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HYDROGEN TECHNOLOGY OVERVIEW

Presently, hydrogen Is used for various industrlal purposes, primarily
as a chemical commodity and minimally as a fuel. Within the last five years
it has received worldwide attention and many people advocate extensive
federal programs to make hydrogen a universal fuel.

A key focus of any federal hydrogen program should be to assure
essential industrial supplies for all applications, while conserving scarce
fossil fuels. For present applications, hydrogen is derived from natural
gas and residual oll, which Is expected to be in short supply in the near
term. An alternative hydrogen source Is required and coal is the most
likely candidate. It is also clear that hydrogen must eventually be pro-
duced from nonfossil energy resources. A convincing argument can be made
that some smaller fraction of the industrial hydrogen produced in the future
will be supplied from electrolytic sources, most likely nuclear-derived
electric sources. In circumstances where purity is of prime importance and
cost secondary, electrolytic hydrogen sources may be favored. The need to
supply these industrial requirements for high purity hydrogen will be Impor-
tant and in some cases may be critical.

The role of hydrogen within the national energy system in the next 30
years Is strongly tied to the development of the domestic synthetic fuels
Industry, based on coal. The near term extensive use of hydrogen as an
energy carrier depends on a large-scale economical production capacity
which would be based primarily on coal gasification. However, other pro-
ducts of the gasification process, such as methane or methanol, may prove
cheaper to produce than hydrogen and are more compatible with the existing
transmission and distribution (T&D) infrastructure. These fuels would then
be the preferable products of the gasification technology. In the near
term, coal could be the principal raw material for hydrogen production for
its conventional industrial markets, Instead of the scarce natural gas and
the expensive residual oil, which could be used to fill other more important

end-use demands within the national energy system.



However, other coal-based fuels will hinder the penetration of hydrogen
into new energy sectors as an independent energy carrier. Only when non-
fossil-based large-scale hydrogen manufacturing technologies based on nuclear
or solar resources are developed, will hydrogen be able to compete with
natural or synthetic fossil fuels for applications In all the energy sectors.

It has been stated that hydrogen is a potential replacement for natural
gas because it is easily produced from coal and is clean burning. However,
the transition from natural gas to hydrogen would involve substantial changes
and additional investment in the natural gas transmission and distribution
systems and end-use devices because the present systems and devices are
not totally compatible with the use of pure hydrogen. Also, synthetic
natural gas, i.e., methane, can be produced from coal easily and at a similar
cost to hydrogen. Thus, the current emphasis that federal coal gasification
programs place on methane production Is sound. For the future, natural gas
TeD companies should consider developing new systems which are equally com-
patible with synthetic natural gas (SNG) and hydrogen for use in existing
pipeline systems.

It has been argued that hydrogen can be derived from nuclear, solar, and
wind or other nonfossil resources and used for a wide range of residential,
commercial, and industrial fuel applications. The applications Include
transportation for air and ground as well as stationary fuel uses. These
are all qualitative arguments based on speculative economics, which do not
always objectively examine competing alternatives to the various applica-
tions considered. Although the case for these applications, and the extent
to which hydrogen will be used, tends to be overstated it is highly likely
that a number of them will materfalize in some regions of the U.S. at a
significant demand level. In almost all cases, the viability of these appli-
cations depends on the further refinement or development of various key
technologlies which are essential or relevant to the end uses. Generally,
the relevant technologies are in the areas of hydrogen production, storage,
materials for transmission and distribution, and end-use applications, in

addition to direct high efficlency electric conversion devices, e.g., fuel



cells. Much of the additional supporting technology, e.g., pipeline
fabrication, compressor design, etc., is essentially available from the
commercial sector.

Any federally funded Hydrogen Technology Development Program must
focus on the total range of prospective applications and must endeavor to
deliver the key critical technologies to allow the widest application range.
As in ongoing efforts DOE should continue to examine present and future
economic and technological circumstances to define very specific system
applications for hydrogen in the near and long term. Because it 1s both
difficult, and unwise to conduct a broad, unfocused Hydrogen Technology
Development Program, the current DOE program must focus on the most feasi-

ble near-term applications and sources of supply.



SUMMARY

The purpose of this assessment is to define the near term and long
term prospects for the use of hydrogen as an energy delivery medium.
Possible applications of hydrogen are deflned along with the associated
technologies required for implementation. A major focus in the near
term is on industrial uses of hydrogen for special applications. The
major source of hydrogen in the near term i{s expected to be from coal,
with hydrogen from electric sources supplying a smaller fraction. A
number of potential applications for hydrogen in the long term are
ldentifled and the level of demand estimated.

The results of a cost benefit study for R&D work on coal gasifi-
cation to hydrogen and electrolytic production of hydrogen are presented
In order to aid in defining approximate levels of R&D funding. A con-
siderable amount of data is presented on the cost of producing hydrogen
from various energy resources. A key conclusion of the study Is that in
time hydrogen is likely to play a role in the energy system; however,
hydrogen is not yet competitive for most applications when compared to

the cost of energy from petroleum and natural gas.



1. [INTRODUCTION

The itdea of using hydrogen manufactured from nuclear energy and other
nonfossil resources as a universal fuel (Hydrogen Economy Concept) to serve
industrial, stationary, and transportation applications appeals to the
frontler instincts of all technologists. However, one must carefully weigh
this alternative by taking a practical, rational view of where, how, why,
and at what cost hydrogen can be produced and used in the energy system, in
additlon to the timing for its Implementation in various end-use applications.
This study, which focuses on the time frame year 1980 to 2000, considers
production technologles and end-use applications which could materialize
In this period.

Clearly, to the user electricity is a clean and convenient form of
energy which can be derived from nuclear and other nonfossil resources. It
will always fulfill a unique and essential role in the energy system;
however, electricity is not the best, most practical, or even the most
economlical form of transportable energy for all domestic and industrial
applications, certainly not within the time frame considered here.

The existing energy system is heavily committed to the direct use of
storable-portable fuels. In the near term, the need to supply these fuels
to various demand sectors is obvious. In the absence of a readily available
and inexpensive domestic fossil fuel supply, it is desirable to manufacture
substitute synthetic fuels without relying on the availability of a fixed
carbon source such as limestone or CO2 in the air. Hydrogen readily lends
itself to this application as a basic fuel form and as a source of other
ltquid synthetic fuels.

The conditions described above are not yet fulfilled and the exact
time when the necessary economic conditions will exist is obscure. However,
it is generally agreed that these conditions will eventually prevail and a
number of near-term applications will exist.

In the near term, hydrogen production will be limited by available
energy sources. Coal is a likely choice to replace part of the natural gas

and residual oil feedstocks presently utilized for hydrogen production;



however, for some applications the use of excess (off-peak) nuclear capa-
city will also be desirable. The course of the energy system's future
development must follow a logical, natural path which is compatible with a
flexible fuel and electricity mix. Additional sources of storable and
portable fuels will be required, and the introduction of hydrogen will be
feasible for some applications.

Any long-term view of the system must recognize the significant growth
of nuclear energy--both fission and possibly fusion--in the electric utility
industry and this energy-source's potential to help fill the gap between
general purpose fuel demands and the domestic petroleum and gas supply. The
less desirable alternative of Imported oil may require the United States to
pay significant economic penalties and compromise our international politi-
cal Independence. Strategies which would offset these undesirable effects
at reasonable cost, even to a small degree, should be seriously considered.
Furthermore, in the face of these difficulties, i.e., the need to import
large quantities of oll, the United States should encourage development of
alternate non-nuclear energy sources such as solar, wind, ocean thermal,
and geothermal. |If it is desirable to deliver energy from these sources
In forms other than electricity, hydrogen is the key.

Even in the enhanced exploitation of coal, which will be required in
the near term, the question of what clean energy form coal should be con-
verted to arises; the alternatives are methane (synthetic natural gas),
1iquld hydrocarbons, or hydrogen. Obviously, there will be a need to pro-
duce and dellver all three types of fuels; however, the production of any
of these is dependent on the intermediate production of hydrogen. The most
likely situation is that all three forms will be explolited to overcome the
oil and natural gas supply problem faced by the United States over the next
20 - 30 years. Another alternative that must be considered in any analyslis
of the cost and Impact of hydrogen production Is the potential of derlving
ofl from shale and tar sands and its eventual cost in competition with the
systems described.

In the near term, two applications of hydrogen are technically possible
using off-the-shelf components or components involving a 1imited amount




of development work. The first and most likely alternative Is the use of
hydrogen as a medium for delivering nuclear or other base load electricity
to selected applications as a supplement to the natural gas supply. It has
been suggested that concentrations up to 10% by volume can be Injected into
existing natural gas lines without changes in FPC regulations regarding Btu
content or adjustment of end-use devices. Such an application would allow
nuclear or eventually solar energy to flow into the gas system. The recent
natural gas shortage of winter 1976/1977 has served to emphasize the near-
term need for all forms of supplemental gas supplies, and hydrogen can be
considered, together with propane, liquid natural gas (LNG), and SNG from
naptha, as such near term sources. The other application Is convenient

and flexible hydrogen production by utlilities for special industrial appli-
cations or Its use as an energy storage medium to meet peak demands in fuel
cells or in super heat turbines at central stations. Nuclear or solar
derived hydrogen is a storable and readily available energy form which can
be used to give versatility and flexibillity to the national energy system.



{1. POSSIBLE HYDROGEN APPLICATIONS AND CURRENT STATUS
OF RELEVANT TECHNOLOGIES

The concept‘of using hydrogen as a synthetic fuel, derivable in the

near term from coal and in the long term from nuclear or renewable energy

resources, is attractive for the following reasons:

Hydrogen is essentially clean burning; its main combustion product
is water.

Hydrogen may be substituted in almoet all applications where a
reducing gas is required, such as in the metallurgical industry,
with minor modifications to existing proecesses.

Hydrogen can be produced from domestic resources, such as nuclear
fission, fusion, geothermal; it ecan also be produced from rvenewable
resources, such as solar, ocean thermal and wind energy, by the
simple technique of water electrolysis.

Bydrogen can be readily produced from coal, which will be an
important fuel resource in the near term; thus, hydrogen produc-
tion makes coal and nuclear energy compatible as energy sources
for both gaseous or liquid fuels, and for electricity, which can
feed a common energy supply system.

Bydrogen produced from any primary energy resource could be
delivered at a cost-per-unit heating value similar to electricity,
and in some cases, perhaps slightly cheaper.

Hydrogen can be converted to a variety of other fuel forms such
as methanol and ammonia.

Bydrogen produstion is an attractive use for intermittent primary
energy sources such as solar or wind power which may be difficult
to interface with a continuous energy demand.

Hydrogen can be used for transportation applications (such as in
land and air vehicles where the respective advantages of clean
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burning and high Btu content per umit weight are attractive
features) where it can be substituted for hydrocarbon liquid
fuels derived from oil.

search and development of hydrogen technologies can be broken down
e following basic areas:

Production

Storage (including production of derivative synthetic fuels)
Transmission and Distribution

Electric Conversion (fuel cells and turbines)

Transportation Fuel Applications

Statlonary Fuel Applications (residential, commercial and industrial)
Specialized Industrial Applications

Materials Problems

Systems Analyslis

Support Actlvities
more detailed breakdown of all the possible program activities for
the above major areas Is given below. Research and development in

these areas is not appropriate for the DOE organization and part of

these RED activities are belng carried out by the private sector.

each of
all of
A.
B.

Production

1. Water Electrolysis

2. Thermochemical Production

3. Biological Production (including from solid waste)

4. Photochemlical Production

5. Production of Derivative Synthetic Fuels
a. Ammonia (NH3) and derivatlive N, - H2 fuels
b. Methanol (CH30H)

6. Coal-Derived Hydrogen as an Interim Source

Storage

1. Metal Hydrides

2. Cryogenic Liquid

3. High Pressure Gas

k. Underground Bulk Storage



C. Transmission and Distribution
1. Large Pipeline Systems
2. Transmission of the Cryogenic Liquid
3. Problems in Local Distribution
D. Electric Conversion
1. Electric Energy via Hydrogen Storage Systems

2, Fuel Cell Systems and High Temperature Turbines for Use in
Electric Generation

E. Transportation Fuel Applications
1. Aircraft (liquid only)
a. High Performance Turbines
b. Airframe Development
2. Commercial Vehicles and Automobiles
a. Portable Storage Tanks for Automotive Systems
b. Advanced Propulsfon Systems
F. Stationary Fuel Applications
. Industrial Fuel
. Reducing Gas
. Coal Gasification and Liquefaction
Refinery Operations

Vi & W N —

. Residential or Commercial Fuel
G. Materlals Problems

H. Systems Analysis Studies of Hydrogen's Role In the U.S. Energy
Economy

I. Support Activities
1. Safety
2. Monitoring
3. Implementation
L. Legal and Institutional Problems

It 1s beyond the scope of this study to give a comprehensive summary of
all the relevant technologies. This study was Intentionally limited to pro-
duction and utilization technologies that could be commercialized through
moderate level RD&D programs before the year 2000, and more specifically,



during the next 15 years. This scope rules out a detailed analysls of the
thermochemical, biological, and photochemical hydrogen production methods
which are all at a laboratory development stage. Likewise, large hydrogen
pipeline systems and large-scale residential/commercial heating applications
are expected to only marginally impact the national energy system before the
year 2000. A comprehensive discussion of the long range hydrogen energy
system concept has been carried out In a number of previous studies which
are cited in the References and Bibliography.

A short summary describing the current status of the relevant tech-
nologies Is given below.

Production

1) Water Electrolysis - This is a commercial art practiced on a small
scale in the process industry. Commercial plants can be purchased and
exist in sizes up to 100 megawatts. Costs are in the vicinity of $320/kw
of output using current Lurgi technology and could be reduced by a factor
of two with research and development. Efficiencies presently achleved
are about 65% and in some cases efficlencies as high as 80% are now
claimed. In principle, these can be in the vicinity of 90% to 95%. The
annual demand for electrolytic hydrogen Is about 1% of the industrial
hydrogen demand and amounts to 0.3 x 10]2 Btu/yr.

2) Thermochemical Production - Laboratory and analytic engineering
studies are in progress to demonstrate feasibility. However, commercial
applications are not expected before the year 2000.

3) Biological Production - Limited laboratory studies are In progress.

4) Photochemical Production - Limited laboratory studles are in progress.

5) Production of NH3 and CHBOH - Industrial processes which make use
of atmospheric N2’ or supplies of CO or CO2 to produce these fuels respectively,
presently exist. The hydrogen source for these applications 1s mostly steam
reforming of natural gas and partial oxidation of residual oil.

6) Coal-Derived Hydrogen - Coal gasification and liquefaction processes
presently under development involve hydrogen production as a first step.
Hydrogen and CO mixtures were produced from coal 150 years ago, and distri-

buted in the U.S. cities as town gas; some such systems exist In the world
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today. DOE has recently shown interest in the design of a coal-derived
hydrogen plant, which will be Integrated with a synthetic fuels production
complex.

Storage

1) Metal Hydrides - High storage densities of hydrogen can be achieved
(as great or greater than liquid hydrogen). Development of this storage
technique Is under development in DOE laboratories.

2) Cryogenic Liquid - This highly advanced technology was originally
developed for space and high energy physics studles. Application Is
limited by safety considerations and costs.

3) High Pressure Gas - This is a costly form of hydrogen storage, but
a readily available technology.

L) Underground Bulk Hydrogen Storage - This technique Is commonly used
by the natural gas industry. It is not presently used for hydrogen, but it
Is believed that selected geological formations can be engineered for hydro-
gen storage.

Transmission and Distribution

This Is an avallable technology. A few Industrial hydrogen ptpelines
exIst In the world today, e.g., In the Galveston Bay area of Texas and the
Ruhr Valley in Germany. Some materials problems may exist under speclial
conditions. The cost of long distance hydrogen transmission is estimated
to be approximately three times the cost of natural gas transmission which
averages 3 cents/lO6 Btu per 100 miles.

