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FOREWORD
The ACS Symposium Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing Advances
in Chemistry Series except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE 

' -phere has been a significant amount of literature published and a num— 
ber of symposia given concerning hydrogen. However, much of this 

effort and information has been without the involvement of that industrial 
sector which is involved commercially in the production, utilization, and 
marketing of hydrogen. The continued and active involvement of the 
industrial sector in the discussions and meetings concerning the economics 
and technology of hydrogen production and utilization is necessary to 
place the current and future role of hydrogen in perspective, and to 
underscore the technical requirements and constraints for an even greater 
role for hydrogen in new uses. 

To this end, and as part of the A C S / C S J Chemical Congress in 
Honolulu, Hawai i , the symposium, "Production and Marketing of Hydro
gen: Current and Future" was included as part of its program activities. 
This symposium focused on both the shorter-term economics and pro
duction of hydrogen and the potential longer-term uses of hydrogen. The 
speakers who were invited to participate represented many of the leading 
firms currently involved in hydrogen production and utilization as wel l 
as informed speakers from the more involved and knowledgeable non
commercial organizations in the hydrogen technology area. A number of 
longer-term technologies for hydrogen production also were included to 
point out some of the possible technology changes that could occur. 

In an effort to provide a common base for the economics of this 
symposium, a common list of cost assumptions was used as the basis for 
most of the chapters. (This list is included as the Appendix.) This vol
ume presents this informative symposium to the larger audience who 
wishes to keep current on the technology, economics, and production 
relating to hydrogen. 

W e wish to acknowledge and thank L i n d a Anthony for organizing 
and handling the communications regarding the symposium and this 
subsequent book. 

J O S E P H G . S A N T A N G E L O W . N O V I S S M I T H 

A i r Products & Chemicals, Inc. General Electric Company 
P. O. Box 538 3198 Chestnut St. 
Allentown, P A 18105 Philadelphia, P A 19101 

July 12, 1979 
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INTRODUCTION

I have been a member of the ACS since I was a student at Washington
State University. In fact, Gardner Stacy was my professor for Organic

Qualitative Analysis. Considering the fires I started during that course,
I didn't expect that he would invite me anyplace—but the passage of time
does blur bad memories. Anyway, I think I've done better in politics than
I would have in chemistry.

Of course, there are those who would accuse me of starting fires
today in the political world. In that respect, may I express my congratu-
lations to you for the responsible leadership the ACS is offering the people
of this country in their consideration of technical matters, and the con-
structive assistance ACS is providing to the Congress, the Administration,
and the press, and in general to the government in its attempts to respond
to problems and issues involving technical and scientific subjects.

I am—and I hope you are—proud of Gardner Stacy's public lectures
and his leadership in helping to establish responsible and realistic energy
policies for our nation. I hope he and other leaders of the ACS will
continue such activities. This is public service at its best, and I hope the
Internal Revenue Service recognizes it as such.

I'm also proud of and pleased with the ACS support of the Science
Fellowship Program, managed by the American Association for the
Advancement of Science; I hope we can increase that support. I hope
that Members of Congress will, in the immediate future, take greater
advantage of the ACS offer to provide technical assistance on issues and
questions appearing before the Congress. Such assistance is definitely
needed. Members of Congress, for instance, often refer to hydrogen as
an energy source, as in: ". . . we must rely on coal, conservation, and
hydrogen and solar energy . . ." And some of our constituents confuse
Members of Congress with angry letters complaining about the ". . . con-
spiracy to prevent the mining of hydrogen from the oceans . . ." or about
our failure to ". . . drill hydrogen gas wells. . . ." We also receive sugges-
tions such as that hydrogen and natural gas should be ". . . diluted with
helium to make it safe . . ." We also, of course, receive mail telling us of
perpetual motion machines. These are samples of sincere correspondence
that comes from concerned constituents, and it must be treated as such.

They are, of course, somewhat easier to handle than bloopers in
speeches and public statements by Members of Congress. Several years

xix
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ago a Congressman asked me to read his statement on the problem of
nitrogenation of the water of the Columbia River as it falls over the face
of high dams. The statement ended with a stern warning that if the
Corps of Engineers couldn't straighten out the situation, then he (the
Congressman ) would take action ". . . prohibiting nitrogen altogether . . ."

This provides some insight into the fact that hydrogen, nitrogen,
and methane; uranium and coal; nitrites in food, DDT, saccharine, and
cyclamates, etc. have political as well as chemical and physical properties.

In the world of Washington, D.C. it may at times be difficult to
distinguish the real from the imaginary; the physical and chemical from
the political. Part of this arises from the campaign of alienation that is
being carried out systematically against the scientific and technological
communities by those who want us to live in a world of make-believe,
and to prevent the solution of our real-life problems by offering unrealistic,
unscientific solutions to the problems that face our nation. I recently was
attacked bitterly in a book by a solar energy promoter because, in estab-
lishing the solar energy heating and cooling program, I insisted that the
National Bureau of Standards be required to set performance standards
before federal grants could be awarded for these projects.

Recent movies and so-called "documentaries" accentuate this phe-
nomenon. In the perverted logic of such antiscientific "new-think," any-
one who is a qualified physical scientist is disqualified automatically
from policy-making in his or her discipline. A true scientist thus is
considered to be prejudiced because he or she insists on physical truths.
In such a bizarre Catch-22 world, only the scientifically unqualified are
politically qualified to make policy decisions on matters dealing with
science and technology.

These attitudes attempt to institute a new class—a new elite—a new
type of reporter, a new activist, a new expert, qualified by a lack of
scientific education, who would make policy and control news, attitudes,
and societal action on issues dealing with scientific matters on anything
but scientific, engineering, and economic facts. This is, if you haven't
noticed it, a growing, real, and frightening phenomenon. Thus, we have
those who insist on defining hydrogen as an energy source along with,
for instance, gasohol. This is part of an escape mechanism which pre-
sumes that we can solve our twentieth-century energy problems with
conservation, solar energy, wind, bioconversion, geothermal energy,
appropriate technology, and low-head hydroelectricity. Its practitioners
presume (if they think at all) that all of us will be better off with a
lower standard of living. Of course, these are all valuable technologies.
They will contribute to our future energy supply. I have initiated
legislation to create and fund aggressive research, development, and
demonstration programs which I hope and expect will lead to their early

xx
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commercialization; but all together they cannot solve our energy prob-
lems in this century. Obviously, hydrogen falls into the same category.
I believe that we will, during the 1980's, develop technologies for large-
scale, commercially competitive hydrogen production; and that its use
will become widespread during the 1990's in the following areas:

• as a portable fuel for surface and air transportation;
• for intermediate electric production from fuel cells;
• for a new generation of cryogenic superconductors with an in-

creased potential for cheaper electric energy transmission and
large-scale storage of electricity;

• for cheaper superconducting magnets for such uses as new fusion
reactors and similar devices; and

• possibly for the manufacture of methane.
All this, of course, requires that economically competitive technolo-

gies will be developed. As the costs of oil, gas, and coal continue to
increase, the potential economic competitiveness of hydrogen production
is becoming more real daily. Accordingly, it is essential that we move
forward as rapidly as we can with research and development programs
involving hydrogen production and use.

This is an area wherein the House Committee on Science and Tech-
nology, and the ACS can interact beneficially. In the House of Representa-
tives Subcommittee on Energy Research and Production which I chair,
we have increased the authorization level requested by the Administration
for hydrogen research and development from $18.6M to $22.6M. This is
our figure for the 1980 fiscal year and I hope that the actual funding
level will be increased further by subsequent Congressional action. The
programs we have authorized include more efficient and cheaper produc-
tion, transportation, storage, and use of hydrogen and materials studies
of metal hydrides, and pipes, pumps, and meters for handling hydrogen
gas.

Of course, all this will take time. Any new technology takes 10-30
years to get into significant use. However, we can see that there are
several real advantages in a hydrogen economy:

• environmental;
• supply;
• independence;
• efficiency; and
• flexibility
As we develop new hydrogen uses and technologies, we also must

help the people of this country to understand the realistic role that
hydrogen will play. First, that it is not a source of energy, and that it

xxi
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w i l l not provide a panacea or a magic quick fix to our energy problems; 
second, that its use w i l l not come quickly or suddenly, but w i l l be phased 
in slowly as a part of our mix of energy technologies; and third, that 
hydrogen and hydrogen technologies have much to offer mankind. 

As you do this, I hope that you w i l l accept a greater role in your 
own communities and a more active relationship with the elected public 
officials who w i l l be making policies concerning hydrogen use, and to 
make policies with respect to a broad spectrum of other subjects involving 
scientific questions. 

Your leadership in political as wel l as scientific activity can make 
a great difference in the future welfare of your country. 

U.S. Congress M I K E M C C O R M A C K 

July 12, 1979 

xxii 
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The Economics of Hydrogen Production

D. P. GREGORY, C. L. TSAROS, J. L. ARORA, and P. NEVREKAR
Institute of Gas Technology, 3424 South State Street, Chicago, IL 60616

Hydrogen is used today as a major chemical intermediate, as
a reducing gas, and for a wide variety of special applications.
As fuel processors begin to deal with "heavier11 feedstocks,
including coal and shale, hydrogen will play an increasing role in
their conversion to clean and useful light hydrocarbon fuels.
Consideration is currently being given to the use of hydrogen as a
fuel for such applications as automobiles and aircraft, where its
cleanliness and light weight offer advantages, and ultimately, as
a possible replacement for natural gas and petroleum in the trans-
portation, storage, and delivery of energy derived from non-fossil
(nuclear and solar) sources. (In the latter case, hydrogen is
considered as a carrier of energy, analogous to electricity,
rather than an energy source.)

The cost of producing hydrogen is a dominant factor in all
aspects of its present and future use. Present hydrogen manufac-
turers must consider the changing cost and availability of feed-
stocks, the rising manpower costs, and the increasing costs of
capital. Decisions about the future uses of hydrogen require
accurate projections of the cost of manufacturing it by both con-
ventional and still-developing methods.

There are four basically different methods of making hydrogen
which must be considered: In the first category, a relatively
reactive light hydrocarbon, such as naphtha or natural gas, is
reacted with steam, producing hydrogen derived partly from the
hydrocarbon itself and partly from the steam. In the second
category, heavy, relatively unreactive feedstocks such as coal and
residual oil, are partially oxidized and reacted with steam,
producing hydrogen. In the third category, water alone is split
electrochemically, producing hydrogen and oxygen, the needed elec-
tric power coming from one or more of a wide variety of raw energy
sources. In the fourth category, water molecules are split in a
complex chemical cycle which uses primarily heat as the energy
input — all other materials of the cycle being continuously

0-8412-0522-l/80/47-116-003$06.00
© 1980 American Chemical Society
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4 hydrogen: production and marketing

recycled. The heat for such a cycle would be produced from
nuclear or solar energy.

It is true to generalize that the cost of making hydrogen
today is lowest for the first category and highest for the fourth;
however, this does not mean that only the first category is in use
today, although it appears to be the cheapest, nor does it mean
that the sequence of economic priorities will always be in today T s
order.

In this paper, we have not attempted to answer the question
of "How much does hydrogen cost?" or of "Which process is the most
economic?" Rather, we have set out, on a parametric basis, a
range of hydrogen costs for a selected variety of production
processes covering all of the categories mentioned. We have shown
the effect of some major variables, such as feedstock price and
by-product credits, where applicable. This allows for an under-
standing of the criteria underlying any more-detailed analyses of
hydrogen production costs. Additionally, in the scope of this
paper, we have not attempted a detailed process description and
economic analysis of each process considered. We have taken
economic data available in the published literature and converted
the data to a common basis in line with the guidelines (shown in
Table I ) . These are largely those supplied by the organizers of
this symposium* with the following additions or modifications:
• Interest during construction added: 15% of facilities

investment
• Land: not included
• Fuel: same as feedstock
• Return on Investment, or cost of capital: 20% before

taxes = 10% after tax at 50% tax rate.
Table II gives a summary comparison of the major economic elements
for each process. Base plant capacity is 100 million SCF/day of
hydrogen; investment is representative of estimated mid-1979 costs.
Process Descriptions

Hydrogen By Steam Reforming. Historically, steam reforming
is the most widely used and the most economical process for
producing hydrogen from light hydrocarbon gases or from naphthas.
The process is based upon the well-known reaction of steam and
hydrocarbons, which is carried out over a nickel catalyst. With
methane, the reaction is CH4 + H20 = CO + 3H2; the reaction is
highly endothermic, and is carried out in a reformer tube furnace
fueled by the feedstock. Exit temperatures range from 1300° to
1600°F. The nickel catalyst is poisoned by sulfur; thus, sulfur
is removed from the feed. Figure 1 is a block flow diagram show-
ing the basic process steps with natural gas as the feed.

Reformer effluent is cooled by waste heat recovery, which
generates reaction steam plus some by-product steam. The carbon

• ACS Spring Meeting: "Production and Marketing of Hydrogen,
Current and Future," April 5-6, 1979, Honolulu, Hawaii.
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1. Gregory et al. Economics of Hydrogen Production 5

Table I. ECONOMIC EVALUATION GUIDELINES

Project Life: 20 years
Operating Factor: 330 days/year
Capital Investment (mid-1979 basis)

Facilities Investment (F.I.) = As obtained from literature
and adjusted to mid-1979 basis

Interest During Construction = 0.15 F.I.
Startup Expense = 0.02 F.I.
Working Capital = 60 days feedstock utilities

and cash supply
Total Capital Investment = Sum of the Above

Annual Operating Cost
Feedstock

Natural Gas $2/106 Btu
Wyoming Coal $20/ton ($1.17/106 Btu)
Montana Coal $17.7/ton ($1.00/106 Btu)
Residual Oil $15/bbl

Utilities
Raw Water ($/103 gal) 0.50

Power ($/kWhr) 0.030
Cooling Water 0.05

($/103 gal)
Fuel ($/106 Btu) same price as for feedstock

Cash Supply
Operating Labor $18,000/man-year
Operating Labor 15% of operating labor
Supervision

Maintenance
Labor 2% of facilities investment
Supervision 15% of maintenance labor
Materials 2% of facilities investment

Administrative and Support 20% of all other labor
Labor

Payroll Extras/Fringe 20% of all other labor
Benefits, etc.

