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1. INTRODUCTION

An assured long-term supply of energy is essential for the growth

and maintenance of a modern industrial nation such as the United States.

The current energy crisis this country is facing is well documented, but

it may be well to summarize again since the ingredients strongly relate

to the subject of this panel report.

1. The growing demand for petroleum and natural gas, coupled with a

decline in domestic production, has forced the U.S. to depend more

heavily on foreign imports. Curtailment of some uses for natural

gas is already in effect and shortages of fuel oil have occured in

some states.

2. The increased public awareness of the environmental impact of our

current energy generation and use patterns has caused delays in

scheduling new facilities to meet the growing demands and has

increased the demand for the more scarce "clean" fuels.

3. Substantial increases in the costs of energy have resulted

from the above factors coupled with higher labor costs and

interest rates.

4. Of longer range concern is the finite lifetime or the ultimate

exhaustion of all fossil fuels, including the non-U.S. resources.

These factors work toward a growing dependency on uncertain,

distant fuel supplies which in turn may imply serious national security

and balance of payments problems. Therefore it seems highly appropriate

to investigate alternative energy systems which could provide the U.S.

with the means of overcoming these problems. The magnitude of these

problems can be seen in Figs. 1 and 2, which show the projected increase1

in petroleum and natural gas use according to the demand sector. By

1985, the U.S. would be importing over one-half its petroleum and would

have a shortfall in natural gas supply of about one-half of demand. In

terms of foreign exchange this represents a dollar outflow of about. $44

billion (oil at $3.50/bbl and natural gas at $1.00/103 ft3 as liquefied
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natural gas) for 1985 and would continue to increase with time.

It should be recognized that today's energy needs are served

primarily by direct use of fossil fuels and secondarily by electricity.

Near-term electricity needs will continue to be satisfied from economic

domestic resources such as coal and uranium and near-term portable fuels

from domestic petroleum reserves and imports. For the longer term, all

energy will have to come from solar, geothermal, nuclear (breeder), or

thermonuclear sources. Satisfying the long-term need for gaseous and

liquid fuels appears to be a more complex problem than that posed by

electricity.

Synthetic fuels from nonfossil sources appear to be the most likely

alternative for supplying the long-term needs for gaseous and liquid

fuels. These fuels, as considered in this study, consist of hydrogen

obtained from water and synthetic fuels containing hydrogen, namely,

ammonia, hydrazine, methanol, and related substances. It should be

recognized that in the near term these fuels can, and most likely will,

be made more economically from fossil sources such as coal and oil shale

or possibly from urban and agricultural waste products.

While production of synthetic fuels requires thermal or electrical

energy and thus may appear to complicate an already difficult problem,

these fuels can be obtained from domestic and, for the most part, clean

sources, for example, nuclear or solar. In addition, because of low

transport costs, synthetic fuels can be produced at remote, well-

regulated plants and thus would not contribute to the primary pollution

problems that exist in our urban centers. An additional advantage of

such a system is in conservation of our limited fossil fuel resources,

particularly petroleum, so that they may be used as valuable chemical

product feedstocks and in metallurgical processes. The synthetic fuels,

especially hydrogen, may be consumed with very little or no air

pollution as well as with higher conversion efficiencies and thus could

be more attractive for urban uses than the fossil fuels in current use.

This report represents about a six-month effort of a panel of

representatives from four AEC laboratories, industrial firms, and

consultants as tabulated in the Appendix. It is one of 11 panels
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performing similar studies of various technologies that could

potentially contribute to solving the future energy probl&ms facing our

country. These panels have been formed by various interested agencies

of the federal government and are being coordinated by the Federal

Council on Science and Technology's Committee on Energy Research and

Development (R&D) Goals. While many of these panels interface with some

of the topics considered in this study, a few that seem to be

particularly closely related are: Energy from Urban Wastes,

Transportation, Total Energy Systems, and Solar Energy.

The specific purpose of this panel's work may be summarized as

follows:

1. to assess the potential of an energy system based on nonfossil

synthetic fuels, mainly hydrogen;

2. to give special attention to the use of synthetic fuels for the

dispersed, stationary generation of electricity;

3. to examine all segments of a synthetic fuel system and make

recommendations for performing any required research and develop-

ment.

This report covers all aspects of an energy system based on

nonfossil synthetic fuels and includes discussions on the production of

the fuels; their storage, transmission, and end uses; and an overall

systems analysis illustrating the role these fuels might assume in the

future. A section on the use of coal to produce hydrogen and methanol

is also included to help define the interim time period before our

dependency on nonfossil fuels occurs. This summary report is based on

individual detailed reports which were prepared in support of the

panel's effort.
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2. SUMMARY AND CONCLUSIONS

The primary sectors of an energy system based on nonfossil

synthetic fuels have been examined on the basis of readily available

information. The main overall conclusion reached is that these fuels

can have a significant beneficial long-term impact on the energy

problems facing the U.S. Hydrogen is a particularly attractive

synthetic fuel for the following reasons:

1. It is essentially clean burning, the main combustion product

being water.

2. It may be substituted for nearly all fuel uses.

3. It can be produced from domestic resources.

4. It is available from a renewable and universal raw material--water.

5. Nearly all primary energy sources, nuclear, solar, etc., may be

used in its production.

The main obstacles to the use of hydrogen as a universal fuel are

its high cost relative to the current low prices for fossil fuels and,

for some applications, the unresolved problems of handling a low-density

or a cryogenic fluid. Safety considerations, while important, are not

believed to present a serious technical obstacle to its widespread use.

The panel believes that most of these economic problems could be

resolved by appropriate research and development programs and, even

though some applications are of a long-term nature, that it would be

prudent to begin the required research at once. The solutions to

research and development problems cannot often be rigorously scheduled,

and, particularly in this case where a serious national problem exists,

it would be far better to have technology ready in advance than to be

late. Attaining the technical and economic goals of such a program

could allow the U.S. to be independent of foreign energy sources while

essentially eliminating the pollution problems related to energy use.

Of the other synthetic fuels considered by the panel, methanol

(provided a low-cost source of carbon such as coal or lignite is
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available) appeared to offer the most potential, particularly as a fuel

for ground transport. A comparison of selected characteristics of the

synthetic fuels considered in this study is given in Table 1.

2.1 Major Findings

The long-term need for synthetic gaseous and liquid fuels is

believed to be incontrovertible when one considers the potential

alternatives. Although the applications of electricity, the most likely

alternative, are increasing, there are several energy use sectors which

do not appear capable of adapting to this energy form, for example,

transportation, particularly air and sea. Also, many chemical and

metallurgical uses for hydrogen cannot be replaced directly by

electricity. The need for a portable, storable, and readily deliverable

form of energy seems to be an essential ingredient of an advanced

society as far into the future as can be visualized today, certainly

beyond the time when the earth's fossil fuels have been exhausted.

The panel concluded that hydrogen has outstanding potential as a

fuel for the transportation sector because of its unique, nonpolluting

character. The applications would initially be to fleet-operated trucks

and buses, high-speed trains, and aircraft and may later extend to

private automobiles. The key to realizing the potential of hydrogen as

applied to the transportation sector is the development of practical on-

board storage and logistics systems. Methanol was identified as an

attractive near-term automotive fuel. While not as clean burning as

hydrogen, it appears to be superior to gasoline and would more readily

fit into existing vehicle designs and fuel logistics systems, although

its relatively low heating value and boiling point imply changes in on-

board storage concepts.

The panel also found that conversion of agricultural and urban

wastes to synthetic fuels is worthy of serious consideration. This

source could supply a significant fraction of the 1985 shortage of

pipeline gas, probably at costs competitive with imports. However-, a

substantial program of research, development, and demonstration is



Table 1. Comparative characteristics of synthetic fuels

Heat of Heat of Relative fuel
combustion, vaporization required to equal DensptyBoilngEase ofT .i

Fuel low heating at b.p. H2 heat content a Gas, point storage Toxic
value (Btu/lb) Liud H aSP (0F)

(Btu/lb) By wt By vol (lb/ft3) (lb/ft3) (lb/ft3)

Hydrogen 51,600 194 1.0 1.0 (liq.) 4.4 4.4 0.005 -423 6 (liq.) 1
(H2 )

Ammonia 8,000 590 6.4 0.6 42.6 7.8 0.043 -28 4 5
(NH3 )

Hydrazine 7,200 540 7.2 0.5 62.4 8.9 236 3 6
(N2H4 )

Methanol 8,600 474 6.0 0.5 49.7 7.1 149 2 4
(CH30H)

Methane 21,500 220 2.4 0.4 25.9 6.5 0.041 -259 5 (liq.) 2
(CH4 )

Ethanol 11,600 360 4.4 0.4 49.7 6.5 173 1 3
(C2H5OH)

Gasoline a 19,100 140 2.7 0.3 43.8 7.0 257 (1) (4
(C8H1 8 )

aDensity of hydrogen in the fuel.

bRelative ranking.

CIncluded for reference only.

.t b
ity

)
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clearly indicated; another panel is believed to be developing the

details of such a program.

In the long term the panel envisions an energy economy based on

nonfossil sources, with electricity and hydrogen being the staple forms

of energy distributed to cities and industries. The transition from

fossil fuels to synthetic fuels will occur when the total cost of

producing and using fuels from nonfossil energy sources intersects the

rising costs, including environmental effects, of coal and imported oil

and gas. In the interim, hydrogen will be produced from fossil sources

such as coal and from off-peak electricity via water electrolysis.

The research, development, and demonstration program outlined below

is recommended for federal government sponsorship. While some of the

important goals can be identified now, a more detailed analysis of the

alternative development paths should be undertaken before commitment to

a major effort in order to arrive at the most effective program from a

standpoint of cost.

2.2 Critical Related Issues

To better define the priority and urgency of such a program,

several other evaluations should be made and a number of policy issues

should be resolved. The real cost of environmental effects should be

determined so that the environmentally beneficial characteristics of

synthetic fuels can be evaluated and compared with other alternative and

with the environmental effects of their production processes. Other

critical policy issues to be resolved are mainly related to our

increased dependency on foreign energy sources, that is, dependability

of supply, the impact on national security and balance of payments, and

the possibility of arbitrary pricing by foreign interests. There are

also serious policy issues related to the need for, or the desirability

of, imposing controls on the rate of growth of energy demand.

The future use of coal as a source of gaseous and liquid fuels was

also identified as an important factor in determining the urgency and

the level of effort to be placed on developing fuels from nonfossil
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sources. Since a time constraint, plus originally a basic ground rule

for this panel's study, prevented detailed examination of the use of

coal, answers to many highly relevant questions were not available; for

example, questions of the ultimate costs and total environmental impact

of producing hydrogen, methane, or methanol from coal and questions

relating to the extent of our economic resources relative to their

possible future use in supplying gaseous and liquid fuels.

A related problem, also somewhat beyond the primary scope of this

panel's work, is concerned with the siting and construction (including

capital allocation) of sufficient nuclear, solar, etc., plants to

provide the primary energy required to produce the synthetic fuels.

Just to meet one-half of the projected transportation fuel needs for

year 2000* with electrolytically produced hydrogen would require an

additional electrical generating capacity of nearly 1,000,000 MW

(equivalent to %$350 billion) or about 2 1/2 times the currently

expected nuclear generating capacity at that time. Making full use of

the available off-peak nuclear power in the year 2000 could reduce the

required generating capacity by about 20%. To use coal in a

gasification plant to produce this same transportation fuel need, would

require about 1.3 billion tons of coal or more than double the current

production rate.

Another possible strategy for relieving the demand for imported

fuels, but also not considered to be within the scope of this panel's

work, would be to substitute electricity for some selected fuel uses.

As an example, if the residential and commercial space heating load

projected to be met by gas and oil in 2000 were to be met by

electricity, additional electrical generating capacity of 300,000 MW

would be required. This alone would represent a 35% increase in the

nuclear generating plant capacity planned for this time period but would

release sufficient oil and gas to provide about 30% of the total

transportation energy need.

It is further important to recognize that keeping up with energy

demands without introducing new alternatives is in itself costly. - It

has been estimated, for example, that the cost of developing additional

*
Thus decreasing projected petroleum imports b about one-half and

realizing a savings in foreign exchange of $12 x 10 /yr at the 1972 price
level.
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fossil resources and import foreign fuels would cost about $110 billion

ay 1985.

In view of the enormity of the future energy problems facing the

U.S., it is believed that promising options should be kept open by

instituting vigorous research and development programs. A particularly

important future option is believed to be in the area of nonfossil

synthetic fuels.

2.3 Conclusions

The results of an assessment of the various sections of a synthetic

fuel based system are summarized as follows.

Fuel Production. The process (nonfossil) most likely to be used

for the large-scale production of hydrogen is water electrolysis. With

further research and development, efficiency increases of 25% and plant

cost reductions of 45% appear possible. Large economic improvements

would also result if large markets for the by-products, oxygen and

deuterium, could be found.

The thermochemical production route has not been developed past the

laboratory stage but could be an attractive long-range method.

Radiolytic and direct thermal decomposition of water do not seem to

offer attractive commercial possibilities. Several biological

production schemes should, however, be further investigated to establish

technical feasibility.

As indicated above, obtaining fuels from urban and agricultural

wastes represents an attractive development area.

Production of hydrogen or methanol from coal appear to be developed

processes, although no large plants have yet been built. Commercial

implementation seems to be largely dependent on economic factors, but

with current prices for coal, hydrogen from this source would be about

one-half as costly as that from water electrolysis. Use of the western

lignite deposits for hydrogen and methanol production appears to offer

a number of advantages and should be further evaluated.
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Table 2 summarizes current and projected production costs for the

various synthetic fuels considered.

Storage and Transportation. The technology of large-scale storage

and transportation of hydrogen and other synthetic fuels appears to be

generally well developed. The use of underground aquifers or depleted

gas wells for storage of hydrogen is, however, an area requiring further

work. Small-scale storage, particularly for mobile energy, is one of

the priority areas for further development. In addition to liquid

hydrogen, compounds of hydrogen or hydrides offer attractive storage

possibilities. Preliminary indications are that the costs for pipeline

transmission and local distribution of hydrogen will be slightly more

than those for natural gas; however, gas transmission and local

distribution cost is less than one-third the cost of a corresponding

conventional electric system. There is a need, however, to develop more

precise cost estimates on a consistent basis for the transmission and

distribution of electricity and hydrogen so that more definitive systems

analyses can be made.

Fuels Utilization. Hydrogen appears to be readily substitutable

for other fuels and in most cases yields real benefits, particularly in

reduced environmental degradation and increased energy use efficiency.

The need for government-supported research and development appears to be

relatively small in the urban use sector, although eventual support for

demonstration and conversion efforts would require significant funding

levels. Industrial uses for hydrogen are growing and could expand

greatly if hydrogen were available at a price suitable for new chemical

and metallurgical uses. Also, hydrogen appears to be readily

substitutable for other industrial fuels and would yield substantial

environmental and efficiency advantages. Its use in the industrial

sector does not appear to require significant, direct government support

for research and development work. Adapting synthetic fuels to

transportation uses, particularly hydrogen for aircraft and automobile

use, represents an area where research and development is needed. Fuel

logistics, on-board storage, and power conversion are specific areas

requiring further work. In electrical generation, fuel cells and



Table 2. Summary of synthetic fuels production costa

Fuel Fossil-based process Fuel cost Fuel cost
FulFsi-asdpoes (0/106 Btu) Electrical. (or other) based processes (0/106 Btu)

Hydrogen Natural gas, 40 /103 ft 3

Coal, $7/ton

Lignite, $2/ton

(Liquefaction

Ammonia

Hydrazine

97

132

78

150)

Natural gas, 45 /10 3 ft 3

Water electrolysis

Power, 8 mills/kWhr

Advanced technology, 8 mills/kWhr

Advanced technology + by-product credits,
8 mills/kWhr

Off-peak power, 2.5 mills /kWhr

H2 via H20 electrolysis, 8 mills/kWhr

H2 via H20 electrolysis, 2.5 mills/kWhr

%2100

Methanol Natural gas, 40/103 ft 3

Coal, $7/ton (\27/lO6 Btu)

Lignite, $2/ton (d150/106
Btu)

Ethanol Petroleum feed stocks

Methane Well-head gas

LNG, imported

Coal

Gasoline Crude oil

158 H2 via H20 electrolysis, 8 mills/kWhr
(Co2 from air)

148

%125

%46o

15 - 4o
80 - 100

80 - 100

Fermentation from corn, $1.25/bu

Urban and agricultural wastes

105

aCosts are based on 15% fixed charge rate and large plant capacities.

368
233

174

155

517

228

H

"550

880

"115
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turbines would both benefit from the use of hydrogen, or hydrogen and

oxygen, but both systems need further development.

Systems Considerations. Based on preliminary systems analyses,

indications are that nonfossil synthetic fuel systems can overcome many

of our long-term energy problems, although further analyses are required

to establish the timing and urgency of implementation. It is likely

that synthetic fuels from fossil sources (coal, oil shale, etc.) will be

less expensive in the near term but, as the more attractive coal

deposits are depleted, the synthetic fuels from nonfossil sources should

become generally economically competitive. As indicated in Fig. 3,

recent estimates of the extent of the world coal resources suggest

that the maximum rate of utilization of coal may occur between the years

2030 and 2070, at which point approximately 50% of the available

resources will have been depleted; however, other estimates predict the

peak occurs much further out in time. Obviously, the position of this

peak shifts closer to the near term if coal resources are used in the

manufacture of synthetic fuels. Thus, it is necessary to establish the

position of this peak in order to have sufficient research and

development lead time to anticipate the point of beginning the required

implementation of nonfossil synthetic fuels in the energy economy. For

some specialized applications or environmental advantage, electrolytic

hydrogen produced via low-cost, off-peak power, or perhaps from remote

hydropower, will be competitive on a near-term basis.

Systems analyses comparing an all-electric energy system and a

combined electric-hydrogen supply system for residential consumption

show that the combined system can be more economic. Advantages result

primarily from relatively low gas transmission and distribution costs

and high load factor operation of the primary nuclear power plants. The

primary energy source for the combined system, however, must be about

25% larger to deliver the same total energy. Thus any costs associated

with waste heat disposal or the handling of increased amounts of waste

products must be weighed against the environmental and convenience

advantages of synthetic fuels. As a storable energy form, hydrogen may

find near-term use as an alternative to pumped-hydro storage systems.
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This may be especially attractive if accomplished in connection with

other uses of hydrogen, for example, in the transportation sector. A

power plant devoted at least partly to producing electrolytic hydrogen

could also be used to provide peaking power by decreasing the rate of

hydrogen production.

2.4 Summary of Recommended Research and Development

Applications of synthetic fuels and the associated research and

development requirements were divided into two categories: those which

can have a near-term, by 1985, impact on the nation's energy problems

and those which would be of significant impact after this date. The

near-term tasks which were identified are:

1. development and demonstration of methanol from coal as an automo-

tive fuel,

2. development and demonstration of H2 produced from coal for use in

the industrial sector both as a chemical and as a fuel,

3. development and demonstration of H2 as an energy storage medium for

electric utilities use in supplying peak power demands,

4. development and demonstration of the production of gaseous and

liquid fuels from urban and agricultural waste products.

Assuming a reasonable funding level, these programs are projected

to require up to a five-year research and development effort. The

methanol task would establish the technology and economics of both the

production from coal and/or lignite as well as the end use in automobile

engines. Since auto transportation represents the biggest single user

of petroleum, the successful implementation of this program could have a

significant impact on the oil-import and air pollution problems. Tasks

2, 3, and 4 also appear to have near-term viability and would likewise

relieve the demand for natural gas and petroleum.

The research and development program identified to achieve the

longer-term impact is an follows:

1. use of hydrogen as a transportation fuel, particularly for aircraft

and for specialized ground vehicles;



2. hydrogen production investigations;

3. long-distance transmission and bulk storage of hydrogen;

4. public safety studies;

5. overall systems analyses.

It is estimated that a five- to ten-year research and development

program would be required to establish the feasibility of using hydrogen

as a transportation fuel. This program would give particular emphasis

to fuel tankage and logistics and their interrelationships to engine and

frame considerations.

Hydrogen production investigations to improve the water electroly-

sis process, as well as to investigate new methods such as thermochemi-

cal and biological, could involve a five- to ten-year program.

Long-distance transmission and bulk storage of hydrogen, including

system studies, design optimizations, and component development, are

estimated to require a continuing effort of at least five years.

Public safety and overall system analysis are envisaged as long-

term relatively low-level efforts, but ones which are essential to a

smooth implementation period as well as to form the base for a well co-

ordinated research and development program.

It is expected that most of the long-term tasks will require con-

certed work well beyond the initial feasibility efforts outlined above,

but will depend strongly on the results obtained by the end of the

research and development period.

In general, the panel concluded that the main obstacle to the use

of hydrogen as a universal fuel is an economic one, and that an

extensive and long-range research and development program could do much

to narrow the gap between its cost and the cost of fossil fuels. The

cost of fossil fuels, because of declining resources and increasing

environmental protection requirements, should increase at a higher rate

than the cost of producing the synthetic fuels, and this will also

contribute to improving the relative economic position and shortening
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the implementation period for the adoption of the hydrogen-based

economy.

It is clear that our fossil fuels will ultimately be depleted and

that reliance must then be placed on the nonfossil synthetic fuels.

When this will take place or when a transition from coal based to

nuclear- or solar-based fuels should begin is suggested as a topic for

a future more detailed study. However, Fig. 3 indicates one case of
2

assumed utilization of the U.S. coal resource and a projected rate for

implementing a synthetic fuel economy. If one assumes a reasonable time

to complete research and development programs and then to implement a

new fuels systems, it is evident that by making a strong research and

development commitment now followed immediately by a concerted

implementation program it should be possible to have the new system

available to meet our long-term needs.
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3. PRODUCTION OF SYNTHETIC FUELS

Perhaps the most critical factor influencing the viability of an

energy system based on synthetic fuels resides in the production system,

particularly in terms of the costs and the impact on the use of

resources and on the environment. This section discusses the various

options for the production of hydrogen, namely, electrolysis,

thermochemical, biological, radiolytic, and various combinations, and

the production of other synthetic fuels, particularly those made from

hydrogen. Since the electrolysis and the thermochemical processes have

received far more consideration than the other proposed production

systems, they are discussed in much more detail.