Electric Conversion

Fuel cells which could achleve efficiencles of up to 60% are under
development by United Technologies Corporation in cooperative programs with
electric utilities, EPRl, and DOE. A 40 MW demonstration plant Is scheduled
to operate within a utility environment by 1982. This plant will be fueled
by distillate oil which will be reformed to hydrogen. The basic fuel for
these systems Is hydrogen which Is expected to be produced from fossil fuels
in the fuel cell system.

ExIsting gas turbine systems can be readily adapted to accommodate hydro-
gen. General Electric Corporatlon claims that using hydrogen, turbine effl-
ciencies above 60% could ultimately be achieved.

- 12 =



Transportation Applications of Hydrogen

Interhal combustion engines can and have been easily converted to burn
hydrogen. The process is slightly more complex than conversion to natural
gas. The main obstacle to implementation in ground transportation systems
is the problem of storing sufficient hydrogen in the vehicle to provide a
minimum range of about 300 miles. A small hydrogen-fueled prototype bus
with a 100 mile range has been produced by Mercedes Benz in Europe; It uses
metal hydride storage. Similar projects have been developed by Billings
Energy Corporation in Provo, Utah.

It is envisioned that 1lquid hydrogen can readily serve as fuel for
aircraft applications. The high heating value per unit weight of hydrogen
can increase the range of existing aircraft by 30%. Advances in the per-
formance of turbine systems burning hydrogen can make additional improvements
in range. NASA has operated a large B-52 bomber in the air with one engine
fueled by liquid hydrogen. This is one of the most 1lkely large-scale appli-
cations of liquid hydrogen In the commercial sector, but it Is controversial,
due to safety and economic considerations.

Stationary Fuel Applications

The Industrial uses of hydrogen are well known, and in combustion applti-
cations hydrogen can be substituted for natural gas with minor burner modi-
flcations. Hydrogen can be added to natural gas up to levels of 8-10%
without any modification of the end-use combustion device. A near-term
application of electrolytic hydrogen as a natural gas supplement is now
belng evaluated by a group of industry, utilities, and DOE representatives.

Hydrogen can be substituted in almost all metallurgical applications
where a reducing agent (CO or coal) Is required, including the reduction of
iron ore.

Matertals Problems

Hydrogen has been shown to cause embrittlement of some metals used for
containers, but the exact magnitude of the problem is yet to be defined.
A great deal of Industrial experience with hydrogen in connection with oil
refinery operations exists, and the problem has relevance to the present

interest in the development of coal gasification and 1iquefaction processes.
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There has been an ongoing weapons-related program on materials for hydrogen
containment systems and much of this experience can be related to broader
hydrogen energy uses.

Systems Analysis

A number of studies have been conducted under sponsorship by AEC, ERDA,
NASA, EPRI, SRI, IGT, universities and various gas and electric utilities;
these are included in the 1ist of References.

The major conclusion of this review of relevant hydrogen technologies
Is that a DOE Hydrogen RDED Program should stress the development of new,
improved production processes. The emphasis on hydrogen production stems
from the need to supply the projected future demands for industrial hydrogen
and from the desirability of releasing the current natural gas and oil hydro-
gen feedstocks to other end-use applications within the national energy
system. Additional RD&D programs In the areas of hydrogen storage, materials,
and end-use devices are required to support and complement the hydrogen pro-
duction research. Long range hydrogen supply processes should be evaluated
separately in the context of DOE's overall long range R&D programs.

The present United States consumption of industrial hydrogen is at a
level of 0.8 x 1015 Btu/year (0.8 Quad) or 2.58 X 1012 SCF/year. Industrial
hydrogen demand s expected to grow to levels of 1.4 Quads/year and 2.7 Quads/
year or 4.3 TCF/year and 8.3 TCF/year, by the years 1985 and 2000, respectively.
The current demand for hydrogen in the petrochemical industry is 1.4 TCF/year
and is expected to grow to 1.5 TCF/year by 1985, and remain at this level until
the end of this century. Ammonia and methanol production now require 0.34
Quad per year and 0.12 Quad per year, respectlively. Hydrogen requirements for
ammonia production are projected to reach 1.7 TCF/year and 2.8 TCF/year in
1985 and 2000. Hydrogen requirements for the productlion of methanol and other
chemicals could reach 0.68 TCF/year and 1.9 TCF/year In the same representa-
tive years. The ammonia industry Is expected to be the largest single market
for industrial hydrogen by the end of this century. Both the ammonia and the
total demands for Industrial hydrogen are expected to triple, compared with

current production, In the next 25 years.
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The current, most economical hydrogen manufacturing processes are
steam reforming of natural gas and partial oxidatlon of light and heavy
petroleum fractions. Industrial hydrogen costs in 1975 varied between
$1-‘+/106 Btu, depending on the availability and price of natural gas or
residual oll and on the hydrogen purity desired. Resid partial oxidation
processes are about 20 percent more expensive than natural gas reforming,
due to the larger plant investment required. The expected hydrogen produc-
tlon costs by 1985 (1975 dollars) are in the range of $’+-5/106 Btu for
natural gas reforming and $5-6/‘106 Btu for resid partial oxidation. This
is based on the current DOE projections of fossil fuel prices. The same
DOE forecasts project a continuing decline in the U.S. gas and petroleum
supplles, i.e., -2.8%/year and -1.5%/year, respectively, during the period
1990-2000.

Coal-derived hydrogen could become a major source of industrial hydro-
gen beyond the year 1980. Using the current Koppers Totzek gasification
process, coal derived hydrogen costs will be about equal to the cost of
resid partial oxidation by 1985. Advanced Koppers Totzek pressurized gasli-
fication process could lower the cost of coal-derived hydrogen to the level
of natural gas reforming costs, I.e., $l|-5/106 Btu.

The utilization of off-peak electric power to produce industrial
hydrogen Is the likellest route for water electrolysis technology. Unused
base load electricity can power electrolyzers to average load factors of
0.3-0.45. Some hydrogen storage is then required to provide a continuous
supply. Electrolyzer operation at higher load factors will result in
higher on-peak electricity costs. Current Lurgi electrolysis technology
is expected to provide hydrogen in a cost range of $9-12/106 Btu. Advanced
electrolysis technology with 7 mil1s/kWh off-peak power is projected to
supply hydrogen at $6/106 Btu. Hydrogen production with spinning reserve
electric power is potentially the most economic water electrolysis method.
This concept assumes off-peak electricity rates, utilized at very high load
factors. Hydrogen production costs of $li/106 Btu can be projected for this

concept.
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A cost benefit study for the projected improvements in industrial
hydrogen production has been conducted as part of this study. For the pur-
pose of this study, it was assumed that improved coal gasificatlon and water
electrolysis processes will be developed during the period 1977-1985. These
technologies will penetrate the industrial hydrogen market and eventually
supply the entire industrial demand during the period 2000-2010. A split
of 99% coal-derived and 1% electrolytic hydrogen was malntained. In the
case of coal-derlved hydrogen, the capital cost of a 100 x 106 SCF/day Koppers
Totzek gasification plant could be reduced from $160 to $130 million dollars.
Gasiflcation efficiency was assumed to improve from 59.6% to 64.2%. The
results of the RD&D effort carried out in 1977-1985 are both a cheaper cost
of coal-derived hydrogen and reduced coal mining requirements. In the case
of electrolytic hydrogen, it was assumed that RD&D would result in reduced
electrolyzer capital costs (from $320/kW to $150/kW) and in improved elec-
trolysis efficiency of 90%, compared with the current level of 75%. The bene-
fits of installing advanced vs. current technologles for the production of
future industrial hydrogen were accumulated and discounted at a factor of
10%. The cumulative discounted benefits attributed to the successful com-
pletion of the RD&D programs in coal gasification and water electrolysis
amount to $2.8 x 107 and $0.27 x 109, respectively.

These benefits could be utilized withln the framework of a standard
cost benefit methodology to estimate the appropriate funding levels for these
two hydrogen production RD&D programs.



111. CURRENT AND FUTURE DEMAND FOR INDUSTRIAL HYDROGEN

A. Historical Background

The first significant commercial use of hydrogen occurred in London,
England, about 1800. It involved the use of manufactured coal gas consisting
primarily of hydrogen and carbon monoxide for il1lumination. By 1900, the
demand for manufactured gas in the U.S. reached 100 billion cubic feet. The
principal process for manufactured gas production utilized the catalytic
water~gas reaction between steam and red-hot coke to produce the gaseous
fuel.

During the 1930's, newly discovered natural gas sources penetrated the
market for manufactured gas. Complete substitution for manufactured gas by
cheap and plentiful natural gas occurred during the 1940's, alded by the exten-
slve gas pipeline network laid over the same period. New hydrogen production
processes, based on catalytic steam reforming of natural gas feedstocks, were
developed. The ascendancy of natural gas as a primary energy resource has
shifted the demand for hydrogen to the industrial-chemical markets where It
Is utilized as a unique chemical feedstock. Hydrogen is also produced by
partial oxidation of heavy petroleum feedstocks and utilized in various
refinery operations. Specific low level demands for high purity (99%) hydro-

gen are met by water electrolysis.

B. Current and Future Demand

The current industrial uses of hydrogen are in petroleum refining and
manufacture of ammonia, methanol, and other chemicals. These uses require
hydrogen purity of 98%+, which can be provided by the existing production
processes, based on steam reforming of methane and partial oxldation of heavy
olls. Ultra-high purity hydrogen 99.9%+ is required for vegetable oll hydro-
genation, semiconductor manufacturing, and Iron ore reduction. Most of the
large-scale industrial demands Involve hydrogen production of the final
product, the hydrogen being a ''captive'" intermediate of the production pro-
cess. Only 5% of the current hydrogen demand, produced in part by water
electrolysis, Is sold commercially and referred to as ''merchant hydrogen.'!

Hydrogen demand projections have recently been reported in (1) and (2).
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The key to hydrogen usage projections through 2000 is the expansion of
the petrochemicals industry and the domestic refining of crude petroleum.
These industrial activities comprise most of the current volume of hydrogen
usage, which is applied In welding, cooling, iron reduction, process heat,
and as rocket fuel. The Brookhaven projections for growth in current hydrogen
demand have been linked to a growth scenario; the one chosen here is a growth
in energy consumption consistent with the new ERDA National Energy Forecast,
specifically, the base case, Forecast 2, (3).

The historic base is 1973, and the supply-demand data for that year is
reported in Table 1, based on (2, 4, 5). BNL projections of future industrial
hydrogen demand are summarized in Table 2, and other demand projections are
reported in Table 3. Table 3 is included here to demonstrate the range of
hydrogen demand projections that relate to current industrial end uses. The
uncertainties In projecting future hydrogen demands for new applications will
certainly be larger. A discussion of the projections of the various hydrogen
demand categories follows.

Refinery Operations

Hydrogen is used to treat and upgrade crude oils by hydrotreating and
hydrocracking processes. Hydrotreating Is employed to desulfurize feedstocks,
to hydrogenate olefins, and to treat lube oils and kerosene type jet fuels.

The hydrocracking process is employed to upgrade the heavier, higher bolling
hydrocarbons into more valuable, lighter fractions. A larger amount of hydro-
gen than is required for hydrotreating is consumed in this process. Hydrogen
requirements average 250 SCF (Hz)/barrel oil for hydrotreating and 2500 SCF
(Hz)/barrel for hydrocracking. A good description of these processes is
available In (6) and (2).

The projections of hydrogen demand in petroleum refining assume that 250 SCF
of hydrogen are required per barrel of crude into a refinery, see (2). It Is
also assumed that all the domestic crude and 50% of the Imports are refined in
the U.S. In 1972, 47% of the imported barrels of petroleum were refined domes-
tically (7). The 1973 hydrogen requirements for refinery operations were
computed from the domestic and imported crude oil supply figures reported by
FEA (8). Hydrogen demand projections for 1985 and 2000 are based on recent
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Table 1

HYDROGEN
CURRENT SOURCES - 1973
Natural Petroleum

Feedstock Gas Hydrocarbons Coal-Coke Water Brine Total
Caustic/
Petroleum Chlorine
Production Refinery, Chemical Water-Gas Water Electrolysis
Process Steam Reform Plant Off-Gases Reactions Electrolysis| By-Product

Quantity
x 10]5 )
Btu 0.42 0.39 .029 .0003 .0007 0.84
HYDROGEN
CURRENT USES - 1973
Miscellaneous
Ammonia Petroleum Hydrogenation Welding, Cooling
Production Refining Methanol Oils/Fats Research
Use (3/4 Fertilizer) (Crack/Treat) Production Ore Reduction Rockets Total
Quantity
X 10]5
Btu 0.34 0.34 0.12 0.01 0.03 0.84




Table 2

PROJECTIONS OF FUTURE DEMAND FOR INDUSTRIAL HYDROGEN

10" Bty

1973 1985 2000
1. Refinery Operations 0.34 0.51 0.50
2. Ammonia Production 0.34 0.54 0.92
3. Methanol and Other Chemicals 0.12 0.22 0.61
L. Hydrogenation of 0ils 0.005 0.01 0.03
5. Ore Reduction 0.006 0.02 0.03
6. Other Uses 0.03 0.07 0.19
Sub-Total Current End Uses 0.84 1.37 2.28

1. Space Shuttle - 0.0013 0.0013
« 011 Shale Liquefaction - 0.037 0.16
. Coal Liquefaction - 0.023 0.23
Sub-Total Current and Implied 0.84 1.43 2.67

Uses

\1. Coal Gasification - 0.11 1.63
TOTAL 0.84 1.54 4.30
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Table 3

LITERATURE SURVEY OF FUTURE INDUSTRIAL HYDROGEN DEMAND PROJECTIONS

10]5 Btu
YEAR 1985 2000
ORGAN | ZAT ION JPL IGT EXXON BOM JPL IGT EXXON BOM
REFERENCE (1) 1(3) (&) (5) (1) | (20) (4) (5)
1. Refinery Operations 0.66 |0.25 |0.28 | 0.47 | 0.78 |0.45 0.5411.65 0.65
2. Ammonia Production 0.73 |0.46 |0.54 %0.65 1.73 |1.20 0.90 1.03
3. Methanol and Other Chemicals 0.22 0.10 {0.29 0.61 0.36 0.60
4. Hydrogenation of 0ils 0.01 |0.007|0.01 0.03 0.03
5. Ore Reduction 0.06 |0.02 0.01 0.22 |[0.65 0.03
6. Other Uses 0.15 |[0.04 0.05 | 0.40 |[0.34 0.12
Sub~Total Current End Uses 1.83 lo.92 [1.12 | 1.18 ] 3.77 |3.00 [2.09-3.18| 1.83
1. Space Shuttle 0.0013]0.0013 0.0013
2. 011 Shale Liquefaction 0.025 | 0.04 0.036] 0.10 |0.4 0.24
Coal Liquefaction 0.14 1.10 |2.86 0.35
Sub-Total Current and Implied Uses 1.86 |1.10 f1.12 | 1.22 | b4.97 |6.27 |2.09-3.18| 2.42
1. Coal Gasification 0.48 0.18 | 0.51 }|3.74 2.28
TOTAL 1.86 1.58 1.12 1.40 5.48 [10.01 2.09-3.18] L4L.70

(1 The range of values depends on whether residuum processing is done by coking or by hydrotreating.




ERDA projections, (3) Scenario 2. In addition to domestic and half the
imported oil supply, the projected supply of synthetic crude from shale oil
and coal liquefaction were also included in the computation of refinery
requirements for hydrogen. Should these synthetic liquid fuel supplies not
materfalize in the future, as reported in the ERDA Case 2 projections, then
an equivalent amount of crude oil will have to be Imported to meet the
national energy requirements.