Insurance 2% of facilities investment
General Administrative Expenses 2% of facilities investment
Taxes (Local, State, and 50% of net profit

Federal) (No investment
Tax Credit)

Depreciation Straight line, 5%/year
Return on Investment 20% before taxes (0.2 X C)

(cost of capital)
Gross Revenue Required Sum of the Above
By-Product Credits

Sulfur $10/long ton
Steam $3/1000 pound
Power 2ç/kWhr
Oxygen $10/ ton

Net Revenue Required = Gross Revenue Required — By-Product
Credits

Hydrogen Price, $/103 CF = Net Annual Revenue Required
Annual Hydrogen Production
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6 HYDROGEN: PRODUCTION AND MARKETING
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8 HYDROGEN: PRODUCTION AND MARKETING

monoxide in the effluent is reacted with steam by the well-known
carbon monoxide shift reaction to yield hydrogen and carbon
dioxide; the carbon dioxide is then scrubbed by a regenerative
liquid scrubbing process. Residual carbon oxides are removed by
conversion to methane in a catalytic reactor. Hydrogen purity is
about 98%.

Basic investment and operating cost information was obtained
from information in our files plus some input from Reference (1)
adjusted to mid-1979 dollars. Natural gas is the assumed feed-
stock at a base cost of $2.00/106 Btu. Based on the guidelines,
the capital cost of a 100 million SCF/day plant is $66.3 million,
and the hydrogen price is $1 .61/103 CF or $4.76/106 Btu.
Hydrogen By Partial Oxidation Of Residual Oil

Figure 2 is a simplified block flow diagram for producing
hydrogen from the partial oxidation of the residual oil with steam
and oxygen using the Shell or Texaco Process. The gasifier
effluent, at about 500 psig and 2300°F, goes through the steps of
waste heat recovery, soot removal, carbon monoxide shift, acid
gas removal, and methanation. The product hydrogen is at 400 psig
and contains 97.5% hydrogen.

Basic information on facilities investment, residual oil,
utilities, and operating labor for a 100 million SCF/day plant was
taken from Reference (JL) . Capital cost for a 100 million SCF/day
hydrogen plant is $178 million. With residual oil feedstock at
$15/barrel, hydrogen price is $2.69/103 SCF.

A recent presentation by the developers of the same process
(3) gives the capital investment for a hydrogen plant at $85 mil-
lion, and a hydrogen price of $2.22/103 SCF, significantly lower
than the figure assumed above. On closer examination, we find
that this is an installed equipment cost, however, which does not
include an oxygen plant, interest during construction, start-up,
or working capital. Adding these raises the total to $110 million.
Oxygen is purchased for $32/ ton. Using the capital and operating
cost inputs from their paper in our method, we evaluate a hydrogen
price of $2.57/103 SCF, compared with the figure of $2.69 derived
from Reference (I) . Incorporating an estimated oxygen plant cost
plus our other factors would raise the capital cost to about
$190 million. If steam and cooling water facilities required for
the oxygen section are added, total capital will be near our
number. This shows the importance of working with data which are
on a comparable basis.
Hydrogen By Koppers-Totzek Gasification Of Coal

Figure 3 is a simplified block flow diagram for the produc-
tion of hydrogen from coal by the Koppers-Totzek Process. This
is a commercially available process, based upon rapid partial
oxidation of pulverized coal in suspension with oxygen and steam
at essentially atmospheric pressure under slagging conditions.
The raw gas leaving the gasifier is cooled to recover waste heat,
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10 HYDROGEN: PRODUCTION AND MARKETING
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1. Gregory et al. Economics of Hydrogen Production 11

then quenched with water to remove entrained ash particles before
going through the steps of compression, carbon monoxide shift,
acid-gas removal, and methanation. For this case, the product
hydrogen is at about 400 psig and contains 97.5% hydrogen.

Basic information on facilities investment, coal, utilities,
and operating labor for the 100 million SCF/day base case was
obtained from Reference (I) and adjusted to a mid-1979 basis. Based
upon the economic evaluation guidelines for 100 million SCF/day
hydrogen production with Wyoming coal at $20/ton ($1 . 17/106 Btu),
the total capital required is $298.8 X 106 and the hydrogen price
is $3.66/103 SCF, or $11.20/106 Btu. For Illinois coal at $20/ton,
total capital required is $270.1 X 106 and hydrogen price is
$3.19/103 SCF, or $9.76/106 Btu.
Hydrogen By The Steam-Iron Process

The production of hydrogen by the Steam-Iron Process is shown
schematically in Figure 4. Although a coal-based process, hydrogen
by the Steam-Iron Process is derived by the decomposition of steam
by reaction with iron oxide, rather than synthesis gas generated
from coal. Coal is gasified to provide a producer gas for the re-
generation of iron oxide. Because hydrogen is not derived or
separated from the producer gas, air can be used in the gasifier;
nitrogen cannot significantly contaminate the hydrogen because of
the iron oxide "barrier."

The iron oxide circulates between oxidation and reduction
zones. The following reactions are typical of those occurring in
the steam-iron reactor section at temperatures in the 1500° to
1600°F range.
Reductor: 7e30^ + CO -> 3FeO + C02

FesOi* + H2 •> 3FeO + H20
Oxidizer: 3FeO + H20 -> Fe304 + H2

The oxidizer effluent contains 37% hydrogen and 61% steam
plus small amounts of nitrogen and carbon oxides. Condensation
of the steam leaves a gas containing 95.9% hydrogen, 1.6% carbon
oxides, and 2.5% nitrogen. No carbon monoxide shift or acid-gas
scrubbing are needed. A cleanup methanation step reduces carbon
oxides to 0.2% followed by drying and compressing to 325 psig to
give product gas.

The carbon monoxide and hydrogen in the producer gas are not
completely converted in reducing iron oxide. Heating value plus
sensible heat at 1520°F in the gas exiting from the reductor
represent 54% of the input coal fuel value. Part of this energy,
15% of coal fuel value, is utilized in the plant to compress air
and generate steam. A larger amount is used to generate electric
power. After dust removal with cyclone separators and electro-
static precipitators, the effluent gas, at 1520°F and 365 psia, is
used to fuel a gas turbine system. The gas is burned in a
combustor with excess air at 290 psia. (A 75 psi control valve
loss is assumed.) The effluent from the combustor, at 2400°F, is
expanded to 16.5 psia and 1198°F in the gas turbine. A portion
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12 HYDROGEN: PRODUCTION AND MARKETING
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1. Gregory et al. Economics of Hydrogen Production 13

of the expansion power is used to drive the combustor and producer
air compressors. The remaining shaft power is converted to elec-
tric power in a generator. Currently, the maximum temperature
range is 1800° to 2000°F, but gas turbines with an inlet tempera-
ture of 2400 °F are expected to be available by the time this
process becomes commercial.

The expanded gas is used in a steam-power cycle to generate
electric power from 2400 psig, 1000°F steam generated in a waste-
heat boiler, and to generate a portion of the required process
steam for the oxidizer. The cooled combustor gas leaves the steam
cycle waste-heat boiler at 350°F. A total of 1325.4 MW of power
is generated in addition to the shaft power used for air compres-
sion; approximately 7% to 8% of this energy is used in the plant
for motor drives, etc. With this design adapted to an output of
100 million SCF/day of hydrogen, the by-product electric power
amounts to 158 MW. The base credit value assumed for this is
2ç/kWhr.

Basic investment and operating cost information were scaled
down to 100 million SCF/day from a larger IGT design (2) . The
total capital cost, according to the guidelines set in Table 1,
is $237 million. At the base coal cost of $17.7/ton ($1.00/106
Btu), hydrogen price is $2.56/103 CF, or $7.84/106 Btu.
Hydrogen By Water Electrolysis

In water electrolysis, alternating current is rectified to
direct current and fed to a battery of electrolyzer cells.
Hydrogen and oxygen are released separately and the gases are
manifolded from the cell batteries into separators, where water
vapor and excess electrolyte are removed. The system costs
included feedwater treatment and hydrogen compression to 400 psi.
A block flow diagram is shown in Figure 5.

Two cases were examined for the production of water electrol-
ysis. Data were taken from Reference 0_) and adjusted to mid-1979
levels in accordance with Table 1. The costs of "current tech-
nology" electrolysis were averaged in Reference (JL) from informa-
tion provided by Lurgi, Electrolyser Corp., General Electric, and
Teledyne Isotopes. An advanced electrolyzer design, based upon
the General Electric Solid Polymer Electrolyte (SPE) design, was
also addressed as the second case.

In the source reference, Chem Systems have assumed an overall
efficiency, power-to-hydrogen, of 75.7% and 77.6%, respectively,
for current and SPE technology. The goals of the General Electric
SPE program are to achieve a 90% efficient system — already
demonstrated on the bench scale — and to reflect this, we have
taken a third case in which the hydrogen costs were recalculated
using a 90% efficiency. Assuming that such an efficiency might
be achieved commercially, both capital and operating costs are
lowered: The facilities investment and electric power require-
ments were reduced by a factor of 77.6/90 = 0.862 from the original
design.
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Figure 5. SPE electrolytic hydrogen generating plant — simplified schematic
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Thermochemical Hydrogen Production
If hydrogen is to be used as a carrier of energy produced

from nuclear or solar furnaces, there is an incentive to develop
processes for the thermal dissociation of water. The problem of
splitting water using thermal energy alone within the temperature
constraints of practical nuclear and solar heat sources has been
addressed by the concept of thermochemical water splitting. In
this concept, a multi-stage cyclic chemical process would be
operated in which water and heat are the only inputs and hydrogen,
oxygen, and degraded heat are the only outputs. To date, this
technology is receiving wide attention, but it is still in its
infancy and is thus difficult to make sound economic projections.
Literally hundreds of cycles have been proposed and analyzed
mainly on the grounds of efficiency and operability. Some of the
more promising cycles involve both thermal and electrochemical
steps and are known as "hybrid" cycles. In these, some of the
input heat is used to produce electric power which in turn is
used to drive an electrochemical reaction. For a few promising
cycles, stepwise, bench-scale demonstrations of the chemistry
have been performed, and some flowsheet analysis has been carried
out. For the purposes of this paper, one cycle has been selected
on the basis of having had more economic study performed on it
than most of the others. The cycle is known variously as the
"Westinghouse Sulfur Cycle" and the "EURATOM Mark II-V6 Cycle."
It is a thermal-electrochemical hybrid cycle as follows:

2H20 + S02 -> H2S0i+ + H2 (electrolysis)
H2S0I+ ¦* H20 + S03 (thermal)
S03 -> S02 + ^02 (thermal)

The process is assumed to operate on thermal energy delivered as
high-temperature helium from a high- temperature, gas-cooled
nuclear reactor (VHTR) operating at about 1742°F.

An economic analysis was carried out by Knoche and Funk (U)
based upon a flowsheet developed by Westinghouse. This analysis
indicated a projected hydrogen cost of about $6.50/10° Btu based
upon the following fundamental assumptions:
• Cost of nuclear heat: $1.50/10^ Btu
• Process efficiency: 45%
• Capital cost of non-nuclear portion of the plant: $425 X 106
• Plant size: 360 X 106 SCF/day hydrogen
• Nuclear reactor size: 3345 MW (thermal).
Because of the considerable uncertainties in all the assumptions
made, this projected hydrogen cost should not be rigorously com-
pared with the cost projections we have made for the other
processes discussed in this paper. Moreover, we have not reworked
Knoche and Funk's economics to conform with the guidelines of
Table 1. (The assumptions they made were an 80% stream factor,
utility financing, 12^% capital recovery factor, and mid-1976
dollars.)

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

1

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



16 HYDROGEN: PRODUCTION AND MARKETING

A completely independent assessment of the same cycle was
made by Broggi et al. (5) Their estimated hydrogen cost was
about $9/106 Btu based upon process heat supplied at $2.50/106 Btu.
The selected cost of nuclear process heat appears to be somewhat
arbitrary, although in Knoche and Funk's case, they derived the
cost from a composite of fuel, operating, maintenance, and invest-
ment components.

If solar heat is considered for a thermochemical hydrogen
production process, two additional variables must be considered.
The temperature limitations on a solar furnace are controlled by
factors other than those for a nuclear reactor, and it is possible
to consider temperatures in excess of 1742°F, normally considered
to be the limit of HTGR technology. However, it is important to
know how the cost of heat varies as a function of the delivery
temperature, and no data for this variation are available for
solar furnaces in the 1292° to 2732°F range. Second, because a
solar furnace will only operate intermittently, the plant factor
will be considerably less than 100%. No analysis has been
published to date for the sensitivity of cost of a thermochemical
hydrogen process to plant factors in the 20% to 40% range. Al-
though the production of hydrogen from solar thermal heat is an
interesting and potentially important technology, it has not yet
progressed to the stage where even educated guesses can be made
as to its cost.

Comparison Of Processes
Table III presents a detailed summary of investment and annual

operating costs for the different processes. These are "base
cases" from which the sensitivity analysis of various factors has
been derived. These can be considered as representative of current
costs for the purpose of process comparison.

