passing year
4.
Fuel cells will improve air quality and dramatically reduce greenhouse gas emissions 
False.  Again, America will consume substantially more fossil energy in a hydrogen economy that it consumes today and therefore create more emissions.  The public needs a much more fundamental understanding of these critical issues – as do politicians.
5.
Hydrogen is the key to a clean energy future
False.  As we have seen, hydrogen is quite a dirty fuel as currently manufactured.  In our view, the only viable, clean, and scalable methods for producing enough energy to manufacture the huge quantities of hydrogen required are nuclear and Zero Emissions Coal. Neither of these technologies are the focus of the Bush plan.
We should give serious consideration to dropping the hydrogen mantra and adopt a “transitional fuels” paradigm that allows fuel cell development to continue on a sustainable economic path while the longer-term issues regarding hydrogen are resolved.  A natural hydrogen carrier such as natural gas, methane, a liquid hydrocarbon or methanol, represents a viable alternative to pure hydrogen for fuel cells, as they require far less energy to extract the hydrogen at the point of use and can readily be derived from coal. 

Our coal reserves are the most attractive fuel source on which to base the production of these transitional fuels.  The extensive reserves in North America suggest that a 400-year (or more) supply of feedstocks exist in this form at present consumption rates.  The prospects for developing new methods of coal conversion with near zero atmospheric emissions should be aggressively pursued as a national strategic defense priority.  

The development of this coal technology could lay the foundation for a new generation of power plants and conversion facilities, which not only produce clean electricity from coal, but also manufacture methane and methanol for commercial heating and transportation.  

Moreover, we submit that it is neither necessary nor economically desirable to completely eliminate CO2 emissions from vehicles.  The reduced CO2 emissions from the new power-generating facilities we propose will substantially offset modest CO2 emissions from vehicles, particularly with the introduction of relatively clean-burning SOFC fuel cells using methanol.  While we acknowledge that this migration to new technology will take decades, the dire (and, we submit, for the most part incorrect) global predictions of some environmentalists can be averted with steady progress toward cleaner fuels.
Given pressing timing concerns with regard to remaining oil supplies, we must also give consideration to the path we will take to address and finally solve the tremendously complex technical issues ahead.  In the past, science has taken quite a ‘meandering’ path to discovery and development.  That approach now may have severe consequences to our civilization.  A more pragmatic approach may be called for to solve these issues, so that the required technical and human resources available can be sharply focused on coal, methane, and methanol.  

Finally, we must have is a more thoughtful public debate about the merits of the hydrogen economy as proposed by the Administration.  The huge investments that are anticipated in this well-intentioned but sadly misdirected proclamation will seriously impair the development of more rational energy alternatives.  

-----end ----
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