In terms of hydrogen demand, the synthetic liquid fuel industries
require hydrogen; first, to produce the synthetic crude and then to upgrade
it in the refinery to useful end-products. The inclusion of synthetic crude
Inputs in the computation of the hydrogen requirements for refinery opera-
tions implies further hydrogen demands for crude production; these are in-
cluded in Table 2. It is Interesting to note that hydrogen refinery
requirements, including requirements to upgrade synthetic fuels, actually
decline slightly between 1985 and the year 2000. This is due to the declining
oil demand projected in Case 2, which reflects moderate energy conservation
efforts, the implementation of the new car mileage efficiency regulations,
and moderate penetration of new energy technologies. The small reduction
in refinery hydrogen requirements, -0.16%/year, 1Is in contrast to the demand
growth rates reported in Table 3.

Ammonia Production
Ammonia production requires between 70,000 and 80,000 SCF (HZ) per short
ton of synthetic anhydrous ammonia. Three-fourths of the ammonia produced

is used to make fertilizers; other uses include explosives, plastics, synthe-
tic fibers, animal feed, pulp and paper, etc. It is assumed that ammonia
production grows at the same rate as the petrochemicals sector, or 3.6% per
year according to (3). The last nine-year growth rate of nitrogenous fer-
tilizer was 9.3%, but has dropped to 5% in the last five years. Two factors
contribute to this decline, and the trend does not appear to reverse; first,
cutbacks in foreign aid programs and second, the manufacture of ammonia
abroad in OPEC countries where there are ample natural gas resources and no
demand for them as fuel. Ammonia is also a by-product of coal gasification.
Net hydrogen requirements for ammonia production should then be reduced by
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the amount of by-product ammonia available from coal gasification plants.
However, it can be shown that the amount of captive hydrogen in coal-derived
ammonia is less than 3% and 5% of the total hydrogen requirements for ammonia
production in the years 1985 and 2000, respectively.

Methanol and Other Chemicals

Synthetic methanol production requires about 72,000 SCF (Hz) per short
ton/methanol. Methanol is used mostly for the production of formaldehyde
which, in turn, is important in the manufacture of several resins. Methanol
is also used In the production of isoprene rubber, methyl bromide, acetic acid,
and various esters. Additional refinery-produced chemicals that require
hydrogen are cyclohexane, used In the production of nylons, aniline, naphtha-
lene, hexamethylene diamine, oxo alcohols, and others. This industrial
category Is assumed to grow at the historical rate for chemicals of twice
the GNP growth, (3), f.e., 7% per year.

Hydrogenation of Fats and Oils

High purity hydrogen Is an essential component in the hardening of
vegetable and fish oils used in the production of margarine, lard, shortening,
and cooking ofls. Only a few cubic feet of hydrogen are consumed per pound
of product. Hydrogen demand lIs expected to grow at 7% per year (3).

Ore Production

Metallurgical demands for hydrogen include direct reduction of ores,
heat treatments, welding, and production of pure metals. The major demand
s assumed to be the direct reduction of iron oxide ores to sponge iron.
This process uses about 20,000 SCF (Hz) per short ton of iron produced. Other
metals reduced by hydrogen include tungsten, molybdenum, and magnesium. Hydro-
gen Is alsd used In the production of sintered metal parts, annealing and
furnace brazing, high temperature plasma arc welding, and oxygen-hydrogen
metal cutting. The overall growth rate of these hydrogen demands is estimated
at 2.7%/year.
Other Uses

Additional small-scale demands for high purity hydrogen include cooling
of large generators, motors, and frequency changers in electric utility systems.

Hydrogen Is used as a reducing atmosphere for brazing metals and silicon
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compounds utilized in solid state components, vacuum tubes, and lighting
devices. Additional hydrogen uses include: glass manufacture via the float-
gas process, oxygen-hydrogen glass cutting, artificial stone production,
refrigeration, pharmaceuticals, and nuclear physics research using liquid
hydrogen bubble chambers. These are hydrogen demands that typically have
not yet reached saturation. They grow at a rate of 7% per year, faster

than the GNP growth.

Space Shuttle

The future hydrogen requirements for the space shuttle program were
obtained from NASA JPL projections, (1), Table [11-2. Liquid hydrogen
demand Is estimated at 12 million Kg/year after 1985, based on 60 flights
per year. NASA was interested in the construction of a coal gasification
demonstration plant to help provide fuel for the space shuttle program.
This plant would have converted 200 tons of coal per day into 30 tons of
hydrogen per day (11 million SCF (HZ)). This project did not materialize
and NASA has signed a long range contract for hydrogen delivery, based on
natural gas reforming.

0i1 Shale, Coal Liquefaction, and Coal Gasification

Hydrogen demands for oil shale and coal liquefaction are estimated at
1000 SCF (Hz) and 4000 SCF (Hz) per barrel of crude oil produced in each
of these two processes, respectively. 1500 SCF (HZ) are required to produce
1000 SCF of 970 Btu/SCF syngas (2). These hydrogen markets are ‘''captive)' i.e.,
the hydrogen is produced and consumed within the confines of the synthetic
fuel plants. The overall hydrogen requirements for synthetic fuels manufac-
ture depend on the commercialization level of this industry. The current
projections are based on the recent ERDA Case 2 estimates, (3). Future
adjustments of the expected natfonal fuels mix will greatly impact this
catedory of industrial hydrogen demand. These hydrogen requirements will
form large fractions of the future overall industrial hydrogen demand, even
though the synthetic fuels will supply a relatively smaller fraction of the
future 11quid and gaseous fuels supply. The expected growth of the synthetic
fuels industry between 1985 and the year 2000 will result in high growth
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rates of the hydrogen demands for oil shale and coal liquefaction, 10.4% per
year and 16.6% per year, respectlively. The demand for hydrogen in coal gasi-
ficatlion is expected to Increase at an even higher rate of 19.8% per year.
The overall growth rate of the current and the implied industrial hydro-
gen demands Is estimated here at 4.25%/year. This Is slightly higher than
the 3.9%/year growth rate estimated by the Exxon Company (6). When the
demand for hydrogen by the coal gasification industry is included in the
computations, the BNL projections correspond to an annual growth rate of
7.1%/year, compared with the 6.6%/year rate estimated by the Bureau of Mines

(2).

C. Resource Implications of Industrial Hydrogen Demand
The future growth of the industrial hydrogen demand within the national

energy system may require large-scale fuel consumption for hydrogen produc-
tion. An assessment of the resource requirements for the projected hydrogen
demand has been attempted here. Partlal oxidation of fuel oll and steam
reforming of natural gas, which are the current major production technologies
account for 99% of the hydrogen supply according to Table 1. The demand for
electrolytic hydrogen may grow to 2% of the industrial hydrogen market by the
year 2000, assuming no new applications, according to Table 2. The resource
requirements for supplying the industrial hydrogen demand projections of
Table 2 during the years 1985 and 2000, are computed in this section. As a
base case analysis, It is assumed that the production technologlies mix until
the year 2000, will remain essentlally the same as in 1973. This computation
does not take into consideration the possibility of substitution of hydrogen
manufacturing technologies due to the changes in relative process economics
and feedstock availability.

Based on the production mix distribution in Table 1, it Is assumed that
the 1.37 x 1015 Btu of industrial hydrogen demand by 1985 will be supplied
50% by steam reforming of natural gas, 49% by resid partial oxidation and 1%
by water electrolysis. An additional amount of 0.17 x 1015 Btu will be pro-
duced by advanced coal gasification for captive use within the synthetic
fuels industry. The fractional distribution of hydrogen production by process
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technology in the year 2000 (2.28 x 10'° Btu) is 50% from steam reforming,

48% from partial oxidation and 2% from electrolysis. An additional 2.02 x
IO]5 Btu of captive hydrogen will be produced by coal gasification. The
amount of hydrogen produced by each method in the years 1985 and 2000,

assuming continuation of current production trends, is shown in Table 4.

Hydrogen Production Efficiencies as reported in Table A-1 (Appendix A) are:

Steam Reforming of Natural Gas 70.2%

Partial Oxidation of Residual 0i1 82.7%

SPE Water Electrolysis 90.0%

Improved Koppers Totzek Coal 64.2%
Gasification

Based on these conversion efficiencies, the resource requirements to
produce industrial hydrogen, assuming the continued existence of the current
production technologies mix in the future, are shown in Table 4. The frac-
tional resource requirements for hydrogen production compared with overall
demand within the national energy system are also shown. Total energy
resource requirements are obtained from the ERDA Forecast 2 data, (3). The
resource requirements and partial utllization figures are then modified to
account for the use of coal, gas, and oil in electricity production. The
correction Is minimal for natural gas and crude oll, reflecting the dis-
placement of these fuels out of the electric energy sector. The future
large-scale penetration of coal Into the electric sector results In relatively
large fractions of coal dedicated to hydrogen production out of the total
non-electric demand for coal. In general, continued reliance on natural gas
and ofl as the main energy resources for Industrial hydrogen manufacture will
require less than ten percent of the projected demands for these fﬁels even
by the year 2000.

The relatively small resource fraction still has a large monetary Impact.
At $2.41/M Btu cost of natural gas to utilities (see (3) Appendix B - Fuel
Prices), the dollar value of the 1.62 Quads of natural gas that could be
required for industrial hydrogen production is 3.9 x 109 in 1975 dollars.
The cost of oll required for hydrogen production by partial oxidation will
reach $4.2 x 109 assuming a unit oil price of $3.15/M Btu by the year 2000.



The total cost of the 3.15 Quads of coal required for the synthetic fuels
industry by the year 2000 is only 2.5 billion in 1975 dollars (at a unit
price of $0.80/M Btu to industry). This indicates the incentive of shifting
to coal as a principal raw material for industrial hydrogen production by
the year 2000.

Table 4

ENERGY RESOURCE REQUIREMENTS FOR INDUSTRIAL
HYDROGEN PRODUCTION IN 1985 AND 2000

(Hydrogen Demand Supplied by Current Mix of Production Technologies)

1985 2000
Hydrogen Production by Technology (10]5 Btu)
Natural Gas Reforming 0.69 1.14
Partfal Oxidation 0.67 1.11
Water Electrolysis 0.01 0.03
Coal Derived Hydrogen:
011 Shale and Coal Liquefaction 0.06 0.39
Coal Gasification 0.11 1.63
Resource Requirements for Hydrogen Production
Natural Gas (10'> Btu) 0.99 1.62
trude 011 (10'° Btu) 0.81 1.34
Electricity (107 kuh) 29.3 87.9
Coal for Ligquefaction (IOIS Btu) 0.09 0.61
Coal for Gasiflcation (1015 Btu) 0.17 2.54
Total Coal Requirements (10]5 Btu) 0.26 3.15
Fraction of Total Resource Use (Percent)
Natural Gas 4.03 (4.61) 7.92 (8.70)
crude 011(") 2.05 (2.21) 3.58 (3.62)
Electricity 0.91 1.42
coar (M 1.25 (4.97) 7.58 (14.96)

(1) Numbers in brackets refer to fractional resource requlrements computed for
total resource use outside of the electric energy sector
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IV. NEW HYDROGEN APPLICATIONS IN THE NATIONAL ENERGY SYSTEM

The future market for hydrogen can be divided into two parts-~historical
markets and potential new markets. The expected future growth of historical
hydrogen demand was discussed earlier. In most of the potential new market
areas, hydrogen Is only one of several possible energy forms (energy carriers)
that can be employed. A key issue fn assessing hydrogen's potentlial role In
the national energy system Is its ability to compete successfully with other
energy carriers in a given application. The various methods which can be
used to produce hydrogen and the associated costs are given in Appendix A.
Table A~1 summarizes the basic cost data used in this study.

Beyond these more conventional markets, hydrogen can prospectively
emerge as an energy carrler within the entire energy system. In the very
long range an entire energy economy based on nuclear or other Inexhaustible
energy resources and hydrogen, can be conceived; e.g., (9) and (10). Before
this ultimate or 'exponential'’ energy system is achieved, It is important
to investigate the likeliest routes for h&drogen penetration into the energy
supply markets as an energy carrier. This can be done by conducting an
economic comparison of hydrogen in the particular applications considered,
with the likely or more conventional alternatives.

To ald in clarifying the relative economics of hydrogen use compared
with alternatives, allowed or target costs have been identified for potential
applications of hydrogen based on the estimated costs of other energy carrlers
that could be employed in those applications. The allowed costs represent
an estimate of an upper bound on the cost of hydrogen, If hydrogen Is con-
sidered a competitive energy carrier for usé In a given application. The
target cost is adjusted to account for the difference, If any, In the relative
end-use efficiency of hydrogen compared with the alternative carrier. It does
not include the effect of differences in the costs of end-use devices or
differences in the costs associated with the conversion of pre-existing
transmission/dIstribution networks, or the construction of new networks that
may be necessitated by the introduction of a new energy carrier.
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The data base employed in the BNL Energy System Optimization Model, (11)
and (12), was used to develop the target costs. Costs associated with the
production, transport/transmission, and distribution of hydrogen, methane,
methanol, low Btu gas, and gasoline synthesized from coal and for gasoline
synthesized from shale oil, were summed to yield the costs of the energy
carriers to final distributors. A listing of these costs is shown in Table
5. The allowed hydrogen costs were computed for various potential applica-
tions as a product of the cost of the alternative energy carrier times the
relative energy efficiency of hydrogen in each application.

Relative efficiency advantages were assumed for hydrogen for use in
fuel cells (20% improvement over methane), aircraft (10% improvement over
synthetic fuels), residential/commercial heating and hot water (5-10%
improvement over natural gas if non-vented catalytic burners are employed,
recovering part of the latent heat of vaporization), and vehicular appli-
cations (10% compared to synthetic liquids assuming metal hydride storage
of hydrogen). Electricity was assumed to be significantly more efficient
than hydrogen in vehicular applications; relative hydrogen efficiencies
of 25% to 60% compared with that obtained with electricity were employed,
the range resulting from different power plant combinations.

The target costs are shown in Table 6, in which current and potential
future hydrogen applications are listed with future applications categorized
by the earliest time period during which initial application can be expected.
In general, an application listed under a later utilization period required
a greater number of new technologies or more extensive alterations of the
energy production/transmission/distribution/end use system. The use of
hydrogen appeared to be less favorable compared with the alternatives, than
for an application listed under an earlier period. The nature of the appli-
cation (1.e., chemical or fuel), the approximate volumetric hydrogen require-
ment, alternative energy carriers or processes, and research and development
needs, are indicated for each application. The cost of the alternative
carrier, the relative energy efficiency advantage of hydrogen and the allowed
costs (in the column headed 'Required H, Cost Less Than'') are shown where

applicable, beside the alternative carriers listed under each application.
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Table 5§

SYNTHETIC FUEL COST COMPUTATIONZ - COST TO FINAL DISTRIBUTOR

(In $/10°Btu)
Hydrogen Methane Methanol Low Btu Gas Gasoline Gasoline
{Coal) (Coal) (Coal) (Coal) (Coal) (Shale)
Production 2.55 3.05 L. ho 2.35 2.70 2.05
Refining Syn-Crude . ’
to Gasoline .61 .61
Transport or Transmission
Coal (400-1500 m.) .23-.75 .25-.75 .20-.57
Gas (400-1500 m.) .30-.90 .10-.30
1.76 .88 .88
Distribution
Industrial .12 R .15
Residential & Commercial .80 .72 .97
TOTAL 6.16 L9 3.54
Industrial 2,90-3.50 3.25-3.70 2.70-3.10
Residential & Commercial 3.60-4,20 3.85-4,30 3.50-3.90
Notes:

1)

2)

3)
k)

Transport costs for hydrogen, methane, low Btu gas, show range in costs as function of distance.

Transport costs for coal adjusted to reflect 65% conversion efficiency to hydrogen, methane, and 87% to low
Btu gas. Transport and distribution of methanol assumed to cost twice as much as gasoline due to 50%
reduction in volumetric heating value from gasoline to methanol.

Distribution costs for hydrogen assumed to be 10% higher than for methane and 35% higher for low Btu gas
(by extrapolation of methane-hydrogen cost-to-heating value relation).

1985 Costs in 1975 dollars.

Recent estimages by the Federal Energy Administration (8 ), indicate that these costs may be too low by
about $1.0/10° Btu.