Sensitivity Analysis. The sensitivity of hydrogen price to
the following variables was calculated: raw materials cost, plant
capital cost, stream factor, plant size, and by-product credits.
The base case assumptions are shovn in Table III. The methodology
used for these sensitivity calculations was as follows:
• Raw Materials Cost: We assumed two or more raw material costs

and then calculated the hydrogen price using the following
procedure for each raw material cost:

____________ Raw Material Price
Raw Material Process Below Base Above

Residual Fuel Oil Partial Oxidation $10/bbl $15/bbl($12. 35/10b Btu) $20/bbl
Wyoming Coal Koppers-Totzek $10/ton $20/ton($l . 17/106 Btu) $30/ton

Process

Electricity Electrolysis lc/kWhr 3c/kWhr ($8. 79/106 Btu) 5ç/kWhr
Montana Coal Steam Iron — $17. 7/ton($l .00/106 Btu) $1.50/106 Btu
Natural Gas Steam Reforming — $2.00/106 Btu $4.00/106 Btu

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

1

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



1. Gregory et al. Economies of Hydrogen Production 17

OO
o

o
c

<u

V
z
^ »1

!2 I i ^
¦7 P co co id oo o> cn so ro so ro o so so id o <r o<r
;" P-1 • • • • • Os •> 00 CN 00 OO so 00 00 *-h 00 uo >c o>

_fp ~* ^h *-h m os os o m o r-~ <r cn <• ro <r -j- <r r^ os oo o> oo cn
•~J u r-^-HCNOOCN os oo cn » •> l ..*...>.. i i i » •> id so

w w

CO C
W 0)

w 3

05 S so so <r. <r I o ro m n n oj oo n cn cm o o os o os
CO "Ij P ¦"•••° " -J ^H^^HCMON ^_ _, CO O -* I I I SO LDO £? ^ O O UO iD CM CN CO — i O «tf -ÎCOnT Min sT 4in<t N I I I Os CN o
O J^ Is ~j n -j ^ m - \D in ». ...... | *..,..,.. •• •- co os
m ° T! "* - f> Lnin^^.1 id id ro co cn sp £ oo ^

O < ^ ^ CN CN sD CN
OU

to tw o) <D
H M ^n -H r-t
V) U WW
O MO ^v
U -H 4J ,_,

co u c ca
ü a « o a> jo £
wnh i - '° ^ , ° M
C x - l7l 2 «rt 24L ^ ^ °* ^ r° ^ <" ° «" <ro<rvocNO ^ <r id o co o co
5 j; S I 5™^ O O • • • • • ro on 4-i o\ oo ro os co cm id oo ro ro o so Os so co
2 S 5 TO 2 o — i so os co r^ r- r- » oc oo es os id os —i id — < os os id <r ro on <r vo <r
g rs Ï ^ w-ho '\omn coro <r i o t— i i « ........ ......... i i • i •> id oo
S: G iJ <" S3 ¦ 3HW--H |cn cn cn i—iw!—, ro ro CM cm cn n m h mjs I I sr I id • •

Q O 8^

K* lg _,*
!< <: co* w "H « o
Èh z m O u O -h
m W co E-1 CO CJ ^- co
^ S5 ¦< i " „ ^ <• <f O O 1 00 rs LD 000000— isO 00 00 O O I sO cn
< O PQ » "H 0ß —i •¦•••COvD ^ CO <f CO N !N KOONvCCO CN O «
u M !r! C • Os r^ id r^ oo oo •> r^ 0—< os r^ os cn id o> os •? r^ r-~ r^ sO cn oj

D H ^ -H t+ — « <• ro osos -h .. <r oo » « « « ...... J .. <r i i i •> so • e
ëë§ â: r3 ^ i--- «m ^ <r *-- ^^± r ! !^:

CJ O O >s 4-1 4J i| x | in » i ?

<3 ° °^ !s
S >h Ss c rt

m"5 5 - 3
MO ° CN Os Os dlro Os -J ossr OvO <j-<roooo 00

^h _,lJ, . . . . . m — <• CNrocNOOr-ii cncn^hsD-j- <r cu
tu rH cBrH so — < cn r^ oo oo » oscn mooo os--a-osr^os| ososmsor^ Oiiisoosn C
HX * 3-û <r (N r--r-^ o r-iooir^sor^ » - ^-^««OIII-sdcn -h
^ -H-oxi — . I-' — i m <n <r i m <r cncn in n ma oo h oo-.ja
ffl ° , » ^ rooo|oocNoO)»i

Pu BS </>

M Ml »"
o c w Tj
§ e ^ 2 2
O h en « o 6 C
£ ,P/S ^_, ° omoos-H OOro<ros oo cuO
i-H i*-i um OsOOr^-ro O Os so — ¦< sOsO CNiDCNO— i| CNCNOOsDiD IOIIiD J^'H

^ O . .... co ,. CNu-iCN|0~3- O^OuOsOI OOOsCNro IOIIO-hsO cj *-•
_™~> ^ IsOsOro—H COSOCOCO...U

t~„>s CO V. CO OH 4J e
UC-H JOCM4J COO
COOTSr1 C u-i *ï (U T3 -*j o ou
_-Hojca o wuaaj-HöCO >+um 4J »u-anî -h suais x mtdcoc-td üi
o y .H^m en 0O-T3 w -h eu o — '(uocutnoncn
-U 3 3<0-0 -H aCO 3>Ur-I^X;4J>US_>4JrHClJ

>ua*-i > dcoucucr u.-s o 3 n 'H w « • a. -h
"¦W-U ^^^- >u 3CC > QJOO^JOS -.4J
oajç '.M a 4J>, 4jcu<y>roo<o-cuooa;— <r-i
.-EP iHth» 3 -a cm ce »«3 »n «HrtHn'H

ti?, t^U C9-3W aCO C-H JUË3T3. -WX104J
" " „ „.^T4-' 3 rt Wa) w 4->CO>ur.»C0J<»<O-n3^3
^ï?»-^"1 Clulu S rH C CO C0QJ>u3E>uCU3 H<T

_, P^^THt!'u!rt,5 Utn (uiucuxixi >co-o>s-h c >u iHdis^cjaiaie^i
d ^lïMbSJ'^°rj ^ OJOJrHCOCO -H Ju C CJ 4-1 •HCC0S>s34JOX>UsJO 4J
™ fc > 3 O £• cflöOcO UUUJJ C 4J4JC0 O eOM MCOCOP-OOJ-H-HVu-IO

-H c m Q u m h u c 'H con) o coxTaajTa-H en oi»u»ui4-itf4J
il J^Ma! UC0-H-HJ-! 3 2 M MM niOhWC0JMM<UC!BBl O. Pu O
V Ä-H4J&4JCX.4JQJ COCC D1HU OC U C0OOC0 4-> C0UC0

™ t^ ^'lîtiïî'PSPP*«'« C0ÙCO-H-H -H CO CO — I -H -H M C >H -H U (U CDCslCM4J CO
™ <2 'J^_^?',1ÇHCJ,J5 CflC|4J4-iaj >-H-HrH4JXlQJC0C0UCÜHJ ZXXC0C0
^ S 24^r^^^"d ^^ (uOJ-H^COCOCJl-iluJuCOCOgSMIuOJIu O (UT)
y - 3 ï ^^ a COCÜcjrHUMJuCOOjaj-HJuMOOSCUSuS U "O dl
O 3 CaU4JcO»u OS0JSOCc0(UCl)C0XlD.4Je>sCUUPuCnCa4-) 3>
^i« Ç^rCOC4^P co-no ju04jo.a.cco3co-atoa c u m m 4J— i-h
o- os < ü w h to 3 r-toS4-tp-,q-,ucoooajjaiS<P-lO huq« -hum

CO -H 4-1 C C (U
3 H C 3 M Q
C -H .H

Ç 4-1 CO
< :=> S co xi o

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

1

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



18 HYDROGEN: PRODUCTION AND MARKETING

• Investment Changes: We assumed two facilities investment
costs, one 20% above and the other 20% below the base case,
and calculated the hydrogen price using the same procedure
as for the base case.

• Stream Factor Changes: We assumed that for stream factors
of 30%, 50%, and 70%, the raw materials requirement would
be reduced proportionately, but capital-related costs do
not change from the base case. We calculated the hydrogen
price the same way as in the base case.

• Capacity Changes: Plant capacities of 25 and 50 million
SCF/day were considered. The power factors on capacity were
assumed as follows:

_____ Process Size, mm Power Factor
Koppers-Totzek, 100-50 0.7
Partial Oxidation

Koppers-Totzek, 50-25 0.6
Partial Oxidation

Electrolysis 100-25 0.9
Steam Iron 100-25 0.65
Steam Reforming 100-25 0.65
The raw materials, utilities, and by-products were changed
directly by the ratio of plant capacity. The hydrogen price
was calculated using the same procedure as in the base case.
Variations between the 0.6 and 0.7 power factor have only a
small effect on hydrogen price. The assumption of many
modules for electrolysis suggests a higher exponent.

• By-Product Credit Changes: Only two processes — steam-iron
and electrolysis — are significantly affected by by-product
credits. Steam-iron has electric power as a by-product,
which was calculated at 2ç to 4ç/kWhr, and electrolysis
has oxygen as a by-product, which was varied from $10 to
$30/ton.

Presentation Of Results

Because the data for the thermochemical process are somewhat
speculative and are not considered sufficiently sound to warrant
conversion to the guidelines spelled out in Table 1 , data for this
process are exhibited separately in Figure 12. Data for all the
other processes have been aggregated in Figures 6 through 11.

Figure 6 shows the sensitivity of hydrogen price to feedstock
price, all plotted on the same scale. It should be noted that the
"feedstock" for electrolysis is electric power, not primary fuel,
so that capital costs and inefficiencies associated with power
generation are included in the raw material cost. The circles on
this figure represent the base case for our calculations and
reflect approximately realistic values for raw material costs for
large-scale plants in 1979.

Figure 7 shows the sensitivity of hydrogen price to varia-
tions in plant cost, and also exhibits the considerable differences
in plant cost assumed for the base case — believed to be reasonable
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Figure 6. Effect of raw materials cost on product price for 100 X 106 scfd by
various processes
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20 HYDROGEN: PRODUCTION AND MARKETING

estimates of 1979 values. Again, the electrolysis plant costs do
not include costs associated with electric power generation.

Figure 8 is based upon essentially the same data as Figure 7
but plotted as a sensitivity to percentage change in estimated
facilities cost. This emphasizes the greater sensitivity of the
more capital-intensive processes to this parameter.

Figure 9 shows how the cost of hydrogen may be expected to
change as the scale of the plant is reduced from the 100 X 106
SCF/day base case. Some subjective judgments were made as to the
relative scale factors for electrolysis and the other processes.
Electrolysis scales down more favorably primarily because the
electric generating plant is not included in the system.

Figure 10 indicates the relative effects of operating the
base-case-sized plants at a reduced output level.

Figure 11 shows the effect of taking by-product credits for
the oxygen co-produced by electrolysis and the electric power
co-produced by the Steam-Iron Process.

Figure 12 (adapted from Knoche and Funk's paper) shows how
the projected cost of thermochemical hydrogen might be affected
by changes in the assumptions made. Only one plant size is
considered, and it is believed that plants smaller than this size
would produce considerably more expensive hydrogen because of the
unfavorable scale factors of nuclear plants below 3000 MWth in
size.

Conclusions

It can be seen from Figure 6 that by far, the least expensive
is hydrogen by steam reforming. This results from the low plant
cost for this system, which is only a fraction of that for other
processes. Even though the cost of the natural-gas feed, on an
energy basis, is about twice that of coal, hydrogen price is about
half that from the Koppers-Totzek and Steam-Iron Processes, if
by-product power from the latter is sold at 2ç/kWhr. At 4ç/kWhr,
the price drops to less than that for partial oxidation (Figure 11).

Hydrogen by partial oxidation of residual oil is the second
most economical process. It shows the lowest sensitivity to raw
material cost.

We can also see from Figure 6 that, for large-scale plants,
electrolysis cannot compete with fossil-fuel processes unless the
power costs are far below today's base-load industrial rates. We
can also see the significant reductions in hydrogen costs that
would be achieved if the goals of the SPE electrolyzer program
are met; but even so, electrolysis could not compete with natural
gas reforming unless gas prices rose to about $6.00/106 Btu. It
appears, however, that electrolysis from power sources priced at
the 20 to 30 mills/kWhr range can hope, with development, to
compete with coal-based hydrogen processes if coal costs are
$2.00/106 Btu or more. Under today's conditions of price, hydrogen
from gas and oil has an almost unbeatable cost advantage over any
other source.
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Figure 11. Effect of by-product credits on hydrogen price for 100 X 106 scfd of
hydrogen by electrolysis and steam— iron processes
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Figure 12. Production cost vs. process efficiency for hybrid sulfuric acid process
(360 X 106 scfd)
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The future attractiveness of the coal-based process will
depend upon the availability of natural gas or oil at a reasonable
cost. If the coal cost rises to $1.50/106 Btu from the $1.00
level, then the cost of natural gas must rise to $3.10/106 Btu
for hydrogen by the Steam-Iron Process to compete with reforming
if by-product power sells at 4ç/kWhr. At 2ç/kWhr by-product
power, natural gas cost must rise to $4.65/106 Btu for the Steam-
Iron Process to be competitive.

Figure 7 shows that if SPE electrolysis meets its development
goals, minimal capital investment would be required to install an
electrolyzer and rely upon purchased electric power. Figures 7 and
8 both suggest that considerable advantages would be obtained if
capital costs of the coal-based processes could be reduced.

Figure 9 relies upon some arbitrary assumptions of scale
factor, but indicates why small hydrogen plants would favor oil,
gas, and electrolytic processes rather than coal-based systems.
A more important conclusion is reached from Figure 10, which
indicates that there would be severe penalties in operating the
coal and oil plants intermittently. It also indicates that even
electrolysis, which has been promoted as an off-peak power user,
would be very expensive if operated below the 20% to 30% plant
factor that is associated with "cheap" off-peak power. The huge
reduction in capital cost promised by the SPE electrolyzer offsets
this somewhat, but operation of even an advanced electrolyzer at
less than 20% of the time (5 hours/day) is unattractive compared
with a dedicated, full-time reformer or gasifier. The low capital
cost of steam reforming is again shown to advantage.

Figure 11 indicates the significant effect of properly
allocating by-product power credits to the Steam-Iron Process,
and less sensitive, though still significant, is the oxygen credit
for electrolysis. It is interesting that hydrogen produced by
Steam-Iron, taking a 2ç/kWhr credit for power, costs about the
same (at about $2. 60/ 10 3 CF) than hydrogen produced from an ad-
vanced SPE electrolyzer operating on this 2ç power (about $2.75/
103 CF from Figure 6), so that a combination Steam-Iron/electrolyzer
plant appears to have merit.