A section on the use of coal is included for comparison and to

illustrate the most likely option to bridge the interim from the present

to the time when fossil fuels become scarce. This section considers

only two fuels made from coal: hydrogen and methanol. Other possible

fuels, methane and a complete range of Fischer-Tropsch synthesized

hydrocarbons are not discussed due to the time limitation for this

study.

3.1 Hydrogen

The two principal electrolytic processes for producing hydrogen are

water electrolysis and hydrogen-halide electrolysis. (Since the

hydrogen-halide process is actually a two-step process involving a

thermal process of reacting a halide with water to form the H-halide,

this system is discussed in Section 3.1.4, Combination Production

Systems.)

3.1.1 Water electrolysis

Physical principles and theory. Water electrolysis is accomplished

by passing a direct current between two electrodes immersed in an
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electrolyte (usually potassium hydroxide solution); hydrogen is formed

at the cathode and oxygen is formed at the anode. The rate of hydrogen

production is directly proportional to the current passing between the

electrodes and is given by Faraday's Law as 1 lb of H2 per 12,060 A-hr.

The energy that must be supplied to the cell, to cause the reaction

H 2 0 (liquid) + H2 (gas) + 1/202 (gas) to proceed is the enthalpy of

formation of water, A H, and is equal to 68.32 kcal/mole at 25*C and 1

atmosphere. However, only the free energy of this reaction, AF, equal

to 56.69 kcal/mole, has to be supplied to the electrodes as electrical

energy. The remainder is required as heat, and this can theoretically

be provided as thermal energy from the surroundings, or from electrical

losses within the cell.

According to a basic law of thermodynamics, the electrical work AF,

done on or by a cell is equal to the free energy change occurring, or

AF = -nFE

where n is the number of electrons passing, E is the reversible voltage

of the cell, and F is Faraday's constant. By the use of this law, the

minimum theoretical electrical energy requirement can be measured in

terms of an applied voltage, and for the electrolysis of liquid water

solutions at 25 C it is 1.229 V, or 14.9 kWhr/lb H2. A perfect cell

would operate at this voltage and energy input but would require the

additional input of thermal energy equivalent to another 3.1 kWhr/lb H 2 .

In order to provide all the necessary energy as electrical energy, the

corresponding voltage is 1.482 V (18.0 kWhr/lb). A practical cell can

approximate this voltage at low output rates, since it is still experi-

encing a 20% low of efficiency from an "ideal" situation. Under usual

operating conditions, commercial electrolysis plants require much higher

power levels, due to even greater than 20% power losses in electrolyte

or in the electrodes themselves.

The theoretical reversible voltage (defined by the free energy

change) decreases with temperature, while the "thermoneutral" voltage

(defined by the enthalpy change) increases slightly with increasing

temperature. The theoretical energy requirements are shown in Fig. 4

along with the actual per-formance of selected cells. The actual
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performance is improved at elevated temperatures due to changes in the

conductivity of the electrolyte and in the activity of the electrodes.

Note that the apparent advantage of very high temperature (ti 1100C)

vapor cells using a solid electrolyte is not currently realized. This

is apparently due to the necessity of operating such cells at a rate

that results in sufficient waste heat to maintain cell operating

temperature. A nearly equal energy requirement is obtained with

alkaline electrolyte electrolyzers operating at temperatures of 150*C

(3020F).

Efficiency of water electrolysis should be defined as the energy

stored as chemical energy in the hydrogen (AH) divided by the electrical

energy required to produce hydrogen. There are two values of the

chemical energy, i.e., the "high" heating value (HHV) and the "low"

heating value (LHV) - the difference, "20%, is the heat available as

latent heat of condensation. Throughout this report the LHV is used,

since in most end uses the latent heat is not productive. Commercially

available electrolysis plants operate at electrical efficiencies between

57% and 72%. The best demonstrated efficiency for advanced electrolysis

cells is approximately 80%. Note that once the cell performance reaches

the "AH" line on Fig. 4, operation below this voltage is theoretically

possible and represents an apparent efficiency greater than 100%

efficiency if only the electrical input is considered. As stated

earlier, operation within the bounds of the AH and AF lines of Fig. 4 is

quite possible, results in an "endothermic" cell, and thus requires the

input of thermal energy at the cell's operating temperature.

Current commercial electrolysis plants. Current installed

electrolysis plant capacity throughout the world is estimated to be 3 x

106 lb of H2 per day. Primary use of this hydrogen is in the production

of ammonia. Hydrogen is predominantly produced from fossil fuels by

catalytic steam reforming or partial oxidation, so that the percentage

of hydrogen produced by electrolysis throughout the world is only 3% of

the total hydrogen used in the U.S. The reason for this low percentage

is the current low cost of hydrocarbon fuel compared with the cost - of

electricity.
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The electrolysis plants that have been installed are located in

areas where there is a significant demand for fertilizer (NH 3 ),

plentiful low-cost electricity, and no low-cost hydrocarbon fuel supply.

Areas in which this has been true include India, Egypt, Chile, and

Norway.

Table 3 lists a number of major electrolytic hydrogen plants, their

operating parameters, and capacity. As can be seen, some of the plants

have been installed and operated for a considerable number of years.

Economics of hydrogen production by electrolysis. In the design of

an electrolysis plant, two factors predominate in the determination of

the cost of the hydrogen produced: (1) the capital cost of the

electrolysis plant, the cost of money, and the life of the equipment;

and (2) the cost of electrical power. The desire for low capital cost

tends to push the design operating current density to the highest level

possible, but this, in turn, results in lower efficiency, hence

increased power consumption, so that a trade-off between capital and

operating cost must be considered to arrive at the optimum plant design.

This is the major reason for the large variation of plant operating

parameters reported in Table 3. Today's capital cost of large-scale

electrolysis plants is approximately $95/lb H2 per day or approximately

$95/kW(e) based on input power (using 24 kWhr/lb H2). At a fixed charge

rate of 15% and a 90% plant factor, the* capital charges would be

equivalent to 4.30/lb K2, or 840/106 Btu.

An advanced electrolysis plant has been estimated to cost less than

$40/lb H2 per day or, using 20 kWhr/lb H2, $48/kW(e) (equivalent to

about 2 /lb H2). The major components of system costs of an advanced

electrolysis plant are shown as a percentage of total plant cost in

Table 4. The components of this plant were optimized for operation at

a power cost of 5 mills/kWhr. The major cost item is the power supply,

which is assumed to be a transformer/silicon-controlled-rectifier (SCR)

type. The second largest cost item is the electrolysis module, which is

assumed to be a filter press type. The cost percentages would not be

expected to vary appreciably if a tank-type electrolysis module were

used.
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Table 3. Summary of electrolytic hydrogen plant equipment

Cell Design Experience

Current Operating Module Number Largest Earliest Best known
density voltage size Pressure of size plant plant plant

Company/location Cell name Type (A/ft
2
) (V/cell) (lb H2/day) (psig) plants (lb H2 /day) (year) (year)

A. Norsk Hydro Hydro-Pechkranz Filter 140 1.778 1880 1 3 284,000 1927 Rjakon, Norway
Notodden, Norvsy press 1965

B. Lurgi Zdansky-Lonza Filter 200 1.832 4200 440 32 22,000 19 55a Cuzco, Peru
Frankfurt, Germany press 1958

C. DeNora DeNora Filter 280 2.00b 4100 1 2 110,600 1958 Nangal, India
Italy press 1958

D. Pintsch-Bamag Bamag Filter 230 1.788 2600 13.5 200 UNK 1935 UNK
Germany press

E. Electrolyser Corp. Stuart Tank 200 2.04 40 0.03 1000 1,130 1930 Teledyne Wah Chang,
Canada Alabama, USA, 1971

F. Cominco Trail Tank 80 2.142 38 0.1 1 77,000 1939 Trail, Canada
Canada 1939

G. Teledyne Isotopes EGGS Filter 400 2.1 65 70 2 50 1968 Teledyne Isotopes,
USA press USA, 1972

H. Demag Elektro- Demag Filter 92 to 1.75- 900 1 57 177,000 1945 Asvan Dam, Egypt
metallurgic GMBH press 280 1.95 1960

Duisburg, Germany

I. Electric Heating Kent Tank 115 2.2 28 0.1 100 1,610 1920 Hobart, Tasmania
Equipment Co. 1949
USA

Cells being developed

J. Teledyne Isotopes Filter 400 1.65 13 2000 Designed for military aircraft application
ULA press

K. Teledyne Isotopes Filter 250 1.64 94 3000 Designed for nuclear submarine application
press

L. General Electric Solid 3260 1.2- 1 2000*F, not now under development
electro- 1.8
lyte

M. Westinghouse Solid 900 0 .
5
c 1 Used for CO

2 
electrolysis in spacecraft

electro- atmosphere control system
lyte

aFirst Zdansky-Lonza plant.

bDeNora has indicated an ability to achieve 1.61 V on new cells.

cAssumes a fuel depolarized mode of operation, i.e., coal. Does not expect cell to be used as water electrolyzer.
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The total hydrogen production cost for advanced electrolysis

plants, including electricity cost is plotted in Fig. 5. The cost of

producing hydrogen has been minimized at each power cost. The

importance of the cost of electricity is readily evident, representing

84% of the production cost at 6 mills/kWhr and 73% at 3 mills/kWhr. An

allowance has been made for a power conversion efficiency of 95%, the

approximate efficiency currently obtained by transformer/SCR power

supply. An efficiency of 97% might be obtained with acyclic dc

generators.

Table 4. Plant cost breakdown by major cost element of an electrolysis

plant, excluding energy costs

Approximate

percentage

Major cost element of total cost

Parts, materials, and equipment

Power supply 36

Electrolysis module 33

Plumbing 8

Spares and miscellaneous 3

Labor and overhead 20

Plant supervision, operators, maintenance labor and materials, and

overhead all contribute to the cost of hydrogen. This is estimated to be

0.96 /lb H2, or about 19 /106 Btu.

A cost credit for the sale of oxygen may be possible. Current

price of oxygen is approximately $8/ton. Since about 8 lb of oxygen is

produced per pound of hydrogen, this represents a credit of 3.2/lb H2.

It is not likely that this total credit can be obtained because of the

high relative cost of transporting the oxygen to the market. The actual

credit is estimated to be between 1.6 /lb H2 ($4/ton) and zero. In some

cases it may be possible to co-produce deuterium (heavy water) and
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receive some credit against the cost of producing hydrogen. In two

recent analyses of this possibility, a credit range of from 0.8 to

1.60/lb H2 was computed. Also shown in Fig. 5 are the estimates of H2

production costs for various processes using fossil fuels. It is of

interest to note that at the projected price for natural gas of 75/106

Btu, hydrogen could be produced for 10 /lb, or 19 /106 Btu. This is

equivalent to the water electrolysis process with a power cost of 3.5

mills/kWhr. Off-peak power from nuclear power plants could be priced at

about 2.5 mills/kWhr if no capital charges are included. At this power

cost hydrogen could be produced for $1.17/106 Btu.

Ultimate potential. Although water electrolysis is already a

relatively efficient process, it does appear to be susceptible to

further improvement. In particular, increasing the operating

temperature and reducing some of the internal IR losses appear possible.

As implied by Fig. 4, it may be possible to attain a performance level

where only 13 to 15 kWhr/lb H2 is required. (At this low power level,

heat addition is required to maintain the cell operating

temperature.) This represents a 25 to 35% reduction in power

requirement which could be supplemented by an additional 2 to 3% by

improvements in the power conditioning system. This would mean a

production cost reduction of as much as 5 /lb H2 (from 1+ /lb) at a

power cost of 6 mills/kWhr, but, more importantly, it means that the

power plant capacity and the corresponding capital investment required

for a given hydrogen capacity could be decreased by over 30%. Credits

available from by-products,, oxygen and deuterium, could give an

additional 2 to 4h/lb cost reduction as indicated in Fig. 5.

With an electricity-intensive process such as electrolysis,

considerable leverage exists in decreasing the amount of power required

per unit of production or in decreasing the cost of the power. Low-cost

power as may be available from some few remaining remote hydroelectric

sites would seem to be ideal for this use. Also, the use of off-peak

power, particularly from a future essentially all-nuclear system, would

also be an attractive power source. The advanced cells seem to be

readily adaptable to operating with large power swings (variable cell
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current density) and can make use of the power when it is available or

dispense with it when the electrical system requires it.4'5 This latter

characteristic could eliminate the need for a separate low-use factor

system for generating power to meet the peak demands. This

characteristic also allows electrolysis plants to be coupled with

intermittent energy sources such as solar, winds, tides, etc.

Although investment costs normally contribute relatively little to

the total production cost of electrolytic hydrogen, with the extremely

large plants that may some day be required, the benefits of decreasing

the demands for limited capital resources could be an important factor.

As indicated in Table 44, over one-third of the plant cost is in the

power-conditioning system, and several possibilities seem to be

available for decreasing this component, particularly with the concept

of a dual-purpose electricity/hydrogen installation. Examples of these

are: (1) direct generation of direct current with acyclic generators,

perhaps with cryogenic machines using some of the LH2 (liquid hydrogen)

produced, and (2) using direct current as produced from some advanced

generating systems, magnetohydrodynamic (MilD), thermo-electric, thermo-

ionic, etc., or using a portion of the power from a dc long-distance

transmission line.

It should be emphasized that the overall process efficiency and

cost of producing hydrogen by water electrolysis is closely related to

the electricity production technology. Recognition should therefore be

given to potential improvements in the generation of electricity which

are currently under development, e.g., higher temperature operation,

combined cycles (both topping and bottoming), and MHD. Some of these

developments may raise the conversion of heat to electricity to a level

of 50-55% and thus yield an overall hydrogen production efficiency of as

much as 50%.

Environmental and resource effects. The main effects of the

electrolytic production of hydrogen on the environment are those

associated with the production of the electricity required. With

nuclear electricity these are primarily disposal of waste heat and the

waste fission products and the mining and preparation of the uranium
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feed material. If the ultimate system resolves down to a choice between

all-electric and electric-hydrogen systems, the above-mentioned

environment and resource effects will not be greatly different (see Sec.

6, Systems Analysis). The production process itself would most likely

reject some waste heat and perhaps some by-product oxygen, which is not

normally considered a pollutant, in fact, it has many pollution

abatement uses.

The primary metal used in the construction of electrolysis plants

which might become of resource concern is nickel. It is estimated that

the maximum nickel requirement would be 1 x 1075 lb/lb H2 (as plant

capacity). If the natural gas deficit of 1985 of 15 x 1018 ft3 were met

with hydrogen, the amount of nickel required would be about 3 x l6 lb.

This may be compared with the 1966 U.S. production of 92 x 106 lb and a

world production of over 700 x 10 6 lb.

Platinum or palladium would most likely not be required for this

application.

Safety and reliability. The gases produced, the chemicals used,

and the voltages associated with electrolytic hydrogen production plants

require attention to well defined engineering and safety practices. The

record of the industry, with a historical background of over 50 years,

has been excellent. More recently the ability to safely handle large

volumes of liquid and high-pressure hydrogen and oxygen has been

demonstrated by the space program.

The record attained by installed electrolytic plants has been very

good. In many instances the operating time per year has approached 95%

of the available (or desired) time. The operating lifetime of a

properly maintained plant is greater than 20 years.

Research and development. Relatively little research and

development on the water electrolysis process is currently in progress.

Teledyne Isotopes* has research and development work in progress to

lower cell fabrication costs and to improve cell performance and service

lifetime. Some work on specialized systems for space and submarine

applications is also being done although it seems unlikely that much of

*
Formerly the Allis Chalmers Advanced Electrochemical Products

Department - acquired by T. I. in March 1971.
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this technology would be applicable to the very large-scale production

envisioned in this report.

The work on high-temperature-solid-electrolyte work has virtually

stopped. This approach was developed by General Electric to the point

of laboratory demonstration models, but work was discontinued in 1969.*

The work at Westinghouse on high-temperature fuel cells could be adapted

to water (steam) electrolysis, but no programs of this nature are

currently being pursued.

One of the more potentially rewarding areas for research and

development appears to be in increasing the cell operating temperature,

from the current %180 F to t350 F. Specific tasks would be to find a

satisfactory material to replace the asbestos separator and the

gasketing and insulating materials. Another approach would be to

further investigate a flow-through electrode concept which would

eliminate the need for some of these special materials.

Engineering development work is required so that much larger cells

than those now being made could be mass produced and that would have the

required performance, lifetime, and cost. The development effort should

result in the demonstration of a 10-MW(e) electrolysis modular unit that

would form the basic building block of a 100-MW(e) demonstration plant.

The 55-ton/day [100 MW(e)] demonstration plant using off-peak power

should be a development goal for 1978-1980.

Another recommended area for future research and development is in

improving the power conditioning system, particularly as it might couple

with large nuclear reactors.

3.1.2 Thermochemical and radiolytic means for production of hydrogen

as a fuel

Physical principles and theory. Electrolysis of water suffers from

inherent thermodynamic limitations on the efficiency of initial

conversion of thermal to electrical energy (currently %30-40%). in

addition to an expected maximum realizable electrolytic efficiency of

about 80 to 90%. The large-scale needs for fuel therefore justify

*
In the G.E. Aircraft Equipment Division a solid polymer electrolyte

system is being developed.
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attempts to find processes that may exceed the 35 to 40% overall

efficiency* of electrolysis for hydrogen production expected by the end

of this century. With the development of high-temperature nuclear

fission reactors (and the potential development of fusion reactors), two

conceivable processes for the production of hydrogen from water are

thermochemical and radiolytic. Solar and geothermal energy also are

potential alternative heat sources for the thermochemical route.

Thermochemical production of hydrogen involves the decomposition of

water via absorption of thermal energy (heat). The decomposition of

water may be accomplished in a single, direct chemical reaction

requiring extremely high temperatures (greater than 1500*C), or it may

be caused to occur via a sequence of chemical reactions whose net result

is the decomposition of water to hydrogen and oxygen. The appropriate

selection of reaction steps in the sequence and the optimum operating

temperatures (if chemical compounds having the necessary thermodynamic

characteristics can be found or produced) is, in principle, capable of

providing increased efficiency of conversion of thermal energy (and

water) to hydrogen. Although thermochemical cycles also are

thermodynamically (Carnot) limited in efficiency, it may be possible to

employ higher temperatures than can be employed in a steam-electric

generating plant, thereby providing more effective utilization of the

available thermal energy from a nuclear reactor or other primary heat

source.

Radiolytic production of hydrogen involves the direct absorption of

fission energy, from fission fragments, gamma, or other nuclear

radiation, by water to form hydrogen and oxygen, which must then be

separated. Efficiencies are described in terms of "G" values, numbers

of molecules of product formed per 100 eV of energy absorbed, or as

percentages of thermal yield of desired product.

Current status of technology. Thermochemical or radiolytic

processes to produce hydrogen for an energy source are not in use today.

However, a reasonably- comprehensive overview of current research and

development is provided by some of the papers presented at a Symposium

on Nonfossil Fuels held at the Boston meeting of the American Chemical

Society, April 6, 1972.

*
As indicated above, this efficiency is closely coupled to the effi-

ciency of electricity generation and may eventually achieve a level of

50% or more.
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A paper, "A Chemical Process to Decompose Water Using Nuclear

Heat," by G. DeBeni and C. Marchetti, describes work by the only group

that is really active at present.* It is a 25-man effort funded by

the Euratom Atomic Energy Establishment. The paper describes a

multistep reaction scheme involving HgBr2  and CaBr2  with a claimed

efficiency estimated at 40 to 60%.

The proposed reaction sequence is as follows:

730 C
CaBr2 + 2H20 + 2 HBr + Ca(OH)2

2500C
2HBr + Hg + H2 + HgBr2

200 C
Ca(OH)2 + HgBr2 + HgO + CaBr2 + H20,

6000C
HgO + Hg + 1/202

A paper on "Thermodynamics of Multistep Water Decomposition

Processes," by J. E. Funk, stemmed from a 5000 man-hour effort sponsored

by the U.S. Army in connection with interest in a portable energy

depot. The work was done by the Allison Division of General Motors from

November 1964 to November 1965, and the project has not been active

since then. Part of the work involved a thorough thermodynamic survey

that covered virtually the entire periodic table and led to the definite

conclusion that no simple two-step process would suffice. More

optimistic results were produced by evaluations of several three- and

four-step reaction sequences such as:

C12 + H 2 0+2HCl + 1/202

*Other efforts are believed to be starting at the Institute of Gas

Technology, Gulf General Atomic, General Electric Co., and in Germany.
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2BiCl2 + 2HCl + 2BiCl3 + H2

2BiCl3 + BiCl2 + BiCl4 ,

BiCl4- + BiCl2 + C12

A detailed analysis of one four-step process involving chlorides of

vanadium showed that when all heats of reaction and reaction

inefficiencies are allowed for, the thermal energy requirement is

greater than that which would be used to generate the, electricity

required for a water electrolysis process.

A paper on "A Review of Nuclear Sources of Nonfossil Chemical

Fuels" by Meyer Steinberg, Brookhaven National Laboratory, arose from a

background of numerous radiolytic schemes that were exhaustively studied

in the 50's and early 60's. Radiolytic methods seemed generally

impractical because of the low yields.

That nuclear heat is not an essential was shown in a paper on "A

Macro System for the Production of Storable, Transportable Energy from

the Sun and the Sea," by W. J. D. Escher. The proposed concept used

solar energy to convert seawater (purified) via electrolysis into

cryogenic hydrogen and oxygen in a 1000-MW system.

Another possibility, using a solar furnace operating at 4000 F, has

been suggested by J. M. Holmes of. ORNL. His process calls for the

thermal decomposition of CO2 to give CO, followed by the reduction of

water by CO to give hydrogen. The thermal energy consumption would be

about 40 kWhr/lb of H2 , compared with 60 kWhr/lb of H2 for electrolysis

in combination with nuclear electricity at current process efficiencies.

The novel method of producing hydrogen from water was proposed by

B. J. Eastlund and W. C. Gough. It is known that ultraviolet light

of wavelength below 1849 A will produce hydrogen from water with a

quantum yield of about 0.4. Photons of such energy can be produced with

high efficiency when high-atomic-weight elements, such as aluminum, are

injected into the ultrahigh temperature, low density hydrogen plasmas

which are characteristic of controlled fusion experiments. The photons
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would be allowed to escape from the plasma through ultraviolet windows

into chambers containing water vapor at appropriate pressures. On the

basis of several assumptions regarding efficiencies of the processes

involved, the authors calculate an overall efficiency for hydrogen

production higher than obtainable by electrolysis using fission-reactor-

produced power.