Source: BNL Data Base, Reference (11) and (12).



A comparison of the allowed hydrogen costs In Table 6, with the cost
of hydrogen produced from coal as gliven in Table 5, Indicates that the use
of hydrogen offers a significant operating cost benefit only in the electric
utility fuel cell application.

The applications of hydrogen in the electric and gas utilities sector
are varied and depend upon the appropriate combination of production, storage
and utilization technologies applied in each case. In the near term, the
development of advanced electrolyzer technology makes the concept of natural
gas supplementation feasible. In the intermedlate term, 1985-2000, the
additional development of fuel cell and storage technology will enhance the
economics of hydrogen as an electric energy storage medium. In the long
range, use of hydrogen as an Intermediate fuel In the ''electric-gas energy
transformer' may permit a greater integration of the electric and gas utillty
sectors. Hydrogen may prove to be a route to seasonal energy storage in the
utility systems. The range of possible applications Indicates the main
advantage In utlilizing hydrogen--the flexibility of the operation in the
production, storage and conversion uses within and between both the electric
and gas sectors of utilities. A short discussion of near term hydrogen
applications In these areas follows.

Natural Gas Supplementation

The main thrust of this concept Is to generate electrolytic hydrogen,
using the cheapest mode of operation as discussed above, and to use the
product hydrogen for supplementation or peak shaving in the gas sectors.
The hydrogen content should not exceed 15% of the natural gas volume. This
concept has been investigated by an Ad Hoc Committee on Hydrogen as a
Natural Gas Supplement, set up by representatives of electric and gas util-
itles, National Laboratories, ERDA, 1GT and EPRI. The status of this
activity has been reviewed In Reference (13) and the economics of this con-
cept have been discussed extensively (14). The major advantages of this
concept are:

® No large scale pure hydrogen, transmission, distribution and

storage facilities would be required as long as the electrolyzers
are dispersed in modules of about 5§ MW capacity along the natural
gae grid (200-300 psig).
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Table 6

HYDROGEN APPLICATIONS - CURRENT AND POTENTIAL
Competitlve Carrfers and Processes, Target Hydrogen Costs, RED Requirements

Relative
Approximate Competing Processes or Carrlers Effic[gslcy Required
Process H of H Hy Cost (a)
Nature Rqulremeits Alterg. (Btu iltern.) less ghan
Period ___Application of Use (10 s.c.f.) Alternative ($/10°Btu) Btu H, ($/107Btu) RsD Needs
Current Ammonia Synthesis Chemlcal 75/ton NH3 None
Petroleum Refining Chemical  600/bb] crude None
Petrochemicals Pro-
duction Chemical None Production
Hydrogenation Chemfcal None
Rocket Fuel Fuel
Miscel laneous
Chemical Chemical None
Near Term Natural Gas Sup- Fuel < 10% by vol. Methane 410 4.10 Production, High Pres-
(1975-~1985) plement (espe- sure Compressors
cfally Northeast,
West Coast)
Intermediate Industrial: Production, Distribution
;:;g) (1585~ Metallurgical Re-
ductant Chemical e.g., 20/ton Coke
iron
Clean Fuel! for
Special Uses Fuel Synthetic Gases 2.90-3.50 1 2,90
Synthetic Fuels
Production: Fuel produced as Production, DIstribution

H
3 I%tegral part of
1.5/10” s.c.f. synthetic fuel
process

Gaseous Fuels
methane

Liquid Fuels 6.5/bbl
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Table 6 (Cont'd.)

HYDROGEN APPLICATIONS - CURRENT AND POTENTIAL
Competitive Carriers and Processes, Target Hydrogen Costs, R&D Requirements

Relative

Approximate Competing Processes or Carriers Eff'clggcv Req:;::d
Process H of H zss : an( a)
Nature Rqulremegts Alterg Btu &Itern. ]ess ghan
Perliod Appl Ication of Use (10 Alternative ($/10°Btu) Btu H, ($/10°Btu) RsD Needs
Intermediate Etectric Utillity:
Term (1985- Peak Shaving Fue) 35/kWh Peak prlcing, load Electrolysis, Storage,
2000) (Storage) management, bat=- Fuel Cells, Turblnes
teries, flywheels,
magnetic storage,
pumped storage
Fuel Cell Fuel
Supplement Fuel Methane 3.90 1.2 4.70 Production, Distribution
Transportation
Ratl Fuel Synthetic llqulds 2.75-3.50 1 2.75-3.50 Production, Distribution
Electricity Mobtle Storage, Engines
Auto-Urban Fleet
Vehicles Synthetlc liquids 2.75-3.50 1 2.75-3.50 Production, Distribution
Mobile Storage, Engines
Alr Synthetlc liquids 2.75-3.50 1.1 3.00-3.85 Production, Distribution
Liquefaction, Cryogenic
Storage, Alrborne Cryo-
genic Storage, Aircraft
Design, Turbines
Long Term Industrial - General .
(After 2000) Purpose Fuel Fue! Syniii.“lc Fuels 2.75-3.50 2.75-3.50 Production, Transmission
Electricity Distribution
Solar Process Heat
Long Term Residentlal/Com-
After 2000 mercial-Natural
(Afee ! Gas Substltute Fuel Synthetic Gases 3.70-4.10 1.05-1.1 4.00-4.50 Production, Transmission
Distribution, Safety,
End-Use Devlces
Transportation -
Trucks, Autos Fuel Synthetlc liqulds 2.75-3.50 1.1 3.00-3.85 Production, Transmission,
Electricity 7.50 .25-.6 2.00-4.50 Distribution, Mobile and

[a’Cost below which hydrogen becomes competitive (= (cost of alternative} x (relative efficiency))

(b)

Relative end-use device energy efficiency of hydrogen compared to alternative

Statlonary Storage,
Engines, Fuel Cells



® The electrolyzers can be located at electric substations throughout
the utility network. The existing electric transmission and sub-
transmission facilities and the gas grid would be better utilized,
increasing the Btu's delivered along an existing system right-of-way.

® A modest alleviation of the natural gas curtailment problem may
acerue in areas where this concept is implemented. The improvement
in the gas supply situation is, however, limited by the availability
of electrical energy to power the electrolyzers.

® This would promote better use of existing base load plants during
periods of low electric demand (off-peak power). The higher load
factors achieved may eventually make it possible to increase the
base load portion of the installed electric capacity. This applies
to all types of low incremental costs (fuel O and M) base load plants
only, i.e., nuclear, geothermal, solar or fusion, but does not apply
to fossil-fueled power plants.

The costs for natural gas blending with electrolytic hydrogen, shown in
Table A-1 or A-6 should be compared with costs for propane blending at
$l+.5-5/106 Btu during peak gas demand perifods. Electrolytic hydrogen would
be competitive with synthetic coal gas products even for higher off-peak
costs shown [f system impacts are conslidered, such as:

® Reduction in electric transmission losses due to improved reactive

control

® Reduced spinning reserve losses

® Reduced gas peak-shaving requlrements (reduction In storage

inventory)

These additional credits could reduce the cost of hydrogen production
by another $0.5-l/106 Btu, particularly for combined electric and gas util-
ities. This-would be based on minimizing overall costs for both the gas and
the electric systems.

The commercialization of this concept will depend upon achieving the
target production costs of electrolytic hydrogen, shown in Tables A-1 and
A-4. However, implementation of this concept Is a first step toward a more
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integral role of hydrogen as an energy storage medium in the operation of
electric and gas utllities.

Hydrogen Energy Storage Concepts for Utility Applications

The concept of hydrogen as an electric energy storage medium has been
discussed extensively; e.g., (9), (15), (16), and (17). The more advanced
concepts of utilizing hydrogen to effect energy transfer between the gas
and electric sectors of joint utilities were reviewed in (18) and (19). The
entire field of electric energy storage has recently been reviewed, (20), (21),
and the various energy storage technologies Including hydrogen were compared
on a uniform basis and ranked accordingly.

The general conclusions related to hydrogen energy storage systems are
as follows.

e Hydrogen energy storage systems are most attractive for weekly-
eyele operation and, in faet, one of the only altermatives for
seasonal energy storage. Thies ie due to the separation of the
storage and energy conversion functions. A recent concept
developed at Brookhaven National Laboratory considers the closed
eyecle electrolysis and recombination of hydrochloric actid.

This concept offers greater flexibility in terms of reduction
in component requirement and greater decoupling between the
storage and conversion functions (22).

e Hydrogen energy storage requires three separate equipment com-
ponents for electrolysie, hydrogen storage, and reconversion to
electricity. Several hydrogen-halide concepts now being con-
sidered (22) will require only two components, the electrolysis
and conversion functions which are combined in the same module.
Several different combinations of electrolysis, storage, and
comverston equipment will be come available in 1985. These
modules can be co-located or dispersed throughout the electric
and gas substation networke of joint public utilities (19) and
(23). This decentralized location capability may entail some
system credits that have not yet been extensively quantified,
except by the work of R. Fernandes (19), (23), and (24).

- 35 -



® The flexibility of the hydrogen energy storage concept is
obtained at a price. The overall capital eost requirement
for the three components of this system is larger than the
eapital cost of several competing technologies. The overall
conversion efficiency (electric-to-electric) is quite low
and ranges between 40% and 55%, due to comversion losses in
each module of the hydrogen system. Land requirements may
‘be relatively large compared with other dispersed storage
technologies when operation on the transmission substation
is desired. The engineering requirements of combining the
three components of the hydrogen system may make thie con-
cept cumbersome to install in real electric utility networks.

® The economic advantage of hydrogen electrie energy storage
systems is not unique, compared with other altermative inter-
mediate load storage technologies. Based on detailed pro-
duction cost computations (21), hydropumped storage and
thermal oil storage are more attractive than hydrogen
systems, while hydrogen is slightly more attractive than
compressed air storage and advanced batteries. Given that
no elear cut economic advantage for hydrogen energy storage
systems was obtained in a gemeric study such as (21), local
situations which involve specific utility credits due to
operational flexibility must be considered when choosing the
optimal intermediate load storage technology to be installed
in the utility system.

Hydrogen Use in the Transportation Sector

Hydrogen use as a chemical fuel for transportation has long been con-
sidered because of the relatively nonpolluting and environmentally beneficial
aspects of burning hydrogen. The energy crisis has focused attention on
hydrogen applications in the transportation sector as one way to reduce the
national requirements for crude and distilled oll products. Ground trans-
portation applications of hydrogen have been reviewed extensively in (1),
(25), (26), (27), (28), and also (29), (30) and (31).
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The principal drawbacks to the use of hydrogen in ground transportation

include:

e Hydrogen's physical properties, espectially the very low density
in both liquid and gaseous states and the very low temperatures
associated with liquid hydrogen, increase the requirements for
hydrogen storage. Gaseous hydrogen storage in metal hydrides
require a bulky and heavy module that must fit in standard size
vehicles. Liquid hydrogen storage poses severe cryogenic prob-
lems, results in an appreciable energy loss in liquefaction
(33% of initial hydrogen energy content), causes difficult
volume reduction problems for the on-board vehicular storage
systems, and may cause unacceptable safety hazards in accident
situations. Pressure bottling of gaseous hydrogen results in
relatively large volume occupied per unit energy stored and
may also pose safety hazards on impact. The engineering design
problems associated with fitting hydrogen storage into vehicular
systems are difficult though not insurmountable. Several hydro-
gen vehicular demonstration projects are now being carried on
(32).

o Widespread use of hydrogen as an automotive transportation fuel
will be seriously inhibited by the lack of an adequate logistice
system. The entire infrastructure of hydrogen production, lique-
faction, storage, and distribution steps must be re-created as
long as alternmative hydrocarbon fuels are available for the
existing fuels distribution system. This can be achieved only
at a large capital expenditure.

® When considering alternative synthetic fuele for transportation
applications based on coal or oil shale feedstocks, no clear
cut economic advantage for hydrogen can be identified. Coal or
oil shale conversion to gasoline or diesel-like fuels is cheaper
than eonversion to hydrogen fuel.
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The operating cost advantage indicated in Table 6 for surface trans-
portation applicatlions of hydrogen compared with synthetic fuels is con-
siderably diminished or reversed by the higher capital costs associated
with metal hydride storage systems compared with the costs of conventional
tank storage of liquid fuels. Electricity is likely to offer significant
operating cost benefits compared with hydrogen in ground transportation _
systems unless highly efficient mobile hydrogen fuel cells are developed.

The only new large-scale production technology of hydrogen until the
end of this century is based on coal conversion. However, It is more
economical to convert coal to hydrocarbon-based fuels, both In terms of
production costs and adaptability into the existing fuel logistics infra-
structure. Should future large-scale production technology of hydrogen,
based on thermochemical or electrolytic methods coupled to Inexhaustible
energy resources such as solar or advanced nuclear reactors materialize,
then the economic viability of hydrogen as a transportation fuel vis-a-vis
hydrocarbon-based fuels, will change. A recent energy balance and economic
comparison of a hydrogen powered car vs. an electric car, internal combus-
tion engine and hybrid systems, has been prepared by Exxon Research and
Engineering Company, (33), and Is shown in Tables 7 and 8. The relative
‘efficiency and cost disadvantages of hydrogen cars compared with other
alternatives are clearly demonstrated.

Aircraft applications of hydrogen have also been extensively reviewed
in (1), (25), (28), (34), and (35) and (40). Basic observations made re-
garding the use of hydrogen In ground transportation also apply for aircraft
applicatlions, though in a less severe fashion.

Assuming that coal s the energy raw material, the cost and efficiency
supplying kerosene-1lke fuel from coal are similar to those of supplying
liquid hydrogen. The volume and weight reduction problem per unit of energy
delivered are less severe in afrcraft compared with automotive applications.
An overall reduction In gross take-off welght by a factor of 26% compared
with conventional jet-fueled aircraft was estimated by Brewer, (87).
Conversion of the airline distribution system from jet fuel to hydrogen is
easier compared with the ground transportation logistics system, due to the
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Table 7

ENERGY REQUIREMENTS FOR SUBCOMPACT PASSENGER VEHICLE OPERATION

Vehicle Type

Vehicle Weight, 1b

Energy Consumption at the
wheels, kWh/mile (1)

Energy Consumption at AC
Outlet or Service Station
Pumps, kWh/mile (1)

Coal Required at the Mine,
Assuming Coal as Primary
Energy Source (LHV Basis):
kwh/mile
kBtu/mile

Equivalent Gasoline Con-
sumption at the Service
Station Pump:

Gal./mile

Miles/qgal.

Hydride Storage
Hydrogen Car

Battery Powered
Electric Car

Internal Combustion
Engine Car

Gas Turbine/Elec-
tric Hybrid Car

2850

0.23

1.40 (2)

0.071
14

2650

0.21

0.42

o —
. .
AS Ve

0.021
b7

Present Expected

Present Expected

Engine Engine Engine Engine
Tech. Improve. Tech. Improve.
2150 2150 2500 2500
0.17 0.17 0.20 0.18
1.75 1.00 1.00 0.70
3.0 1.7 1.7 1.3
10.5 6.0 6.0 4.5
0.050 0.029 0.029 0.020
20 35 35 50

Note: (1) Average estimaced consumptidn, based on the EPA urban driving cycle.
{2) 1.40 kWh of electric energy are required to produce the 1.05 kvh of hydrogen needed, on the average,
to drive this vehicle for a mile according to the EPA driving cycle.
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Table 8
VEHICLE OPERATING COST COMPARISON

Hydride Storage Battery Powered Internal Combustion Gas Turbine/Elec-

Vehicle Type Hydrogen Car Electric Car Engine Car tric Hybrid Car
Present Expected Present Expected
Engine Engine Engine Engfne
Tech. Improve. Tech. Improve.
Vehicle Welght, 1b. 2850 2650 2150 2150 2500 2500
Operating Costs (3) = e e ¢/mile-==mmmmemmem e e
Hydrogen cost, @ 5¢/kWh
of H, (1) 5.2
Electric energy cost,
@ 3¢/kWh 1.2
Gasoline/turbo fuel cost,
@ 1.20$%/gallon 6.0 3.5 3.5 2.4
Hydride/battery depreciation
(20%/year) 2.3 1.9 0.6 0.4
Total "Fuel'' Related Costs 7.5 (2,4) . 6.0 3.5 L 2.8
Vehicle depreciation, ex
hydride/battery (10%/year) 3. 2.8 2.9 2.9 3.7 3.2
Repairs & maintenance
allowance 3.0 2.0 3.0 3.0 3.0 3.0
Insurance {5%/year on total
purchase price) 2.1 1.9 1.4 1.4 2.0 1.7
Total Vehicle Operating
Cost, ¢/mlle 15.7 (2,4) 9.8 (4) 13.3 10.8 12.8 10.7

Notes: (1) Approximately b¢/kWh of the 5¢/kWh total cost of hydrogen represents the cost of electric energy for
electrolysis, at an assumed off-peak rate of 3¢/kWh. The remaining 1¢/kWh of hydrogen represents
depreclation and maintenance for electrolysis equipment and hydrogen storage.