The cost of hydrogen derived in Figure 12 from thermochemical
processes is in the same order as the current cost of hydrogen
produced from partial oxidation of oil. Even if the cost of
nuclear process heat is three times the assumed value, the cost
of hydrogen is still only about $11/106 Btu, cheaper than advanced
SPE electrolysis. The accuracy and credibility of the data shown
in Figure 12 are questionable because the process itself is still
at the exploratory level at the lab bench. However, the process
merits careful investigation because of this observation.
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Abstract

There is no simple answer to the question "How much does
hydrogen cost to produce?" Hydrogen production today takes place
from natural gas, oil, and coal as feedstocks, and by electrolysis,
each process having conflicting and contrasting economics. In the
future, hydrogen production from nuclear energy and the various
forms of solar energy are contemplated, and new improved technolo-
gies for all of these production routes are under development.

This paper discussed the relative sensitivities of hydrogen
cost to capital, feedstock, and utility prices for various dif-
ferent types of production processes, outlines some process
selection criteria for different applications, and indicates what
changes in process economics might be anticipated from new tech-
nical developments.
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DOE Program on Hydrogen Energy Systems

BEVERLY J. BERGER and JAMES H. SWISHER
Division of Energy Storage Systems, U.S. Department of Energy,
Washington, D.C. 20585

The U.S. Department of Energy has a broad-based effort on
hydrogen energy systems. While it is not a main thrust of the
DOE energy program at present, the level of effort on hydrogen
technology put forth by DOE is expected to increase as work is
completed on programs with more potential for near-term oil
savings. The scope of our activities is depicted in Figure 1,
where the activities are subdivided into production, storage,
transport, and conversion technologies. It is generally recog-
nized that the production of hydrogen requires more effort than
the other areas of hydrogen technology at present for two reasons.
First, storage, transport, and conversion technologies will not
be used if economic processes for hydrogen production are not
developed. Second, some of the most difficult technological prob-
lems are associated with hydrogen production.

Note that energy sources and energy carriers available for
hydrogen production include coal, electricity, nuclear process
heat, and solar energy. Storage options include hydrides, liquid
hydrogen, gasous hydrogen in pressurized tanks, and storage in
underground caverns. Hydrogen may be converted to electricity in
fuel cells and turbines or used directly as a chemical feedstock
and multipurpose fuel. Use of existing gas pipelines will be im-
portant for hydrogen use. A strong program is developing to estab-
lish pipeline compatibility with hydrogen. Another key technolog-
ical advance is the development of lightweight, low-cost hydrogen
storage for vehicles. Such storage is required before hydrogen
can have wide spread use as a non-polluting vehicle fuel.

DOE Hydrogen Budget

In fiscal 1979, DOE allocated approximately $43 million for
hydrogen R&D (Table I). In the coal conversion area the planned
budget was $22.8 million, which is almost half of the $43 million;
the largest part of that $22.8 million was for building a pilot
plant for producing hydrogen from coal. However, the plant was
not built because of difficulties in contract negotiations and

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society
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2. berger and swisher Hydrogen Energy Systems 29

Table I. Budget Data for DOE Hydrogen Program

FY 78 FY 78 FY 79 Presidential
(Planned) (Actual) $M Budget

$M $M Request $M

CC 22.8 2.2 0 0

BES 8.4 same 8.9 9.6

MA 2.3 " 2.5 2.7

STOR 6.3 " 6.3 2.5

LF 1.0 " 1.0 1.0

MFE 0.6 " 0.9 1.2

Solar 1.2 " 1.1 1.1

TEC 0.2 " 0.2 0.2

EV 0.3 " 0.3 0.3

RA 0 " 0.5 0

TOTAL 43.1 22.5 21.7 18.6

Key:
CC = Coal Conversion

BES = Basic Energy Sciences
MA = Military Applications
STOR = Energy Storage Systems
LF = Laser Fusion

MFE = Magnetic Fusion Energy
Solar = Solar Technologies
TP = Transportation Program
EV = Environmental Sciences

RA = Resource Applications
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funding priorities. There is no funding available or planned for
hydrogen from coal in FY 1979 of FY 1980.

Basic Research on Hydrogen

The Division of Basic Energy Sciences has supported a hydro-
gen program for several years. The budget for this year is $8.9
million. Emphasis is placed on basic research that parallels the
development and demonstration projects being carried out by other
DOE divisions. The goal is to understand phenomena rather than
invent devices. A substantial amount of research is sponsored on
producing hydrogen thermochemically and by other solar-assisted
processes. Research to improve catalysts and to improve electro-
catalyst life and performance are supported, not only because of
the effect such improvements could have on hydrogen production,
but also because of their importance for battery and fuel cell
development. The Division of Basic Energy Sciences has also
funded work on hydrogen embrittlement phenomena.

Applied Research on Hydrogen

The broadest hydrogen program lies in the Division of Energy
Storage Systems and includes production of hydrogen from water,
storage of hydrogen, transmission and distribution, and some
aspects of end use. This program was funded at $6.3 million in
FY 1978 with an increase to $7.4 million planned for FY 1979.
However, $6.3 million was provided in FY 1979 and the Presidential
budget request to Congress for FY 1980 is $2.5 million. Within
the FY 1980 budget request, only those projects which are covered
by the existing International Energy Agency Hydrogen Agreement
will continue to be funded. These include production of hydrogen
from water by electrolysis and thermochemical cycles and a market
study.

There is a small hydrogen effort within the Laser Fusion and
Magnetic Fusion programs focused on the integration of hydrogen
production within fusion systems. Solar divisions now fund
advanced research projects for the direct production of hydrogen
from sunlight and solar-assisted thermochemical hydrogen produc-
tion. DOE currently has no major projects to produce hydrogen
from solar energy.* A few projects on the use of photovoltaic
devices and biomass for hydrogen production are being managed by
the Solar Energy Research Institute (SERI) for DOE. The possi-
bility of using ocean thermal energy conversion (OTEC) for hydro-
gen production is also under study.

The transportation program supports research on hydrogen-
fueled vehicles and has complemented the efforts of the Division
of Energy Storage Systems in developing hydrogen storage systems
for vehicles. Under the Assistant Secretary for Environment
about $300,000 is expended each year to evaluate health, environ-
ment, and safety issues related to hydrogen production and use.
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2. berger and swisher Hydrogen Energy Systems 31

In FY 1979, $0.5 million was expended for a low-head hydro
facility to produce hydrogen electrolytically by the Office of
Resource Applications under joint sponsorship with the Division
of Energy Storage Systems.

Internal coordination of the DOE hydrogen program is accomp-
lished through the DOE Hydrogen Energy Coordinating Committee.
The members of the committee are key individuals from each
division which has programs involving hydrogen technology, either
directly as in the Division of Energy Storage Systems or
indirectly as in Fusion Energy Systems. The committee meets once
every six weeks to exchange ideas, R&D results and future plans.
DOE officials are kept informed of interests and developments in
the hydrogen community. It is understood that hydrogen may play
a key role in the U.S. energy future; the time frame when hydro-
gen is likely to make a significant impact is not at all clear.
This will be determined largely by the continuing results of the
research and development which is going on today. The DOE hydro-
gen program has an opportunity to affect the nation's future by
supplying a clean burning fuel for use in homes, industries and
vehicles. In the near to mid term the likely impact will be in
the chemical market place, reducing the amount of natural gas
required to make hydrogen for use as a chemical. Use of hydrogen
as a fuel will come later. Let us hope that our research and
development is successful.

Received July 12, 1979.
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Hydrogen Technology: An Overview

F. J. SALZANO, A. MEZZINA, M. BELLER, G. STRICKLAND,
and S. SRINIVASAN

Brookhaven National Laboratory, Upton, NY 11973

Hydrogen's potential to be derived from renewable as well as
from fossil resources such as coal, has caught the imagination of
many, here and abroad. It is generally recognized that hydrogen's
entry into the energy infrastructure, on a large scale, is not a
near-term option. Yet, there exist opportunities for establishing
closer relationships with complementary technologies such as solar
and fuel cell development that may improve these prospects. Be-
fore hydrogen can begin to play the role of a universal fuel,
developments in pertinent technology will be required; but these
do not appear to be radical departures from the current state-of-
the-art. This paper provides an overview of hydrogen technology
and identifies the needs for further development, in order that
hydrogen achieve its ultimate potential.

It should be noted that prior to 1950, substantial quantities
of hydrogen mixed with CO were produced from coal and distributed
in cities as town gas. Some cities in the world still distribute
a 50% by volume mixture of H2 with CO in city distribution sys-
tems. Currently, hydrogen is an industrial commodity, derived
primarily from natural gas and the technology for handling it is
familiar to industry.

Transmission

Hydrogen is presently shipped as a cryogenic fluid in insula-
ted tank cars or trucks, or as a gas in tube trailers (manifolded
banks of large compressed gas cylinders). Although hydrogen gas
is not generally transmitted through long distance pipelines at
present, the experience with natural-gas pipeline transmission
permits extrapolation to hydrogen applications. Three possibili-
ties are envisioned: (1) the existing natural gas pipeline system
may be used for hydrogen; (2) a new pipeline system can be em-
ployed for hydrogen transmission; (3) hydrogen can be injected

0-8412-0522-l/80/47-116-033$05.00
© 1980 American Chemical Society
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34 HYDROGEN: PRODUCTION AND MARKETING

to form mixtures with natural gas in existing pipelines. In
the first case, the integrity of natural gas pipeline must be
established for handling hydrogen. For example, the metallur-
gical compatibility of hydrogen with pipe materials needs to be
established. Leakage due to its lower molecular weight and ad-
ditional pumping costs needs to be considered. Secondly, new
pipeline systems present substantial capital costs. Finally,
compatibility of hydrogen-natural gas mixtures with gas appli-
ances as well as with the transmission/distribution network
must be examined.

The existing natural-gas system in the U.S. is complex; it
contains a total of about a million miles of pipeline, of which
two-thirds are used for distribution, one-quarter for transmis-
sion and storage, and the remainder for gas field and gathering
use. A wide range of transmission costs exists within this
maze, ranging from H to 95^/ 106 Btu/ 100 miles. Table 1 and
Table 2 summarize a comparison of energy transmission costs and
distribution, respectively, for hydrogen vs. natural gas.

Large Bulk Storage

Natural gas transmission systems operate most efficiently
and at lower cost when run continuously at maximum capacity.
Therefore, at periods of low demand, gas is pumped to storage
reservoirs, preferably located in the consuming regions.
Later, the gas is withdrawn to serve peak loads, thus supple-
menting the carrying capacity of the main transmission system.
In 1975, 196 (79%) of the 376 underground storage reservoirs
were depleted gas wells. Alternative storage methods include:
depleted oil wells, salt mine caverns, aquifers, and above-
ground storage in cryogenic tanks.

The total underground reservoir capacity in the U.S. is
estimated at 2.3 x 10 15 Btu of working gas. Underground cav-
erns can also be employed for hydrogen storage. Using the vol-
umetric ratio of heating value of three to one for natural gas
to hydrogen, the working gas capacity of the storage facilities
is in the order of 0.8 x 1015 Btu.

The use of existing underground caverns for storage is ex-
pensive. There are large investments in installing pipe sys-
tems to and from the reservoirs, and in compression equipment.
The total cost of service for underground natural gas storage
(excluding the cost of the gas) is estimated at about 75^/10^
Btu, an appreciable increment to production and transmission
costs.

Small Scale Storage

It should be noted that a key problem in the utilization
of hydrogen in some applications is the need for compact,
lightweight, and safe storage. This is especially true in
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3. SALZANO et al. Hydrogen Technology 35

Table 1.

Estimated Transportation Costs per 100 Miles to a Local
Substation, Including Capital, Operating, and Maintenance Costs

Cost

($ per 106Btu
Transportation per 100 miles)

Methane by pipeline 0.035

Hydrogen by pipeline 0.105

Electricity by high voltage 0.21
transmission

Gasoline by tanker 0.10

Table 2.
Distribution Costs from the Local Substation to a Residential
Household Including Capital, Operating, and Maintenance Costs

Cost

Distribution ($ per lO^Btu)

Methane by pipeline 0.60

Hydrogen by pipeline 0.66
Electricity by overhead wire 2.55

Gasoline by truck 0.70
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proposed automotive applications of hydrogen. Currently avail-
able techniques of high pressure gas storage are inadequate and
the approach of using the cryogenic liquid has associated safe-
ty problems, as well as being energy intensive.

During recent years, the use of metal hydrides for hydro-
gen storage has been under development. Metal hydrides offer
the potential of low cost and safe hydrogen storage through
their ability to react with hydrogen to form decomposable hy-
drides. Heat, that must be supplied in order to decompose the
hydride and release the hydrogen, is generally available at the
point of hydrogen consumption.

Typically, a metal hydride formed from a 50-50 atom ratio
of titanium and iron, currently the lowest cost and most con-
venient to use, offers a working storage capacity of approxi-
mately 1.5 wt % hydrogen. A desirable feature of TiFeHx is
that the hydriding-dehydriding reactions occur near ambient
temperatures. The reaction rates are very rapid but are limi-
ted by the rate of heat transfer. During the course of these
reactions the charging pressure ranges between 500 and 15 psi.
TiFe materials do not lose hydrogen storage capacity even
after thousands of cycles when high-purity hydrogen is used.
In circumstances where impurities in the hydrogen cause poison-
ing, the hydride can be reactivated by heating and evacuation.
Oxygen, CO, and H2O are common poisons.

Magnesium hydrides can store several times as much hydro-
gen per unit weight as TiFe; but are of limited application
because heating to about 300°C (572°F) is required for dehy-
driding. In working systems, it should be possible to achieve
a hydrogen content of about 5.5 wt %. The alloy cost is about
one-half that of TiFe-based alloys, but the thermal load is
nearly three times as high.

The high hydrogen concentration of Mg-based hydrides is an
advantage in automotive storage where weight is an important
factor. The elevated temperature requirements suggest the use
of dual-hydride systems which employ a TiFe-based hydride for
cold starting, and the use of hydrogen from the Mg-based
hydride heated by exhaust gases. Working systems of this type
have been demonstrated by Daimler-Benz AG of West Germany in a
passenger car and a bus.