Direct thermal dissociation of water has also been proposed using

either solar energy or nuclear heat from a power type reactor operating

at 22000K.9

Economics. The total thrust of the work on thermochemical and

radiolytic schemes is to make energy more economically (as well as more

cleanly, which may also be an economic advantage). None of the proposed

processes have been developed to the point where meaningful cost

estimates are available. In principle, however, the direct use of

thermal energy and the total recycle of the chemicals would point toward

attractive process economics. However, with the four-step processes,

the process flow sheet is likely to be complicated by chemical

separation equipment and heat recovery systems.

Ultimate potential. The role of thermochemical or radiolytic

processes in a future hydrogen economy is problematical but requires

further consideration because it is potentially so valuable. At present

the main goal is to compete with electrolysis of water.

Although thermochemical methods of producing hydrogen from reactor

heat do not now appear likely to result in large savings compared with

the electrolysis route, even a 1% advantage would result in an annual

savings approaching $1 billion, because of the large scale of production

if natural gas and gasoline are replaced by hydrogen or hydrogen-based

synthetic fuels. This potential saving would seem to justify a

considerable aanunt of research. If economical cycles can ultimately be

developed to replace electrolysis (which presumably would have to

replace steam reforming of fossil fuels, as their supply diminishes and

the environmental costs increase), hydrogen plants may be incorporated

into nuclear power plants, but may require new plants capable of
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achieving higher temperatures than obtainable from those currently used

or planned.

It has not yet been demonstrated that thermochemical processes may

become competitive with electrolysis for conversion of nuclear heat to

hydrogen. They may find application as topping cycles, producing

hydrogen thermochemically by absorbing nuclear heat at temperatures

higher than usable in a steam cycle, and delivering heat, at a lower

temperature, to the steam cycle. Any such cycle must be demonstrated

competitive with other topping cycles such as thermomechanical cycles

using potassium vapor as the working fluid.1 0

Environmental and resource effects. As with any thermal process,

a certain fraction of the degraded heat must be discarded to the

environment, but development of more efficient processes would reduce

this waste heat. Pollution control must be designed into the specific

process employed; for example, the DeBeni-Marchetti process under

investigation at Ispra employs large quantities of mercury, whose escape

to the environment must be prevented. However, the main effects are

quite beneficial, for example, more efficient use of energy, less

pollution, and elimination of land despoilment by strip mining, etc.

Chemical cycles are at present insufficiently well defined for

assessment of environmental effects of production facilities. Direct

thermal decomposition of water, if proved feasible, will have the least

environmental effect since it utilizes no inputs other than heat and

water and no intermediates as would be required in stepwise chemical

processes.

The coupling of thermochemical or radiolytic processes with nuclear

breeder reactors would virtually remove the demand on nonrenewable

resources.

Safety and reliability aspects. Thermochemical or radiolytic

processes are not likely to present any new safety problems or hazards

that are not already associated with industrial or utility practice.

Because of materials problems due to corrosion at high

temperatures, a considerable amount of research and development will be

required for most thermochemical schemes to achieve assured reliability.
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The combination of corrosive chemicals and high temperatures (and

pressures) that characterize most of the proposed processes leads to

difficult compatibility problems.

Research and development requirements. Assessment of the ultimate

potential of thermochemical or radiolytic hydrogen production is

hampered by the lack of feasibility demonstrations, experimental or

theoretical, for commercial processes on a large enough scale to supply

even a fraction of projected energy requirements as a replacement for

natural gas. Estimates to date have failed to demonstrate a possible

efficiency advantage over electrolysis, but the possibility of such an

advantage has not been ruled out. In view of the potential benefits of

a scheme which could surpass electrolysis in reduced thermal energy

requirements, a definitive evaluation of the potential of thermochemical

methods is required. This should involve the following steps:

1. A review of existing theoretical thermodynamic methods for

screening proposed chemical cycles. The aim of this review should be to

establish criteria and their reliability for estimating process

efficiencies, particularly for multistep processes.

2. Examination of thermodynamic data available for screening

proposed processes. It may prove necessary to generate new

thermodynamic and kinetic data for some classes of compounds to permit

reliable evaluation of process feasibility.

3. Detailed evaluation of the potential efficiency of currently

proposed processes such as the Mark I (DeBeni and Marchetti) and

halogen-water reactions.

4. Examination of the thermodynamics of combined processes, such

as thermochemical plus electrolytic and radiolytic plus thermochemical,

to evaluate prospects of increased efficiency. These include proposals

for additives in electrolytic processes to utilize mechanisms involving

hydrated electrons, which would, however, necessitate an additional

chemical recycling step.

5. A definitive comparison of the relative efficiencies achievable

for hydrogen production by topping cycles consisting of chemical cycles,

direct or indirect, and thermochemical topping cycles, for example, with
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potassium as the working fluid.

6. Economic analysis of relatively small-scale hydrogen production

facilities employing fission waste heat or radiolysis, urban wastes,

etc. Can the hydrogen produced, considering capital costs involved, in

fact, pay for part of the costs of safeguarding the fission products,

disposing of wastes, etc., or will they simply add to the cost?

There should be a search for new thermochemical and radiolytic

methods not previously proposed. The proposed processes are still in

the stage of requiring further laboratory research to establish

feasibility. Even after establishing theoretical feasibility, there

remain the questions of materials compatibility, etc. In fact, the

reaction systems currently proposed have serious unresolved materials

problems. Since these proposed processes are in a feasibility proving

stage, it is difficult to define a complete research and development

schedule required to bring them into commercial practice. It is already

fairly well known that chemonuclear plants are not now feasible

economically. Also efficient two-step thermochemical processes for

producing hydrogen apparently do not exist.

Interest recurs in the possible direct cracking of water and

separation of the hydrogen at elevated temperatures. The extremely high

temperatures required, greater than 200 0 C, pose severe materials and

corrosion problems, but employment of the technology of the high-

temperature "Rover" nuclear rocket engine at Los Alamos has been

suggested. An investigation of means of separation would be required

since the suggested scheme of expansion of the gases may not be

sufficiently rapid to prevent recombination of hydrogen and oxygen.

Because of the high temperature required, thermochemical processes

would be feasible only with relatively high-temperature energy sources,

solar, nuclear, etc. Such energy systems may also play an important

interim role in providing heat for coal gasification and a long-term

role in supplying industrial heat requirements. Thus the development of

thermochemical production is coupled with the development of a sizable

high-temperature primary energy industry.
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3.1.3 Biological production of hydrogen and other synthetic fuels

Biological processes for the production of synthetic fuels in a

limited manner have been in use for many years. Primary examples are

the generation of methane from sewage and the fermentation of grains and

sugars to produce alcohol. Many of these processes will be discussed in

the reports of other panels, Solar Energy, Use of Urban Waste, etc., so

that no technology or economic details will be repeated here. In most

cases, such systems are dependent on the diffuse solar energy input or

the relatively slow processes of bacterial action and therefore may be

difficult to scale up economically to the very large sizes required to

meet a significant share of the future demand for fuels.

It is possible to use photosynthetic organisms in a photochemical

fuel cell. Plants and blue-green algae can utilize water as a reductant

in light-dependent generation of compounds (such as reduced ferredoxin

and viologens) which are equivalent to molecular hydrogen as reductants.

In addition, in the living organism, the reduced ferredoxin and

adenosine triphosphate are then used to reduce carbon dioxide to cell

material. However, the production of cell material is not a necessary

step in the harnessing of light energy. Energy storage as hydrogen

would be more efficient and more direct. Such a conversion could be

accomplished if the photochemically reduced reductants (ferredoxin,

etc.) were coupled to a hydrogenase. Essentially this process would

represent a photolysis rather than an electrolysis of water. The

requirements for such an aqueous system would be (1) light, (2) a

stabilized photochemical apparatus capable of generating reductants from

water, (3) ferredoxin or a similar electron carrier, and (4) a

ferredoxin-coupled hydrogenase. The critical requirement of this system

is the stabilization of the photochemical apparatus.

The efficiency of the proposed photosynthetic fuel cell appears to

be sufficiently high to be economically useful. Energy conversion

yields up to 10% are encountered in the isolated photosynthetic

apparatus under laboratory conditions. If such yields can be obtained

with a stabilized photochemical system, it can be readily calculated
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that of the 0.8 cal cm 2 minI of solar energy which strikes the earth's

surface every day, the total yield of the proposed photosynthetic fuel
-2 -1

cell would be around 500 kcal m day . A 500-ton/day hydrogen

production plant would require an area of 1,000 acres, or about 22 sq

miles.

There has not been sufficient research to permit an evaluation of

the economic merit of this approach. Research into the photolytic

production of hydrogen should be increased at least to the point where

economic evaluations are possible.

3.1.4 Combination production systems

Several hydrogen production systems have been studied which combine

two of the above production processes. One which was evaluated as part

of the hypersonic transport system (HST)11 makes use of a thermal

process followed by an electrolytic one, as follows:

C1 2 + H2 0+2HCl + 1/202

elect.

2HCl+ H2 + Cl2 *

The first reaction is assumed to take place at 1500*F and 770 psia

and requires a reaction energy of 2.48 x 104 Btu/lb-mole C1 2 . The

second electrochemical reaction was assumed to require 12.06 kWhr/lb H2

(at 300 psia), which in itself is about 30% less electrical energy than

required for direct water electrolysis.

The first reaction was studied as part of the work related to the

12
Energy Depot Program and was found to have quite serious material

problems and relatively low yields. Therefore this sytem does not

appear to offer serious competition to the water electrolysis system.

However, if a large HCl waste stream were already available, it should

be an attractive system for producing hydrogen and a valuable by-

product, C12.
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Another combination system which should be considered combines

water electrolysis with a synergistic steam-coal chemical reaction as

follows:

elect.

H2O + H2 + 1/202

1/202 + C + CO ,

CO + H20+ H 2 + CO2

and

heat

3H20 + 3C + CO + CO2 + CH4 + H2 -

The oxygen-steam process was also evaluated as part of the HST

study and shown to be an attractive process, particularly if low-cost

coal or lignite were available (see Sect. 3.3). With the above combined

process, it is estimated that 40% of the hydrogen produced would be via

the electrolytic route, while 60% would be attributable to the coal

processes. A 500-ton/day hydrogen plant would require an electrical

input of 370 MW(e) plus a coal input of 2700 tons/day. A simplified

flow sheet is shown in Fig. 6. Such a fossil-electrolytic production

process would likely be more economical than an entirely electrolytic

plant in the near term.

3.2 Other Synthetic Fuels

Hydrogen can be converted into other fuel forms which may be able

to overcome some of the disadvantages of the low-density or cryogenic

handling problems associated with hydrogen. The production of such

fuels is described below and includes ammonia, methanol, and hydrazine.

Other synthetic fuel forms which could be considered as a nondepleting

resource and also of nonfossil origin are the metals. For example,

aluminum or magnesium produced by electrolytic processes could be stored
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or shipped and then burned in air to release energy. The oxides could

then be collected and reconverted to the metal form for further use.

Since this system did not appear to be as attractive from an overall

efficiency standpoint as the hydrogen-based system, it was not

considered further by this survey.

3.2.1 Ammonia

Ammonia is produced by direct catalyzed snythesis from hydrogen and

nitrogen (2000-5000 psi and 200-500 C). The basic process has been in

commercial use for many years and is considered to be a highly developed

technology. As new plant capacities have increased from 300 tons/day in

the 1950's to 1700 tons/day at present, the price of ammonia has

decreased steadily from $45/ton to the present $20 to $25/ton. Part of

the cost decrease is also attributable to improved technology, including

improved and larger compressors, improved catalysts, use of higher

pressures, and vastly improved heat recovery systems. In addition,

present excess capacity results in very great competition. It is

doubtful whether further cost reductions greater than 5 to 10% can be

achieved. The present process is so cheap and efficient that, it is also

very unlikely that it will be supplanted by alternative methods now

being evaluated, including biological production, use of transition

metal complexes, thermochemical methods, or magnetohydrodynamic

generation; in fact, the last two methods appear to produce only

nitrogen oxides and not ammonia. The U.S. production capacity is

approaching 20 x 106 tons/year.

The only significant future change is in the use of new sources of

hydrogen. The present low cost of ammonia is dependent to a great

extent on the use of low-cost natural gas. As natural gas is depleted

and costs increase, hydrogen production from steam-naphtha reforming and

partial oxidation of various petroleum fractions will become more

competitive. Likewise, as petroleum reserves dwindle, the higher-cost

hydrogen from coal and shale oil will be required. At some point in

time it appears that water electrolysis, particularly in high-efficiency
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from coal and oil shale. It should be noted that water electrolysis and

certain of the future fossil fuel hydrogen production methods will

require an air liquefaction facility to provide the required nitrogen.

A schematic flow sheet for a combined water-electrolysis/coal

gasification arrangement to produce 1000 tons of ammonia per day is

provided in Fig. 6. Such a facility utilizes the oxygen co-product from

water electrolysis for coal gasification, and the only waste streams are

carbon dioxide and coal ash.

3.2.2 Methanol

Physical principles and theory. Methanol is produced by reacting

synthesis gas (composed of carbon monoxide, carbon dioxide, and hydrogen

in the proper proportions) at various temperatures and pressures in the

presence of a catalyst. The high-pressure processes (300C, 4300 psig)

use a zinc-chromium oxide catalyst, medium-pressure processes (400 to

560*C, 1500 to 2000 psig) use a copper-zinc catalyst, and low-pressure

processes (250*C, 750 psig) use a copper-based catalyst.13  The

synthesis gas reactions are as follows:

CO + 2H2 +CH3 0H, AH 2 9 8 = -21,684 cal/mole

CO2 + 3H2 +÷CH3OH + H20, ApH 2 9 8 = -11,830 cal/mole

Synthesis gas is usually produced by reacting steam with methane

which forms hydrogen, carbon monoxide, and carbon dioxide. It can also

be produced from other carbonaceous materials including, of course, coal

as discussed in Sect. 3.3.

In order for the ideal stoichiometric synthesis gas to be produced,

the hydrocarbon feed to the reformer should have the empirical formula

CH2 .

CH 2 + H20 + CO + 2H2 ,
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CH2 + 2H2 0 * 02 + 3H2 *

Essentially all methanol manufactured in the U.S. is based on natural

gas. Carbon dioxide is usually added to the feed to balance the excess

hydrogen in natural gas.

Current state of technology and economics. The present rate of

methanol production is approximately 1.34 x 109 gal annually (4.4 x

106 tons), representing 8.05 x 1013 Btu, which, for example, would

amount to approximately 0.5% of the energy consumed in the

transportation sector in 1968.

The average sales value of synthetic methanol was 17.5/gal1 5

($3.05/106 Btu) in 1968 in large quantities and seems to have changed

little since then. Since high-purity methanol is required in the

chemical industry, it is reasonable to expect that a fuel-grade methanol

can be produced with some reduction in retail prices. This is reflected

in cost estimates made by Vulcan Cincinnati, Inc.,16 for methanol

manufactured for consumption as methyl fuel (methanol + higher

alcohols). A methyl fuel plant requiring an investment of $150 million

with a capacity of 20,000 short tons/day ("110,000 bbl/day) using a

foreign natural gas feedstock of 10 /106 Btu equivalent will produce

methyl fuel for approximately 3/gal ( 52/106 Btu), excluding the

return on the investment.

A methyl fuel plant producing 20,000 tons/day of methyl fuel has a

by-product of 200 million gallons of isopropanol per year and 100

million gallons of isobutanol per year. The value of these by-products

to the chemical industry would probably limit the quantity incorporated

in methyl fuel.17

Ultimate potential. Since the production of methanol is

accomplished by reacting the most basic components (CO, C0 2, and H2), it

is not reasonable to assume that future developments would greatly

improve the present process except for savings which might be realized

by going to huge plant sizes. Since there are a number of possible

sources for synthesis gas, it is reasonable to expect that methanol raw

materials will be available for relatively long-term future needs.
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Some of the sources for synthesis gas are as follows:

1. catalytic reforming of hydrocarbons;

2. partial oxidation of any carbonaceous materials such as coals,

lignites, shale oils, agricultural wastes, etc.;

3. with supplementary hydrogen; basic oxygen furnace off-gas (CO) or

ammonia synthesis by-product gas (C0 2);

4. producers gases or water gases;

5. hydrogen from electrolysis of water and CO2 from limestone or the

atmosphere.

There appear to be many sources of CO and CO2 available as either

a by-product or a primary product for many years to come. For the very

long-term future, however, obtaining a source for carbon as required for

the production of methanol would represent a relatively costly process.

Large quantities of CO2  are, however, available from the atmosphere

(%0.03%), from seawater (as bicarbonate), and from limestone.l8

Section 3.3.2 of this report contains an estimate of the economics

of methanol from coal in which the costs of synthesis gas manufacture

and of conversion to methanol are separately identified.

Environmental and resource effects. In the basic part of the

process no pollutants are released to the atmosphere (catalytic reaction

of the synthesis gas), although waste heat is rejected at 140 F. When

coal becomes the basic raw material, ash will be generated during the

synthesis gas production. Since the catalyst can be regenerated and

recycled, this will not represent a significant depletion of

irreplaceable resources.

Safety and reliability aspects. Methanol can be handled and used

safely. if the safety precautions are observed which normally apply to

toxic and flammable liquids. The maximum allowable methanol vapor

concentration for an 8-hr day is 200 ppm in air (500 ppm for gasoline).

The ignition temperature for methanol in air is 693 F (gasoline 495*F).

Inhalation of methanol vapors at 1000 ppm may cause slight symptoms of

poisoning, but 50,000 ppm will cause profound and perhaps fatal narcosis

in 1 to 2 hr. Oral intake will produce blindness or death; 1 or 2 oz
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has proved fatal in several cases. However, all these hazards can be

avoided by proper handling.'9

Research and development in progress and future developments.

Little research and development is presently being done since the basic

process for producing methanol has reached a high state of perfection.

Future work should be directed toward process improvement and catalyst

development. Studies should be made in an effort to reduce

manufacturing costs and devise means for increasing the higher

hydrocarbon content of the methyl fuel (to increase the heating value).

Catalyst development work should be directed toward increasing the

production of the higher alcohols in the methyl fuel.

Methanol (methyl fuel) can be used as a feedstock for conversion to

a substitute natural gas for supplying distribution lines or energy

requirements equipped only for use of gas. Catalytic processes have

been developed for the gasification of methanol to methane-rich gas.

Further catalyst development is indicated in addition to the perfection

of the process for removal of the carbon dioxide from the product gas.

An unsolved long-range problem, determining the source of carbon

required to produce methanol, exists. Some research and development is

anticipated to determine the best and least-expensive source of CO or

CO2 for this purpose.

3.2.3 Hydrazine

Physical principles and theory. Two processes are used for the

commercial production of hydrazine: the Raschig process and the urea

process. In the Raschig process the synthesis of hydrazine from ammonia

and sodium hypochlorite* takes place in two steps:

NH3 + NaOCl + NH2Cl + NaOH .

Chloramine (NH 2 Cl) is first formed and then reacts with excess ammonia

to form hydrazine:

*
NaOCl is manufactured by reacting C1 2 with NaOH, both of which are

products of brine electrolysis.
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NH2Cl + NH3 + NaOH -+ NH2NH2 + NaCl + H20

The first reaction proceeds rapidly, whereas the reaction of chloramine

with ammonia is slow and rate determining and requires heat. Chloramine

may also react with hydrazine to form ammonium chloride and nitrogen.

NH2NH2 + 2NH2Cl+2NH4Cl + N2

The reaction is carried out at elevated temperature (130*C), which

favors hydrazine formation, effectively minimizing the decomposition of

hydrazine by chloramine, which is independent of temperature. It is

necessary to use a large excess of ammonia (20:1 to 30:1). The

hydrazine-containing solution is pumped to a crystallizing evaporator,

where the sodium chloride and sodium hydroxide are removed, and then to

a fractionating column for water removal.

In the urea process, hydrazine is formed by the reaction of sodium

hypochlorite and urea* according to the following equation:

0
nI

NH2 CONH2 + NaOCl + 2NaOH + NH2NH2 + NaCl + Na2C03 + H20

Two solutions are prepared for feed to the reaction vessel. The

first is prepared by chlorinating a 30% solution of sodium hydroxide

-until it has an available chlorine content of 1140 to 155 g/liter and a

residual sodium hydroxide content of 170 to 190 g/liter. The second

solution, which is 43% urea, is prepared by dissolving urea in water

while steam is passed through the solution to maintain the temperature

at about 5*C, since the dissolution is strongly endothermic. Four

volumes of the first solution and one volume of the second solution to

which has been added 500 mg of glue per liter are fed continuously to

the reactor, where the temperature is allowed to rise to 100*C. The

hydrazine is removed in the same manner as in the Raschig process.

Current state of technology. Both the Raschig and urea processes

are used at present for the production of hydrazine. The two processes

*The production of urea requires a supply of CO2 and thus is subject

to a similar problem of a source of carbon as in the production of methanol.
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process are offset by the capital cost of the equipment required to

recover and recycle the ammonia in the Raschig process. At high

production levels the Raschig process is less expensive; the break-even

point is 1.8 million lb of hydrazine per year. For large tonnage

quantities, hydrazine can be produced by the Raschig process for less

than 50 /lb (1966).20 United States capacity in 1966 was about 35

million pounds per year.

Ultimate potential. The lack of demand for hydrazine in large

quantities has apparently discouraged research and process development

to a point where it does not appear possible for hydrazine to compete as

a potential fuel because of its high production costs.
21

A design study conducted by the Olin Mathieson Company indicated

the possibility of producing hydrazine to sell for 20/lb using the

Raschig process. However, this required a large installation (1000

tons/day) with optimization of operating variables, utilization of waste

heat, etc.

Other processes for making hydrazine have been proposed and

demonstrated, but as yet none appears practical. Small quantities of

hydrazine are produced in the Haber process for ammonia production.

Thus it would appear that a modification of this process might give good

yields of hydrazine. However, since hydrazine is an endothermic

compound, undergoing decomposition with energy release, its formation

must be accomplished under relatively mild conditions. The successful

development of a hydrazine process along these lines should yield a

product in the same cost range as ammonia, perhaps $50 to $75/ton (2.5

to 3.75k/lb or 266 to l+00 /106 Btu).