(2) These operating costs are based on Fe/Ti hydride storage. Should the present RED efforts on Mg hydrides
be successful, the '"fuel" related costs and the total operating cost could be reduced to 6¢/mile and
I¢/mile, respectively.

(3) Based on 10,000 miles/year average driving.

(4) If the cost of electric energy were increased from 3¢/kWh to 5¢/kWh, the operating costs for a hydrogen
car.



greatly reduced number of storage units Involved. A recent IGT report for
NASA Langley Research Center (28) and (40) indicated that coal-derived
hydrogen may be economically justified for future aircraft larger than the
Boeing 747. Improved hydrogen production technologies, based on renewable
energy resources, may make hydrogen a preferred general aviation fuel
beyond the end of this century.

Hydrogen Use as a Fuel In the Residential, Commercial
and Industrial Energy Markets

The eventual use of hydrogen as an energy carrier utilizing its heat
content of 325 Btu/SCF or 52,400 Btu/1b has been considered extensively by
various proponents of advanced versions of the hydrogen economy concept.
Most of these applications are based on two major premises: cheap hydrogen
production technologies based on renewable energy resources will become
available, and fossil energy raw materials will reach a state of near
depletion which will result in high fuel prices and low avallability. These
two basic assumptions will not materialize before the end of this century.
Future projectlons regarding the evolution of the U.S. energy system over
‘the next the next 50 years border on pure speculation. Therefore, the dis-
cussion in this section is limited to two basic observations regarding the
industrial use of by-product gases and large-scale production of hydrogen
from coal.

The production and availability of by-product gases from major U.S.
industries in 1975-1976 is shown in Table 9, based on data supplied by
H. G. Cornell of Exxon Research and Engineering Company (41). These by-
product gases which contain hydrogen are now utilized as industrial boiler
fuel for In-plant low temperature process heat applications. This indicates
that hydrogen is and can be utilized to supply industrial process heat.

The essentlal starting point for utilizing varlous gas mixes contalining
hydrogen and hydrocarbons as Industrial fuels already exists. Low or
Intermediate Btu coal gasification to supply hydrogen-rich gas mixes for
Industrial process heat is now being considered (42), (43) and (44), by
private Industry and by DOE, respectively. This is the mechanism whereby
hydrogen can be Introduced into the industrial process heat supply market
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Heating Value, Btu/SCF

Production

SCF/D x ]06

1015 Btu/yr

Avallability

SCF/D x 106
1015 Btu/yr

Composition, Vol %

Methane

Ethane +
Hydrogen
co

002

N2 + A

BY-PRODUCT GASES FROM MAJOR U.S. INDUSTRIES (1975-76)
Caustic
Petroleum Ethylene Chlorine Coke Blast
Refining Plants Plants Ovens Furnaces Total
1000 500 315 520 90 -
2740 870 350 2630 23000 29600
1.00 0.16 0.04 0.50 0.75 2.45
1370 870 350 1320 9100 13000
0.50 0.16 0.04 0.25 0.30 1.25
60 20 - 29 - -
19 2 - 3 - -
18 78 95 50 3 -
- - - 10 26 -
- - - 3 13 -
3 - - 5 58 -
100 100 100 100 100 -

Total

Table 9




in the near term. As coal supplies dwindle, and nonfossil-based hydrogen
production processes are commercialized on a larger scale, pure hydrogen

fueling will replace the various hydrogen-hydrocarbon gas mixes now being
utilized or being considered for near term applications.

The relative economics of manufacturing high Btu synthetic gases and
hydrogen from coal using several current and advanced gasification processes
has been reviewed in (41), based on uniform ERDA cost evaluations, References
(45) and (49), and the results are plotted as a function of coal prices in
Figure 1. The gas product costs are based on ERDA supplied plant costs and
efficiencies. These should not be compared with the BNL cost estimates in
Table A-1, which are based on more recent Exxon cost and efficiency projec-
tions. Figure 1 should be considered for comparative purposes only.

Based on the discussion in this section, upper bound estimates of hydro-
gen penetration into new markets within the national energy system have been
computed and are shown in Table 10. In 1985, assuming only small start-up
in hydrogen introduction to new applications, the incremental hydrogen demand
is 41% of the projected hydrogen requirements in current industrial activi-
ties and in coal gasification. Most of the incremental hydrogen demand will
be obtained from coal gasification. The problems and prospects of coal-
derived hydrogen have been discussed above and they .account for the low
initial hydrogen penetration rate into the new energy applications. Although
the electrolytic hydrogen requirements in the electric sector are quite small,
percentage-wise, they still amount to ten times the projected demand in con-
ventional industrial applications,‘reporgéd in Table 2. Thus, this projection
is contingent on the timely development of advanced water electrolysis equip-
ment and its introduction into the electric utilities sector.

The greatest potential demand for hydrogen in new applications by the
year 2000 is as a source of Industrial process heat and of residential space
heat. For this to occur, a ]arge¥sca]e low and intermediate Btu coal gasi-
fication industry connected to regional and local distribution systems will
have to materiallze. This demand should be considered in addition to the
captive hydrogen demand for high Btu pipeline gas, reported in Table 2. A
very large-scale penetration of hydrogen into the residential, commercial,
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and industrial sectors must await the development of new hydrogen production
technologies based on thermochemical water splitting with High Temperature
Gas-Cooled Reactors (HTGR's) or solar heat sources. The same general comment
also applies to hydrogen utilization in the transportation sector. The
hydrogen penetration rate In this sector is assumed. lower compared with pro-
cess heat applications due to the more severe logistics problems associated
with the Introduction of hydrogen into this energy sector. Hydrogen pene-
tration Into the aviation energy market is assumed somewhat greater than
into ground transportation. This is a reflection on the greater ablility of
the aircraft transportation sector to adjust to hydrogen fuels, compared
with ground transport.

A word of caution regarding this market penetlation projection Is now
due. In most applications, hydrogen costs are roughly comparable as seen
in Table 6. Since the operating cost comparisons do not reveal a well
defined advantage or disadvantage for hydrogen compared with the likely
alternatives, the use of hydrogen as an energy carrier will be determined
by factors other than operating fuel costs. In particular, the relative
ease and cost of introducing a hydrogen production/transmission/distribution/
end use network compared to the alternatives is likely to be the key factor
in determining whether or not hydrogen will play a role in a given applica-
tion. In thls regard, It Is Important to note that the pre-exlstence of
transmission/distribution networks for electricity, methane, and hydrocarbon
liqulds will, In general, place these energy carriers in a competitively
advantageous positlon compared to hydrogen.
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Gas Product Cost Including 15% DCF Return

$/Miltion Btu

k.0

3.0

2.0

A - SNG by Lurgi

B - H, by pressurized gasification
¢ - sfic by Blgas

D - SNG by Hygas

E - SNG by CO2 Acceptor

L 1
10 20 30 40
Coal Price, ¢/Million Btu

Figure 1. Production costs including 15% DCF return
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for coal gasification. Hydrogen by pressurized

gasification. SNG by several processes,
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Data from
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Table 10
ESTIMATED MAXIMUM POTENTIAL PENETRATION OF HYDROGEN

INTO THE NATIONAL ENERGY SYSTEM IN NEW APPLICATIONS

10'5 Btu Hydrogen

1985 2000
Energy Demand - National Level (1)
Electricity Generation (IOI5 Btu) (2) 10.96 21.08
Automobile and Other Ground Transportation ('IOI5 Btu) 14.01 15.80
Atr Transport (102 Btu) 3.83 6.80
Residential and Commercial Space Heat & Misc. Thermal (10]5 Btu) 9.02 10.86
Industrial Process Heat and Miscellaneous (1015 Btu) 11.76 18.40
Hydrogen Penetration (Percent of National Demand)
Natural Gas Supplementation (fraction of 0ff-Peak Power) (2) 5% 15%
Electric Energy Storage (fraction of available Off-Peak Power ) (2) 5% 15%
Ground Transportation Neg. 10%
Air Transportation Neg. 15%
Residential, Commercial and Industrial Heat 2.5% 25%
Estimated Hydrogen Demand (10IS Btu)
Natura) Gas Suppleméntatlon (3) .05 0.28
Electric Energy Storage (3) (Captive Demand) 0.05 0.28
Subtotal Electric Sector 0.10 0.56
Ground Transportation - 1.58
Alr Transportation - 1.02
Subtotal Transportation Sector - 2.60
Residential and Commercial Space Heat and Misc. Thermal 0.25 2,72
Industrial Process-Heat and Mlscellaneous 0.30 5;§g
Subtotal Residential, Commercial, Industrial 0.53 7.32
Total Hydrogen Demand (New Applications) 0.63 10.48
Hydrogen Demand Conventional and Implied Industrfal Applications (4)] 1.54 _h.30
Total Estimated Hydrogen Demand 2.17 14,78

1. Natlonal energy demand and electricity supply projections obtained from
ERDA Scenario 2 (the nominal case), (3).

2. Hydrogen supplementation of natural gas and electric energy storage
activities assumed to consume, each 5 and 15 pe-cent of the avallable
off-peak power supply by the years 1985 and 2000, respectively. The
available off-peak energy is projected as 10% of the direct electricity
generation for load, based on the analysis of Public Service Electric
and Gas, (21).

3. Assumed hydrogen production efficiency by advanced water electrolysis of
90%.

k. From Table 2.
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V. Ré&D COST-BENEFIT STUDY

A cost-benefit study has been performed here to estimate the benefits
to the national energy system from the commercialization of advanced water
electrolysis and coal gasification technologies for hydrogen production.

The general cost-benefit methodology has been applied only to these pro-
cesses because they have the most detalled and reliable predicted cost and
performance data.

The basic assumption of this cost-benefit study is that RD&D programs
carried out during the period 1975-1985 will result in technological improve=-
ments which will be implemented within the national energy system over the
25-year period, 1985-2010. The potential benefits during the later period

from commercialization of advanced vs. conventional hydrogen production

processes are measured In cost reductions and energy resource savings.
These cost and resource savings are related to supplying the projected
demand for industrial hydrogen in the time frame considered.

To compare the cumulative stream benefits (savings in production costs)
and expenses (RD&D programs costs) which accrue over different time periods,
both monetary streams are discounted to the same year--1975 in this case.

A discounted benefit-cost comparison tends to underscore the value of the
benefits which occur 20 to 30 years into the future. The cumulative cost
of the RD&D program which is expected to be carried out in the immediate
future is affected to a smaller degree by the discounting process. A 10%
discount rate, which is the OMB recommended rate for government agencies
during the budgetary allocation process, is assumed here as the basic
discount rate. According to OMB (50) this discount rate represents an
estimate of the average rate of return on private investment, before taxes
and after Inflation. As a parametric analysis, the hydrogen production
costs and expected savings were discounted to the year 1975 using the
discount rates of 7.5 and 12.5 percent per year. The cumulative discounted
benefits could be related to an allowed RD&D total program cost by speci-
fying a benefit/cost ratio, when both savings and allowed expenses are

discounted to the same basls year. Alternatively, if the cost of the RD&D
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program is specifled and the expected benefits are estimated, it is possible
to compare the computed benefit/cost ratio with similar figures obtained for
other RD&D programs, to assess the relative value of the proposed program.

This analysis presupposes that crude oil and natural gas will be replaced
as hydrogen feedstocks, as a matter of national energy policy. I[n this
respect, this analysis differs from the cost-benefit study performed in the
Exxon report (6) and (8) which used the more restrictive assumption of pro-
duction process substitution only in cases where direct economic advantage
can be identified. The cost-benefit study does not measure the incremental
benefits to the national energy system from releasing the natural gas feed-
stocks to other and more Important end-use applications.

The cost savings computed here thus underscore the national benefits
of developing and commercializing new hydrogen production processes, based
on abundant energy resources.

The basic study assumptions and the hydrogen production technologies
data are discussed in the next three sections. The results of the cost-
benefit study are then reviewed.

A. Market Penetration of Advanced Hydrogen Production Technologies

This analysis is limited to hydrogen manufacture for industrial purposes
only, for which relatively reliable demand projections exist, e.g., Table 2
for BNL estimates, Table 3 for other sources. It is assumed that the current
hydrogen production methods based on natural gas reforming and resid partial
oxidation will be phased out between the years 1985-2000. New production
technologles based on coal gasification and water electrolysis will be
introduced over this period to offset the need for importfng natural gas or
petroleum supplies. Complete substitution of the current production tech-
nologies Is assumed to occur during the period 2001-2010. Two pfocesses are
considered for each basic hydrogen production method: conventional and
advanced Koppers Totzek coal gasification technologies, Lurgi type and Solid
Polymer Electrolyte (GE Company process) water electrolysis systems.

As shown In Table 2, the demand for Industrial hydrogen at the current
end uses grows at an annual exponential rate of 3.45% per year, while elec-
trolytic hydrogen requirements increase by 7.60% per annum. It Is assumed
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here that these growth rates computed for the period 1985-2000, will also be
maintained in the following period of 2001-2010. Thus, electrolytic hydrogen
forms 0.7% of the total industrial hydrogen requirement by the year 1985, and
this fraction increases to 1.94% of the projected demand by the year 2010.
The non-electrolytic industrial hydrogen demand is being penetrated by the
coal gasification technology, starting at essentially zero implementation
level by 1985 and achieving full substitution of the existing production
processes by the year 2000. A summary of the basic results of the computa-
tions is provided In Table 11 and a discussion of the basic assumptions
regarding the technological improvements in the new hydrogen production pro-

cesses now follows.

B. Hydrogep Production by Coal Gasification

Coal-derived hydrogen is assumed here to be produced either by a current
or an advanced Koppers Totzek process. The advanced process Includes pres-
surized gasification and results in both capital cost savings and improve-
ments In plant capital investment. The total reduction in hydrogen production
cost is shown in Table A-1, which is discussed in Appendix A of this study.

As seen in Table A-1, coal-derived hydrogen from conventional and advanced
K-T gasification, costs $5.12/MM Btu and $4.46/MM Btu, respectively, by 1985,
and $5.25/MM Btu and $4.59/MM Btu in the year 2000. The reduction in hydro-
gen cost Is due mostly to the reduction in the capital cost component. The
improvement in gasificatlion efficiency results in reduced coal requirements
for hydrogen manufacture. Relatively modest efficiency improvements are
assumed here based on the Exxon study process description, (6), i.e., from
59.6% to 64.2%. A national averaged coal heat content of 21.4/MM Btu/ton is
projected here according to the base ERDA projections (3). Coal savings can
be translated to monetary equivalents assuming coal prices of $0.74/MM Btu,
by 1985, rising to $0.82/MM Btu by the year 2000 (3).