A third class of hydrides, the AB5 type (LaNi5H5), also
function at ordinary temperatures and are easily activated, but
are costly due to the presence of lanthanum. Investigations
seeking lower cost substitutes for lanthanum have resulted in
the development of two useful alloys. One is based on the sub-
stitution of cerium-free Mischmetal (M) , an unrefined rare-
earth alloy; the second is based on the substitution of calcium
(Ca) and Mischmetal. These compositional changes have reduced
the raw materials costs to about 30% of that for LaNi5 alloy,
but further cost reductions are required.
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3. SALZANO et al. Hydrogen Technology 37

A comparatively new and novel method of storing hydrogen
at very high pressure in hollow glass microspheres (microbal-
loons) has been proposed. The technique is based on the high
permeation rate of hydrogen through certain glasses at tempera-
tures of approximately 200°C (392°F), at pressures of 400
atmospheres. Like Mg-based hydrides, this storage technique
would function best for a transportation application when coup-
led with a TiFe-based hydride. A practical working system of
glass microballoons has yet to be demonstrated; However, this
material has the potential to be charged with hydrogen from
impure and mixed gas streams, based on diffusion rate differ-
ences between hydrogen and other gases.

Hydrogen Energy Systems and the Fuel Cell

Fuel cells may be characterized as modular, pollution-
free, high-efficiency, energy conversion systems that offer
flexibility of application over a wide range from kilowatts to
multi-megawatts. Fuel cell systems may exhibit differences in
electrolyte (acid, alkaline, solid polymer, molten carbonate,
solid oxides) and associated electrode structures and cata-
lysts. These systems are at various stages of development with
cost/performance characteristics that can be matched to given
stationary and mobile applications. In all cases, the reac-
tants are hydrogen and oxidizing agents — usually oxygen sup-
plied from air — and in certain cases, chlorine or bromine.

Hydrogen is the best fuel for use in all fuel cells. In
those instances where the fuel cell system consumes natural gas
or liquid hydrocarbons, these fuels are first converted (steam
reformed) to hydrogen. Thus, a common element influencing cost
and performance of all fuel cells is hydrogen and its sources.
The use of external reformers allows for the chemical conver-
sion of virtually any hydrocarbon fuel; however, substantial
benefits would accrue if pure hydrogen were made available. As
a result, when one considers hydrogen feed to a fuel cell it is
necessary to examine the relevant hydrogen technologies of pro-
duction (from fossil, nonfossil and renewable energy resources)
and storage as well as pipeline transmission and distribution.

Hydrogen technology development incentives are derived
from the options offered in converting coal and nonfossil fuel
resources (solar, wind, hydro, nuclear) to a flexible fuel form
with excellent energy carrying efficiency. Hydrogen production
by coal gasification, by electrolysis and by thermochemical
decomposition of water represent the near-term, mid-term and
long-term production options, respectively.

Fuel cells in the most advanced stages of development are
illustrated in Table 3.

Utility-Stationary Applications. Fuel cell and hydrogen
energy technologies can be complementary over the full spectrum
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Table 3.
Improvements in t^/Air Fuel Cells

__

Alkaline Acid, H2-Air SPE, R2"°219671977 19671 19771 19772 1967 " 1977

Current Density (mA/Cm2) 100 200 300 300 400 15-42 700
Cell Voltage (V) 0.75 0.7 0.55 0.65 0.6 0.6-0.7 0.68

Power Density CnW/cm2) ?- 140 165 195 2^0 10-25 476

Operating Teno. (°C) 65-75 30 160 190 25 25 32-100

Thermal Efficiency {%) 51 47 37 44 41 40 46

Catalyst Loading (mg/cm2) 1 0.2 20 0.76 4 65 8
Startup Time 3.5 5M 15M 3 hrs 3-5M

Life (hrs) 5000 NA 12,000 600 1000 40,000

References :

Alkaline Fuel Cells: Kordesch, K.V., J. Electrochen. Soc . j_l_8, 815 (1971).
Acid Fuel Cells: x Phosphoric Acid Electrolyte - Fickett, A. P., Fuel Cell
Electrolysis: Where Have We Failed? Proc. of the Symp. on Electrode Materials and
Processes for Energy Conversion and Storage, J. D.E. Mclntyre, S. Srinivasan' and F.
G. Will (Eds.), Vol. 77-6, 546-558. Electrochemical Society, Princeton, Mew
Jersey, 1977.
zTrif luoromethanesulfonic Acid (TFMSA) Electrolyte: Janskiewicz , S. , George, M.
and Baker, B.S. Aqueous Sulfonic Acid Electrolvte Fuel Cell. National Fuel Cell
Seminar Abstracts, June 21-23, 1977, Boston, Massachusetts , 103-106.
Solid Polymer Electrolyte (SPE) Fuel Cells: McElroy, J. Status of Solid Electro-
lyte Fuel Cell Technology. National Fuel Cell Seminar Abstracts, San Francisco,
California, July 11-13, 1978, pp. 176-179.
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of stationary and mobile energy conversion/storage systems ap-
plications. The electric utility industry, sponsored by U.S.
Department of Energy, Electric Power Research Institute, and
other funding agencies, are engaged in the development and
field test demonstration of a 4.8 MW fuel cell power generating
unit in downtown New York City. Successful field tests can
lead to commercialization of the first generation 26 MW unit.
The first generation phosphoric acid fuel cell will use liquid
fuels such as naphtha and produce hydrogen via external reform-
ers. It is estimated that in excess of 300,000 gallons of
naphtha will be used for a week's operation of a 26 MW unit.
Concern has been expressed in some quarters regarding the unde-
sirable logistics associated with the delivery and storage of
those quantities of flammable fuels. Hydrogen, made available
from central coal gasification or electrochemical process cen-
ters by pipeline, would eliminate the fuel delivery and storage
problems while overriding fuel allocation constraints. It is
conceivable that the capital costs for new dedicated pipeline
construction would be eliminated by injection of the hydrogen
into existing transmission -distribution networks. This would
not only alleviate logistics problems but would offer the op-
tion of substituting a hydrogen separation subsystem for the
cost, land use and energy intensive external reformers now
utilized for fuel cell power generation units. Implementation
of the hydrogen injection concept will require: (1) legal and
institutional barriers/incentives analyses and resolutions; (2)
legal and institutional considerations pertinent to revision of
fuels allocations criteria; and, (3) verification and demon-
stration of the compatibility of hydrogen -natural gas blends
with the existing transmission-distribution network.

Industrial-Residential-Commercial-Total Energy Systems.
Total energy/district heat systems utilizing fuel cells are
potentially attractive options that can take full advantage of
cost-design-performance tradeoffs permitted by fuel cell sys-
tems. The fuel cell's unique load-following characteristics at
constant efficiency allows matching to thermal and electric
loads at overall efficiencies (electric and thermal) that can
approach 100%. Further, the designer can trade off electro-
chemical efficiency through use of cheaper catalysts and elec-
trode structures that will not only reduce cost but will also
provide more available heat for space conditioning. These sys-
tems are more likely to be implemented if regulated natural gas
supplies were to be supplemented by hydrogen and hydrogen could
be separated from the natural gas and used for special applica-
tions.

Automotive -Mobile Applications. Hydrogen storage and
delivery systems coupled to fuel cells have the potential to
provide a propulsion alternative to batteries. This approach
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need not compromise commonly accepted driving practice associa-
ted with range, acceleration, and rapid refueling of vehicles.
Fuel-cell-propelled electric vehicles could provide a threefold
improvement over internal combustion engine efficiency on a
normal driving cycle and equivalent to proposed battery sys-
tems. The development of lightweight hydrogen storage systems
further enhances this application potential by permitting
increase in range and acceleration capability. The availabil-
ity of hydrogen in an urban center would permit the more rapid
entry of pollution-free hydrogen-fueled vehicles into the ener-
gy infrastructure.

Economics. The ability of the fuel cell to impact the
cost of substation electricity production, total energy systems
or transportation applications is in direct proportion to fuel
utilization efficiency improvement over the competing alterna-
tives, assuming similar capital costs. For example, a fuel —
cell-driven vehicle could be up to three times more efficient
than conventional internal combustion systems and fuel costs
per mile would be reduced proportionately. Also, a dispersed
electric power generation option available to a utility con-
sistent with peaking demands is the gas turbine. Gas turbine
capital costs are in the range of $150-$175/kW with an effi-
ciency on the order of 25-30%. State-of-the-art fuel cells
offer an overall efficiency approaching 40%. Figure 1 provides
cost projections for fuel cell systems indicating that large
markets will result in capital investment as low as $385/kW.
It is apparent that at the fuel cell capital costs projected
and equivalent fuel prices, substantial return on investment
can be realized. The fuel cell offers the promise of at-
taining high-efficiency energy conversion with the added socie-
tal benefits associated with pollution-free performance. Hy-
drogen can be uniquely exploited by fuel cell technology such
that further development and commercialization of these conver-
sion devices will be a central element in future hydrogen mar-
kets.

International Cooperation on Hydrogen Programs

Present efforts on hydrogen programs in some western Euro-
pean countries are greater than in the United States. These
programs encompass work on hydrogen production by electrochemi-
cal and thermochemical means and use in transportation vehi-
cles, as well as supporting work on pipeline transmission and
distribution. Projects are generally a mix of long term and
near term technologies for applications responsive to the needs
of countries which have few or no indigenous energy resources,
and are largely dependent on imported energy. The interest of
European countries and Japan in alternative fuels which can be
derived from abundant hydroelectric resources, are well aware

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

3

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



3. SALZANO et al. Hydrogen Technology 41

& o
S o
^ o
m £2
oo ^ Z o
m w _ o
en _ o o i-i

s \2s :
S \w

O <2
m <J
<!• S -
tn PU Ï3S

3: _l H O O
W • <t 03 O
-^ O H O
O Z fa M
O O O Z ~ O
m hJ p^ 5 ~ r-iPd en —

o _

îs r
C/)
z —

£ en —
s feî *
Q fc O ^

O fa - -• cj> S
w pu s — Q H £
uw S — o z «>
H ^ \ _ pd W O
P^ O O pu hJ S
fa fa LT> — <; p.m en > s*

— g o* e.
W &I— ' U W & g
M O > *4 oPU - O M A*
Ph - i-« H O

< <f
g pH - hJ i-h
^ H ~~" S S
° ^ 25 ~ 5 s*
m ^v. W O .SP
v£> — Cr.
en ïh _

fa __
g fa ^
s S o
g s — -

t> -' o u —
O fa!

m g u S H
M g M —
fa o s
fa U ÎD —

liillll i i I linn i i i lim i i i i I ^
O O i-*o o o
O O i-i

o
O r-l
1— <

SWnOd LL61
aOI^d INVld XW0& MX /$

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

3

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



42 HYDROGEN: PRODUCTION AND MARKETING

that hydrogen production from such resources is an attractive
option. In Germany, work is in progress on advanced, high-
temperature nuclear reactors which have the potential to be the
source of energy to produce hydrogen by electrolytic means
coupled with high-efficiency electric conversion devices , or
with direct heat using thermochemical production processes.
The Japanese see a logical connection between solar energy and
hydrogen production processes.

Some special accomplishments that other countries have
made in the hydrogen field are cited below.

The European Economic Community (EEC), which consists of a
group of western European countries which contributes the R&D
budget and supports major programs on hydrogen at the Joint
Research Centre (JRC) at Ispra. In addition, major contractual
efforts in hydrogen are in progress with industrial firms. The
JRC has the largest effort in the world on thermochemical hy-
drogen production. They have recently demonstrated a bench-
scale, electrocheraical-thermochemical hydrogen production pro-
cess, i.e., Mark 13, which is based on the electrolysis of hy-
drogen bromide and thermal decomposition of sulfuric acid in a
closed cycle to produce hydrogen and oxygen.

West Germany has a similar interest in hydrogen production
and does work on theromochemical processes that can be driven
by high temperature nuclear heat sources. The leading manufac-
turer of advanced electrolyzers is the Lurgi Company, which is
located in West Germany. The Daimler-Benz Company of West Ger-
many has major work in progress on hydrogen-fueled vehicles.
Their most significant accomplishment is the design and opera-
tion of vehicles using a dual-hydride bed of iron titanium and
magnesium nickel alloys developed originally in the U.S. Pres-
ently, discussions regarding possible cooperative programs in
this area have been begun between U.S. DOE and the German Fed-
eral Ministry for Research and Technology. In these discus-
sions, they have indicated that a 30 man-year effort is in pro-
gress in Germany.

Both Italy and Switzerland have work in progress on ad-
vanced alkaline electrolyzers. The DeNora Corporation and
Brown Boveri of Italy and Switzerland, respectively, have built
some of the largest industrial electrolysis plants and are each
supporting in-house R&D efforts, as well as working on con-
tracts from their respective governments.

The French have a major program in place on development of
advanced electrolytic processes for hydrogen production. They
see important industrial uses of hydrogen in the near term and
eventually a hydrogen pipeline grid in France. In addition,
they have completed a study of the feasibility of underground
storage of hydrogen, which is favorable.

In the Netherlands, pioneering work was done on metal hy-
drides of the rare earths, such as LaNi5« A systems study was
done which showed that combined electric and hydrogen
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systems may be optimal in the Netherlands. Although there are
no intensive R&D programs on hydrogen in the Netherlands, they
participate in the International Energy Agency (IEA) effort in
electrolytic hydrogen production.

In Japan, the "Sunshine Project" is a broad-base hydrogen
research program. Emphasis is on solar-assisted hydrogen pro-
duction. They have done pioneering work on direct photoelec-
trolytic production from sunlight with semiconductors which has
stimulated work in the U.S.

Advanced electrolyzer development is under way in Canada
in a joint effort between Electrolyzer Corporation of America,
Noranda Corporation and the Canadian Government. Large unde-
veloped hydroelectric resources (approx. 65,000 to 100,000 meg-
awatts) exist in Canada which could be developed quickly in the
medium term. There is good reason to believe that hydrogen
produced by a portion of the energy from this remote renewable
resource can be transported and sold to the U.S. more effec-
tively than can extra high voltage (EHV) electric power. Evi-
dence for hydrogen markets in the U.S. could encourage develop-
ment of these hydroelectric resources in Canada.