Safety and reliability aspects. The following health and safety

factors are quoted from the Olin Mathieson Chemical Corporation's

bulletin on anhydrous hydrazine.

"Hydrazine is a toxic material which must be treated with due

respect. Harmful effects may result from injection, inhalation of

vapors, or contact with the skin. The threshold value, which has been

adopted by the American Conference of Governmental Hygienists (1963), is
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1 ppm. The maximum tolerable concentration in air breathed for no more

than 10 minutes is suggested as 10 ppm.

"Although hydrazine has a readily detectable ammoniacal odor (69-83

ppm), smell should not be relied on as a warning of excessive

concentration since membranes of the nose may be desensitized rapidly.

Hydrazine vapors are irritating to the eyes, nose, and throat.

Inhalation causes dizziness, nausea, and hoarseness. Contact of

hydrazine with any body tissue will produce a caustic-like burn if not

washed off immediately. Ingestion or absorption through the skin will

cause nausea, dizziness, headache, and may prove fatal.

"Liquid anhydrous hydrazine is very stable and nonexplosive. In

the absence of decomposition catalysts, it has been heated above 500*F

with very little decomposition. Hydrazine vapors, however, present a

hazard. Mixtures of hydrazine vapor in air are flammable between the

limits of 4.7% and 100% hydrazine by volume. The flammability of

hydrazine vapor is decreased by the use of any of several diluents.

When burning freely in air, hydrazine (as the liquid) behaves much like

gasoline. However, at elevated temperatures, it burns fiercely. Water

solutions at any concentration below 40% cannot be ignited. Hydrazine

fires and spills are best controlled by deluging with large quantities

of water. Anhydrous hydrazine is completely insensitive to shock,

friction, or electrical discharge. If it is desirable to monitor any

area for the presence of hydrazine vapors, detection devices or sensors

may be obtained from commercial sources."

3.2. 4 Methane and mixed hydrocarbons from wastes

There have been many proposals for converting waste products to

fuels by utilizing either thermochemical or biological processes. Of

the 3 x 109tons of solid organic wastes generated yearly in the U.S.,

about two-thirds are manure and over 80% are of agricultural origin.

Total municipal and industrial wastes are about 0.4 x 109 tons, half of

which are currently collected for disposal by municipal agencies.
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These solid wastes represent a potential annual source of about 20

x 1018 std ft3 of methane or similar fuels, or about three-fourths of

the current annual consumption of natural gas in the U.S.22 A study

prepared for the U.S. Department of the Interior's Bureau of Mines

(BuMines)22a indicates that more than half the total weight of these

wastes is actually water. In 1971, the total amount of dry, ash-free

organic waste produced in this country was only 880 million tons with

about 136 million tons of dry organic wastes being readily collectable

for conversion. This amount would have produced 170 million barrels of

oil - roughly 3% of 1971 consumption of crude oil or 12% of imported

crude. Alternatively, this amount of waste could have produced 1.36

trillion scf of methane, about 6 percent of 1971 consumption of natural

gas.

The Bureau of Mines has reported development of a process for

hydrogasification of wastes which utilizes technology developed for coal

hydrogenation. They claim potential costs as low as $0.h0 to $0.50/103

ft3 of gas and suggest the processing of municipal wastes and manure.

Union Carbide has announced an advanced incineration process for

converting organic wastes to a fuel gas. Mount Vernon, New York, was

reported to be interested in building a prototype unit to process 150

tons of wastes per day. The Union Carbide process develops temperatures

of 2600 to 3000 F by partially reacting the wastes with oxygen and

produces a fused inorganic waste in addition to the fuel gas. This gas

may also be converted to hydrogen, methanol, or methane as economics

dictate.

Garrett Research and Development Company is reported to be

developing a process to recover liquid and solid fuels by pyrolysis of

municipal wastes.

Methane may also be produced by anaerobic decomposition of garbage

and other waste materials. The digestion process would not require

exotic or expensive equipment since it would take place at 95 to 100*F

and at atmospheric pressure. In addition to a gaseous product

consisting of 65 to 70% methane and 30 to 35% carbon dioxide, a solid

product remains (reduced more than 50% in mass from the original waste)
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that is useful as a fertilizer or soil conditioner. This solid might be

processed pyrolytically to yield additional synthetic fuel.

Other specific waste products which have been suggested for use as

a "feedstock" for biological production of methane are waste crank case

oil, effluents from paper pulp mills and food processing plants, etc.

While most of the technology required to produce methane from waste

products appears to be relatively well developed, only a few plants

actually make economic use of the fuel gas. Present trends in the

society should improve the feasibility of this process for the following

reasons:

1. sharp increases projected in the price of clean gaseous fuels as the

result of scarcity;

2. public awareness of the need to improve methods of disposal of solid

wastes;

3. greater acceptance of the intrinsic merit of conservation;

4. the likelihood that production of synthetic fuels from wastes will

create less pollution than alternatives such as incinerators.

There appears to be a need for systematic evaluation of the

alternative methods of converting wastes to synthetic fuels and for

relating probable costs to the costs of other substitutes for natural

gas produced from coal. If the projections made by proponents of these

systems are correct, then it would be in the national interest to

increase research and development in this area and to build a number of

demonstration projects. The rate of development should be accelerated

so that this source of synthetic fuels could be fully applied within ten

years. One inherent advantage of producing fuels from wastes is that

the processes so far developed or proposed yield methane (or a high-Btu

gas mixture) or liquid hydrocarbons which can be utilized in the

existing infrastructure, thus minimizing implementation problems.

Among the problem areas which must be considered in developing

synthetic fuels from wastes is the cleanliness of the fuels, that is,

the suitability of the fuels to unrestricted use as pipeline gas and the

economic collection of diffuse wastes sources, particularly agricultural

wastes.
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It should also be recognized that another study panel, Extraction

of Energy Fuels, is considering the research and development

requirements of this area.

3.2.5 Fuels via intensive agriculture

While producing fuels from agricultural products is basically an

application of solar energy and will be discussed to some extent by the

Solar Energy Panel, it fits so well into the subject of this report that

some discussion here seems warranted. The fuels that may be produced in

this manner are ethanol from fermentation of grains, sugars, or

starches; methanol from waste products; and wood from tree farms.

Making use of intensive agriculture may be a viable process of producing

a gaseous or liquid fuel.23 The crop processing technology seems to be

well developed, but the overall economics have been unfavorable due to

the low cost of competing fossil fuels. The application of intensive

agricultural methods (i.e., use of optimized nutrients, soil moisture

levels, etc., coupled with a multiple crop climate) and the rising price

of fossil fuels work toward making this scheme profitable. However, the

relatively large amounts of land required to produce a significant

fraction of our fuel requirements seem to preclude the use of this

concept to areas of very specialized application, for example, ethanol

as a replacement for tetraethyl lead (10% in gasoline).*
2I

The use of wood obtained from a tree farm has been proposed as a

fuel for a conventional steam-electric power station. Preliminary

computations indicate that an intensively farmed area of 400 to 600 sq

miles would be required to continuously supply a 1000-MW(e) power

station with wood fuel.

Although not usually considered agriculture, growing algae for fuel

has often been proposed.2 5  Here the fuel could be methane, but again

the large land areas required suggest that such a system is not likely

to meet a significant fraction of our total energy needs.

*
This requires 8.8 x 109 gal of alcohol per year or 3..3 x 109

bushels of grain or about 30 x 106 acres of land.
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3.3 Use of Coal as an Interim Source of Synthetic Fuels

Other sections of this report deal with the use of hydrogen as a

synthetic fuel derived from nonfossil sources. This concept stems from

the almost certainty that at some point in time the supply of fossil

hydrocarbons (for synthetic fuels and other large-scale uses) will have

been depleted. But the combination of our extensive coal reserves and

an obvious (though not fully developed) technology for the relatively

economical manufacture of hydrogen and methanol from coal suggests that

coal be regarded as an interim raw material for these two synthetic

fuels. Methane, synthetic crude oil, gasoline, and other fuels (and

chemicals as well) also can be produced from coal; limitations of time

prevent their detailed consideration here.
The .S. as stimted26

The U.S. was estimated to have had 3.21 x 1012 tons of coal at

the end of 1969, or the equivalent of 64.4 x 1018 Btu of energy. Only

one-half of this coal is believed to be recoverable; however, the U.S.

total consumption of nonnuclear energy in 2000 has been estimated to be

about 131 x 1015 Btu. A rough conservative assumption can be made that

one-half of the energy in the coal could be delivered to end uses in the

form of hydrogen and methanol. Thus, even if all nonnuclear energy were

to be provided by hydrogen and methanol, coal could be the source of

these two synthetic fuels for 120 years at the year 2000 consumption

rate. Although "interim" is an unquantitative term, its use here

apparently would cover at least the next 100 years.

3.3.1 Hydrogen

As an interim source, fossil fuels can undoubtedly provide hydrogen

more immediately and more cheaply than any other alternative. The

least-expensive hydrogen (principally for ammonia synthesis and

petroleum refining) is presently obtained from natural gas by steam-

methane reforming; production from petroleum by steam-naphtha reforming

and partial oxidation of heavier stocks has been somewhat more

expensive. For the longer term, production from coal appears more
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desirable because U.S. coal reserves are vastly greater than remaining

domestic supplies of natural gas and petroleum, and early and successful

production from coal will help minimize our growing dependence on

foreign sources of gas and oil. Two methods are reviewed: (1) the

steam-oxygen (Synthane) process and (2) the CO2 (acceptor) process.

Physical principles and theory. When coal is reacted with steam at

450 psi and 1600 to 1800*F, the principal gaseous products are CO, C0 2,

and H2. In addition, small amounts of CH4 are also produced; the CH4

yield increases with pressure and becomes a major product at 1000 psi.

The coal-steam reaction is highly endothermic, and a large input of heat

is required.

In the steam-oxygen process for production of hydrogen from coal,

this heat is supplied by adding pure oxygen to the steam; the oxygen-

coal reaction produces CO, C02, and heat. The CO produced in both the

coal-steam and coal-oxygen reactions is then reacted with additional

steam in a shift reactor to produce more hydrogen and CO 2 . The CO2  is

removed by scrubbing the final gas with monoethanolamine (MEA) or

potassium hydroxide; both CO 2 absorbents are regenerated for reuse by

heating. Pure CO2  is a by-product of this process, and the final

hydrogen is 97 to 98% pure.

In the C0 2-acceptor process, lime (CaO) is introduced with the coal

being reacted with steam (no air or oxygen is added). The CO2  in the

reaction product gas is removed by the lime as rapidly as it is formed

to produce calcium carbonate (CaCO 3). In the absence of CO2  the shift

reaction (see above) occurs in the main reactor, thereby minimizing or

eliminating entirely the need for an external shift reactor and CO2

scrubber. The necessary heat to support the coal-steam reaction is

supplied by both the shift reaction and the reaction of CO2  with the

lime. The calcium carbonate is dissociated to lime and CO2 in a

separate reactor, and the regenerated lime is reused. The heat for lime

regeneration is supplied by unburned coal from the main reactor. The

C02 -acceptor process was developed to eliminate the need for pure oxygen

required in the steam-oxygen process.



Lignite is a preferred raw material for both processes; bituminous

coal can also be used, but only with difficulty in the CO2-acceptor

scheme. Overall hydrogen yields for both fuels and processes are

tabulated below.

Percent of theoretical H yield achieved

Feed Steam-oxygen process C09-acceptor process

Lignite 97 90

Bituminous coal 70 ("'80)

The two processes are compared in the composite flow sheet in Fig.

7. In both processes the fuel is first crushed and ground; lignite is

then dried, but bituminous coal must also be thermally treated to remove

volatile hydrocarbons. The gasification reaction in both processes is

done in fluidized beds at 450 psig; lignite is reacted at 1600F, but

bituminous coal requires a temperature of 1800F because of its lower

reactivity. In the steam-oxygen process 12.1 lb of lignite (or 8.7 lb

of bituminous coal), 8.8 lb of steam, and 5.2 lb of oxygen are consumed

to produce 1 lb of hydrogen. Quantities of lignite and steam are the

same in the C02-acceptor process, but no oxygen is needed.

Current commercial plants for production of hydrogen from coal. No

commercial plants presently exist in the United States for production of

hydrogen. from coal. The closest counterpart is the Lugi process plant

at Sasolburg, South Africa, which produces synthetic gasoline from low-

grade domestic coal and is subsidized by the South African government to

minimize their petroleum import requirements.

As noted previously, production of hydrogen from fossil fuels

involves two operations, production of synthesis gas (CO, and H2) and

conversion of CO to CO2  with steam (shift reaction) which produces

additional H2 . The coal-steam (water gas) reaction has been used

commercially for a century to produce low-Btu city gas (H2, CO, and N2).

However, it has been almost completely abandoned in the United States
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over the past 30 to 40 years because of the great availability of more

desirable natural gas. Its reintroduction to produce synthesis gas (and

synthetic methane and hydrogen) in the face of dwindling supplies of

domestic natural gas will be with much cleaner and more efficient

equipment; thus we will not be faced with a rebirth of the dirty and

cumbersome "municipal gas works" of former times. The shift reaction is

based on large-scale, well-established technology which includes removal

of CO2 from the final hydrogen product.

Several steam-oxygen processes are in various stages of

development.2 7The most advanced is the German Lurgi process, which is

commercially available now. However, it is a relatively labor-intensive

mechanical process with high maintenance problems; further, its

extensive use would require some outflow of dollars in royalties. The

Bi-Gas process (Bituminous Coal Research, Inc.) is an entrained bed

system and the Synthane process (U.S. Bureau of Mines) a fluidized bed

process; both are to be pilot planted in the near future. We have

chosen the Synthane process for evaluation as typical of the coal-steam

processes. The C0 2-acceptor process (Consolidation Coal Co.) is also a

fluidized bed process as is the Union Carbide process. A 30-ton/day

C0 2-acceptor pilot plant has been built and is now ready for testing.

We have also chosen this process for backup evalution. The Hygas

process (Institute of Gas Technology), although the farthest along of

all domestic processes, was not considered because it requires hydrogen

as one of the feed materials to make methane from coal.

Economics of hydrogen production from coal.* Actual cost

experience on the production of hydrogen from coal in the United States

does not exist; however, the new process technology is fairly well

understood, and reasonably good estimates of both capital and operating

costs can be made. These are compared with costs for steam-methane

reforming, the most widely used present method for producing hydrogen.

The major cost is the fossil fuel cost; therefore we have treated it as

a variable in the economic summary provided in this section. We have

also treated plant capacity as a variable and have used the values 250,

500, 1000, and 2500 tons/day of hydrogen.

*Costs shown in this section were developed from the basic data con-

tained in Ref. 11.
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Capital costs for the four processes compared are as follows.

Capital cost (id $) for plant

size of

250 500 1000 2500

Process tons/day tons/day tons/day tons/day

Steam-methane reforming 10.7 17.4 28.3 53.7

Steam-oxygen process for lignite 20.5 33.2 54.0 102.5

Steam-oxygen process for bituminous 25.2 40.9 66.4 126.1

coal

C02-acceptor process for lignite 25.8 41.9 68.9 129.1

Total annual operating costs, including 15% fixed charges, are

provided in the tabulation below for plants for natural gas priced at

60 /103scf (ld6 Btu) and coal or lignite at $7 per short ton.

Total annual operating cost (106 $)

for plant size of

250 500 1000 2500

Process tons/day tons/day tons/day tons/day

Steam-methane reforming 11.7 22.4 42.9 102.7

Steam-oxygen process for

lignite 16.1 29.1 53.5 121.0

Steam-oxygen process for

bituminous coal 15.4 27.1 48.8 108.8

C02-acceptor process for

lignite 15.8 28.4 51.6 117.0
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Effects of plant size and raw material cost on the cost of product

hydrogen are shown graphically in Fig. 8 for steam-methane reforming and

the C0 2 -acceptor process. In the former process natural gas cost

accounts for from 53% of the total cost at low gas cost and capacity to

90% at high gas cost and capacity; in the lignite processes the

corresponding values are 37 and 72%, respectively, and, when bituminous

coal is used, 27 and 61%. Thus the capacity vs cost curves for steam-

methane reforming are much more closely grouped than those for the coal

processes. Further, as natural gas prices rise, use of coal,

particularly in large plants, becomes more competitive and at $7/ton

(lignite at 52 /10 6  Btu) can produce hydrogen at the same price as

steam-methane reforming using natural gas at 75 /106 Btu at 2500 tons

H2 /day.

Aside from fossil fuel costs, the percentage breakdown of other

costs for plants producing 1000 tons/day of the H2 are as follows.

Fixed charges (15%)

Oxygen

Power

Direct labor

Materials

Maintenance

Other utilities

Oper. allocation

General and

administrative

Steam-methane

reforming

33.5

16.5

1.6

18.3

13.3

5.7

5.3

5.8

Steam-oxygen process

Lignite Bit. coal

26.3 28.7

30.8 27.4

8.3 7.4

1.0 1.0

9.5 8.5

14.3 15.7

1.4 2.6

4.1 4.3

4.3 4.4

C02 -acceptor

process

37.1

18.1

1.3

10.7

20.2

1.5

5.5

5.6

Ultimate potential. Although we have assumed that hydrogen from

coal would be an interim measure, the potential from coal is largely

based on domestic coal reserves, particularly when lignite is also
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included. Consumption of bituminous coal and lignite in the United

States in 1968 totaled 500 million short tons, very little of which was

lignite. The U.S. Bureau of Mines estimates that total coal reserves

to 3000 ft depth are 1.547 trillion tons plus an additional 1.3

trillion tons in unmapped and unexplored areas; in addition, 340 billion

tons are estimated to be available at depths between 3000 and 6000 ft.

Taking this total of known and implied reserves (3.2 x 1012 short tons)

and assuming 50% recovery, the total usable reserve is about 1600

billion tons, of which at least 300 billion tons or 19% is lignite,

located principally in western North Dakota. The resource to demand

ratio (at the 1968 rate) for recoverable coal is thus about 3100 years;

this value will, of course, decrease as demand increases. Total heat

value of recoverable reserves is about 3.2 x 1019 Btu. United States

energy consumption in 1968 was 6 x 1016 Btu, of which 1.3 x 1016 Btu or
26

22% was derived from coal. By the year 2000 coal is estimated to

contribute 28% of our total fossil fuel energy requirement of 0.13 x

1018 Btu; the cumulative (1968-2000) contribution is expected to be 26%

of the total of about 3.3 x 1018 Btu. Depletion of recoverable U.S.

coal reserves in this period would be about 2%. This is somewhat

misleading, because continued exponential growth in requirements beyond

the year 2000 would deplete remaining reserves very rapidly.

Under the worst case, if all coal, petroleum, and natural gas were

replaced immediately by hydrogen fuel, 25 billion tons of hydrogen*

would be required over the next 30 years; using an average of 9.7 tons

of coal or lignite per ton of hydrogen, 250 billion tons of coal,

representing 16% of recoverable U.S. reserves, would be consumed.

Annual coal consumption by the year 2000 would be "l%/year (of

recoverable reserves).

This example is, of course, an impossible one. If we assume a more

rational demand in which about 7 to 8% of the total energy demand in the

year 2000 is provided by hydrogen (1.2 x 1016 Btu), hydrogen production

capacity would necessarily be 116 million tons/year requiring use of

about one billion tons of bituminous coal or 1.4 billion tons of

lignite. This capacity would require 137 of the largest (2500 tons/day)

*

Based on low heating value of 51,600 Btu/lb of hydrogen.



hydrogen plants described in the above section, representing a total

capital investment in the order of 50 to 60 billion. Large as all these

values are, they do not appear incapable of being achieved in the next

20 to 30 years.

Although we have regarded hydrogen production from coal as an

interim measure, it must be realized that it is highly unlikely that

commercial plants will be available before 1985, or 1980 at best. Since

plant lifetimes less than 30 years seem unrealistic, even the first

plants would not be phased out before 2010 to 2015. Thus it is

imperative that ultimate longer-range systems such as nuclear-water

electrolysis combinations be developed as rapidly as possible in order

to prevent overly rapid depletion of our enormous but finite coal

resources.

Aside from its poor location, lignite, as already noted, is the

presently preferred feed for generation of hydrogen from coal. In

addition, it is the solid fossil fuel with the lowest average sulfur

content, 78% containing <0.8% sulfur. Assuming lignite contains an

average of 30% ash and the ash contains 0.01% uranium, the total uranium

content of recoverable U.S. lignite* reserves is 10 million tons, or

more than three times free world reserves as summarized by the IAEA in

1970.29 However, only about half of the contained uranium is believed

to be recoverable. Inasmuch as most of the present supply of U.S.

natural gas comes from a single area (the U.S. Gulf Coast), it is not

inconceivable, with improved hydrogen pipeline systems, that hydrogen

could also come chiefly from a centralized area.

Alternatively, hydrogen could also be produced from bituminous and

subbituminous coal (but not anthracite coal) from a much larger number

of areas. Disadvantages would include the use of a less desirable raw

material, use of a generally higher sulfur content feed, and, in

Appalachia and certain Rocky Mountain areas, environmental concerns with

strip mining.

One possibility for the rational overall development of our coal

resource could be as follows:

1. Convert the vast lignite deposits in North Dakota, etc., to hydrogen

*Considerable uncertainty exists in the actual extent of the uranium-

bearing lignite deposits.
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and recover the uranium and other valuable minerals from the ash.

2. Transport the hydrogen via pipelines to the iron-ore deposits in

northern Minnesota and Michigan for use in producing iron and in

supplying general process heat to industry.

3. Transport the hydrogen by pipeline to Eastern coal fields for use in

coal gasification to high-Btu pipeline gas.

Advantages from such a scheme would accrue from relatively low-cost

and high-efficiency (80 to 90% recovery of the resource) surface mining

of the lignite. The value of the uranium (and other minerals) recovered

from the ash may cover part of the mining cost. Use of the resulting

low-cost hydrogen to gasify the higher-cost underground mined Eastern

coal results in using only one-third to one-half of the coal that would

otherwise be required if the pipeline hydrogen were not available.

Also, of obvious advantage would be a reduction of air pollution levels

by making available clean burning gaseous fuels.