The incremental coal supply for the production of coal-derived industrial
hydrogen amounts to 8.4% of nominal coal supply. This corresponds to 2.45%
of the total energy resource supplies by that year. The national coal produc-
tion by 1975 was 63.9 x 106 tons, according to the FEA data (8). The large

- 49 -



_Og_

Table 11

SUMMARY OF BNL COST BENEFIT CALCULATIONS
RELATED TO IMPROVEMENTS IN HYDROGEN PRODUCTION TECHNOLOGY
A1l computed benefits expressed in billion 1975 dollars discounted to 1975

Net Benefits

Period 1985-2000 Period 1985-2010
Discount Discount Discount Discount Discount Discount
Rate = 7.5 Rate = 10.0 Rate = 12,5 Rate = 7.5 Rate = 10.0 Rate = 12.5
Technology %/Year %/Year %/Year %/Year %/Year %/Year
Improvement In Coal Gasification Technology(]) (6)
Reductlon in C a; Requirements
109 Ton Coal 0.10 0.10 0.10 0.25 0.25 0.25
Savings from Reduced Coal Requlrements‘3) 10% 0.39 0.25 0.16 0.70 0.40 0.24
Total Savings from Reduction in Coal=-Derived
Hydrogen Cost 107§ 2.75 1.95 1.16 k.47 2.78 1.67
Improvements In Water Electrolysis Technology(k) (6)
Reduction In Electrolyzer Capital Costs 109$13) 0.23 0.15 0.11 0.37 0.23 0.14
Total Savings from Reductlon In Electrolytic
Hydrogen Cost 109$ 0.27 0.18 0.13 0.45 0.27 0.17

NOTES: (1) Gasification efficliency Improved from 53.6 to 64.2
percent (Btu(H,)/Btu(th). Hydrogen production
costs reductiol from $5.12/MM Btu to $4.46/MM Btu,
according to Table 5 data.

(2) Average coal heat content of 21.4 MM Btu(th/ton
according to Reference (3).

(3) Coal Cost (including transportation)averaged as
$0.74/MM Btu by 1985 and $0.82/MM Btu by the year
2000, according to Reference (3).

(4) Electrolysis efficiency improved from 74.7 to 90.0
percent (B8tu{H,)/Btu(th)). Hydrogen production
cost reduction“from $9.05/MM Btu by 1985 to $5.61/MM Btu
by the year 2000, as reported in Table 5.

(5) Electrolyzer capltal cost reduction from $320/kW (H )
to $150/kW(H,), according to Table 5.

(6) All efficienCy Improvements and capital cost reductions
result from an ERDA RDED program carried out during the
period 1975-1985,



amount of coal required to supply a relatively small portion of the national
energy requirements is in itself a large incentive for the improvements in
the hydrogen production efficiency, especially when legal, environmental,
and Institutional constraints on large-scale coal mining are considered.

The economic impact of improving coal gasification technology for
hydrogen manufacture is quite pronounced. The detailed cost-benefit study
computations indicate that the annual savings in the cost of the required
coal supply by the year 2000 amount to 221.8 million 1975 dollars. The
total monetary savings from the Implementation of advanced vs. current gasi-
fication technologies for hydrogen production reach 1.5 x IO9 1975 dollars.
These figures relate to the production of coal-derived hydrogen for currently
established industrial demands only. Should new applications for coal-
derived hydrogen, such as the synthetic fuels industry be considered, then
the savings from improved production technologies will be correspondingly

higher.

C. Hydrogen Production by Water Electrolysis

Two water electrolysis technologies were compared in this section: the
current Lurgi system and the advanced Solid Polymer Electrolytic process,
now being developed by the General Electric Company. It Is expected that
the DOE RD&D program carried out between 1976 and 1985 will result in com-
mercialization of the advanced electrolysis process during the period
1985-2010. The savings from implementation of advanced vs. current elec-
trolytic hydrogen production technologies are computed. The differences in
performance and cost characteristics between the two electrolysis technolo-
gies have been listed in Table A-1. Electrolyzer capital cost reduction
from $320/kwW (H2) to $150/kw (HZ) is expected. This is coupled with improve-
ments in electrolysis efficiency from 74.7% to 90.0%. The combined effect
of caplital cost reduction and efficiency improvement is a reduction in the
cost of electrolytic hydrogen from $9.05/M Btu to $5.61/M Btu by 1985, and
from $9.43/M Btu to $5.93/M Btu by the year 2000, assuming operation with
of f-peak electric power. Electrolyzers are expected to operate 55 hours
per week which corresponds to an annual average load factor of 0.33. Nuclear

of f-peak power at an average cost of 8 mills/kWh is assumed available for
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electrolytic hydrogen production. Should an average nuclear-fossil off-peak
power mix be considered, the fuel coust component of the electrolytic hydrogen
will increase to $12/MM Btu and $8/MM Btu, for current or advanced electrolysis
technologies, respectively. In such a case, the projected savings from im-
provements in water electrolysis methods would be higher than reported in
Table 11. As seen in Table A-1, about 80% of the reduction in electrolytic
hydrogen production cost by current vs. advanced processes is due to the
computed reduction in the capital cost component. This pattern is also
evident In the results of the cost-benefit study reported in Table 11. The
reduction in the investment related component of the hydrogen cost is so
pronounced, both in Tables A-1 and 11, since the concomitant improvement in
electrolysis efficiency is also included in the computation of the capital
cost component. The equations used in the hydrogen production cost computa=-
tions of Table 5 and in the cost-benefit study are reported in Appendix A.

As seen in equation (1) of Appendix B, the capital cost component of the
electrolytic hydrogen price is directly proportional to the plant investment
and inversely proportional to the electrolysis efficiency.

D. Comparlson of Projected Benefits and Relationship to RD&D
Funding on Hydrogen Production

Based on the results of Table 11, it Is Interesting to note that while
the electrolytic hydrogen demand is about 1.3% of the overall industrial
hydrogen demand (0.7% by 1985, rising to 1.9% by 2010), the cumulative dis-
counted savings from improvements in electrolysis efficlency are almost 10%
of the projected savings in the cost of coal-derived hydrogen. In an earlier
draft of this report (51), it was assumed that electrolytic hydrogen amounts
to 10% of the industrial hydrogen demand. It was then found that the monetary
benefits due to improvements in coal gasificatlon and water electrolysis
technologies were quite similar. This pattern Is explained by the fact that
the expected reduction in the cost of electrolytic hydrogen due to the com-
mercialization of advanced production technology Is about ten times greater
than the potential‘reductioh in the cost of coal-derived hydrogen, as seen

in Table 5. The state of water electrolysis technology development is such
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that revolutionary cost reductions (factors of 2 or 3) can be expected due
to the Implementation of new process technologies. Coal gasification for
hydrogen manufacture is expected to experience only small decrements in
capital cost, e.g., 20-30%. The larger potential cost reduction in water
electrolysis compared with coal gasification partially offsets the fact
that only a relatively small amount of hydrogen will be produced by this
process. Thus, a comparison of the RD&ED benefits from improvements in
electrolysis and gasification technologies is very sensitive to the rela-
tive amounts of hydrogen produced by each process.

The detailed cost-benefit computations show that the annual savings
from implementing advanced vs. conventional gasification technology for
the manufacturing of coal-derived hydrogen amount to 1.395 x 109 1975 dollars
by the year 2000. This should be compared with the cumulative discounted
savings over the entire study period, 1985-2010, which corresponds to 2.78
X 109 1975 dollars, discounted at 10% to 1975. The cumulative discounted
savings from the commercialization of advanced vs. current water electrolysis
technology amount ot $0.18 x 107 and $0.27 x 107 by the years 2000 and 2010,
respectively.

This cost-benefit study primarily considers the differences between
production costs at various technology development levels. One should also
consider the absolute magnitude of the production costs. The benefits com-
puted here only relate to industrial hydrogen production. Should water
electrolysis and coal gasification processes be utilized for the production
of hydrogen delivered to the non-industrial sectors, the computed benefits
shown in Table 11 will increase proportionately. Using the benefit-cost
study methodology, it is possible to parametrically arrive at allowed RD&D
program costs, based on the benefits computed above and on a specified
benefit/cost ratio. The higher the value of the benefit/cost ratio, the
smaller the allowed RD&D funding level for a given amount of discounted
savings.

The total savings due to the implementation of improved technologies

9

for coal-derived and electrolytic hydrogen production amount to 2.78 x 10
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and $0.27 x 109, respectively, according to Table 11. Should a benefit/cost
ratio of 10 be accepted, it follows that the allowed RDeD funding programs
for coal gasification and water electrolysis over the 10 year period 1976-
1985 are about 280 million 1975 dollars and 27 million dollars. As a first
approximation, the annual funding level within this period could be assumed
to be one-tenth of the allowed cost of the entire RD&D program. As such,
the hydrogen from coal program could expand to an annual level of 28 million
dollars, while the electrolytic hydrogen program could be funded at about
2.8 x 106 dollars/year. The previous draft of this report (51), which
assumed a 10:1 split between coal-derived and electrolytic hydrogen demands,
instead of the 100:1.3 ratio assumed here, resulted in an equal split of the
allowed RD&D funding between water electrolysis and coal gasification. The
more conservative assumption regarding the Industrial demand for electro-
lytic hydorgen results in a 10:1 split In funding levels in favor of coal-
derived hydrogen. This is due to the greater potential demand for coal
gasification as a source for industrial hydrogen.

Should the lower discount rate of 7.5% per year be accepted as the
nominal value, then the allowed annual funding levels could be increased by
a factor of 60%. Conversely, should the high discount rate of 12.5% per
year be accepted, then the allowed funding levels could be reduced by approx-
imately the same factor.

The evaluation of allowed funding levels mentioned above depends on the
value of the benefit/cost ratio, given the amount of benefits computed in
this study. A choice of a different benefit/cost ratio would have yielded
another set of allowed RD&D expenses. Thus, while the benefits from Improved
hydrogen production methods are based on technological data, the budget
allocation process Is in the hands of the policymaker. Based on the computed
system benefits, a rational choice of RD&D funding levels can be made.
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APPENDIX A

HYDROGEN PRODUCTION METHODS AND COSTS

A. Introduction

The major hydrogen production processes presently In use are catalytic
steam reforming of natural gas, partial oxidation of hydrocarbons, and
refinery catalytic reforming. Smaller amounts of high purity mechant hydro-
gen are produced commercially by water electrolysis. The various hydrogen
production methods have been discussed in References (1, 2, 4, 6, 25) and
(27, 28, 34, 52, 53, 54).

As shown in (2) the average price of captive hydrogen in constant 1973
dollars has steadily declined from 1954 to 1972; this price trend is also
evident in current dollars. This can be attributed to increased plant in-
efficienclies and the replacement of old units by new, larger production
facilities. A reversal of the declining price trend has occurred since
1973 due to the sharp increase in oil prices, and the scarcity and rising
price of natural gas. The average annual price of captive industrial hydro-
gen has been estimated as $0.6/106 Btu by 1975 according to (2). Merchant
high purity electrolytic hydrogen has shown the same price trend except that
the current dollars prices have been increasing since 1970. The estimated
average 1974 price of high purity hydrogen was $7.60/106 Btu and the price
of very high purity hydrogen is much higher (55). The relationship of
hydrogen purity, prices, and supply is shown in Figure A-1.

The rising prices of hydrogen feedstocks (natural gas and oil) and of
electricity, have created an incentive to develop other fossil raw materials
as hydrogen feedstocks, to reduce the cost and improve the efficiency of
water electrolysis equipment, and to investigate new production methods based
on thermochemical water splitting, photosynthesis, and waste materials. The
major current and future hydrogen production methods and costs are described

below.

B. Natural Gas Reforming and Partial Oxidation of Hydrocarbons

The current major processes for large-scale manufacture of industrial

hydrogen are natural gas reforming and partial oxidation of hydrocarbons.
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The overall process is summarized in Figure A-2. The reaction of methane
and steam is performed at n1500°F and the products of the first step are
reacted with excess steam ("'shifted!') to convert the carbon monoxide to
carbon dioxide and produce more hydrogen. The carbon dioxide is then
scrubbed and removed. Typical hydrogen purity of 97% is obtained in this
reaction at an overall energy efficiency of 68%. Further cleaning with
molecular sieves to 99% purity can be accomplished.

Two very similar partial oxidation processes for conversion of liquid
hydrocarbons to hydrogen have been commercialized. These are the Texaco
Process and the Shell Gasification Process. Heavy oil is reacted with
steam and oxygen at a high pressure, and the resulting gas is rapidly
quenched with water. The resulting mixture of carbon monoxide, water
vapor, and hydrogen is subsequently shifted and scrubbed to yield indus-
trial-grade hydrogen.

The partial oxidation processes are very versatile with respect to raw
materials feedstocks. These processes consume large volumes of 95% - 99%
pure oxygen which increases the hydrogen production costs compared with
natural gas reforming.

Another refinery process for hydrogen manufacture is catalytic reforming
of petroleum components. The main reactions are isomerization and cycliza-
tion which result in dehydrogenation of the final products. The conversion
of napthalenes to aromatics results in equivalent excess hydrogen production
of 700 SCF (Hz) per barrel reformed.

A recent comparative estimate of hydrogen production prices by different
processes was performed by the Exxon Company (6) and updated for recent
inflationary effects on investment costs (56). A summary of the results is
shown in Flgure A-3. These results are reported in 1980 dollars and various
escalation rates are required to convert capital, fuel, and operating expen-
ses from 1980 to 1975 dollars. A similar comparison of hydrogen production
costs by several different technologies which are expected to be commercially
available by 1985 has been carried out here, and the results are shown in

Table A-1. These cost computations are presented in 1975 dollars and are
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Table A-1

COMPUTATION OF HYDROGEN PRODUCTION COSTS BY VARIOUS TECHNOLOGIES IN THE YEARS 1985 AND 2000
’ 1975 Dollars

Lurgl Water

Coal Gas!fication Electrolyzer SPE New Water Electrolysis
Methane Resid Using
Steam Partial Koppers | Improved 0f f~-Peak 0ff-Peak Spinning Dedicated
Reforming Oxidation Totzek K-T Power Power Reserve Plant
Performance and Cost |tems (1) (5) (1) (5) (1) _(5) 1) (5) (2) (W) (3) (8 (3) (&) (3)_(8)
Plant Cost (10° §) 40.7 103.5 160.1 130.0 17.1 0.75 0.75 0.75
Plant Productlon 100 % 100 -::—55 100 %SF 100 ';:S,F 53.3MWth | 5 MWth 5 MWth 5 MWth
Annual Operatfon 330 9= 330 Jx= | 330 DAYs| 330 Javs| g5 flours | g fours | ggpq Houms| oq pours
Annual Average Load Factor 0.904 0.90k 0.904 0.904 0.33 0.33 0.904 0.65
Conversion Efficiency (%) 70.2 82.7 59.6 64.2 74.7 90.0 90.0 90.0
Unit Capltal Cost 'k%(th) - - _ _ 320 150 150 150
Basic Fuel Cost
Year 1985 ($/M Btu) 2.15 2.52 0.74 0.74 0.76 0.76 0.76 2.53
Year 2000 ($/M Btu) 2.4 3.15 0.82 0.82 0.88 0.88 0.88 2.65
Unit Production Costs - 1985
Capital Cost (7) ($/M Btu) 0.65 1.64 2.54 2.06 5.50 2.58 0.94 1.31
Fuel Cost ($/M Btu) 3.06 3.05 1.24 1.15 3.08 2.56 2.56 8.53
0 and M Cost (6) ($/M Btu) 0.50 0.50 1.34 1.25 0.47 0.47 0.47 0.47
Total Unit Cost ($/M Btu) 4.2 5.19 5.12 4 46 9.05 5.61 3.97 10.31
Unit Production Costs - 2000
Caplital Cost (7) ($/M Btu) 0.65 1.64 2,54 2.06 5.50 2.58 0.94 1.31
Fuel Cost ($/M Btu) 3.43 3.81 1.38 1.28 3.46 2.88 2.88 8.66
0 and M Cost (6) ($/M Btu) 0.50 0.50 1.34 1.25 0.47 0.47 0.47 0.47
Total Unit Cost ($/M Btu) 4,58 5.95 5.26 4,59 9.43 5.93 .29 10.44




Footnotes to Table A-]

1. Plant capacity, capital cost, conversion efficiency and annual
load factor are obtalned from the Exxon study (6). The invest-
ment cost figures are converted from 1980 to 1975 dollars using
a8 9% annual discount factor, based on private communication from
H. G. Cornell (Exxon Research and Engineering Company) to C. Braun,
BNL, November 15, 1976.