In Brazil, with its vast remote hydroelectric resources in
the Amazon, programs are in progress to develop electrolyzer
technology and ultimately an electrolytic equipment industry.
The Gas Company of Rio, which today delivers a 50-50 vol. %
mixture of hydrogen and carbon monoxide (H2-CO), has interest
in adding electrolytic hydrogen to its city-gas distribution
system. They presently produce the H2-CO mixture by reforming
naphtha imported from the Middle East. Discussion between U.S.
DOE and the Brazilian Government on possible cooperative pro-
grams was initiated, but further discussions have been delayed
pending resolution of various political issues.

R&D Incentives and Requirements

In summary, one may equate interest and commitment perti-
nent to hydrogen technology development to the availability (or
lack) of special indigenous energy resources in a nation. The
major thrusts in hydrogen-related R&D is most evident in the
resource-starved areas of the world, such as western Europe and
Japan. Worldwide interest is brought about by recognition of
hydrogen as a future "insurance policy" and a present opportun-
ity to exploit hydrogen's flexibility as both a chemical com-
modity and nonpolluting fuel supplement as well as an efficient
energy-carrying alternative to conventional* and energy wasteful
transport systems.

Major inroads to the U.S. and world energy economy will be
made by continuing to upgrade the state-of-the-art of key tech-
nologies, such as:

1. Continued development of low cost, high efficiency hy-
drogen production systems in areas of water electrolysis, coal
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conversion, and assessing the feasibility of thermochemical
decomposition processes.

2. Accelerated investigations of renewable resource con-
version to hydrogen as a chemical commodity in the near term
and a fuel in the longer term.

3. Development and pilot-scale testing of safe, low cost,
high-capacity, hydrogen storage subsystems tied to resource
conversion and resource recover options.

4. Development, test and demonstration of hydrogen end
uses such as traction applications, dispersed power generation
and total energy syst ems -market projections and development.

5. Development and/or verification of the compatibility of
hydrogen as a substitute for conventional fuels within the
present energy infrastructure.
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Hydrogen for Ammonia Production and the Economics
of Alternate Feedstocks

T. A. CZUPPON and L. J. BUIVIDAS
Pullman Kellogg, 3 Greenway Plaza East, Houston, TX 77046

One of the most important uses of hydrogen today is for the
fixation of atmospheric nitrogen into the form of ammonia.
While the synthesis of ammonia is principally the same in all
industrial processes, the characteristics of the feedstock
influence the type of process used for hydrogen generation.
Steam reforming of natural gas is currently the most economic
process for hydrogen manufacturing. However, the rising cost
and diminishing supplies of natural gas have directed more and
more attention toward the use of alternate feedstocks in recent
years.

This paper analyzes the sources of hydrogen for ammonia
production, presents the feed and fuel requirements of the
natural gas steam reforming process, estimates the relative
economics of alternate feedstocks and briefly discusses the
outlook for the ammonia industry.

Introduction

One of the most important uses of hydrogen today is for the
fixation of atmospheric nitrogen into the form of ammonia. Ammonia
then carries, either directly or in combination with other com-
pounds, such as urea, ammonium nitrate and various NPK materials,
the supplemental nitrogen nutrient to the soil for plant growth.

Ammonia is manufactured in two basic steps, as shown in
Figure 1.

Feedstock*-* Synthesis Gas
Ammonia

Air » Generation & —Synthesis-* —^Ammonia
Gas Synthesis

Water * Purification

Figure 1. Two basic steps to ammonia

o-a^^rf/ß»R^of $o5.oo
© 1980 American Chemical Society

Society Library
1155 16th St. N. W.

Washington, D. C. 20036
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First, a hydrocarbon or a carboneous feedstock, water and
air are converted to synthesis gas consisting of hydrogen and
nitrogen in a 3 to 1 volumetric ratio. The second step in the
process is ammonia synthesis according to the following well-
known reaction:

3H2 + N2 t 2NH3

The catalytic conversion of hydrogen and nitrogen to
ammonia is basic to all processes , while the synthesis gas
generation step (hydrogen generation) varies considerably
depending on the type of raw material used.

Raw Materials And Processes For Hydrogen Generation

There are basically three processes in usage today for the
production of hydrogen or ammonia synthesis gas : Steam Reforming
for the conversion of light hydrocarbons from natural gas to
straight run naphthas; Partial Oxidation for heavy hydrocarbons
and coal; and Electrolysis of Water.

Table 1 presents the main reactions and the heat require-
ments for the conversion of major feedstocks to hydrogen. As
can be seen, in all cases, water plays a significant role as a
source of hydrogen. In fact, the amount of hydrogen obtained
from water increases as the carbon-to-hydrogen ratio of the feed
increases; and, all of the hydrogen is obtained from water in
the electrolysis process. The energy required per unit of
hydrogen produced also increases in going from natural gas to
water electrolysis, which tends to indicate that the preference
for producing hydrogen should be directed toward low molecular
weight hydrocarbons. Not only that energy requirements go up
as the carbon-to-hydrogen ratio increases, but also the diffi-
culty and the cost of processing.

Figure 2 illustrates the increased complexity in processing
raw materials by the three basic synthesis gas generation tech-
niques. While the investment is slightly lower for the ammonia
synthesis step in the cases of partial oxidation of resids, coal
and water electrolysis because of the high purity synthesis
gas, the synthesis gas generation portion of the plant becomes
more complex. An air separation plant is required for partial
oxidation processes, normally the gasification step is multi-
train, the equipment for carbon monoxide shift and C02 removal
are larger, and additional equipment is required for pollution
abatement. While the capital investments for water electrolysis
is comparable to steam reforming plants at ammonia capacities
about 300 STPD, the investment for the electrolysis route goes
up dramatically for larger capacities. O This is because the
economies of scale are only limited to the ammonia synthesis
loop, while the electrolysis section investment increases almost
linearly. For water electrolysis the required nitrogen can
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either be obtained through air separation or air can be used
directly through a combustion step to eliminate the oxygen.
However, the disadvantage of the latter scheme is that a portion
of the hydrogen generated through electrolysis is lost in the
combustion step.

Therefore, it is not surprising that currently about 70% of
the world ammonia capacity is based on obtaining hydrogen from
natural gas reforming. Of course, the economic analysis of
various raw materials used for ammonia production is not complete
without considering their relative price and availability which
could ultimately dictate the choice for a particular feed.
Also at times, political factors enter into the choosing of a
particular feedstock for ammonia production. Table 2 shows the
approximate breakdown of the current world ammonia capacity
according to the feedstocks used. The data were derived from
SRIfs "World Nitrogen" report. CfD

Table 2.
World Ammonia Capacity According To Feedstocks

Feedstock % Of NH3 Capacity-1978

Natural Gas 69

Naphtha 13
Coke Oven Gas 10
Fuel Oil 4
Coal 2

Refinery Gas, etc. 1.5
Electrolysis (direct or

by-product % ) 0.5
TOTAL 100

About one-half of the world's ammonia capacity based on
coke-oven gas is located in the Peoples Republic of China. In
most cases, the plants using coal, off-gases and water elec-
trolysis are at locations where special circumstances dictate
the economic or political viability of the project. They also
tend to serve local rather than international markets.

Since natural gas plays such an important role in the
current world ammonia production, let us review the steam
reforming of natural gas process in more detail.

Ammonia By Steam Reforming Of Natural Gas

Ammonia manufacture from natural gas by the steam reforming
process is well documented. Briefly, raw synthesis gas con-
sisting mainly of H2 , N2 , and C02 is produced by primary and
secondary steam reforming and CO shift conversion; this is
followed by bulk C02 removal, elimination of residual CO and CO2
through methanation, and ammonia synthesis. These basic steps
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in the process are illustrated in the process block flow diagram,
Figure 3 and in more detail in Figure 4.

Process Feed Requirement. The theoratical hydrogen required
for ammonia production can be calculated from the synthesis
reaction:

3H2 + N2 + 2NH3

Theoretical H2 = 66,850 SCF/ST NH3

The hydrogen produced in the steam reforming process is derived
from the feedstock as well as from steam. This is shown by the
following overall reaction for paraf finie hydrocarbons:

CnH(2n+2) + 2nH2° "*" nC°2 + ^3n + 1) H2
Assuming the feedstock is methane, which is the major component of
natural gas, the theoretical feed requirement would be equivalent
to one-fourth of the potential hydrogen production or 16,713 SCF
CHI+/ST NH3(15.2 MM BTU/ST) . However, the actual process consumes
on the order of 22,420 SCF CHi+/ST NH3 or about 20.4 MM BTU/ST NH3
(LHV) . The required quantity of feed depends on the process
design criteria chosen for the methane conversion in the
reforming section, the efficiency of CO conversion, degree of CO2
removal and the inerts (CHi+ + Ar) level maintained in the ammonia
synthesis loop. Thus, the potential hydrogen conversion effi-
ciency of the feedstock in the steam reforming process is about
75%. Table 3 shows where the balance of the feed is consumed or
lost from the process.

Table 3.
Feed Loss In Steam Reforming Process

%OfItemType of Loss Potential H2

Secondary Reforming Combustion of H2,CHi+ with 02 15

Purge from Syn-Loop
& Other Losses Loss of H2 ,N2 and NH3 10.5

25.5

Actually, in the steam reforming of methane a more accurate
representation of the overall reaction taking place would be as
follows :

CHi* + 1.3912 H20 + 0.3044 02 + 1.1304 N2 -> C02 + 2.2608 NH3
AH° 100°F = 36,190 BTU /Mol CH4

Theoretical Feed Consumption = 17.9 MM BTU/ST
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The secondary reforming step consumes potential hydrogen by
combustion with oxygen introduced in the process air. The
heat of reaction, however, is used to elevate the temperature of
the primary reformer effluent high enough to result in a very low
residual methane in the secondary reformer effluent. Although
the secondary reforming step consumes a portion of the feed
through combustion, the overall effect of using the primary-
secondary combination is reduced capital and operating costs.

The requirement for purging synthesis gas from the ammonia
synthesis loop is due to incomplete conversion of the feedstock
to H2 and the production of CHi* in the methanator (residual
methane) , and to the introduction of inert argon with the process
air. Both residual methane and the argon act as inerts in the
ammonia synthesis and their concentration would build up in the
loop if not purged. Although the purge gas is a process material
loss and proportionally increases the feed requirement , it is
recovered for its fuel value in the primary reformer. Several
processes are commercially available to recover principally
hydrogen from the ammonia plant purge gas through adsorption
or cryogenic techniques. The hydrogen is then recycled back
into the process for either reducing the feed and fuel require-
ment or produce additional ammonia. Pullman Kellogg recently
developed a system that converts the purge gas into additional
ammonia which can be applied either for incremental ammonia
production or to reduce the plant's energy requirement without
increasing overall production rate.

Fuel Requirement. Most of the fuel used in a steam
reforming plant is required to sustain the following highly
endothermic reaction in the primary reforming furnace:

CH4 + H20 t CO + 3H2 AH° = 88,660 BTU /Mol CHi*

This is the methane-steam reaction and it occurs at a high
pressure (450-500 psig) and a temperature of about 1500°F.
Additional energy is required to run the process air, synthesis
gas and refrigeration compressors; however, most of this is
obtained from waste heat contained in the furnace flue and
process gases. There is a very high degree of heat recovery in
the process. In fact, 75% or more of the total plant energy
(excluding feed) requirement is obtained from waste heat. A
large part of the process waste heat is used to generate high
pressure steam, which provides the motive power for the com-
pressor turbines, and the reforming steam. Normally, an inte-
grated auxiliary boiler is installed to provide an energy-
balanced plant. Table 4 summarizes the feed and fuel require-
ments in current ammonia plants based on natural gas feedstock.
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Table 4.
Current Ammonia Plant Feed And Fuel Requirements

MM BTU/ST (LHV) %

Natural Gas Feed 20.4 65.8
Natural Gas Fuel (Net) 10.6 34.2

TOTAL 31.0 100 %

Economics of Alternate Feedstocks

In evaluating the present and future technology for the
production of ammonia, capital and energy costs are keys to
making a process selection. Since the emergence of the energy
crises, numerous publications have studied the economics of
alternate feedstocks for ammonia.'— '—>—>— '—>—' While the absolute
investment figures for the alternate feedstocks vary signifi-
cantly in the publications, there appears to be a general agree-
ment on their relative values. The relative investments and
energy requirements shown in Figures 5 and 6 respectively, tend
to agree with most of the recently published figures. Thus,
the capital cost of a fuel oil-based ammonia plant appears to be
about 1.5 times and for a coal-based plant about 2.0 times that
of an ammonia plant using natural gas feedstock. Besides the
difficulty in arriving at accurate investment figures, there are
a number of other factors which play important roles in deter-
mining which feedstock to use. Among these are the availability
of feed and fuel, price structures, plant size and location,
transportation cost, contractual consideration, cost of capital
and international market situation. Thus, one can only speculate
as to how a few of these factors will affect the choice of feed-
stock which will briefly be discussed with emphasis on the unit
price of feed.