Environment and resource effects. The use of the various coal-

based processes to produce clean hydrogen fuel presents few

environmental problems. These processes are nearly thermoneutral and

hence present only minor thermal pollution problems. The dirty head-end

operations of crushing, grinding, and drying coal and dolomite (CO2

-acceptor process) can easily be made environmentally acceptable by

proper housing and ventilation. In the Synthane process nongaseous

waste products include coal ash and char; the latter is available for

use as fuel. In the C02-acceptor process the char is completely

consumed, and only the ash must be disposed of. Both processes also

produce CO2 as a by-product (approximately 23 lb C02/lb H2 produced).

The effect on total coal resources has already been discussed.

When lignite is used as feed, a very interesting possibility is the

subsequent recovery of uranium from the waste ash, for which the

technology already exists. The total uranium content of North Dakota

lignite is many millions of tons. Thus lignite can do "double duty" as

a fuel. Some lignite beds contain an average of 0.18% uranium and 45%

ash; thus uranium content of ash is 0.40%, which is equivalent to good

present-day uranium ore.28 If we assume average lignite contains only

*It may even be possible to consider underground coal gasification
or liquefication using pipeline hydrogen and thus eliminate mining the
deep coal beds.
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30% ash and 0.003% (30 ppm) uranium , the amount of potentially

recoverable uranium (at 50% recovery) is about 5 million tons, almost

twice the free world reserves.2 9  At $8/lb the maximum total value of

recoverable uranium in U.S. lignite is $80 billion, or about 40/ton of

lignite. In addition, lignite ash contains up to 0.3% Mo and smaller

amounts of V, As, Ge, Se, Co, and Zr,29 which are valuable by-products.

The only catalyst used in the process is the shift reactor

catalyst, which was formerly iron oxide with small additions of chromium

oxide; more recently there has been greater use of copper, chromium, and

zinc oxides. Thus there seems to be no long-term resource problem for

catalysts, particularly since it is always possible to fall back on use

of the older type.

Safety and reliability. At this point it is difficult to predict

the safety and reliability of full-scale plants to produce hydrogen from

coal since the two processes discussed are just entering the pilot plant

stage. However, by analogy to commercial reforming and partial

oxidation processes using petroleum, and the shift process for

converting carbon monoxide and steam to hydrogen and C0 2, safe operation

has been experienced for many years.

The steam-oxygen and the Union Carbide processes are more adaptable

to a variety of coal feeds than the C02-acceptor process although they

also appear to work best with lignite. Loss of coal as by-product char

is high (30% of the coal heat value); the Bureau of Mines believes

addition of small amounts of limestone may increase hydrogen yield and

minimize the sulfur content of the char to be used as fuel elsewhere.27

The C0 2-acceptor process has the advantage that gasification and

the shift reaction both occur in the primary system and that this system

is reportedly thermoneutral. The process is quite complex, however, and

may be difficult to operate because it requires very close dynamic

control of five fluidized beds.2 7

Research and development. If the use of coal to produce clean

hydrogen (or methane) fuel is to be considered as an interim measure,

the greatest research and development need is for very rapid scaleup of

one or more of the alternative processes presently under development.
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Laboratory and bench-scale work on both the steam-oxygen processes and

C02-acceptor process are well along, and pilot plants for both methods

are now being built. We can only urge that this work be provided with

sufficient funds and manpower to greatly accelerate the efforts so that

demonstration plants can be started in the next few years.

Both processes are relatively inefficient in converting heat energy

of coal to heat content of hydrogen, about 45 to 50% compared with 65%

for synthetic methane. Similarly, neither process is as coal conserving

as might be desired. Research leading to greater efficiency seems

therefore in order.

Since oxygen is used in the steam-oxygen process mainly to supply

heat for the highly endothermic carbon-steam reaction, use of nuclear

heat should be evaluated as an alternative. This is particularly

important if coal is to be conserved. The C0 2-acceptor process, since

it is thermoneutral, is less likely to benefit from such an external

heat source but does require heat to decompose the CaCO3 .

If coal does become a major source for our gaseous and liquid

fuels, the problems associated with increasing production rates by a

factor of from 5 to 10 are likely to be severe. Development of improved

mining techniques or perhaps in-situ gasification processes should be

given serious consideration.

3.3.2 Methanol

Earlier in this report (Sect. 3.2.2) methanol was discussed as a

fuel in the context of its currently widespread manufacture from natural

gas. Briefly again, that process consists of the reaction of natural

gas with steam to obtain a synthesis gas containing carbon monoxide,

carbon dioxide, and hydrogen, followed by the conversion of these

reactants into methanol and water. The synthesis of methanol from coal

will differ from the natural gas-based process only in the first step,

that is, the preparation of a synthesis gas of carbon oxides and

hydrogen. The conversion of synthesis gas to methanol is rather

independent of the source of the synthesis gas, although the relative



compositions of carbon monoxide, carbon dioxide, and hydrogen do have

some effect. Therefore the preparation of a methanol synthesis gas from

coal is the not yet commercialized technology needed to implement

methanol from coal.

Fortunately, much work is being done to develop processes to obtain

methane and/or hydrogen from coal to replace pipeline gas, and this

technology is directly applicable to the production of methanol

synthesis gas. The preceding section of this report described the

manufacture of hydrogen from coal. There the reaction of steam and coal

with the addition of heat result in a gaseous mixture containing carbon

oxides and hydrogen. For hydrogen as the product, the carbon monoxide

is further reacted with steam to get more hydrogen and carbon dioxide,

and separation of the carbon dioxide leaves the product gas, 97 to 98%

hydrogen. For methane as the product, the mixture of carbon oxides and

hydrogen is converted in a different kind of reactor into methane and

water, with the methane becoming pipeline gas. Again for methanol as

the product, the synthesis mixture of carbon oxides and hydrogen can be

reacted under still different conditions to produce methanol.

Much bench-scale and pilot-plant work has been done to date on the

production of synthesis gas from coal, but no U.S. commercial plants

have been built although some may be imminent. The economics and

technology for synthesis gas from coal therefore are not well defined.

Nevertheless, an estimate has been developed for the economics of

methanol from coal and is presented in Table 5.* It should be noted

that the information for this estimate was hastily developed and should

be considered preliminary.

As shown in Table 5, the production cost for methanol has been

estimated to be 8.514/gal. Of this amount 3.020/gal or about 35% is for

coal when coal is available at $7/ton, or about 274/106Btu. The next

largest cost item is 2.69 /gal, or about 32% of the total, for capital

cost. This capital cost charge to the product is undoubtedly low since

the fixed charge rate of 15%/year barely covers depreciation, insurance,

and taxes, and probably leaves inadequate return on investment, even for

a public utility. Nevertheless, the 15%/year rate is used in order to

*
This estimate was developed with the assistance of Chemical Con-

struction Corporation.
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Table 5. Economics of synthesis of 20,000 tons/day
of methanol (MeOH) from coal

Cost

Item Unit Units $/unit $/day /gal
/day MeOH

Synthesis gas manufacture
(Capital for plant: $260 x 106)

Coala Ton 26,000

Chemicals

Process water 103 gal 6,250

Cooling water 103 gal 346,000

Operating labor Man-hr 960

Supervision

Maintenance

Overhead

Precapital manufacturing cost

Capital charges at 15%/year

Total cost

7.00 182,000

1,000

0.20 1,250

0.02 6,920

14.00 3,8140

380

35,600

4 ,220

235,110

16,800

341,91o

3.02

0.02

0.02

0.11

0.06

0.01

0.59

0.07

3.90

1.77

5.67 (990/106 Btu)

Methanol synthesis from provided Syngas
(Capital for plant: $135 x 106)

Steam lO3 lb 35,20(

Fuel 106 Btu 21,60(

Electricity kWhr 100,00(

Cooling water 103 gal 540,00(

Catalyst and
chemicals

O&M labor and
supervision

Overhead

Precapital manufacturing cost

Capital charges at 15%/year

Subtotal

Total cost

0

0

0

0

0.65

0b

0.01

0.02

24,800 0.41

1,000

10,800

0.02

0.18

15,000 0.25

50,000

14, 000

115 ,600

55,1400

171,000

512 ,910

0.83

0.23

1.92

0.92

2,814

8.51 (148 /106 Btu)

aCombined raw material and fuel.

bPurge gas from synthesis gas plant.

- - 10 --
-^ ---
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be consistent with the other economic estimates in this report. The

other cost elements for methanol from coal are relatively minor. Both

the manufacture of synthesis gas from coal and the manufacture of

methanol from synthesis gas are patented processes requiring a royalty

fee. Little information is available about these fees, although in one

instance the license for the synthesis of methanol from gas required a

one-time fee of about 1.4% of the plant capital cost.

The plant size of 20,000 tons/day was arbitrarily chosen as

providing methanol equivalent in heating value to that of the gasoline

produced by a 160,000-bbl/day petroleum refinery. Refiners are

increasingly moving to refineries of this size, presumably in response

in part to the trade-off between size of marketing territory and capital

economies of scale. Actually, there appears to be little or no economy

of scale for synthetic methanol plants much beyond a size of 4000

tons/day, and so 20,000 tons/day may be nonoptimum. Optimization of

size would, of course, require additional systems analyses.

The environmental effects of plants making methanol from coal

should be no different than the combined effects of plants making

hydrogen from coal or methanol from natural gas. The environmental

effects of these plants have been described in earlier sections of this

report.

Intensified research and development in the manufacture of

synthesis gas from coal is in order. The uncertainties of the economics

and technology for methanol from coal are predominantly in the

preparation of the synthesis gas. It should again be noted that coal-

derived synthesis gas can be used for hydrogen, methane, gasoline, and

chemicals in addition to methanol. If, as a result of this overall

study of synthetic fuels, methanol evolves as one of the most attractive

synthetics, then a more rigorous engineering and economic study of

methanol from coal should be performed.
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4. STORAGE AND TRANSPORTATION OF SYNTHETIC FUELS

The technology and practice of storage and transportation of the

major candidate "synthetic" fuels have been extensively developed and

demonstrated on a significant scale. Hydrogen gas is being produced and

distributed in and among refineries under conditions that would simulate

a fuel gas production and distribution system. There are, however, no

existing hydrogen transmission or distribution systems in which booster

compressors are utilized. Liquid hydrogen equivalent to over 100

billion ft3  (stp) has been produced and distributed in support of the

space program. Production of ammonia for fertilizer has reached a scale

of distribution in which large interstate pipelines are now operating in

addition to the extensive barge, rail, and truck systems that have been

built to achieve economical distribution. Because of the seasonal

nature of agricultural chemicals supply, large storage complexes have

also been developed. Methanol has long been a basic tonnage

petrochemical and distribution by all means has been fully developed.

4.1 Storage of Fuels

The estimated investment for storing energy in the form of a

synthetic fuel is given in Table 6 and illustrated in Fig 9. The

storage of gaseous hydrogen in pressure vessels appears to be hopelessly

noncompetitive for the full range of storage capacity. This is due to

the combination of low specific volume of the gas and the high cost of

the pressure vessel. The adaptation of gaseous storage might be

enhanced by using the transmission line as an inventory device (line

packing). Table 7 shows a comparison of the energy storage capacity of

300 mile-long transmission lines of various inside diameters between 1

and 3 feet holding hydrogen at 1000 psia. The table lists the

equivalent weight of hydrogen in pounds, equivalent gallons of liquid

hydrogen, the number of megawatt hours in a water electrolysis plant



Approximate
Unit specific energy

Fuel volume investment content of fuel and container

106 Btu 1000 ft ($/106 Btu) Btu/lb 106 Btu/ft3

Gaseous hydrogena 2b 0.046 750. 1,200 0.4

50b 0.16 720.

14,3000 866. 350.

Liquid hydrogen 2 0.009 1000. 8,000 0.14

50 0.220 300.

36,000 158.6 26.

Hydrogen as magnesium 160. > 5,000 > 0.25
hydride

Ammonia 2 0.006 85.

50 0.147 10. 6,000 0.25

552,000 1619. 2.9

Liquefied natural gas 2 0.004 350.

50 0.090 140. 6,700 0.35

2,100,000 3770. 3.5

Methanol 2 0.005 18.

50 0.117 3. 8,000 0.51

604,000 1413. 0.8

Gasoline/fuel oil 2 0.002 15. 16,000 0.95

50 0.060 2

1,370,000 1638. 0.4

aVery large underground storage in

b2400-psig tank.

Mined cavern, 900 psig.

dMagnesium at 40#/lb, no container

aquifers or plowshare caverns is projected to cost $3 to $6/106 Btu.

or heat exchanger included. (This system is currently unproven.)
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Table 7. Energy storage capacity of a 300-mile transmission line of
various inside diameters holding hydrogen at 1000 psia

Pipe diameter

1ft 2 ft 3 ft

Weight of hydrogen, lb 0.42 x 106 1.68 x 106 3.78 x 106

Equivalent gallons of liquid 0.72 x 106 2.9 x 106 6.5 x 106
hydrogen

Energy required to fill the 84 x 103 33.6 x 103 75.6 x 103
line to 1000 psia, MWhr

Energy available after 22 x 109 88 x 109 197 x 109
combustion, Btu (lower
heating value)
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required to fill the line, and the total combustion heat available at

the lower heating value of hydrogen. If transmission lines can be

designed to operate at a variable pressure (e.g. 500 to 1000 psia),

these lines would represent a significant storage capacity. If gaseous

hydrogen is the preferred working medium, evaluation of gaseous storage

systems such as mined or plowshare type caverns, aquifers, depleted gas

wells, or undersea bladder devices should all be investigated to

determine the feasibility and likely extent of their employment. An

aquifer storage system at Baynes, France, has been in operation for over

ten years, first with manufactured gas and now with natural gas. It has

a capacity of 7 x 106 ft3 at 570 psia.

Liquid hydrogen storage has been practiced in volumes up to

1,000,000 gallons. Because of the extremely low temperature of liquid

hydrogen, use of premium insulation and the low specific volume will

cause a much higher unit storage cost for liquid hydrogen than is

experienced in conventional hydrocarbon systems. It should be

recognized that the storage costs, particularly for the smaller volumes,

are based on present technology and production techniques. With further

development and use of mass production systems, it is expected that the

values shown for the unconventional types should decrease by as much as

a factor of 2.

The cost of a compression and/or liquefaction system should be

added to the cost of storage in assessing the utility of hydrogen energy

systems. The cost of hydrogen gas compression might typically be 15 to

500 per 106 Btu (0.8 to 2.6 /lb) for a wide range of delivery pressures

and equipment utilization factors. The cost of hydrogen liquefaction

might typically be $1 to $2 per 106 Btu (5.2 to 10.4h/lb) for a wide

range of system capacities and utilization factors. The electrical

power requirement alone is about 5 kWhr/ lb H2. These costs are usually

more significant than tankage costs and must be considered in the design

and evaluation of liquid hydrogen storage systems.

Evaporation losses from large liquid hydrogen storage systems

(typically t0.03%/day) make their feasibility on a small scale

questionable. If hydrogen matures as the energy source, a new portable
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storage system will likely be required. If hydrogen could be reversibly

stored as a hydride at near the density of liquid hydrogen and if it

could be made available at a moderate pressure, the chances are

excellent that a practical fuel tank can be developed. Several hydride

storage systems have been investigated which indicate that a large

number of binary and tertiary metal systems are available for this use.

Magnesium and alloys of Mg and Cu or Ni3 0  will release H2 at 1 atm at

temperatures of from 440 F to 540*F. Also some intermetallic compounds

of the composition AB5 9
31 where A is a rare-earth metal and B is nickel

or cobalt, are reported to absorb and desorb large quantities of

hydrogen at near room temperature. There are also some possible

applications where two or more different hydride systems can be used in

a hydrogen liquefaction system.

Ammonia, methanol and LNG storage systems are well developed for

use in industry and are unlikely to see significant cost reductions.

Ammonia/LNG storage systems are costly relative to systems for storing

unpressurized liquids. In addition, adaptation of the equipment from

industrial to consumer type operation introduces additional problems.

These fuels can, however, be considered as a means for storing hydrogen

since, in particular, NH3, N2H4, and CH3OH can be readily decomposed to

yield H2. The hydrogen density in these compounds is from 1.5 to 2.0

times that of liquid hydrogen. Still lower effective heating values

would, however, result since the heat of dissociation must be supplied.

4 .2 Transportation of Fuels

The comparison of the characteristics of the various candidate

synthetic fuels as a medium of energy transport, particularly with

reference to commercially practiced energy transfer, is difficult to

generalize on. In selecting among the various methods of energy

transfer, the following items must be analyzed to select the optimum

system.

1. the specific routing, particularly with regard to detours - to

avoid restricted right-of-way or costly crossings such as navigable
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waterways;

2. the carrying capacity of the system;

3. the degree of utilization of the system;

4. the cost of overcoming resistance losses and its effect on

arriving at an optimum design;

5. the efficiency of the energy conversion devices which will

operate on the transferred energy.

A detailed analysis of these factors for a particular logistic

problem can produce different selections for an optimum energy

transmission system.

Table 8 presents some generalized nonoptimized information which

attempts to compare the major candidate energy transportation methods.

These comparisons are near the largest energy transmissions systems

practicable for that candidate form in a near-urban environment. The

results of this type of analysis, although not directly comparable, show

that many methods of energy transfer are competitive subject to the

above considerations. Therefore, as a result of any detailed systems

analysis, it is not likely that the transportation of energy alone will

be decisive in the selection of an optimum energy distribution system or

medium. While Table 8 shows only relative pipeline transmission costs,

some recent analyses by the Institute of Gas Technology32 give absolute

cost estimates for transporting natural gas and hydrogen. An average

cross-country cost for natural gas transmission today is reported to be

1.50 to 1.7 /106 Btu per 100 miles. Hydrogen transmission cost would be

2.6 times this cost since compressor size and horsepower must be

considerably increased and a more expensive fuel (hydrogen) used to

power the compressors. By increasing the pipeline operating pressure

from the "usual" 750 psia to 2000 psia, this factor could be reduced to

about 1.5.

The advantage in pipelining fuels is the ability to scale this type

of system up to very large capacities with the resultant effect of the

economy of scale being to lower unit-energy transfer cost. The use of

pipeline transport of energy will therefore be superior for the

transmission of energy over long distances and/or transmission of very



Table 8. Energy transmission - relative transportation costs
(near-urban environment)

Total cost, operating plus
Investment investment

Volume per 100 miles per 100 miles
(106 Btu/hr) Size (106$) (0/106 Btu)

H2 gas 21,000 36-in. pipe 6 8 b,'0 5.70

NH3  21,000 36-in. pipe 6 2 bc 5.00

CH3OH 21,000 30-in. pipe 52bc4.

Natural gas 21,000 36-in. pipe 62b'c 5.10

H 2 Liquid 550 3-in. pipe 7 9 d 250.0

H2 Liquid 1,800 1,100,000-gal barge 2.4 6.9

H2 Liquid 62 13,000-gal trailer 0.15 34.0

Electric (superconducting line) 13,600 4,000-MVA line 140 19.3

Electric (aboveground) 8,500 2500 MW, 750 kV 30 8.3

Electric (belowground) 8,500 2500 MW, 345 kV 300 "100

aUnit cost assumption: 100% utilization of facility, 15% = fixed
return on investment), operating power 6 mills/kWhr.

charge rate (depreciation, interest,

bReported pipeline costs can vary by as much as a factor of 4, depending on terrain, congestion, etc.

CFor cross-country straight lines, 50% reduction is likely.

dNo reliquefaction included.
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large blocks of energy. Relative to natural gas, the volumetric flow of

hydrogen must be quite high because of its low specific heat content,

although the low molecular weight compensates considerably, resulting in

similar system performance. The primary penalty in transmitting

hydrogen over methane is- the increased cost of recompression, which

amounts to a relatively small fraction of the cost of a transmission

system in a near-urban environment. This penalty may be offset by the

potential efficiency gain of hydrogen energy conversion devices and the

resultant flow decreases in the hydrogen energy transmission system. An

area of concern in the transmission of hydrogen, however, is in the

admission of this gas into older existing mains since the leakage

coefficient is three to six times that of methane. Techniques of

sealing older natural gas systems would therefore have to be developed

to avoid their total replacement in transition to use by hydrogen.

Pipeline transport of liquid hydrogen is by far too costly to be a

competitive method of energy transport except over very short distances

or for transfer of energy blocks very much larger than that which is

practiced today. However, where it might be practicable to transmit

electricity via cryogenic or superconductive cable, simultaneous

transmission of liquid hydrogen through the cryogenic power conduit

could alter even this conclusion.

From the above, although some generalizations are apparent, it is

not possible to clearly identify a superior mode of energy transport.

This can only be accomplished after a detailed systems and engineering

analysis and after giving due consideration to the synergistic benefits

of combining several forms of energy transport.

4.3 Safety

Industry's safety record in handling the candidate synthetic fuels

has been impressive. However, additional consideration concerning the

safe handling of certain fuels would be necessary before they could be

made generally available to the public. Properties of special concern

to the designer of safe hydrogen systems include its high diffusivity
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and low ignition energy. 3 3 For ammonia systems, toxicity and corrosivity

are properties of concern.

44.4 Research and Development

The research and development needs within the fuel storage and

transportation field are being covered to a considerable extent within

the industrial sector. Some of the items which should be considered for

future support include:

1. development of hydride storage systems;

2. handling of hydrogen and hydrogen-hydrocarbon mixtures in gas

pipelines (this would include research into long-term hydrogen

metal interactions, particularly hydrogen environment
314

embrittlement);

3. techniques for insuring consumer safety;

4. large-scale hydrogen gas and liquid storage.
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5. USE OF SYNTHETIC FUELS

This section will consider the end use of hydrogen and derivative

synthetic fuels in the major energy sectors of the U.S. economy: namely,

industrial, urban, transportation, and electricity generation. The

discussion of industrial utilization includes uses both as a fuel and as

a chemical reagent.

The use of oxygen, often a co-product of hydrogen production, is

discussed only to a limited extent. It is nevertheless recognized that

finding productive, economic uses for oxygen can have a large impact on

the viability of the "hydrogen economy." Oxygen does have many uses,

and the demand is continuing to increase. Since it is relatively simply

produced from air, it is not generally transported long distances, so

that the use point is usually near the place of production.