2. Lurgl electrolyzer capacity, capital cost and conversion efficlency
data obtained from the EPRI/IGT report on Utilization of 0ff-Peak
Electric Power (4), Table I11-1 and 111-2.

3. Plant capacity, capital cost and conversion efficiency of solid
polymer electrolyte water electrolysis equipment based on communi-
cation from R. Fernandes (Niagara Mohawk Power Company) to the
Ad Hoc Committee on Hydrogen as a Natural Gas Supplement, November
2, 1976 (14).

L. Electrictty supplied to the water electrolysis plant Is assumed to
be provided by a LWR nuclear power plant having the following
economic parameters:

(a) Capital cost of $585/kW(e) in 1974 dollars (3). Escalated
to 1975 dollars assuming 5%/year escalation rate according
to (57).
(b) Nuclear fuel cycle cost - $0.65/M Btu and $0.77/M Btu In
1985 and 2000, respectively (3).
(c) Operating and malntenance costs of 1.2 mi11s/kWh according
to Reference (3) or the equivalent of $0.11/M Btu.
(d) Thermal efficiency of 0.33 and 0.3% in 1985 and 2000,
respectively (3).
(e) Base load annual average load factor of 0.65 (3).
Spinning reserve fs assumed avallable on a year-round basis (7920 hr/
year) at nuclear fuel cost. 0ff-peak and spinning reserve operation
are charged only the variable, f.e., fuel and 08M nuclear costs which
amount ot 7.86 and 9.10 mi11s/kWh in 1985 and 2000, respectively.
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Footnotes to Table A-1 (cont'd)

Fossil fuels costs including raw fuel cost and incremental fuel
processing expenses obtained from (3).

Operating and maintenance costs of fossil-fuel based hydrogen
productlion plants obtalned from (3). Water electrolysis plants

0&M costs obtained from (14).
Annual fixed charges on capital are assumed at 17% of Investment

per year (58).

13.22

9.8l

817 ENERGY

NAT GAS RESID K-T  NEW SPE
REFORMING PARTIAL OX. COAL GASIFICATION ELECTROLYSIS

Figure A-3. Hydrogen manufacturing costs-midcontinent

location. $/MBtu - 100 MSCF/D plants - 1980 $ operation
during period 1980 - 2000,
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based in part on Exxon capital cost estimates (6) (56), on ERDA fuel cost

projections (3), and on SPE water electrolyzer performance expectations (14).

C. Hydrogen Production by Coal Gasification

Hydrogen 1s produced as an intermediate product in the gas mix from the
first stage of the coal gasification process. This step consists of reacting
coal with steam, oxygen, or air; the energy for the gasification reaction is
obtained from the combustion of some of the coal. The raw gas product of this
step typically includes 50-60% hydrogen (41).

The second step of each gasification process is the product gas purifi-
cation to the desired composition and purity levels. This includes both the
further reacting of intermediate products and cleaning of the final gas stream.
In several gasification processes for the production of low Btu gas, the final
gas mix, with an average heating value of 160 Btu/SCF, does include an average
hydrogen content of 17% (according to Figure 18 (42). It is possible to
modify these processes to provide hydrogen-rich gas mixes or pure hydrogen.

Three coal gasification technologies that can be applied to hydrogen pro-
duction have recently been evaluated by the Institute of Gas Technology (IGT)
for NASA (28). These include the Koppers Totzek, U-Gas, and Steam-Iron
Processes. The Koppers Totzek Process (59) is now commercially available
and is most commonly used for ammonia synthesis. It is based on suspension
gasification of pulverized coal by steam and oxygen at close to atmospheric
pressure and 3000°F.

A recent Exxon estimate of hydrogen production cost by pressure gasifica-
tion (41), based on ERDA Research Center evaluated data (60), estimates hydro-
gen production costs of $3.84/M Btu to $4.16/M Btu for coal prices of $11/ton
to $15/ton, respectively. These cost estimates are reported in 1975 dollars
and are almost twice the projected coal-derived hydrogen costs reported by
IGT (28).

The BNL cost projections (1975 dollars) of hydrogen from current and
advanced Koppers Totzek processes are shown in Table A-1, and a parametric
cost analysis is shown in Figure A-4. These costs are somewhat higher than

the Exxon cost computations based on ERDA data. The pressurized gasification

- 74 -



process has a 15% cost advantage over the current process. Depending on the
cost projections for natural gas, residual oil and coal, the hydrogen price
from the advanced Koppers Totzek process is about equal to the cost of
hydrogen from steam reforming or methane. The coal gasification process is
much more capital intensive; however, this is compensated for by the higher
price of the scarce natural gas feedstock compared with coal. Hydrogen pro-
duced by the conventional Koppers Totzek process is found to cost slightly
less than hydrogen from resid partial oxidation, which is attributed mostly
to the difference in fossil fuels prices.

A comparison of the hydrogen production expenses via steam reforming of
methane and advanced Koppers Totzek process using Exxon Company's data is
shown In Figure A-5 (obtained from (56)). Production costs are reported
in 1980 dollars and the regional impacts of plant construction and coal
transportation are taken into account.

It is expected that coal-derived'hydrogen costs in 1975 dollars will
vary between $4.5/M Btu and $5.5/M Btu depending on the process technology
and coal price projections. At such prices, hydrogen from coal gasifica-
tion can economically penetrate the future market for Industrial hydrogen,
especially in the methanol and ammonia manufacturing industries. More
refined comparative calculations are required for other industrial demand
categories. Ultimately, however, the future large-scale demand for coal in
the synthetic fuels and electric utility industries (61), and the environ-
mental impacts associated with large-scale mining, transportation, and
combustion of coal (62), (63), may limit the use of coal to provide indus-
trial hydrogen. Consideration should be given to hydrogen production

technologies associated with relatively inexhaustible resources.

D. Hydrogen Production by Water Electrolysis

The electrolytic method of hydrogen production is a relatively simple
process by which the hydrogen and oxygen products are easily separable from
the water feedstock, and no by-products or pollutants are emitted at the
production site. The electrolyzer, though modularized in construction and
including no moving parts, must be designed to achieve high power densities

and high conversion efficiency. The main Impediment to large-scale
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commercialization of this technology is the availability and cost of the
input electric power. Water electrolysis is a commercially avallable
technology.

Because electrolytic hydrogen production is determined by the availa-
bility and cost of electric power, four types of operating modes can be
concelved: electricity supply from a dedicated plant, part time use of off~-
peak power, operation with spinning reserve electric power, and hybrid
renewable off-peak concepts. Each of these operating modes will be des-
cribed briefly.

(1) Electrolytic Production - Dedicated Nuclear Plant

Hydrogen is produced by water electrolysis using on-peak electricity
supplied by a nuclear plant which forms an integral part of the hydrogen pro-
duction complex. A light water reactor is assumed as the dedicated nuclear
plant.

The load factor of the electrolysis plant is assumed here as 65%
since it Is connected to a dedicated nuclear plant which operates at a maximum
utillzation factor of 0.65 (3). In this case, all the nuclear electric pro-
duction costs, i.e., both capital, fuel, and 0 and M are charged to the cost
of the electrolytic hydrogen in addition to the electrolysis plant costs.

No specific credits are assumed here for considering the dedicated electric
plant as part of the spinning reserve of the local electric utility, which can
shed the electrolysis load and supply power to the electric grid on short
notice. As such, the nuclear plant capacity could be regarded as spinning
reserve, and credit should be taken because old fossil-fired electric plants,
which normally serve as spinning plants, need not be used.

(2) Electrolytic Production - Off-Peak Power

In this scheme, hydrogen is produced during off-peak periods using
avallable base load electric power. It is assumed that nuclear of f-peak
power or other essentially inexhaustible and consequently low fuel cost
electric plant, e.g., geothermal, solar, breeder, or fusion, is driving
the water electrolysis facility. Indeed, it would make little economic

sense to convert coal to electricity to be used In water electrolysis.
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Direct coal gasification to produce industrial hydrogen is the more economic
and efficient process of converting coal into hydrogen. Only the variable
fuel and operating and maintenance expenses of the base load power plant are
charged to the hydrogen production cost. Capital charges on the electric
plant are paid by the electric utility which derives base load electric
power from this plant. This in effect is tantamount to subsidizing the
hydrogen manufacturing operation at the expense of the electric power cus-
tomers. Such a cost distribution is utilized within the utility system.
Should It be desirable to sell the off-peak electrolytic hydrogen to other
Industries, a prorated portion of the base load plant capital charges must
be assigned to the hydrogen price. It is for this reason that off-peak
electric production of hydrogen is considered mostly by electric or elec-
tric and gas utilities for electric energy storage or natural gas supple-
mentation purposes. A major Impediment to the use of off-peak electrolytic
hydrogen in industrial applications outside the electric utilities sector is
the intermittent production rate at annual average load factors varying
between 0.3 and 0.5. In fact, off-peak power availability varies over a
daily, weekly and seasonal basis during the year (64). Because industrial
applications may require a constant hydrogen supply rate, the use of off-
peak production methods results in the hydrogen storage buffer requirement
between the supply and demand points. The impact of hydrogen storage on the
use and economics of off-peak electrolytic hydrogen has been extensively

and thoroughly discussed in (4, 6, 34, 65, 66) and (67). Storage require-
ments may conslderably increase the cost of electrolytic hydrogen.

The dynamics of off-peak electric power availability and cost are
demonstrated for a large electric power pool in Tables A-2 and A-3, obtained
from (14). The seasonal variation in off-peak power cost at a constant
supply level are shown In Table A-2. Cost differentials are explained by
the different power plants mix that will provide off-peak power at each
season. This in turn depends on the seasonal load duration curves and on
the planned maintenance schedules. Table A-3 demonstrates the annual averaged
varlations of off-peak power costs and available capacity levels. In general,

cheap off-peak power from under-utilized nuclear plants may be avallable for
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Table A-2
SYSTEM A

PROJECTED OFF-PEAK ENERGY COSTS#*
1975 Dollars

Mills/kwh
Year/Peak Spring Summer Fall Winter *%*Annual Average
Load Average Average Average Average 0ff-Peak Energy Costs
1985
(34,744 MW) 15 5.7 11.3 9.5 1
1990
(45,553 MW) 11.3 4.0 6.0 5.3 7.2

*0ff-Peak Energy Computed Below 60% Capacity

**%Based on 8h/weekday and 36h/weekend
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Table A-3

NEW YORK POWER POOL
OFF-PEAK ENERGY COSTS VS. DEMAND LEVEL
1975 Dollars

O0ff-Peak Capacity
Demand Increments .
System Peak Block (#) 0ff-Peak Energy Costs
Year MW Percent |Megawatts Capacity Factor Mills/kWh
1985 34,744 (1) 2% 696 0.40 3.5
(2) &% 1,392 ~0.45 11.75
(3) 3% 1,044 0.50 14.10
1990 45,553 (1) &y 1.820 0.40 3.50
(2) 5% 2.275 0.45 8.50
(3) 2% 910 0.50 10.20




small amounts of time. As larger off-peak load factors are desired, addi-
tional plants having higher variable production costs are utilized, which
raises the average cost of this electric power block. The expected larger
penetration of nuclear power plants into the future utility system results
in cheaper electric costs at the higher capacity blocks in the later time
period. An economic balance must be established In each system between
larger hydrogen production levels and higher electric power input prices.
A parametric analysis of the Impact of the rising off-peak power costs on
the hydrogen manufacturing prices is shown in Figure A-6.

(3) Electrolytic Production - Spinning Reserve Power

The concept of utilizing spinning reserve power to produce elec-
trolytic hydrogen has been suggested for study by the Commonwealth Edison
Company (68). The definitlion and method of providing spinning reserve
varies somewhat depending on what electric utility or group of utilitles
are considered, e.g., speciflic definition of capacity and cost reported in
(69). In general, it is defined as the generating capacity which is held
for emergency reserve, is connected to the electric system, and is avall-
able within a very short time--say 5-15 minutes. It normally provides for
such unpredictable emergencies as the loss of a large generating unit,
either within a utility's system, or a neighboring utility which is a
member of a common power pool. In many utilities, thls spinning reserve
Is carried part of the time by hydroelectric, coal-fired, and nuclear
plants having relatively low cost fuel charges. The total spinning reserve
is commonly provided In small increments by several power plants distributed
through the electric utility grid.

In thls production concept, the spinning reserve is now provided to the
interruptible electrolyzer load which would be owned and operated by the
electric utllity. Control of the electrolyzer load must be under the direct
supervision of the load dispatcher through either a manual or automatic
arrangement to make the generating capacity serving the electrolyzers avail-
able In a very short time for emergency duty. .

Normally, the spinning reserve Is restored to the system as soon as

possible by the addition of standby or operating reserve generating units so
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that electrolyzers would not normally be off the line for more than an hour
or two for each operation involving spinning reserve. Assuming 100 opera-
tions a year averaging 14 hours each, the electrolyzers would still have a
potential availability for producing hydrogen of 8610/8760 hours or 98%.

The application of this concept to electrolytic hydrogen production
has the advantage of having relatively low cost electric energy (the
cheapest block of off-peak power) avallable for the electrolyzers at essen-
tially all times. No capftal charges on the electric generating plants are
assessed against the hydrogen price, since these charges are covered by the
electric sector's spinning reserve. The unit capital charges on the elec-
trolyzers are minimized since very high utilization factors can be achleved.
The concept of using spinning reserve to produce electrolytic hydrogen has
the potential of combining the best economlc advantages of the off-peak
concept (low electricity cost) and the dedicated plant method (high utiliza-
tion factors).

The cost of spinning reserve In the Commonwealth Edison service terri-
tory in 1975 varies between 7 to 10 mills/kWh, (69). Average spinning
reserve power costs vary between 10-14 mills/kWh for the Pennsylvania-Jersey=
Maryland (PJM) power pool (69). Using PJM definitions, 200 MWe of spinning
reserve are available in 1976 on 10 hours/day, 300 days/year, within the
42,000 MWe power pool capacity, at the above quoted prices. Thus, spinning
reserve forms 4.9% of the PJM installed capacity. Detailed daily and seasonal
distribution of spinning reserve costs within the New York Power Pool (NYPP)
are provided in (14) and (69). The annual average cost by 1985 is expected
to be 7.5 mills/kWh in 1975 dollars. Assuming that the large-scale nuclear
base load plant construction program of NYPP progresses on schedule, the
year 1990 spinning reserve cost is projected to decrease below the 1985
value quoted above. Thus, spinning reserve appears to offer the potential
of very low cost electrolytic hydrogen production within electric utility
systems. In terms of hydrogen use potential this production method is most
applicable to combined electric and gas utilities. Application within an
all electric utility may increase the hydrogen price due to the required
installation of storage facilities to act as a buffer between the production
and use points within the electric utility network.
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(4) Electrolytic Production - Hybrid Renewable Resource 0ff-Peak Power

In this concept an electrolyzer plant is powered by a renewable
resource energy concerter such as a wind generator, solar vapor cycle, or
photovoltaic cell array. A conventional electric power source is also con-
nected to the electrolyzer through an automatic selective switch. This
renewable source is connected as the primary energy source and powers the
electrolyzer whenever sun or wind energy is avallable. During off-peak
periods when wind or solar energy is not available, the switch 1s closed and
the conventional electric supply powers the electrolyzer. This concept has
been suggested by E. J. Steeve of Commonwealth Edison Company.

This hybrid system Increases the use factor of the electrolyzer system
at a minimum expense (i.e., the rectifier or converter and the selective
switch). The hybrid concept could possibly offer the best opportunity for
economic hydrogen production, when the cost of the solar generator is re-
duced, since solar/wind energy and off-peak power tend to complement each
other in filllng the avallable time for powering the electrolyzer.