Table 5 presents the estimated ammonia production costs
using current feedstock prices. Also, Figure 7 was prepared to
show the effect of feed and fuel price on ammonia manufacturing
costs. The investment figures for the natural gas and naphtha
feedstocks are representative of plants instantaneously erected
on the U.S. Gulf Coast in early 1979 and include the minimum off-
site facilities, spare parts and product storage. Also, utili-
ties are assumed to be available at the plant gate. Investment
required for the development of infrastructure, feedstock
delivery and product distribution, interest during construction
and forward escalation are excluded. The investments shown for
the partial oxidation of fuel oil and coal gasification were
based on the above mentioned factors relative to the natural
gas-based plant. The production costs of ammonia developed in
Table 5 are detailed enough to enable the reader to insert other
price structures which are suitable to his own situation.
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Figure 5. Relative NH3 plant investment vs. feedstock (1150 STPD)
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Figure 6. Relative NHS plant energy use vs. feedstock (1150 STPD)
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Figure 7. Estimated ammonia production cost vs. feed and fuel cost
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Natural Gas Feed. A high efficiency operation was assumed
including use of a 1500 Lb./Sq. inch gauge steam system. In
addition, this design includes many process features for
increasing thermal efficiency including combustion air preheat
for the reformer, Union Carbide* s UCAR Amine Guard for the C02
removal system, a hydraulic turbine for power recovery in the
CO2 removal system, additional shift catalyst to reduce residual
CO and synthesis loop purge, an additional stage of refrigeration
in the loop to reduce compressor horsepower, and efficient steam
turbines coupled with much higher steam superheat temperatures.

Naphtha Feed. A naphtha-based plant presently costs about
18% more than a natural gas-based ammonia plant (1) .Furthermore,
naphtha feeds require more utility in terms of C02 removal,
reforming steam, and feed pretreatment . Also, the unit cost
of feed is usually much greater than natural gas on a calorific
basis. Depending on price structure, the operating cost can
vary over a wide range. If lower grade fuels can be used for
firing the reformer, reductions in operating cost can be realized
bearing in mind that maintenance increases with use of lower
grade fuels. For example, the potential cost saving with the
use of a lower grade fuel at $2.50/MM BTU (LHV) would be $12.10/ST.

Heavy Fuel Oil. A partial oxidation unit based on heavy
fuel oil will cost significantly more than a natural gas-based
plant because it requires an air separation plant, additional
desulfurization, carbon removal and recycle, and other facilities.
Nevertheless, if the cost of fuel oil is sufficiently low, one
could justify a design selection based on partial oxidation. In
view of the uncertainty of equipment cost information, it is
difficult to pinpoint investment differences between a steam
reformer plant and a partial oxidation unit. Estimates are
that the investment difference varies over a wide range. Some
recent reports reveal that the difference may be 50% and possibly
higher. \T.»_) Direct operating data for the Texaco partial oxida-
tion process were taken from Child and Mar ion O paper. The plant,
equipped with all steam drives, incorporates 1200 psig gas
generation, shift conversion by sulfur-active C0M0 catalyst and
acid-gas removal by the Rectisol process.

Coal Feed. As in the case of steam reforming versus partial
oxidation, a plant based on use of coal as feedstock is expected
to cost more than one based on partial oxidation because of
additional equipment requirements, particularly with regard to
coal handling operations, gasification and raw gas treatment.
Despite these cost differences, coal based plants can be justified
if the cost of coal is sufficiently low, that is, relative to
light or heavy hydrocarbons. The approximate investment for a
coal-based plant appears to be about 2.0 times that for a natural
gas plant. ^'—'—^ The investment is about 33% more for a fuel oil
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plant. Direct operating data for the ammonia from coal process
were taken from StaegeO paper for the Koppers-Totzek process.

Comparing partial oxidation of fuel oil with coal gasifica-
tion differs somewhat from comparisons with steam reforming.
Both fuel oil and coal processing involve the partial oxidation
techniques and similar downstream gas treating schemes. Further-
more, both involve use of an air separation plant and sulfur
recovery facilities. Differential investment for the two
designs is not as great as that reported for the reforming vs.
coal gasification comparison, and thus a more careful economic
appraisal would be required which would have to include such
factors as fuel oil availability over a lengthy period, labor
costs covering coal mining operations, price stability, trans-
portation costs for both product and feed, and plant location.

5. Coal based operations can be justified in
locations where the unit cost of coal is low,
where gas is not available, and where the
alternative is expensive imported oil.
However, the use of such feed will be
governed to a great degree by whether an
attractive price fifferential between solid
and hydrocarbon feedstocks can be maintained
on a long term basis. The high costs of
mining and transportation charges will, of
course, reduce any potential economic
advantage inherent in use of solid feeds .

Outlook For The Ammonia Industry

A critical factor in the manufacture of ammonia today is
its energy consumption. The rising energy costs in the U.S.
and elsewhere have directed more and more attention to improving
the plant's energy requirement. Programs for energy reduction
have been or are being pursued in several areas. Opportunities
for energy savings in existing ammonia plants have been explored
and some already implemented. A series of ammonia plant designs
have been developed with progressively lower energy consumptions
than those of plants now in operation. In many places, alterna-
tive, less expensive, feedstocks are being seriously considered.
Processes associated with Chemo-nuclear energy, sea water
temperature gradients, and even solar energy are mentioned as
possibilities in the very distant future.

Let us briefly review the developments of Kellogg1 s natural
gas-steam reforming technology with respect to energy consumption.
As shown in Figure 8, the total energy (natural gas plus electric
power) consumption has been reduced from about 48.5 MM BTU/ST
in the early 1950 's to about 33 MM BTU/ST in 1965, representing
a reduction of 36%. Since 1965, some further reduction of energy
has taken place by the use of such efficiency improving facilities
as combustion air preheat for the primary reformer furnace, purge
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Figure 8. Energy consumption of Kellogg ammonia plant's steam reforming of
natural gas
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gas recovery, Union Carbide's UCAR Amine Guard for the C02
removal system, increased number of refrigeration stages and low
pressure drop equipment (e.g. horizontal ammonia converter),
which will collectively result in an energy consumption of about
30 to 31 MM BTU/ST.

The diminishing supply of inexpensive energy has again
brought about an acceleration of R & D efforts aimed at further
reducing the energy requirements. One needs to bear in mind,
however, that the minimum energy requirement of an ammonia plant
based on natural gas feed is about 18 MM BTU (LHV) /ST and this is
equivalent to the theoretical quantity of feedstock (CH^)) that
cannot be lowered. While it becomes increasingly difficult to
design plants approaching this theoretical minimum energy con-
sumption, there is room for improvement to the currently
operating units. Many of the energy improving techniques
considered today are merely extensions of established technology
and have been known, or even practiced in part, for some time
in the past.

As ammonia plant designs are developed with progressively
lower energy consumption, the material and energy balances become
more closely integrated and the interaction of the process and
utility systems become more complex. The type of plant design
will be dictated much more than in the past by the project
particulars, especially by the feed and utility price structure.
Due to the wide variations of feedstock prices at various
locations in the world, it is no longer feasible to apply the
so-called "standard" plant design approach for all situations.
Thus, plants will be built based on proven, well established
technologies in areas where feedstock prices are not of a major
concern. Improved technologies with respect to energy consump-
tion will be of prime importance in areas where energy costs are
high. As the energy consumption of the ammonia plant is improved,
the capital investment tends to increase. Thus, each improvement
to the current plant design must meet an economic payout period
for an optimum plant design, which is highly dependent on the
price of feed and fuel.

In the short range, we can expect increased use of the
already established energy saving devices mentioned before as
well as additional ones. These are summarized below:

1. Improved ammonia synthesis, e.g. horizontal
ammonia converter.

2. Purge gas recovery.

3. Combustion air preheat.

4. More heat recovery.

5. High efficiency steam turbines and compressors.
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6. Improved reformer tube metallurgy to allow more
optimum reforming conditions.

7. Reduced pressure drops.

8. More efficient C02 removal systems, e.g. physical
solvents.

9. Improved energy cycle, e.g. use of gas turbines.

10. Higher activity catalysts.
Incorporating some or all of the above mentioned improve-

ments will lead to a considerable reduction of energy consumption
of an ammonia plant based on steam reforming of natural gas or
naphtha. The actual plant design will depend on the project
particulars and feed and utility price structure.

At this time, it is worth mentioning that improvements in
ammonia technology are not limited to steam reformer-based
plants. Advancements have been made in synthesis gas generation
via the non-catalytic partial oxidation processes offered by
Texaco and Shell, particularly toward applying their well
established technologies in fuel oil partial oxidation to coal
gasification. (]_91®-91D Coal gasification technologies are also
undergoing very intensive development programs . (_>_) Interest
is again directed toward the classic water electrolysis route
for generating hydrogen. (I > L?)

Thus, as technologies develop in all these areas of ammonia
synthesis gas generation, there will be a new set of guidelines
for analyzing the relative economics of alternate feedstocks.

APPENDIX

Abbreviations and Definitions

kwh = 10,000 Btu
lb. = pound
LHV = lower or net heating value

CH, = 909.9 Btu/scf
H^ = 274.5 Btu/scf

MM = million
scf = standard cubic feet @ 60°F 14.7 psia

ST = short ton
STPD = short ton per day
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Hydrogen in Oil Refinery Operations

HAMPTON G. CORNEIL and FRED J. HEINZELMANN
Exxon Enterprises Inc., P.O. Box 192, Florham Park, NJ 07932

A study (Reference 1) completed in April, 1977,
was conducted by Exxon Research and Engineering Company
for the Conservation Division, Department of Energy, to
predict the quantities of industrial hydrogen that will
be needed in the U. S. during the 1980-2000 period for
the current industrial uses and to determine the costs
of producing these industrial hydrogen products by
several alternative processes that are likely to be
used commercially or considered for commercial use
during this period. The data concerning crude runs to
stills and hydrogen processing have been updated in
this study to reflect current estimates of these
values. Hydrogen for use in petroleum refining
operations provides a major hydrogen requirement today
and this will continue throughout the 1980-2000 period.
This paper discusses the uses of hydrogen in petroleum
refining, the quantities of hydrogen that will be
required during the 1980-2000 period, and the economics
of producing this hydrogen.

As is explained in Reference 1, investment and
operating cost data for various hydrogen manufacturing
processes were provided for this study by Chem Systems,
Inc., New York, New York. These economics data were
developed using identical methods and assumptions,
thereby permitting side-by-side comparisons of the
several processes.

Conclusions

Hydrogen willfully produced for use in U. S.
refineries for gas oil desulfurization and residuum
hydrocracking and desulfurization probably will
increase from about 1.8 billion SCF/D in 1980 to
3.9 billion SCF/D in the year 2000. These figures

0-8412-0522-l/80/47-116-067$07.00
© 1980 American Chemical Society
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exclude refinery by-product hydrogen (from octane
improvement reformers) which is used for desulfurizing
various light distillate products.

Steam reforming using natural gas and other light
hydrocarbon feed stocks will continue to be the most
attractive method of manufacturing willfully-produced
refinery hydrogen. Feed stocks required for reforming
in U. S. refineries will increase from about 150,000
B/D crude oil equivalent in 1980 to 330,000 B/D in the
year 2000.

Partial oxidation of resid feed stocks is used for
producing 5% to 7% of current willfully produced
hydrogen. Its use will not increase significantly
because manufacturing costs are, in general, higher
than with steam reforming.

Coal gasification probably will not be used to
manufacture refinery hydrogen in the U. S. to any
significant extent during the 1980-2000 period.
Capital investments and operating costs for coal
gasification in the four major refining centers are
likely to be much higher for coal gasification than for
steam reforming.

Hydrogen Uses in Petroleum Refining

Prior to the 1965-1970 period, most of the
hydrogen used in petroleum refining was used for
treating light naphthas and middle distillates to
provide for desulfurization and product stability.
These hydrogen-treating operations require little
hydrogen, ranging from 10-20 SCF/B for the light
naphthas to 100-200 SCF/B for the middle distillates.
Stringent environmental restrictions requiring lower
sulfur content products have accelerated the use of
these hydrogen-processing operations. Hydrogen for
these operations has in the past and will continue to
be provided as by-product hydrogen produced in naphtha
reformers operated to increase the octane number of
motor gasoline fractions. Although this by-product
hydrogen is typically of only 70% to 80% hydrogen
content, this low-purity hydrogen is satisfactory for
hydrogen-treating these light distillates.

In recent years, a more severe type of hydrogen
treating has been added to refinery processing systems
in which heavy distillates (gas oil) and residuum are
hydrotreated to remove sulfur and to convert these
heavier hydrocarbons to products of lower molecular
weight. The addition of "external" hydrogen increases
the H/C ratio of the products substantially above that
of the feed stocks. The use of these hydrocracking and
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hydrodesulfurization processes has become increasingly
important as crude oil supplies have become heavier (of
lower H/C ratio) and of higher sulfur content and
because of the economic need to convert residuum to
distillate products.

The conversion of residuum to lighter products can
also be conducted with thermal cracking (vis breaking)
or coking, a process that removes carbon from the
system, thereby increasing the H/C ratio of the coker
products relative to that of the feed stock. Figure 1
is a simplified flow diagram of refinery processing.
In this system, conversion of resid (650°F +) is
provided by either hydrotreating or coking. Figure 2
shows the system assuming hydrotreating is used for
resid conversion. The processing sequence shown in
Figure 3 assumes coking is used for residuum conversion.

The choice between these two alternative residuum-
processing methods depends on many economic factors,
and how such a choice would be made is beyond the scope
of this study. However, these two processes are
compared in Reference 2. Figure 4, a summary chart
from Reference 2, indicates that coking is the
preferred choice if it is desired to convert 60% or
more of the crude (Arabian Heavy, in this case) to
prime (clean) products.

When hydrogen is used for hydrodesulfurizing and
hydrocracking of gas oil (heavy distillates) and
residuum, large quantities of high-purity hydrogen
(95%+) are required as inputs to these plants, and the
by-product hydrogen from octane improvement reformers
is not adequate. Hydrogen consumption for these
processes range from 300 SCF/B for light gas oil
desulfurization to 3000 SCF/B for severe hydrocracking.
Since this hydrogen requirement is substantial and
by-product hydrogen from other operations is not
adequate, these gas oil desulfurizers and resid
hydrocrackers are installed with their own hydrogen-
generating facilities .