5.1 Hydrogen

5.1.1 Industrial uses of hydrogen

At present, use of hydrogen as a fuel outside the U.S. space

program is almost nil, but its chemical uses are large and growing. Of

the 2.06 x 1012 ft 3(5.8 million tons) consumed commercially in 1968,26

42% (870 x 109 scf) was used for ammonia synthesis, 38% (775 x 109 scf)

in petroleum refining, and 20% (413 x 109 scf) for other uses including

synthesis of methanol, naphthalene, cyclohexane, benzene, analine,

aldehydes, and hydrochloric acid, and for hydrogenation of unsaturated

fats and oils. Small amounts were also used as a metallurgical

reductant. By the year 2000 median U.S. consumption (for nonfuel uses)

is expected to be 9.1 x 1012 ft 3 ; ammonia synthesis is expected to

account for 34% of total use; petroleum refining, 50%, and other uses,

16%. The uncertainty in the total annual use in the year 2000 is nearly

an order of magnitude. This large uncertainty is based mainly on the
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difficulty of estimating how much coal and shale oil may be converted

annually to liquid and gaseous fuels by that time and, to a lesser

extent, on how extensively it will be utilized in conventional petroleum

refining processes and how great a shift occurs in use of hydrogen in

lieu of carbon as a metallurgical reductant. Typical hydrogen

requirements in its major present and future industrial applications are

summarized in Table 9.

Ammonia synthesis. Over two-thirds of all the ammonia consumed in

the U.S. is used directly or indirectly as fertilizer in agriculture;

the remainder is used in petrochemical synthesis, in inorganic chemicals

and plastics manufacture, as a refrigerant, and in a variety of smaller

uses. The current U.S. ammonia production capacity is estimated to be

20 x 106 tons/year and is projected to be about 30 x 106 tons by 1985.

The natural gas requirement for the projected 1985 production will be

about 1 X 1012 ft3. In terms of hydrogen usage, this production rate

would require about 12,000 tons/day of hydrogen capacity.

Petroleum refining and petrochemical production. Hydrogen is used

in two ways in petroleum refining: (1) in hydrotreating (using

catalytic reforming) for desulfurizing petroleum feedstocks, for hydro-

genating olefins and other unsaturated hydrocarbons, for producing

cyclic compounds such as cyclohexane, and in treating lube oils and

kerosine-base jet fuels, and (2) in hydrocracking heavy petroleum

fractions to produce lighter grades, principally gasoline. In fact,

about half of all petroleum currently processed in the United States is

so converted to gasoline. As indicated in Table 9, the hydrogen

requirement (per bbl) for hydrocracking is about ten times that for

hydrotreating. Use of hydrogen in petroleum refining is expected to

increase rapidly in the future and to surpass the amount used for

ammonia synthesis before 1980. About 15% of total hydrogen consumption

is currently used in petrochemical production. The largest use is in

methanol production (see Section 3.2); about 35 to 40% of this

production is then converted to formaldehyde.

Coal gasification. Although coal would likely be used in the near

term to produce hydrogen via the steam-carbon reactions, it may be that
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Table 9. Typical Industrial Hydrogen Requirements

Use Standard cubic feet/unit of product

Ammonia synthesis

Methanol synethesis

Petroleum refining (Ave.)

Hydrotreating

Naphtha

Coking distillates

Hydrocracking

Coal conversion to -

Liquid fuels

Gaseous fuel

Oil shale conversion to -

Liquid fuel

Gaseous fuel

Iron ore reduction

Process heat

or

Municipal solid wastes conversion

70,000-80,000/short ton of NH3

36/lb of CH 3 0H

3610/bbl crude oil

50/bbl

750/bbl

2000-2500/bbl

6000-7000/bbl synthetic oil

"'1560/1000 scf synthetic gas

1300/bbl synthetic oil

1200/1000 scf synthetic gas

20,000/short ton of iron

3070/106 Btu

t2700/109 lb process steam

1870/103 scf methane



for some applications methane would be a more desirable product. In

this case hydrogen is required to react with CO and, if an external

source of economic hydrogen is available, it could be used for this

purpose instead of using coal to produce the hydrogen. In this case

coal would be partially oxidized, perhaps with by-product electrolytic

oxygen, to CO and then converted to methane. An alternative process,

hydrogasification, may be used wherein hydrogen is reacted directly with

carbon at high temperatures to produce methane. To illustrate the

amount of coal which could be conserved by this process, Ref. 36 shows

that the production of 250 X 106 scfd of high-Btu gas via the M. W.

Kellogg process, which does not require an external source of hydrogen,

uses 13,200 tons/day of coal. The same amount of gas could be produced

utilizing an external source of hydrogen from only about 4500 tons/day

coal. Thus, perhaps under some circumstances, coal gasification could

become a very large user of hydrogen.

Metallurgical uses of hydrogen. Use of hydrogen as a metallurgical

reductant in lieu of carbon (coke) has long been known to be feasible;

however, only very limited use has been made of this technology so far.

Since the production of iron (89 million tons in 1968) far outshadows

the production of all other metals combined, hydrogen reduction of iron

ore is of greatest significance in this area. Several processes have

been developed, but none are yet economically competitive with the

conventional blast furnace. It was estimated by the U.S. Bureau of

Mines that by the year 2000 production of about 30 million tons of iron

using 600 billion ft3 of hydrogen may be feasible.* Use for nonferrous

metallurgy (copper, zinc, and lead) is equally feasible but would be

less hydrogen consuming, both per unit of output and in total. The

incentives to use hydrogen as the iron ore reductant would appear to be:

1. Flexibility in plant location and size: The iron-ore could be

reduced at the mine mouth using pipeline hydrogen. Also size

scaling economics do not appear to be as strong for H2-reduction
as for blast furnace plants.

2. Coke is becoming scarce.

3. Pollution problems with coke production and blast furnace operation

*
Equivalent to a hydrogen production rate of about 4400 tons/day.
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are essentially eliminated. Reduction of oxide ores in fluidized

beds would result in the production of only water and slag. Re-

duction of sulfide ores (copper, lead, zinc, nickel, etc.) would

produce hydrogen sulfide which could be oxidized to sulfur for

storage in its innocuous form.

Process heat/steam. High-pressure hydrogen available at a

reasonable cost from a pipeline network is likely to find wide use in

providing industrial furnace heat and process steam. Heat used in

industry represents about one-third of the total energy consumed in the

U.S., and there appears to be no basic restriction to the substitution

of hydrogen for other fuels for this use. In fact, the use of hydrogen

could eliminate a large part of the atmospheric pollutants contributed

by this sector. An example of the impact of the use of hydrogen

follows:

1. For the year 2000 it is estimated that about 12 x 1015 Btu as methane

(NG + SNG) will be used by industry for miscellaneous heat.

2. If half of this use is met by hydrogen, it would require hydrogen

production facilities of about 160,000 tons/day which in turn

would require, for the electrolytic production route, a power

capacity of 290,000 MWe.

If a dual pipe (hydrogen and oxygen) system were available or, as

dictated by economic tradeoffs, oxygen from an air liquefaction plant,

process steam could be produced directly. With this arrangement,

a simple pipe-combustor-attemporator would be substituted for the

current massive water tube steam generators. Thus, considerable savings

in capital and other resources at this point may be realized, and at the

same time no gaseous effluents* would be released to the environment.

For example, in 1970 alone an industrial steam boiler capacity of 68 x
38

106 lb/hr (861 units) was sold, representing an investment of about

$400 x 106 . If this market grows at a rate of 4h/year by the year 2000

the annual sales will be 220 x 106 lb/hr boiler capacity (ti $1.3

billion). To supply half this demand would require a hydrogen

production capacity of about 23,000 tons/day.

*
Waste heat release would be less due to no, or less, stack losses -

also, the pure warm water produced by hydrogen combustion may find many
productive uses.
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Industrial complexes. The concept of nuclear-powered industrial

complexes,36 based in part on processes making use of hydrogen and

oxygen, would appear to offer an opportunity for the large-scale

applications of hydrogen in industry. In this concept, with industrial

plants located adjacent to the power/hydrogen facility, the costs for

hydrogen and oxygen storage and transportation are minimized.

Research and development needs. The use of hydrogen in industry

will not likely require long-range research and development. Its use

appears to be within the range of existing technology or of technology

that can be readily developed by industry when the economic and

environmental factors dictate. Some advance detailed studies, however,

do appear to be warranted, particularly in the area of refining the

estimates of the production costs of many industrial products as a

function of the cost of hydrogen. Also, overall studies of the use of

hydrogen (both with air and with oxygen) to provide process steam should

be made.

5.1.2 Urban uses of hydrogen

Relatively little research and development appears to be necessary.

That which is necessary need not be federally supported, since

sufficient incentive and short-term returns exist to suggest that this

effort can and will be undertaken by private industry. If it is

determined to be in the national interest to accelerate the

implementation of a hydrogen-based energy system, federal funds would be

needed to support demonstration projects.

Conversion to a hydrogen system should be possible with only a

minor amount of capital expenditure. Although gas distribution systems

already exist, they may require some upgrading to meet leakage and

increased flow requirements. Gas burners would require modification,
40

but the procedures appear straightforward.

Safety problems associated with the use of hydrogen are comparable

with those associated with the use of natural gas. An education program

will be required to familiarize the public with the use of hydrogen.
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The efficiency of use of hydrogen would likely be higher than for

natural gas due to lower (or perhaps zero) flue heat losses. Also, with

hydrogen it appears more likely that the pilot light system could be

eliminated in favor of electrical or catalytic ignition, thus realizing

about a 15% savings in gas use. In particular, fuel cells using

hydrogen rather than reformed natural gas would also be more efficient

and likely more trouble free. A further potential efficiency advantage

for hydrogen that may be realized in some applications is in making

partial use of the heat of condensation of the water vapor that is

formed during combustion. If, for example, the flue gas from a hot

water or space heater can be cooled to 1 0 F (by the water or air to be

heated) then the effective heat of combustion is increased by as much as

10% of the LHV of hydrogen. Cooling to 100 F would give up to a 16%

increase. The corresponding increases obtainable in the combustion of

methane are 0% and 8% respectively.

A series of total-energy systems based upon hydrogen and of

progressively increasing size and complexity would eventually need to be

undertaken in order to demonstrate their practicality. These

demonstrations might consist of certain military systems, shopping

centers, apartment complexes, and eventually model cities. Projects

such as these will necessarily be costly and will require substantial

federal assistance and support. These systems would most likely make

use of fuel cells or turbine-generators to convert a portion of the

delivered hydrogen to electricity. Both of these systems would require

further development (see Sect. 5.1.4.)

5.1.3 Use of hydrogen fuel for transportation systems

Hydrogen, with air from the atmosphere or with oxygen supplied on

board, offers an impressive potential for fueling future transportation

systems. Hydrogen, the most energetic of chemical fuels, offers these

critically important advantages: (1) it is available from water

resources through the addition of energy from fossil, nuclear, or
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perhaps solar, sources; and (2) it can be consumed with minimal

environmental degradation.

Some background of experiments with hydrogen-fueled conventional

engine types, especially gas turbines and gasoline reciprocating

engines, is available. 42 143 For example, in the mid-sixties NACA's

Lewis Flight Propulsion Laboratory (now NASA Lewis Research Center)

conducted flight tests of an experimental turbojet-powered aircraft in

which one of the engines was operated on hydrogen carried in cryogenic

form in a wing tip tank. This program was entirely successful in

substantiating the theoretical performance of hydrogen in a flight

environment.

In addition to conventional engine types, all of which appear to be

amenable to hydrogen operation, unconventional power plant designs based

on hydrogen-oxygen have been identified as being of significant promise

in both mobile and stationary prime mover roles. These systems offer

the potential of extremely high thermal efficiencies and produce only

water as exhaust. They can also be operated essentially noiselessly.

One of the key problem areas which must be addressed with hydrogen

is the mode of on-board storage. Hydrogen in its densest form (as a

cryogenic liquid) is ten times the volume by weight of gasoline.

Fortunately, it has approximately 2 1/2 times the heating value per unit

weight as a partial compensation. Four methods of storage aboard a

transportation vehicle can be considered:

1. as a cryogenic liquid at -423F,

2. as a pressurized gas at ambient temperature,*

3. within a metal hydride at essentially ambient temperatures

(heat exchange with engine exhaust may be used thus giving a

cool exhaust steam),

4. in a chemical compound such as ammonia.

The cryogenic form is best developed in terms of existing

technology discounting pressurized gas, which appears to be too heavy

and bulky (and hazardous) for most applications. Research work is under

way in hydride and chemical compound storage of hydrogen, but it is too

early to assess ultimate feasibility.

*
Pressurized gas at reduced temperature may also be a possibility,

e.g., at liquid nitrogen temperature the storage volume could be reduced
about 1/4.
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A general conclusion is that hydrogen storage by any of these

methods will take up considerably more volume than conventional

hydrocarbon fuels and that a substantial cost may be incurred in

converting hydrogen gas to the stored form. Also the container will

tend to be very heavy or otherwise sophisticated and probably relatively

expensive. In addition, the filling and emptying of the storage unit

will no longer be a simple operation. This appears to be an inherent

problem with hydrogen, particularly for small vehicles. For large

vehicles, developments with liquid hydrogen in the aerospace industry

have progressed to the point where cryogenic hydrogen is handled

routinely.

Hydrogen for ground transportation systems. The automobile, bus,

truck (and other utility vehicles), train and advanced high-speed (300

mph) ground transportation systems were reviewed for hydrogen fuel

applicability.45 It was concluded that all these vehicle types are

capable of being operated on hydrogen fuel, but sizable problems exist

relative to fuel tankage and logistics.

With overall logistics in view and, in particular, examining the

problems associated with distribution of hydrogen fuel and vehicle

services aspects, there would appear to be a certain advisable

progression among these systems with regard to the ease of "conversion"

from hydrocarbon to hydrogen. Perhaps the logical place to initiate

hydrogen as a fueling standard would be in new unprecedented

applications like the high-speed ground transportation units. These

would have the assumed advantage of a minimum of required fueling points

where trained personnel and adequate equipment can be located.

Next in turn might be conventional vehicles such as intercity and

urban trucks and city buses. Once again controlled central servicing

centers are normally used, with the vehicles carrying enough fuel for

extended endurance. Probably the last place that hydrogen will be put

into service will be the private automobile since it requires a very

large number of "filling stations" attended by relatively unskilled

personnel. Nevertheless, such a service station operation can be

conceived and, with the application of sound engineering principles,
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even an unskilled operator will be able to service hydrogen safely and

efficiently. The routine servicing of LNG (essentially cryogenic

methane) into a number of city fleets of "clean" air cars testifies to

this potentiality.

Ground transportation vehicles may utilize conventional internal

combustion engines converted to hydrogen fuel or unconventional hydrogen

or hydrogen-oxygen power plants. In conventional engines some

improvement in specific power output and thermal efficiency may be

intrinsic to the shift to hydrogen. However, major gains can be

obtained from the development of basic cycle improvements and/or new

operating cycles which can capitalize on hydrogen's outstanding heating

value, combustion characteristics, and excellent cooling performance.

Such improvements in efficiency would help to counter the otherwise very

large volume of hydrogen which must be carried for the equivalent range

achieved by hydrocarbon-powered vehicles. No doubt the bulky hydrogen

storage requirements will have a substantial impact on automotive and

other vehicle layout and design.

Tests of a modified 3.5-hp standard 4-cycle engine fueled with

hydrogen showed NO emissions to be one-fifth to one-half those fueled

with gasoline.

Hydrogen for water transportation systems. Adding the concept of

a hydrogen-fired steam boiler to the other conventional, but hydrogen-

converted, prime movers cited above, it appears plausible to power ships

over the full range of size on hydrogen. A special case of interest

would be that of a liquid hydrogen "cryotanker" analogous to present-day

LNG tankers. Assuming there would be a need for ocean shipment of

hydrogen, it would be anticipated that, as with LNG ships, boiloff

hydrogen would be used to power the shipboard propulsion system.

Hydrogen-oxygen-fired steam cycle power plants of types which have

been suggested by a number of researchers may be of special interest to

nuclearpowered ships, to provide large amounts of reserve speed, for

example, and for submersibles. This power plant's completely

condensable exhaust (water) offers a number of system advantages.
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Hydrogen for air transportation. Cryogenic liquid hydrogen as an

aircraft fuel has been under examination for some time. It is in

aircraft performance that the superior heating value of hydrogen

(gravimetric basis) can have a real payoff in range, payload, or gross

weight reduction. Once again, it is hydrogen's great bulk and very low

temperatures that have impeded more active pursuit of hydrogen fuel -

this, and its unavailability - for it was only the advent of the Apollo

space program which induced large-scale routine distribution and

handling of liquid hydrogen.

In the realm of very high-speed aircraft, those for hypersonic

flight conditions (approximately speeds in excess of Mach 4 ), the use of

hydrogen is probably mandatory. This is because of the great cooling

demand of the hypersonic engines as well as the entire aircraft

structure. Of all fuels, only hydrogen has sufficiently good physical

and chemical properties (e.g., high specific heat and noncoking nature,

respectively) to meet this requirement. Additionally, hydrogen provides

the best aircraft performance because of its high heat content per unit

weight.

Evidence has recently been developed at NASA's Langley Research

Center suggesting that hydrogen would be a good choice for any "second

generation SST" we might contemplate. Range and payload may be improved

32 or 45%, respectively, over an equivalent JP-fuel version of Mach 3

cruise conditions.

If properly optimized to account for the hydrogen storage

peculiarities, it would be expected that a superior subsonic aircraft

design could be developed. Logically, a large transport-type aircraft

would be appropriate since the tankage problems are relatively smaller

than with a smaller aircraft. Additional design studies of this type of

aircraft appear to be needed.

A recent preliminary investigation of the potential of the liquid-

hydrogen-fueled subsonic commercial transport performed by Lockheed-

California Company for the panel is most encouraging. A modified-for-

hydrogen version of a three-engine, wide-bodied commercial transport

revealed a gross weight at takeoff of 30% lower value than the original
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Jet-B (conventional hydrocarbon) fueled version. This is at the same

payload and range, 272 passengers plus 5000 lb cargo, and 3200 nautical

miles respectively. The payoff of hydrogen can also be taken as

improved range or increased payload capability. These results were

achieved without assumed improvement in engine cycle performance and

reduced weight, which manufacturers such as Pratt & Whitney Aircraft

have indicated are possible with hydrogen fuel.

Recommended research and development. A significant number of

research and development areas are evident in developing hydrogen as a

practical fuel for transportation systems applications. A few of these

are generalized and listed below.

1. The conversion of conventional engine types to optimal hydrogen

operation should be more thoroughly investigated with emphasis on

delineating engineering improvements and design criteria. A careful

assessment of the emissions performance and routes for reducing

emissions should be included.

2. Conventional and unconventional on-board storage methods for

hydrogen should be given priority research support. Cost optimization

and amenability to large-scale factory production, as well as

compatibility with the eventual vehicle and "service. station"

environment, should be stressed. The two major storage systems to be

investigated are outlined below:

a. Liquid H2 system

- boil off control

- development of superinsulators

- controlled venting

- hydride systems including AB5* hydrides for back up, boil

off gas absorption and storage

- safety

b. Metal hydride systems

- heat exchanger design and exhaust energy utilization

- reaction kinetics and bed mechanics

- startup systems, vehicle modification, sealing, material

compatibility, and recharging methods

*
Where A represents a rare-earth metal and B is either nickel or cobalt.
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- use of other, lighter hydrides

- safety of handling depleted beds

- productive use of heat of reaction during bed recharging

3. Compatibility with existing highway and urban safety and

general operating regulations and design codes in hydrogen vehicle

operation must be carefully studied. Where necessary, new legislation

should be prepared and introduced as appropriate.

4. Unconventional power plants which offer significant

improvements with hydrogen (or hydrogen-oxygen) over hydrogen-converted

conventional engines should be researched and promising systems carried

into engineering development.

5. Hydrogen-fueled subsonic and supersonic aircraft design

investigations and economic performance studies should be performed.

5.1.4 Use of hydrogen for electrical generation

The use of nonfossil synthetic fuels for electricity generation

would seem to apply only in special situations such as to meet a

relatively remote small requirement or as a part of an energy storage

power peaking system.

One possibility is that electricity will be generated near the load

center from hydrogen fuel or hydrogen-oxygen taken from pipelines as it

is transmitted long distances from remote production sites. Both

thermomechanical and nonthermomechanical systems appear plausible for

converting hydrogen energy into electrical form. Examples are gas

turbines, magnetohydrodynamic generators, and fuel cells.

Principal points to consider outside of basic feasibility of

operation on hydrogen are (1) what "busbar efficiency" can be developed

and what will the capital investment be and (2) what will be the

environmental impact of the generation systems operating on hydrogen.

It is observed that hydrogen and electrical energy are quite

compatible; one can be converted to the other (given water or oxygen as

the case may be). Hydrogen could become an effective storage form in an

electrical system, and its ready availability would add to the stability
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and economics of the electrical utility function.

Thermomechanical electrical generation from hydrogen. For most of

the generation prime movers used in the electrical utility industry,

steam turbines, gas turbines, diesel generators, etc., hydrogen can be

considered a feasible replacement for currently used fossil fuels,

particularly in the case of natural gas systems. Certain changes might

be required in a natural gas-fired boiler, for instance, but it would

seem that the basic unit would be amenable for hydrogen operation.

Questions of metallurgical effects (both adverse and beneficial) remain

with hydrogen, and this suggests a number of research areas to be

pursued. Possibly the characteristics of hydrogen being what they are

(excellent combustion performance, clean products of combustion, etc.),

boiler performance might be improved somewhat with favorable effects on

station heat rate (Btu/kWhr).

Hydrogen is expected to be a very favorable fuel for gas turbine

operation, permitting increased turbine inlet temperatures to be

reached, provided that the excellent cooling virtues of hydrogen can be

used to keep metal temperatures under control. If cryogenic hydrogen is

used, precooling of inlet air and/or compressor intercooling might be

advantageous in increasing efficiency and/or output. Efficiencies of

35% are anticipated for the hydrogen-air turbines. The hydrogen-oxygen

turbine offers the ultimate in efficiency and may exceed 60% with

several generations of development. The hydrogen-oxygen turbine also

prevents air pollution since the exhaust is pure water and may be

condensed; that is, since air is not used in the combustion process no

NO can be formed.
x

Magnetohydrodynamic (MlD) generation. A number of nonshaft-power

methods are under investigation for generating electrical power. Among

these are magnetohydrodynamic, thermoelectric, thermionic, and

thermophotovoltaic systems. Of these, it is not apparent that any but

MHD will be competitive for large-scale electrical generators. The

other systems may serve well in specialized local generation roles in

the context of available hydrogen fuel.
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MHD operation on hydrogen-oxygen (or possibly hydrogen and

preheated air) appears favorable since the combustion products are very

clean compared with, for example, pulverized coal and air, which are

being investigated presently. This should assist in the difficult

process of recapturing the "seed" material which is added to ionize the

hot gases prior to passing through the magnet/electrode area. Hydrogen

should aid in the problems of overheating and erosion of the electrodes.