The wind generator appears to be the most economic near-term renewable
resource device to be utilized for hydrogen production. The feasibility of
using wind generators to produce electrolytic hydrogen has recently been
investigated (70) and (71).

The possibility of a gas/electric utility using this concept could be
enhanced by the addition of an alternate supply of a conventional electric
source. The alternate source could power the electrolyzer during calm perlods
when surplus cheap electric power Is avallable. The hybrid power source sys-
tem could replace some of the existing hydrogen production facilities, thus
releasing a certaln amount of natural gas or residual oll for other applica-
tions within the energy system.

(5) Electrolytic Production - Economic Analysis

Recent analyses of the cost of electrolytic hydrogen production using
off-peak or spinning reserve power within a utility environment (14) are shown
In Table A-4 for electrolyzer characteristics described in Table A-5. Similar
computatlons also using 1975 dollars and somewhat different electrolyzer cost
and performance goals are shown in Table A-6. The BNL proJections of the cost
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Table A~k

HYDROGEN PRODUCTION COSTS 1975 DOLLARS

Operating Mode

0ff-Peak or Spinning Reserve

Electrolyzer Capacity (MW)
Electrolyzer Capacity Factor
Converter Capaclty Factor

Cost of Electricity (¢/kwh-1975)

Production Costs (¢/kwh, . Output)

Electricity

Water & Chemicals

Labor & Supervision

Maintenance & Overhead

Capital Charges (17% of Investment)
- Electrolyzer (100$/kW)

- Converter & Switchgear
(50$/kwW)

Total Costs: (¢/kwh)
Without Oxygen Credit ($/106 Btu)

With Oxygen Credit ($/106 Btu)

1985 1990
696 1,392 1,044 1,820 2,275 910
0.4 0.45 0.5 0.4 0.45 0.5
0.9 0.9 0.9 0.9 0.9 0.9
0.35 1.18 .41 0.35 0.85 1.02
0.39 1.31 1.57 0.39 0.94 1.13
0.02 0.02 0.02 0.02 0.02 0.02
0.06 0.06 0.06 0.06 0.06 0.06
0.08 0.08 0.08 0.08 0.08 0.08
0.49 0.44 0.39 0.49 0.44 0.39
0.11 0.11 0.11 0.1} 0.11 0.11
1.15 2.02 2.23 1.15 1.65 1.79
3.37 5.92 6.54 3.37 L.84 5.25
2.00 4,65 5.17 2.00 3.47 3.88



ELECTROLYTIC HYDROGEN PRODUCTION COSTS

General Assumptions

Plant:

Location:
Mode of Operation:

Utilization Factor:

Plant Size:

Production Efficiency:

Hydrogen Pressure: 450 psig
Construction Period: 1 year
Investment Costs
$/kW out

Electrolysis Modules 20
Plant Auxiliaries 23
Power Conversion & Switchgear 45
Installation 22
Offsites 15
Contingency 25

TOTAL 150

Table A-5

1975 DOLLARS

Solid Polymer Electrolyzer with Forced
Commutated Converter Interface

Northeast USA

Using Spinning Reserve/0ff-Peak Energy

Electrolyzer 0.4, 0.45, 0.5

Converter 0.9
Sthh (Output)

90% (Hydrogen Thermal Output)
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100
15
225
10

75
125

750
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Table A-6

GENERAL ELECTRIC SPE ELECTROLYSIS SYSTEM
HYDROGEN PRODUCT COST FOR VARIOUS OPERATING MODES

Utility Financing, 1985 Operation, 1975 §$

Dedicated

0.021
24
7920
1.378
1.876

10.944
0.075
0.236

11.255

0.204
0.132
1.096
0.394
T3.0817

9.49
7.92

Investment $/kW Out M$ M$
Electrolysis Modules 9 0.460 On-Sites 5.093
Power Conversion and Switchgear 46 2.351 Off-Sites 1.355
Other Process Equipment 19 0.571
Installation 9 0.460 Total  6.448
Off-Sites 20 1.022
Contingency 31 1.584
Total 134 6.548
Operating Mode 0f f-Peak or Spinning Reserve
Cost of Electricity, $/kWhr 0.010 0.010 0.010 0.010
Operating hours per day 24 18 12 6
Operation hours per year 7920 5940 3960 1980
MBtu product per year x 10 1.378 1.034 0.689 0.345
Working Capital, M$ 0.920 0.700 0.480 0.260
Annual Production Costs, M$
Electricity 5.211 3.908 2.606 1.303
Water and Chemicals 0.075 0.056 0.038 0.019
Labor and Supervision 0.236 0.236 0.236 0.236
Annual Production Costs 5.522 4,200 2.880 1.558
Maintenance (4% of on-sites) 0.204 0.204 0.204 0.204
General Overhead (2.6% of on-sites) 0.132 0.132 0.132 0.132
Capital Charges (17% of total invest.) 1.096 1.096 1.096 1.096
Working Capital Charges (21% of work cap.) 0.193 0.147 0.101 0.055
Total Annual Costs 7.147 5.779 .3 3.0L5
Total Cost, $/MBtu
Without Oxygen Credit 5.19 5.59 6.41 8.83
With Oxygen Credit 3.62 -- -- --
Plant - GE SPE Electrolysis 6 6
Plant Capacity - 51.1 MW Hydrogen Qutput = 0.5417 x 10° SCF/hr = 174 x 107 Btu/hr

Thermal Efficiency - 77.6% Operating Days per year - 330
Electrical Requirement - 65.8 MW

Note: The contingency is 30% of the estimate for on-sites + off-sites. These investments include cost of

funds during construction.



of electrolytic hydrogen derlved from current electrolysis technology operating
in the dedicated plant, off-peak power and spinning reserve modes, are shown

In Table A-1. Note that for an advanced electrolysis technology operating with
off-peak power the cost of the product hydrogen varies between $5.5/M Btu to
$6.5/M Btu, In Tables A-1, A-4, and A-6, respectively. Hydrogen production
costs with dedicated plants are hlgher--about $10/M Btu as seen in Tables A-1
and A-6. The cost of spinning reserve electrolytic hydrogen production vary
between $4/M Btu and $5.5/M Btu, depending on the assumed availability and

cost of electric power. The dynamics of off-peak power supply shown in Table
A-3 are also repeated in Table A-4. The economics of electrolytic hydrogen
production depend on the balance between the increasing cost of electric power
Input and the decreasing capital charges with improved electrolyzer use. In
comparing part-time operation with of f-peak power against continuous hydrogen
production with a dedicated base load plant, the variation between the on-peak
and off-peak power availability and the cost should be investigated for each
local situation to identify the best mode of electrolyzer operation. The
circumstances may arise whereby electrolytic hydrogen production with a dedi-
cated plant becomes as economic as part-time operation with of f-peak power,
when a continuous hydrogen supply is not required. This point has been ralsed
by A. Fickett of EPRI (72) and was also considered in (4).

A more detailed comparison between current and advanced electrolysis
technology was performed in (4) and (6). A sample cost analysis performed in
the Exxon study (56), using 1980 dollars is shown in Figure A-7. Both Figure
A-1 and the results in Table A-1 indicate the potential reduction in electro-
lytic hydrogen cost from the commercialization of advanced water electrolysis
technology. Table A-1 shows that using Lurgi electrolysis technology, current
electrolytic hydrogen prices are much higher than hydrogen production costs,
using fossil fuel feedstocks. Advanced water electrolysis has the potential
of reducing electrolytic hydrogen prices to levels similar to resid partial
oxidation and conventional Koppers Totzek manufacturing methods. Comparison
of advanced coal gasification with advanced water electrolysis technology
Indicates that electrolysis Is more expensive by about one dollar per milllon

Btu, assuming off-peak production. The spinning reserve concept of electrolytic
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1093
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REFORMING 2.7 ¢/kwhr ELECTRICITY 10 §/kwhr ELECTRICITY

Figure A-7. Hydrogen manufacturing costs - electrolysis
$/MBtu - 1980 $



hydrogen production is projected to be cheaper than advanced Koppers Totzek
gasification. Both advanced technologies may be commercialized by 1985 given
sufficient RDED funding.

Although electrolytic hydrogen production may compete economically with
advanced coal gasification in favorable situations, the potential Implementa-
tion of the electrolysis method will be quite 1imited by the availability of
relatively cheap electric power. The possible requirement for hydrogen
storage which 1Is concomitant with off-peak electrolytic production for in-
dustrial applications will reduce the economic incentive of thils process
vis-a-vis coal-derived hydrogen as seen in Figure A-7.

E.  Thermochemical Hydrogen Production

Thermochemical methods of hydrogen production have been reViewed exten-
sively in (1, 52, 73, 77) and (78-80).

The general method of thermochemical water splitting Is to drive a
series of chemical reactions by supplying energy, usually heat, and thereby
accomplish hydrogen and oxygen release in separate chemical steps. The ob-
Jectives are to avoid the high temperatures (above 2500°C) of direct thermal
decomposition of water and to reduce the electricity requirements for water
electrolysis. Water splitting constitutes a heat engine because the free
energy avallable from the product hydrogen is the thermodynamic equivalent
of work. Therefore, second-law requirements apply to these processes to the
extent that heat or entropy is converted to chemical free energy (which is a
part of the enthalpy of hydrogen).

If the series of chemical reactions is cyclical, that is, all intermediate
compounds are recycled within the process, the procedure is called closed-loop
thermochemical hydrogen production. Most of the research programs today have
concluded that some high temperature heat source is needed for operation of
efficient cycles and, therefore, the high-temperature (gas-cooled) nuclear
reactors (HTR's) will be required for nuclear-driven cycles, (81) and (82).
Alternatively, high-temperature solar heat could be used; or at later periods,
nuclear fuslon reactors might be applicable. Studies have also shown that for
closed-loop thermochemical cycles efficiency advantages for thermochemistry
over electrolysis occurs only if heat can be supplied at temperatures over
about 700°C.
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The more promising thermochemical closed-loop hydrogen processes have
been reviewed in (1), (77), (52), and (80). It is generally assumed that
process chemistry for an advanced concept may become available after 1985.
No detailed industrial chemical process design is currently available and
pilot plant testing that will indicate realistic cost goals may be carried
out under favorable circumstances during the 1990's. Another major un-
certainty affecting the eventual commercialization of thermochemical water
production Is the fate of the HTGR, HTR, and VHTR high-temperature nuclear

reactor programs.

F. Additional Hydrogen Production Methods

Beyond the hydrogen production processes discussed so far, additional
manufacturing methods are now being investigated for possible commercializa-
tlon toward the end of the century. These processes mostly involve the use
of renewable energy resources and include production by photosynthesis, by
various solar electrolytic routes, e.g., In ocean thermal energy conversion
plants (83) and (84), and by direct thermal decomposition of water. The
utilization of such different energy sources as fusion reactors (85) and waste

materials (86) for hydrogen manufacture has been considered.
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APPENDIX B
COST EQUATIONS USED IN ESTIMATING HYDROGEN PRODUCTION COSTS

The following equations were utilized in the computation of the
hydrogen cost and in the sensitivity analysis computations. Sample cost
data used in an earlier draft of the Hydrogen Assessment Report are in-
cluded here as a basic numerical example:

1. Off-Peak Electric Production

s C;-0.15 OM Fe
HC[W'(H_Z)] T BT, EE, I T (1
where
MM Btu is 106 Btu
HC is the hydrogen cost In [$/MM Btu (Hz)]
Ce Is the electrolyzer cost[in $/kW(e)]

0.15 is the annual fixed charges rate In fraction per year [Yr-]]
29.92 is the conversion factor for [MM Btu(e)/kW(e)-Yr]

LF is the electrolyzer load factor

EFF;  Is the electrolysis efficiency [MM Btu (Hz)/MM Btu(e)]

EFFy  is the nuclear thermal efficiency in [MM Btu(e)/MM Btu(th)]
OM Is the nuclear operating and maintenance cost In [$/MM Btu(e)]
FC Is the nuclear fuel cycle cost in [$/MM Btu(th)]

The following nominal values for the different variables were used
in the base case of the sensitivity analysis computations.

Ce = $100/kW(e)

LFe = 0.3

EFF. = 0.75 in 1985 and 0.90 in 2000

FC = $0.30/MM Btu(th) in 1985 and $0.50/MM Btu(th) In 2000
oM = $0.37/MM Btu(e)

EFF = 0.33
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These, as well as most of the other base case values reported In this

Appendix, were obtained from Reference (1).

2. Electrolytic Hydrogen with Dedicated Nuclear Plant

CN.0.15 €C..0.15 oM FC

E
Hc[ $ ]= —————  c—————————— o o—— t  e——— (2)
MM Btu (HZ)J 29.92.LFN.EFFE 29.92.LFE.EFFE EFFE EFFN.EFFE

whete

N Is the nuclear plant capital cost in [$/kW(e)]

LFN is the nuclear plant annual average load factor

All the other variables have been defined above.
The following nominal values are used in the computations: (only values

which differ from those mentioned above are reported here).

CN = $520/kW(e) 1n 1985 and $550/kW(e) in 2000
LFN = 0.8

LFE = 0.8

EFFN = 0.33 in 1985 and 0.40 in 2000

3. Thermochemical Hydrogen Product ion

The nominal thermochemical hydrogen cost was set equal to the nominal
cost of electrolytic hydrogen. Thermochemical hydrogen cost variations

were computed from the following equation:

e [y | A + O
) il TR ¢ T T
where
CNTP - the cost of the nuclear thermal plant in $kW(th)
CNTP is computed from the nominal nuclear plant cost CN in

[ $/kW(e)] using the following equation
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Cyrp = Cy n - FREL].EFFN (4)

where
FREL is the fraction of the nuclear plant capital cost related to electri-
city producing equipment. All other variables were defined before.
EFFT Is the thermochemical process efficiency in units of [MM Btu (HZ)/
MM Btu(th)].
cTP s the thermochemical process plant capital cost, expressed in
[$/MM Btu (H,)].
The following nominal values were used in the computations or obtained
from equating the costs of electrolytic and thermochemical hydrogen.

FR = 0.337

EL '
cNTP = $145.9/kW(th) or $2.29/MM Btu (HZ)
cTP = $2.38/MM Btu (Hz)
EFFT = 0.40

Lk, Coal-Derived Hydrogen

C;-0.15
$ ___& fo.65 cc
HC [MM Btu (Hz)] Ho-365-LF,. [EFF, | * 2T h.EFF, * O (5)

where

CG Is the cost of the coal gasification plant In dollars [$]
Hg Is the gasification plant capacity In MM Btu (Hz)/Day
365 Is days/year

LFG is the gasificatlon plant annual average load factor

EFF, Is the gasification efficiency In [MM Btu (Hz)/MM Btu(th)]

cc Is the coal cost In ($/ton)

21.4 s the coal heat content in [MM Btu(th)/ton]

OM Is the gasification plant operating and maintenance cost In [$/MM Btu Hz)]
The following nominal values were used In the computations
= $760.10°
= 250.10° MM Btu (H,)/day
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LFG = 0.9

EFFG = 0.65

LC = $8.0/ton lignite
oM =

$0.25/MM Btu (HZ)

5. Natural Gas Reforming

The cost of hydrogen produced from natural gas reforming is computed
from data presented in a graph In Reference (2).

6. Unit Conversions

The off-peak electric cost can be converted to variable fuel cost
using the following equation:

EFF

FC = OPC . 3—171'!'3' - OM.EFF, (6)
where
FC is variable fuel cost In [$/MM Btu/(th)]

EFFy is nuclear plant thermal efficlency [MM Btu(e) /MM Btu(th)]
OPC is off-peak power cost In [Mills/kW(e)hr]
3.413 is conversion factor [MM Btu(e) Mills/kW(e) hr,$]
oM is operating and maintenance cost in [$/MM Btu(e)]
The coal cost in ($/MM Btu(th)) is obtained by dividing the coal cost
in ($/ton) by the coal heat content in [MM Btu(th)/ton]
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