There may, however, be problems of chemical reactions between the seed

material and the combustion products, so that research and development

work is clearly indicated. Since both require oxygen in addition to

hydrogen for optimum operation and both promise very high operating

efficiencies, it is expected that MHD and the hydrogen-oxygen steam

turbine systems will be in competition with fuel cells in the advanced

systems area.

Fuel cells. In the following section, discussion is limited to the

consideration of stationary small dispersed electricity generation by

fuel cells. Use of fuel cells for large central station or small units

for transportation application are not discussed since these topics will

be covered by other panels in this series.

(a) Physical principles of concept. In the fuel cell process,

electricity is generated by converting the latent chemical energy of

fuel directly into direct current electricity in an electrochemical

process. It is basically the reverse process of water electrolysis (see

Section 3) and makes use of somewhat similar technology and hardware.

One difference, however, is that with fuel gas and a liquid electrolyte,

a stable interface must be maintained between the reacting gases (fuel

and oxidizer) and the electrolyte. The basic reactions using hydrogen

and oxygen with an acid electrolyte are

H2 + 2H+ + 2e (anode)

02 + 4H+ + he- + 2H 20 (cathode)
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The electrochemical conversion of chemical to electrical energy

occurs isothermally, unlike the heat engine, which operates between two

different temperature levels. The Carnot cycle, which applies to all

heat engines, theoretically limits their efficiency. Since the fuel

cell has no such limitation it can, at least in theory, be a far more

efficient device.

Besides its high available efficiency, the fuel cell operates with

no moving parts, which leads to noiseless and reliable operation. The

comparative simplicity of the electrochemical reactions makes it likely

to achieve complete combustion to inoffensive exhaust products, and the

principle of modular construction enables large units to be constructed

from the same basic components as smaller ones.

(b) Status of technology. *The major development work on fuel

cells was initially directed toward transportation applications. A

number of major industrial corporations invested heavily in this

development over the past decade. They include Allis Chalmers, General

Electric, Monsanto, and Union Carbide. This work has essentially been

discontinued because of the difficulty in obtaining reasonable lifetime,

compact, low-weight energy units at cost levels suited to transportation

purposes. The American Gas Association* which sponsored work. on high-

temperature fuel cell systems for stationary applications during the

period of 1960-67, is no longer active in this field primarily because

of the gas and utility industries' support of the TARGET (see below)
46

program. Central station applications of fuel cells using gas

produced from coal has been studied by Westinghouse under Office of Coal

Research sponsorship but is currently nearly dormant.

Fuel cells are now used routinely in specialized space and military

applications. The major U.S. effort now active in developing a

commercial fuel cell unit for general utility service is being done by

Pratt & Whitney Aircraft and is called TARGET (Team to Advance Research

for Gas Energy Transformation). It has been in progress since 1967 and

has expended more than $50 million, more than half of which was provided

by a group of natural gas and combination utility companies. In

addition, there has been a concurrent program (also performed by Pratt

*
Westinghouse, Texas Instruments, and General Electric also had sig-

nificant fuel cell research and development programs.
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& Whitney) in the last year with ten electric utility companies and the

Edison Electric Institute. About one-third of the total investment has

gone into the technology associated with reducing cost and increasing

cell operating period. The remainder has been spent in developing

experimental fuel cell power plants, in producing and field testing

prototype power plants, and in building a technology base to make the

power plant concept more versatile (e.g., handle all liquid and gaseous

fossil fuels, scaling of cell and reformer component elements to

multimegawatt size, and improved efficiency of ancillary components).

Small-scale fuel cell power plants have been built and have

demonstrated in actual field test operation the ability to satisfy

completely all the functional requirements for electric utility service.

Further testing is required, however, to demonstrate trouble-free, long-

term operation. These 12.5-kW power plants operate on air as the

oxidant and either gaseous or sulfur-free distillate fuels. Several

power plants are now in operation, and shortly a total of 60 power

plants will be operational in various installations. These systems

consist of three main components: (1) a steam-methane reformer to

convert the incoming natural gas to H2 (and C 2), (2) the fuel cell

module for reacting the fuel gas with air in a catalyzed acid-

electrolyte fuel cell stack, and (3) a power conditioning system to

convert the dc electric current to ac power compatible with an existing

electrical network.

An alternative type of fuel cell making use of a molten carbonate

electrolyte is being studied by IGT under sponsorship by P&W. This type

of cell operates at about 625 0C, requires no precious metal catalyst,

and is generally more tolerant than the low-temperature cells to

impurities in fuel gas supply. An applied research program is in

progress with the intent of developing this concept as a second-

generation technology.

The present estimated specific cost (by P&W) of the fuel cell power

plant on a production basis is about $350/kW, and the economic operating

period is estimated to be approximately 16,000 hr. Pratt & Whitney

further estimates that a specific cost of about $200/kW and a 40,000-hr
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operating period would be required to establish the fuel cell power

plant as an economic electric generator for a variety of duty cycles and

applications. The limiting factors to achieve lower specific cost are

(1) the power output per square foot of cell area and (2) the amount and

cost of materials of construction. The limiting factors in extending

the economic operating period are associated with the development of

stable, lower-cost materials to withstand the chemical and

electrochemical environment of the system. Substantial progress has

been made in the past five years; since 1967, specific material cost has

been reduced by a factor of nearly 10, and economic operating life

increased by a factor of 5. The rate of progress in both areas has been

limited by the rate of funding.

(c) Ultimate potential. The fuel cell power plant can contribute

to the United States energy system in three formats. One is as a

dispersed generator for the electric utilities, that is, multimegawatt

power plants are placed within an electric utility transmission-

distribution system at substation locations. A second is as an on-site

transformer of gas to electricity (20 to 200 kW) for natural gas

utilities. The third is as a remote on-site generator for rural

electrification and for developing areas such as Alaska or Micronesia.

In these uses the fuel cell power plant complements the very large-scale

fossil or nuclear bulk power generators by permitting a selective attack

on critical problem areas. Among its benefits are:

1. Reduced transmission requirements. By locating power plants

near, or at, the load center the need for additional transmission

capacity and right of way is reduced. Raw fuel energy is transported to

the fuel cell power plant by gas or liquid pipeline or trucked liquids.

Community planning is more flexible because power can be provided at the

point of need with minimal lead time and at minimum interference with

other communities.

2. Improved site availability. Dispersed fuel cell power plants

are quiet and clean. They do not require a source of cooling or makeup

water and can be transported to the installation site using standard

trucks. These features increase the number of suitable sites and permit
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present utility right of way, air rights over existing buildings, or

sites of retired plants to be utilized.

3. Capacity added in phase with growth. Fuel cell power plants

are economic in small-scale units; therefore, they can be installed in

blocks as load requirements grow to provide a more effective use of

capital.

4. Factory assembly. Assembly in standard modular units provides

mass production economics, reduces lead times, and minimizes expensive

field construction.

5. System security. Parallel operation of the dispersed

generation units with the conventional utility system provides enhanced

reliability and reduced vulnerability of the generation and transmission

system to sabotage, attack, or natural disasters. In addition, the

multifuel capability of the fuel cell power plant eliminates reliance on

one specific fuel system.

Initial electric utility fuel cell power plant installations will

provide power in areas with particularly difficult transmission and/or

siting problems. They will be sited in areas experiencing rapid load

growth due to new commercial or industrial facilities, in urban areas

where renewal projects have increased power demands, and onsite for

customers with critical loads such as hospitals, industrial processing

plants, and government agencies. Fuel cell power plants may in special

cases be used with water electrolysis cells to provide utility system

peaking power using stored hydrogen produced with off-peak electricity.

This system is not likely to achieve the efficiency of a pumped

hydrosystem but does offer an alternative where topography is limiting.

With present-day technology, characteristic fuel cell power plant

peak efficiency when operating on hydrocarbon fuels is in the range of

40% even at power levels as low as 100 to 200 kW (Fig. 10). On hydrogen

and air, the efficiency (based on ac power out) would be about 55%, and

on hydrogen-oxygen, nearly 60%. Efficiency remains high over an

extremely broad operating range from approximately 25 to 125% of the

nominal power rating of the power plant. With pipeline hydrogen
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available, the fuel processing (steam-reformer) plant would be

eliminated, thus saving about $25/kW in the capital cost of the unit.

(d) Environmental and resource effects. Data from the initial

installations have verified that fuel cell power plants have minimal air

pollution (as shown in Table 10), can reject their waste heat to air,

are quiet, and are highly efficient at both rated power and at part

load. When fueled with hydrogen, the primary waste product is water or

water vapor. It is possible to use a fuel cell plant with the "Total

Energy" concept, where productive use can be made of the waste heat and

hot water.

The availability of precious metal catalysts will not limit the

widespread use of fuel cells in any practical sense. First, not all

fuel cell concepts require precious metal catalysts; the molten

carbonate cell, for example, uses nickel as the catalyst. Second, even

if it is assumed that (1) no further reductions in the amount of

precious metal catalyst required per kilowatt of output are possible (in

spite of a tenfold reduction in the past four years), (2) only platinum

is satisfactory as a catalyst, and (3) all the utility companies in the

U.S. add 10% of their projected new installed capability as fuel cells

every year, less than a 15% addition to the world's average annual

production of platinum would be required. Platinum mining industry

executives have given assurances that such an increase is entirely

practicable.

Recommended research and development. Topics for consideration as

additional study or research in the area of hydrogen/electrical

generation are summarized below:

1. The optimal mix of hydrogen and electricity should be developed

and means for achieving a synergistic interfacing of the two energy

forms defined over the entire national system.

2. Equipment (both conventional and unconventional) operation on

hydrogen should be investigated and. engineering criteria developed.

Particular heed should be given to the potential for performance

improvement and the nature of emissions under hydrogen operation.
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Table 10. Minimum pollution contribution
(pounds of pollutants per thousand kWhr)

Federal Standardsa

Gas-fired Oil-fired Coal-fired
utility utility utility
central central central Experimental
station station station fuel cells

SO2  No 7.36 10.90 0-0.00026
requirement

NO 1.96 2.76 6.36 0.139-0.236

Hydrocarbons No No No 0.225-0.031
requirement requirement requirement

Particulates 0.98 0.92 0.91 0.00003-0

aFederal Standard (effective 8-18-71) values converted to
lb/1000 kWhr.
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3. Nonthermomechanical systems of generation should be examined

for applicability with hydrogen fuel, particularly MHD systems.

Indicated research areas should be pursued to determine if a role exists

for these systems in the "hydrogen economy."

4. Hydrogen-oxygen turbines should be developed and demonstration

plant operation initiated. Subsequently, very high temperatures should

be approached with the development of appropriate cooled turbines toward

the achievement of very high efficiencies.

5. The main problem areas remaining in developing the fuel cell

for general application are in increasing the cell lifetime and reducing

the initial cost. Both areas are closely related to work on the

electrodes and involve schemes for minimizing the platinum catalysis

content and overcoming the gradual cell performance deterioration with

time.* The evaluation and development of potentially superior fuel

cell concepts such as the molten carbonate, solid electrolyte and redox

cells would also appear to be a worthwhile long-term objective.

One of the most critical cost reduction factors lies in the

achievement of a mass-production based industry. This will depend on

continued research and development funding to attain the lifetime cost

performance goals plus perhaps some subsidy for a relatively large-scale

demonstration project.

5.2 Potential For Utilization of Synthetic Fuels Other Than Hydrogen

In seeking a synthetic nonfossil fuel that could be made from such

"unlimited" energy resources as nuclear and solar power, hydrogen seems

to be the most attractive prospect. However, being a low density gas,

its handling properties are not as convenient as a liquid or solid fuel,

so attention should also be given to candidates in the liquid and solid

forms.48 If we restrict ourselves to fuels which can burn in air under

ideal conditions to form innocuous products, we are limited to compounds

of hydrogen, nitrogen, and carbon (the latter only if we are not

concerned about buildup of atmospheric CO2 ). In practice, we must also

be concerned with the possible formation of CO, additional nitrogen

*
Use of hydrogen is expected to improve the prospects of achieving

these objectives.



oxides, and other undesirable products once we move away from pure

hydrogen as a fuel.

Fuels such as ammonia (NH 3 ), hydrazine (N2H), methanol (CH 3 OH),

and ethanol (C2 H5 OH) can be readily synthesized and are therefore

discussed here. Another category of fuels which would be recycled in

the oxidized form to the generating station are the metals. The only

reasonable way to consider a metal fuel seems to be as an

electrochemical fuel, and in this study rechargeable batteries are

therefore given brief consideration.

Ammonia, hydrazine, and methanol all require hydrogen for their

production. They may be considered as hydrogen carriers. Ammonia and

hydrazine will also involve nitrogen from the atmosphere, while methanol

requires the input of carbon dioxide, either from limestone or from the

atmosphere,18 which contains abundant C02, but only at a concentration

of about 0.03%. Ethanol can be produced by fermentation of vegetable

materials or from municipal and biological waste. So can methane (and

other liquid hydrocarbons), which could become an important synthetic

fuel. Methane, however, is already in widespread use as natural gas, so

its utilization is not discussed further in this report.

5.2.1 Utilization as a transportation fuel

The transportation sector by definition uses mobile power plants,

and liquid synthetic fuels may have the greatest utility in this sector.

In aircraft and vehicles with conventional engines, methanol, ammonia,

and ethanol could be used without requiring major developments.

Considerable work has been done in the operation of both piston engines

and gas turbines on these fuels.

Methanol. Several studies of the use of methanol as the fuel in

conventional internal combustion engines show that it possesses

considerable potential for the combination of engine performance and

reduced emissions of unburned fuels, CO, and NOx . A theoretical

anaylysis of fuel behavior predicts that methanol will generate about 90%

of the cylinder pressure and 80% as much CO and 95% as much NOx as does
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isooctane at an equivalent fuel-air ratio. Work on an engine test

stand showed methanol to produce, in comparison to gasoline, without

catalytic treatment of exhaust gases about 1/20 the unburned fuel, 1/10

the CO, and about the same NOx. 50 Another experimental study used road
x

performance and test stand measurements of a methanol-fueled Gremlin

engine equipped with a catalytic exhaust reactor to obtain the following

results51 (data is also given on the proposed 1975-76 Federal Standards

and on the emission from a 1971 Gremlin gasoline-fueled engine):

Emissions g/mile

UHC CO NO

1975-76 Federal Standards 0.41 3.4 0.40

Gasoline 2.34 22.08 4.01

Methanol 0.69 3.83 0.28

Since the heat of combustion of methanol (8580 Btu/lb) is 55% less than

that of gasoline (as isooctane at 19,080 Btu/lb), the rate of fuel

consumption is greater for methanol. The Gremlin road test showed

methanol to require about 60% more fuel (in gallons/mile) than did

gasoline. Finally, it is significant that methanol is a liquid much

like gasoline and can readily replace gasoline in the distribution

system, proceeding from point of manufacture to area distributor to

service station to vehicle tank to vehicle engine.

Ammonia. Because of the poor ignition and combustion properties of

ammonia, dissociation to hydrogen over a hot catalyst prior to entering

the engine would appear to be advantageous.52 The technology for this

is well developed. Emissions from ammonia engines present a potential

hazard of NO and unburned ammonia, while those from methanol and
x

ethanol might be a little cleaner than those from gasoline. The fuel

tankage for the same energy content of gasoline, ammonia, and methanol

is in the ratio of 1:2.1:1.7 by volume and 1:2.4:2.1 by weight. This

assumes the same engine efficiency, but adequate practical data are not

available to verify this assumption. There seems to be no
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insurmountable difficulty in developing small private automobiles to run

reliably and clean on these fuels if sufficient research and development

effort is applied. It should be easier to use them to operate larger

vehicles, for example, trains and ships.

Fuel cells. An alternative use of synthetic fuels which would lead

to far more efficient and possibly cleaner use is in a fuel cell, on

board an electric vehicle. Considerable work53 has been done in

developing fuel cells for ammonia (dissociated to hydrogen), methanol

(both directly and reacted with steam to produce hydrogen), and

hydrazine. Only the latter54 has indicated sufficient promise for

automotive, or even bus and truck use, but the toxicity and high cost of

the fuel have discouraged further work. At the present time, there is

little if any research in the U.S. toward an automotive-type fuel cell

to operate on ammonia or methanol. A substantial program to develop an

automotive fuel cell running on methanol sponsored jointly by Esso and

Alstholm, is in progress in France,55 while ASEA in Sweden has had, but

has now abandoned, a program directed toward an ammonia fuel cell for

submarine use. Since synthetic fuels will be far more costly than

today's gasoline, every effort should be made to develop such devices as

fuel cells which would use them more efficiently.

5.2.2 Battery vehicles as a reference standard

A vehicle operating on a synthetic liquid fuel must be compared

with the potential alternative, the electric vehicle. In order to

obtain adequate performance, a vehicle "engine" must have sufficient

energy density and power density.56 (One is the ratio of stored energy

to vehicle weight, basically affecting the range of the vehicle, and the

other is a measure of how fast the energy can be released, basically

affecting the acceleration and maximum speed.)

As indicated in Fig. 11, at the present time no battery or fuel
57

cell exhibits sufficiently high energy density or power density. That

is not to say that the goal is impossible, but that very considerable

research and development is necessary. The most promising batteries so
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far is the lithium- or sodium-sulfur cell and the lithium-chlorine cell,

although they have the disadvantage of having to be kept hot when not in

use. There is a little industrial research and development going on in

this area, but very little on a national basis.

There is very little hope of any form of electric airplane, so that

synthetic liquid fuels or hydrogen appear to be the only alternative to

fossil-fuel-based aviation.

5.2.3 Residential and industrial fuels

Because of its high toxicity and very poor combustion

characteristics, ammonia is not suitable for direct use as a cooking or

heating fuel. It can be cracked to a hydrogen-nitrogen mixture wherein

its combustion properties would be similar to pure hydrogen. Research

and development is necessary to obtain complete cracking or to evaluate

the results of incomplete cracking on pollution when burning the

resulting mixture. It might be possible to design industrial furnaces

to operate directly on ammonia, but NO pollution could be a problem.
x

Methanol and ethanol would make suitable fuels for domestic and

industrial heating, although new appliances with new burners would have

to be developed. There would be handling problems due to potential

abuse of the fuel by adulterating it with water to confuse metering

systems and drinking it.

5.2.4 Fuels for electricity generation

If ammonia can be burned directly in an industrial burner without

undue pollution, it can be used to generate electricity in a

conventional steam plant. Methanol and ethanol should present no

problems in this application. Concern, of course, would still exist

over pollutants such as nitrogen oxides and possibly CO. A more

important potential use of these fuels would be in high-efficiency fuel

cells in decentralized units. In stationary applications, criteria~ of

power and energy density applied to vehicles are not critical, but
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capital cost, operating cost, and system lifetime become dominant.

There appears to be no significant research and development in the U.S.

on this type of fuel cell. All the known work on stationary fuel cells

is concerned with natural gas or oil feedstocks. Much of this work is,

of course, relevant but is incomplete in the context of a synthetic fuel

economy. It appears quite likely, however, that the fuel cells being

developed in the TARGET program, mentioned previously, can be easily

adapted to use other synthetic fuels.

Research and Development. The overriding research and development

need for the use of synthetic fuels should be directed toward using them

as efficiently as possible. To this end, the development of fuel cells

for both transportation and static installation, capable of operating on

ammonia, methanol, or ethanol is a major requirement. Specifically,

improved materials of construction for contact with hot corrosive

electrolytes and lightweight flexible systems for converting these fuels

to hydrogen-rich streams are dominant problems. The 'development of

tailor-made electrode structures to extract maximum utilization from

mixed gas streams is a new and promising field for basic research.

In the area of conventional burners for these fuels, there is a

real need for burners capable of complete combustion with low flame

temperatures, so that toxic effluents such as nitrogen oxides are not

produced.

Research directed toward the improvement of total combustion

without pollutant formation in gas turbines and reciprocating engines is

worthwhile and presents a short-time-scale way of using synthetic fuels

with a high chance of success, though not meeting the high efficiency

goal. Specifically, development of methanol as an interim automotive

fuel appears desirable. Specific tasks would include conversion methods

or kits to change from gasoline to methanol, reduction of exhaust

emissions, and improved engine efficiency.

Research on the low-cost production of hydrazine for use as a

transportation fuel in fuel cells is a worthy long-range goal.

In the specific area of transportation, continuous review of the

required criteria for various types of vehicles and of the status of
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novel power plant development would enable proper focusing of the

research and development goals and objectives of both vehicles and power

plant researchers.
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6. SYSTEMS ANALYSIS

The purpose of the systems analysis effort in this short term study

is to identify system concepts which would show the typical resource,

economic, and environmental impact of implementing hydrogen in selected

sectors of the energy system. The concepts identified are listed below.

1. The use of hydrogen, generated with available off-peak

electricity, as a clean fuel in the transportation sector (auto, diesel,

or aircraft).

2. The use of hydrogen produced from coal as an alternate clean

fuel in the transportation sector.

3. Energy transport and distribution from remote central station

sites to urban areas via hydrogen in pipelines.

All these concepts could be implemented to a limited extent by 1985

provided the required research and development programs were actively

pursued. However, for the purpose of evaluating their potential impact

on the energy system, attention was directed toward the year 2000. It

was assumed that by then the concepts could be implemented to almost any

extent desired with a 15- to 20-year transition period in the

intervening years. The extent to which hydrogen produced with off-peak

power can be exploited is limited by the central station electric

capacity and load factor forecast for the year 2000. The amount of

hydrogen produced from coal in the second option is set at the same

value as in the first concept so that the two cases may be conveniently

compared. For the third concept, it is arbitrarily assumed that about

20% of the electrical energy production in the year 2000 requires long-

distance transport of hydrogen from remote central station sites to

urban load centers.

The basic technique employed in the analysis of these concepts

makes use of "reference energy systems." This system is a flow-chart

model in which projected energy demands, beginning with resource

extraction and ending with sector utilization, may be specified and

allocated. The year 2000 reference energy system is given in Fig. 12.

Environment effects are measured in terms of fossil fuel and radioactive
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emissions and are based upon emission factors given in Ref. 58.

6.1 Unit Energy Cost Comparisons

This analysis recognizes that electricity is a clean and convenient

energy form to the user and will always fulfill a unique and necessary

role in the energy system. The reference energy system for the year

2000 in Fig. 12 clearly shows that there are energy needs which can be

best satisfied with general-purpose fuels. Thus, this analysis

considers a variety of energy transmission schemes which can supply

either hydrogen or electricity. Hydrogen can be used directly as a fuel

or used in the manufacture of derivative fuels such as methanol or

ammonia. Figure 13 illustrates schematically the three general types of

energy delivery system alternatives which are considered.

Hydrogen and electricity are highly compatible energy forms which

are interconvertible and have a great many end use applications. It is

important to recognize that the overall cost of energy to the user

depends on the ratio of the electrical to general purpose fuel energy

requirements. At the present time, the ratio of electrical to general-

purpose fuel energy delivered to all end uses in the energy system is

approximately 1:10; in the reference year 2000 this ratio is projected

to be approximately 1:4.

It should also be recognized that in the near term coal will be an

important primary source of energy from which relatively inexpensive

fuels, such as hydrogen, methanol, methane, and gasoline, can be

derived. The availability of coal is an important factor in the early

transition period from fossil to nuclear-derived synthetic fuels.

In this analysis the unit cost of energy delivered to the

residential consumer has been estimated for a variety of energy delivery

systems. The distinction between the cost of energy to residential

customers and commercial or industrial users is assumed to be only in

the cost of local distribution of the energy form (i.e., electricity or

gaseous hydrogen, which are assumed to cost $2.55/106 Btu and $0.66/106

Btu,58 respectively). The average cost of this service to an industrial
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or commercial customer is approximately one-third the above costs in

most cases.

The energy delivery systems considered can be broken down into a

number of separate unit costs such as primary fuel; production of

electricity; production of hydrogen; storage, transmission, and

conversion of hydrogen to electricity; and local distribution. It is

assumed that the capital costs are amortized at 15% for 25 years. All

the various separate process steps, including transmission and

distribution, have some inefficiency associated with them which is

considered in deriving the overall cost of the energy to the end use.

The efficiencies assumed in deriving the cost of the energy delivered

are as follows:

1. fuel conversion to electricity, 32%;

2. hydrogen production, 80%;

3. transmission of electricity and gas, 95%;

h. distribution of electricity and gas, 95%;

5. fuel cell conversion, 65%.

Table 11 is a breakdown of the various costs for five of the

systems which have been considered. The nuclear-electric system uses a

light-water reactor (LWR) to generate electricity in a central station

operating with a plant factor of 0.5. The nuclear hydrogen system uses

an LWR to produce hydrogen gas by means of an advanced electrolysis

process achievable with research and development. In the third system

the LWR generates hydrogen, which is transmitted to substations for

conversion to electricity in a fuel cell and distributed in the

conventional manner. The fourth system produces and delivers hydrogen

using off-peak nuclear power. In this case only the fuel and operating

cost of the plant and none of the capital costs are charged to the price

of the electricity. The last column gives a breakdown of the cost of

coal gasification in which the coal cost is assumed to be 29/106 Btu

("$7.50/ton).

Energy transmission schemes producing gaseous hydrogen which is

transmitted by pipeline to a substation where all the hydrogen is

reconverted to electricity have merit only under very special



Table 11. Cost breakdown ($106) for some energy delivery systems supplying both electricity and
hydrogen compared with a conventional all-electric system

Nuclear
hydrogen
conversion

to Off-peak Coal-
Nuclear Nuclear electricity nuclear derived
electric hydrogenb in fuel cells hydrogend hydrogen

Fuel 0.52 0.65 1.00 0.65 0.61
Electricity
Production 3.69 2.80 4.30 0.21 0.61

Hydrogen
production 0.31 0.148 0.84f

Transmission
300 miles 0.13 0.10 0.10 0.10 0.10

Fuel cell
conversion 1.25

Distribution 2.55 0.66 2.5? 0.66 0.66

Total Electricity, Gas, Electricity, Gas, Gas,
Delivered Cost 6.89 (23 .5 )9 4.52 9.68 (33.0)9 2.46 1.98

aThis is a conventional nuclear-electric system with a plant factor equal to 0.5.

bThis system generates hydrogen gas with an advanced technology achievable with research and
development. The plant factor for the electric plant is assumed to be 0.85 due to the better load
characteristics of the hydrogen system.

'This system generates hydrogen and transports the gas to a fuel cell, where it is converted to
electricity. Both the hydrogen production and fuel cell technologies are advanced systems achieved
through research and development. The fuel cell system operates at 50% load factor.

dis system uses an advanced hydrogen production technology.
eThe price of coal is assumed to be 29 /106 Btu, and the conversion efficiency .53%.

This assumes that the plant factor is 0.3 compared with 0.95 in the other cases. The total
cost of $2.46/106 Btu is reduced to $1.94 when the electrolytic plant level factor is increased to
0.95.

9Equivalent cost in mills/kWhr.

hThis value may be considerably lower depending on the nearness of the fuel cell installation to
the electrical load.

H
W
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conditions. In those circumstances where aboveground right of way is

not available or is very expensive, underground transmission of hydrogen

and reconversion to electricity may be an attractive alternative. It is

estimated that underground electric transmission may be from 3 to 20

times more expensive than conventional aboveground electric transmission

systems which could make underground hydrogen transmission and

conversion to electricity an economic alternative. However, there are

extra costs and inefficiencies in converting electricity to hydrogen and

back to electricity. Under normal circumstances it is probably not

realistic to consider such a system; however, when a significant

fraction of the hydrogen transmitted can be used to supply nonelectrical

needs (i.e., it can be used as a general purpose fuel for stationary or

transportation applications), then the economics of hydrogen energy

delivery schemes appear attractive.

The overall cost of energy delivered in a dual system delivering

hydrogen and electricity compared with conventional systems is

illustrated in Table 12. In this case it is assumed that 25% of the

hydrogen produced is liquified for energy storage. The ratio of fuel to

electric requirement is assumed to be 4 :1 and fuel cells are used to

supply the electrical needs. It is evident that a dual system

delivering both electricity and hydrogen is competitive with an all-

electric system. Using advanced hydrogen technology achievable with

research and development the overall energy cost, that is, gas and

electricity, is estimated to be $6.10/106 Btu (',2/kWhr).

If presently available technology is used to implement such a

system the cost would be $7.59/106 Btu. These prices are almost

competitive with the price of nuclear electricity from an LWR, which is

shown in Table 12 to be in the range of $5.44 to $6.89/106 Btu.

In systems which deliver only electricity via hydrogen transmission

and reconversion to electricity, the overall cost of the electricity

will be high relative to the cost of electricity generated and delivered

in a conventional manner. This point is illustrated in Table 13, which

lists the estimated cost of electricity delivered in systems utilizing

hydrogen transmission and reconversion in central stations with turbines



115

Table 12. Total cost of energy delivered in a dual system
supplying both electricity and hydrogen compared

with all-electric reference systems

Cost
($/106 Btu)

Nuclear hydrogen with liquid
storage delivering gas and
electricity in the ratio of 4:1
where 25% of the hydrogen produced
is liquefied and fuel cells supply
the electrical requirements

Nuclear, all-electric with a plant
factor of 0.5

Nuclear, all-electric with a plant
factor of 0.85

Advanced*

Technology

6.10a

Present
Technology

7.59

6.89

aIf none of the hydrogen is liquefied,
to $5.55/106 Btu.

bEquivalent to a delivered cost of "-19
cost for this case was "-8 mills/kWhr.

the overall cost is reduced

mills/kWhr. The production

*
Advanced technology assumes about a factor of 3 reduction in initial

cost of the water electrolysis and fuel cell equipment and an increase in
the fuel cell efficiency from 50% to 65%.



Table 13. Cost of electricity delivered to residential
consumers for some cases considered

Cost
($/106 Btu)

Advanced Present
Technology Technology

Off-peak nuclear electric

Nuclear electric
factor = 0.85

Nuclear electric
factor = 0.5

with plant

with plant

Fossil-fueled electric with
plant factor = 0.5

Nuclear electric with pumped storage

Nuclear hydrogen transmission and
conversion to electricity in fuel
cells

Nuclear hydrogen transmission and
conversion to electricity in
turbines

Nuclear hydrogen transmission and
conversion to electricity in fuel
cells where all the hydrogen is
liquefied and stored prior to use

3.37

5.44

6.89

6.97

9.48

9.68

10.16

13.63

15.13

13.88



117

or fuel cells using present or advanced technology achieved with

research and development. It is clear that conventional electric

systems are more economic; however, when such dual systems deliver

hydrogen and electricity, the overall cost of the energy will be

competitive with conventional all-electric systems, as illustrated in

Table 12.

In addition to being able to satisfy the need for general-purpose

fuels, coupling of electric generation and hydrogen production has the

added advantage that hydrogen production and storability have the effect

of improving the overall load factor of the electric generating system.

Furthermore, a significant amount of storage capacity is available in

the long distance transmission lines at low additional cost (see Sect.

4).

Table 14 lists the overall cost of hydrogen delivered to

residential consumers using nuclear energy, nuclear energy with liquid

hydrogen storage, off-peak nuclear energy, and hydrogen by coal

gasification using presently available and advanced technology. It is

evident that off-peak nuclear hydrogen and hydrogen derived from coal

gasification are competitive. Further, it appears that the price of

methane and hydrogen derived from coal gasification will be similar;

thus more detailed studies are required to weigh the merits of hydrogen

vs methane from coal.

6.2 Hydrogen for Peak Shaving

The elements of hydrogen production, liquefication, storage and

reconversion to electricity can form the basis of an electric storage or

peak shaving system. Using advanced technology achieved with research

and development, such a system could be competitive with pumped storage

costing $200/kW. In this system hydrogen (and oxygen) produced during

off-peak periods in an electrolytic hydrogen plant operating at a plant

factor of 0.3 is liquefied and stored. During the peak demand period

the hydrogen (and oxygen) is converted to electricity in a turbine or

fuel cell operating at a plant factor of 0.1. It is estimated that the
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Table i14. Cost of hydrogen delivered to residential
consumer for some cases considered

Cost
($/106 Btu)

Advanced Present
Technology Technology

Nuclear hydrogen 4.52 5.01

Nuclear hydrogen with liquid storage 7.23 7.82

Off-peak nuclear hydrogena 2.47 4.05

Off-peak nuclear hydrogen 1.93 2.42
where the electrolytic plant
load factor is 0.95

Coal-derived hydrogen 2.75 1.98

aThis cost assumes that the hydrogen plant load factor is 0.3.
Increasing the plant factor to 0.95 reduces the price of present
and advanced technology to $2.42 and $1.93/106 Btu, respectively, as
shown in case 4.

bAssuming the price of coal increases by a factor of 2.5.
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electricity produced in such a system using present-day technology would

cost approximately $23/106 Btu for a system with turbine converters and

approximately $31/106 Btu using fuel cells. A research and development

program which would reduce the cost of hydrogen production and increase

the efficiency of turbines and fuel cells as well as reduce their cost

could reduce the price of electricity derived in this type of system to

approximately $12/106 Btu. A comparison of these various costs are

listed in Table 15, which shows that research and development could make

peak shaving with hydrogen competitive with pumped storage costing in

excess of $200/kW of installed capacity.5 9

The cost of peak shaving or electricity storage using hydrogen is

high, primarily because of the inefficiencies of reconversion to

electricity, the high cost of the conversion devices, and the relatively

poor load factor of the hydrogen production plant and conversion

devices. However, the technology required to implement this type of

peak shaving system is available at the present time, but the cost of

electricity would be a factor of 2 higher than achieved with pumped

storage at $200/kW of installed capacity. If markets are available for

nuclear-derived electrolytic hydrogen, it is more reasonable to build

hydrogen production plants which can be used to supply electricity for

short periods of time to meet peaking needs. The major fraction of the

time, these plants would be operated to produce hydrogen which could be

supplied for transportation residential or industrial applications.

Thus the development of large-scale uses of electrolytic hydrogen and

the necessary production facilities could have significant impact in

supplying peak electrical demands.

6.3 Resource, Economic, and Environmental Perturbations for

Hydrogen System Implementation

A summary of the essential resource, economic, and environmental

perturbations associated with each implementation scheme for the

utilization of hydrogen discussed in the previous section is given in

Table 16. The first three implementation schemes, listed in Table 16
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Table 15. Cost of electricity at the central station using
hydrogen production, liquefication, and reconversion

to electricity for peak shaving

Cost
($/106 Btu)

Advanced Present
Technology Technology

Hydrogen production and reconversion 12 31
in fuel cells

Hydrogen production and reconversion 12 23
in turbines

Pumped storage ll

Central station electricity 4

aThe electrolytic cells are assumed to operate at a plant factor
of 0.3, and the power cost is due only to the fuel and operation and
maintenance costs of the electric plant.

bThe plant factor for the turbine and fuel cell reconversion
devices is assumed to be 0.1.

CIt is assumed that the present cost of a pumped storage facility
is $200/kW.

dThe plant is assumed to be an LWR operating at a plant factor of
0.5.
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under the heading Perturbed Year 2000-I, -II, and -III, represent

possible methods for the utilization of off-peak electric power. With

the emphasis behind the search for alternative energy sources centered

around (1) projected difficulties in providing an adequate petroleum

supply and (2) growing requirements for stringent controls on the

pollution of air from all energy sources, use of clean-burning hydrogen

for transportation applications is given consideration here as an

option.

The amount of available off-peak power in the year 2000 reference

energy system can satisfy: (1) 50% of the automotive, or (2) 50% of the

aircraft, or (3) all the diesel fuel requirements. The petroleum

resource consumption decreases in each case, and under the all-nuclear

scheme (year 2000-III), the greatest saving in petroleum resources is

realized. This savings could substantially reduce reliance on foreign

sources of petroleum, perhaps allowing a 15 to 20% decrease in the

projected imports. The cost results show that, with exclusion of

development costs of a portable hydrogen storage system suitable for use

in ground transportation vehicles, the reference off-peak hydrogen case

(2000-I) is directly competitive with gasoline. If the reference year

2000 electricity is all nuclear generated (2000-III), a substantial

overall savings can be realized. This is due to the lower cost of

nuclear fuels vs fossil fuels, along with the assumed exclusive future

construction of nuclear-electric power plants, and the savings in crude

oil and refining costs. The cost analysis considers automotive

utilization exclusively.

Emissions in the transportation sector are shifted in each case

from high-level concentrations in populated urban centers to central

station electric sites, making them amenable to improved methods of

power plant emissions control and providing a mechanism of dispersion

that allows an acceptable overall level of air quality to be maintained.

Although the year 2000-I case that uses offpeak electric power generated

by the reference year fuel mix shows an overall increase in fossil-fuel

emissions, these emissions are shifted away from urban concentrations.

Assuming the reference projections for diesel utilization and the
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present uncontrolled emissions for these vehicles, replacement of diesel

fuel with hydrogen gives the greatest overall reduction in fossil-fuel

emissions, as is seen from the perturbed year 2000-I, -III diesel

utilization emissions. The problems of making a quantitative evaluation

of some of the trade-offs inherent in these comparisons is illustrated

in Fig. 14. This figure shows the emissions occurring for Case 2000-III

with 50% of the aircraft fuel being supplied by hydrogen. Chemical

emissions are significantly reduced while radioactive materials are

increased. It should be realized that the increased radiation exposure

averaged over the population would be equivalent to only 1.5 to 3.5% of

normal background radiation.

Following the off-peak electric implementation schemes, Table 16

lists the results for the gasification of coal into hydrogen (perturbed

year 2000-IV), and, for comparison, methane is considered as an

alternate fuel from coal (2000-V). The resource perturbations show an

increase in coal consumption that is directly offset by the decrease in

oil consumption, that is, the amount of oil consumption shown is

exchanged for a larger (about 35%, due to conversion efficiencies in the

gasification process) coal consumption. The cost numbers indicate that

gasification is directly competitive with (1) gasoline as in the

reference case, (2) the perturbed year 2000-I, and further, that no

economic basis exists for a choice between hydrogen and methane. The

primary environmental advantage of hydrogen from coal over the previous

cases is the lack of radioactive emissions and the problems of

radioactive waste disposal and storage. Methane, being a hydrocarbon

fuel, is less desirable from an emissions standpoint, as can be seen by

comparing the reductions of carbon monoxide possible with hydrogen.

The final section under perturbed year 2000-VI in Table 16

summarizes the GE-TEMPO scheme 60 in which hydrogen is used as a medium

of energy transmission. Electrolytic hydrogen is generated at a remote

nuclear central station electric site, piped underground to gas turbine

substations, and used to fuel the turbines that generate electricity for

local distribution. This scheme has merit only if conversion

efficiencies (electrolysis, gas turbine) can be raised substantially,
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Table 16

Sumary of Resource, Economic, and
Environmental Perturbations Including

Reference Year Data for the Year 2000.

Perturbed Year 2000-I:

Reference off Peak Generation of
Hydrogen for Transportation Systems

Perturbed Year 2000-I:
Reference Off-Peak
Fossil shifted to

Base-Loaded Nuclear

Perturbed Year 2000-III:

All-Nuclear Off-Peak Electric Generation
of Hydrogen for Transportation

Perturbed Year 2000-IV:

Gasification of Coal to Hydrogen
for Transportation Systems

Perturbed Year 2000- V:

Gasification of Coal to Methane
for Transportation Systems

Perturbed Year 2000-VI:

Gas Turbine Electricity
from Nuclear Hydrogen

Annual Resqurce
Consumption 1 (1015BTU/yr)

Coal (2)

Oil (3)

Natural Gas

U235

U238

Totals:

Annual Costs (4) (109
$/yr)

Capital Construction
(Power plant, elect. H2)

Fuel (5)
(Power plantg)6
(Automobile) 6

Operation and Maintenance
(Power plant, elect. H2)

Transmission
(Gasoline, H2)

Local Distribution
(Gasoline, H2 )

Totals:

Emissions and Wastes: (9)
(a) Fossil fuel

CO
2

CO

2o

NOx

Particulates

Hydrocarbons

(1012 lb/yr)

(109 lb/yr)

Aldehydes
(b) Radioactive

T (10
6
Ci/yr)

Kr (10
6
Ci/yr)

Solid high level wastes

(103ft3/yr)

Population exposure
(10

3
nan-reins/yr)

36.4

65.5

27.9

25. 5

20.5

175.8

69.1

13.6
19.6

3.94

2.35

10.9

20.1

43.4

51.1

52.0

30.1

15.8

0.837

12.43

168.9

54.0

318.0

+11.1

-4.7

+2.6

+5.87

+4.75

+19.6

+6.2

+5.8
-9.8

+1.9

-0.48

-0.55

+3.07

Automotive Aircraft Diesel

Utilization (or)Utilization or)Utilization

+2.11

-5.43

+15.2

+9.0

+1.87

-0.44

+0.029

+2.87

+38.8

+12.4

+73.4

+2.12

-7.56

+14.9

+7.46

-0.07

-5. 00

-0.128

+2.87

+38.8

+12.4

+73.4

+1.96

-11.7

+14.1

-10.3

+1.68

-1.73

-0.136

+2.87

+38.8

+12.4

+73.4

0

-7. 5

0

+14.8

+12.0

+19.3

+17.4

+3.1
-9.8

+1.9

-0.48

-0.55

+11.6

Automotive
Utilization

"-1.12

-5.87

-0.30

0

-0.52

-0. 7

0

+7.37

+98. 2

+31.6

+186.1

-26.4

-13.0

+0.6

+30.6

+10.0

-7.5

0

0

0+24.5

+16.3 +2.5

+7.4(8

-2.0
-9.8

+1.9

-0.48

-0.55

-3.53

Automotive Aircraft Diesel
Utilization (or) Utilization (or) Utilization

-6.89

-6.65

-28.1

-16.1

-4.77

-1. 16

-0.053

+14.87

+202.4

+64.5

+379.9

-6.88

-8.78

-28.4

-17.6

-6.7

-5.72

-0.21

+14.87

+202.4

+64.5

+379.9

-7.04

-12.9

-29.3

-35.4

-4.96

-2.44

-0.218

+14.87

+202. 4

+64.5

+379.9

+5.7

+2.8
-9.8

+0.6

-0.48

-0.55

-1.73

Automotive Diesel
Utilization (or) Utilization

+1.11

-5.87

-0. 30

0

-0.52

-0.70

0

0

0

0

+0.96

-12.15

-1.45

-19.33

-0.71

-1. 99

-0.17

0

0

0

0

+11.4

-7.5

-10.2

-3.2

-2.1

+21.9

0

0

0 +17.0

+23.4+3.9

+6.2

+3.3
-9.8

+0.7

-0.48

-0.9 5

-1.03

Automotive Diesel
Utilization (or) Utilization

+1.42

0

-0.3

0

-0.39

0

0

0

0

0

0

+1.21

-6.87

-1.52

-19.5

-0.59

-1.38

0

0

0

0

+19. 0

-0.1

+1.9

-2.5

0(7

+18.3

Central Station
Electric Emissions

-3.12

-0.416

-15.0

-8.12

-2.27

-0.25

-0.03

NOTES:
(1) Excluding hydropower. (6) Includes refining cost.

Reference
Year 2000

124

+10.45

+141.5

+46.0

+265.9
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since the resource and cost perturbations show substantial increases due

primarily to the required capital construction costs for the additional

power plants required to compensate for the conversion inefficiencies.

Here, 20% of the year 2000 fossil fuel power generated (excluding

peaking plants which were eliminated) was shifted to nuclear fuel, and

it was also required that 20% of the year 2000 power generated be

delivered via the GE-TEMPO scheme.

The systems analyses examples discussed above are limited in scope

and serve as a preliminary or sample analysis. A more detailed analysis

is required which will make realistic detailed assumptions about end use

efficiency as well as appliance or vehicle costs used in hydrogen

systems. Furthermore it is evident that realistic total costs for

resource use and for emissions controls and effects need to be applied

to make final judgments about the relative merits of the various cases

studied.

Nevertheless, it seems clear that the use of coal and of nuclear

off-peak power, although limited in extent, can provide a low-cost

substitute natural gas, and that a nuclear-hydrogen system can be more

economical than a nuclear-electric energy delivery system.
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