Hydrogen Requirements for Petroleum Refining

The principal current U. S. requirements for
industrial hydrogen are for use in petroleum refining,
for the manufacture of ammonia and methanol, and for a
wide variety of small uses including chemicals
manufacture, metallurgy, welding, etc. It is beyond
the scope of this paper to discuss the factors that
will affect the future requirements for ammonia,
methanol, and small-user hydrogen; however, these
factors are discussed rather completely in Reference 1.
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Table 1 summarizes the future requirements for
refinery hydrogen, ammonia, methanol, and small-user
hydrogen. Refinery hydrogen requirements will be
discussed in more detail below. As has already been
noted, refinery hydrogen represents the second largest
industrial hydrogen use, second to ammonia manufacture.
The data in Table 2 show these future hydrogen
requirements expressed on a heat content basis using
the higher heating value of the refinery and small-user
hydrogen and the hydrogen contained in the ammonia and
methanol. These total requirements will be 0.78 Quad/
year in 1980 and are projected to be 1.67 Quad in the
year 2000 for the coking option. (A Quad = 1.0 x 1015
Btu using the higher heat of combustion.) Using these
data, the compounded annual growth rate for these uses
during the 1980-2000 period is 3.9%. These data as
Quads per year of industrial hydrogen requirements are
shown in Figure 5.

The hydrocarbon feed stock required to produce
these projected quantities of refinery hydrogen, small-
user hydrogen, ammonia, and methanol are shown in
Table 3, assuming reforming is used to produce 100% of
each of these products. In 1975, these hydrogen
manufacturing operations consumed about 4 50,000 B/D
(crude oil equivalent) of natural gas and light naphtha
feed stocks. By 1980, this figure will be 632,000 B/D,
and by the year 2000, the hydrocarbon consumption is
predicted to be 1,374,000 B/D OE (coking option) or
about 6% of the total U. S. liquid hydrocarbon
requirements or 14% of the projected crude oil imports
for that year. However, as is discussed in Reference 1,
a substantial part of these future hydrogen
requirements, particularly for ammonia and methanol
manufacture, may be produced by coal gasification, thus
conserving hydrocarbon feed stocks .

The estimated future U. S. requirements of
hydrogen for petroleum refining are based on the
forecasted quantities of crude oil, natural gas liquids
(NGL) , synthetic crudes, and imported crudes shown in
Table 4. During the 1980-2000 period, U. S. crude runs
will increase from 15.3 to 18.0 million B/D while the
total U. S. liquid hydrocarbon supply, including
product imports, will increase slightly from 19.7 to
21.1 million B/D. The total liquid supply corresponds
to 40 and 43 Quad/year for 1980 and 2000. By the year
2000, there will be a substantial increase in the
quantity of residuum converted due to an overall
increase in the quantities of heavy crudes in the crude
slate.
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Data to show crude runs to stills, total liquid
supply, and resid yield on crude are plotted in Figure
6. As was mentioned previously, the data used in this
study for crude runs to stills and future hydrogen-
treating conditions have been updated over those used
in the 1977 study (Reference 1) to reflect the current
outlook for liquid product requirements. For
comparison purposes, data points shown in Figure 6
indicate the total liquid supply data used in the 1977
study for the years 1990 and 2000. The total liquid
supply data used in this study are less than those used
in the 1977 study by about 3.0 million B/D in 1990 and
3.5 million B/D in the year 2000.

The corresponding charge rates for the main
refinery processing operations are shown in Table 5.
These data show that the quantity of residuum charged
to coking plus hydrotreating will increase from 1.5
million B/D in 1980 to about 3.9 million B/D in the
year 2000, assuming coking is the main residuum
conversion procedure (Column 3), or 6.2 million B/D if
resid hydrocracking is the main resid conversion method
(Column 4) . The quantities of gas oil and residuum
charged to hydrogen-processing operations will increase
from 1.9 million B/D in 1980 to 5.9 million B/D in the
year 2000, assuming coking is the main resid conversion
process or 9.6 million B/D assuming hydrocracking is
the main resid conversion process.

The question of whether to process the residuum by
coking or hvdrocrackinq obviously has a very substantial
impact on the quantity of refinery hydrogen needed for
all processing operations. The choice between these
two alternative residuum processing systems depends on
many factors, such as the characteristics of the crudes
that must be processed, the quantity and quality of
products that are needed, and many economic factors,
such as crude costs, product values, etc. The data in
Table 5 are based on a comparison of coking and
hydrotreating using economic assumptions essentially
the same as those used in Reference 2. This calculation
results in the optimum processing mix for the year 2000
being that shown in the third column of Table 5 headed.
Coking Option. However, as a sensitivity, the case
shown in the fourth (last) column of Table 5 headed,
Hydroprocessing Option was calculated to show what
might occur in the year 2000 if economic factors
changed to favor hydroprocessing over coking. This
case would provide the maximum hydrogen requirement for
the year 2000 that conceivably would occur.
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Figure 5. U.S. industrial hydrogen requirements, 1980-2000 (quads per year of
hydrogen)
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Figure 6. U.S. refinery crude runs, 1975-2000
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These caluclations of refinery hydrogen
requirements are based on hydrogen consumption data
summarized in Table 6 for the various processes that
consume and produce hydrogen. These hydrogen
consumption data allow for the theoretical hydrogen
consumption and 20% excess above that required to
maintain the desired hydrogen purity in the process.
If the hydrogen input to the process is produced by
steam reforming, the hydrogen not consumed by the
hydrogen-processing operation can be recovered by
adding it to the reformer feed. If the hydrogen were
provided by some alternative process, the excess from
the hydrogen-processing operation would be burned as
refinery fuel.

The data on processing requirements from Table 5
and the hydrogen consumption data from Table 6 are the
basic variables in calculating the refinery hydrogen
requirements. These data in Table 7 indicate that
refinery hydrogen requirements will increase from 1.8
billion SCF/D in 1980 to 3 . 9 billion in the year 2000
(coking option) . Under the conditions corresponding to
the maximum use of hydrogen processing in the year 2000
(hydroprocessing option, last column) , the refinery
hydrogen requirements would be 12.0 billion SCF/D.
Table 7 also shows these hydrogen requirements as 0.21
Quad/year in 1980 and 0.46 Quad/year in the year 2000
(coking option) or 1.41 Quad/year (hydroprocessing
option) . Assuming these quantities of hydrogen are
produced by steam reforming, the reformer feed stock
requirements would increase from 14 9 thousand B/D crude
oil equivalent in 1980 to 326 thousand B/D in the year
2000 option) or 1001 thousand B/D for the year
2000 (hydroprocessing option) .

If all the petroleum-processing hydrogen required
in the year 2000 could be supplied by coal gasification
or some other process that would require no hydrocarbon
feed stock, U. S. crude oil consumption and crude oil
imports in the year 2000 could be reduced by 326 thou-
sand B/D (coking option) or 1001 thousand B/D (hydro-
processing option) . The figure of 326 thousand B/D
corresponds to 1.5% of the 21.1 million B/D total
liquid hydrocarbon requirements in the year 2000 or
3.2% of the crude and products that are likely to be
imported in that year. However, these data do not
suggest that substitution of nonpetroleum hydrogen for
that produced by steam reforming would be economically
attractive. The economics of refinery hydrogen
production are discussed in the following sections.
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Capacities of plants for supplying hydrogen for
use in petroleum refining are usually in the range of
50 to 100 million SCF/D. Processes now available for
producing these large quantities of hydrogen are steam
reforming, resid partial oxidation, and Koppers-Totzek
(hereinafter called K-T) coal gasification. Several
other coal gasification processes are being developed
and one or more of these may prove to be attractive for
use during the 1980-2000 period. These (hereinafter
called new coal gasification) include a high-pressure
partial oxidation process being developed by Texaco, a
similar process being developed jointly by Shell and
K-T, and the U-Gas and Steam-iron processes being
developed by the Institute of Gas Technology. These
processes are discussed in various papers, including
References 1, 3, and 4.

Steam reforming, using natural gas or naphtha feed
is now used to produce 90% or more of U. S. refinery
hydrogen requirements. As of January, 1976, there were
32 plants in the U. S. producing hydrogen for use in
petroleum refining. The capacity of these plants
totaled 1445 million SCF/D. Included in this figure
are two California plants employing resid partial
oxidation.

Economics of Refinery Hydrogen Manufacture

Estimates have been prepared to indicate the cost
of producing refinery hydrogen during the 1980-2000
period. The assumed inflation rates shown in Table 8
were used to estimate the future cost of oil, gas, and
coal shown in Table 9. Inflation rates shown in Table
8 also assume construction costs will not exceed the
general inflation rate. During the 1980-2000 period,
the general or overall rate of inflation of all
commodities including coal, electricity, and
construction costs is assumed to average 5% per year.

Prices of natural gas and petroleum products
delivered to large industrial customers are assumed to
escalate at 6%% per year during this period. This
higher rate, compared to the general inflation rate, is
probable because of:

• The decreasing domestic production of natural
gas and crude oil;

• Increasing demand for these products;
• Prices of imported gas, crude oil, and refined

products will follow the inflation rate of the
free world rather than that of the U. S.; and

• The high cost of synthetic products manufactured
from coal and/or oil shale.
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TABLE 8.

ASSUMED U. S. INFLATION RATES

Inflation Rate
%/year

1980 to 2000

Natural gas 6.5

Petroleum products and crude oil 6.5

Coal delivered to large customers 5.0

General goods and services 5.0
Electricity 5.0

Industrial products 5.0

Industrial construction costs 5.0
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Estimates of future costs for manufacturing
refinery hydrogen have been calculated for the period
1980-2000 using 1980 $. The procedure involves
comparing escalation rates during this period for each
component of total cost with the general escalation
rate of 5.0% per year for the general economy. Thus,
if natural gas increases at 6.5% per year, the natural
gas price for 1980 in 1980 $ is increased by about 1.5%
per year to obtain the natural gas price (in 1980 $)
for the year in question. For example, assume the
natural gas price in 1980 (1980 $) is $3.15 per million
Btu. The price in the year 2000 would then be:

$ 3.15 x (1.065) 20= $11.10 in current (2000) $

^1*05)20 = $4-18 in 1980 $
The prices of natural gas or an alternate light

hydrocarbon reformer feed, resid, and electricity are
assumed to apply to all geographical locations in the
U. S. However, delivered-coal prices vary from one
geographical location to another. Mine-mouth coal
prices are affected by mining costs and coal quality.
Transportation costs for moving the coal to
manufacturing sites have been assumed to be proportional
to the transportation distance.

Coal prices delivered to manufacturing sites on
the East Coast, the Mid-Continent (Illinois), the Gulf
Coast, and the West Coast were estimated and the
transportation cost in unit trains was added to the
estimated mine-mouth coal prices to provide estimated
prices of coal delivered to the manufacturing sites as
are shown in Table 9 .

High sulfur coal would be the optimum feed stock
for coal gasification plants since the sulfur content
of the feed stock has little effect on manufacturing
costs and high sulfur coal probably will be priced
substantially below low sulfur coals of equivalent
heating value.

Investments and manufacturing costs for refinery
hydrogen for both 1980 and the year 2000 for plants of
100 million SCF/D capacity located in the Mid-Continent
area are summarized in Table 10 and Figure 7. These
data compare steam reforming, resid partial oxidation,
K-T coal gasification, and new coal gasification.
These data include investment data for any year and the
operating costs for both 1980 and the year 2000; all
data being expressed in 1980 $.
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Low investment cost is the outstanding advantage
for steam reforming. Compared to the $63 million (100%)
investment for steam reforming, the investment for
resid partial oxidation is $159 million (252%) , for K-T
coal gasification is $246 million (391%) , and for new
coal gasification is $200 million (318%) .

Table 10 and Figure 7 also summarize the manu-
facturing cost of hydrogen produced by these processes
in 1980 $ for the years 1980 and 2000. These calculated
costs for this study are identical with those presented
in the 1977 study (Reference 1) , except that costs in
this study for resid partial oxidation are somewhat
higher than those in the 1977 study. An error in resid
feed stock requirements was made in the 1977 study and
this has been corrected in this current study. The
total production cost, including 20%/year before tax
return on investment for the year 1980, is $6.12 per
million Btu (MBtu) (100%) for hydrogen produced by
steam reforming. Corresponding costs are $9.29 (152%)
for resid partial oxidation, $9.81 (160%) for K-T coal
gasification, and $8.17 (134%) for new coal gasification.

The basic conclusion from these economic
comparisons is that steam reforming will continue to be
the preferred method of producing refinery hydrogen
throughout the 1980-2000 period. This advantage for
reforming results from both its substantial investment
advantage and its minimum total manufacturing cost
including return.

The data shown in Table 11 and Figure 8 compare
the investment and operating costs for refinery
hydrogen manufacture by the new coal gasification
process for four major refining centers: East Coast,
Mid-Continent, Gulf Coast, and West Coast. This
comparison was made to determine whether the most
favorable coal gasification system might be attractive
at either of the major refining centers.

The investment cost for the new coal gasification
process varies somewhat from one refining center to
another because the quality of the coal available in
these areas is not the same. For example, the most
likely coal available to East Coast refineries is West
Virginia coal of 26 MBtu/ton heating value. The
Illinois coal that is the likely choice for Mid-
Continent refineries has a heating value of 23 MBtu/
ton and the Wyoming coal that would probably be optimum
for Gulf Coast and West Coast refineries has a heating
value of only 16 MBtu/ton.

The cost of coal delivered to these refining
centers is also shown in Table 11. This cost is $0.96
for the Mid-Continent location, $1.04 for the East Coast,
$1.54 for the Gulf Coast, and $1.25 for the West Coast.
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Figure 7. Hydrogen manufacturing costs — midcontinent location (dollars per
MBtu-100 Mscf/D plants— 1980 dollars)

Figure 8. Hydrogen manufacturing costs — new coal gasification (dollars per
MBtu-100 Mscf/D plants— 1980 dollars)
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The manufacturing cost for refinery hydrogen
including 20%/year before tax return for each of these
locations is $6.12/MBtu for steam reforming in the year
1980 and $7.54 for the year 2000. The cost of producing
refinery hydrogen by new coal gasification is somewhat
higher than reforming at East Coast and Mid-Continent
refining centers and substantially higher than reforming
at Gulf Coast and West Coast centers. The conclusion
from this comparison is that the new coal gasification
process will be more expensive than steam reforming at
each of these four major refining centers throughout the
1980-2000 period.

It is apparent that the coal and hydrocarbon prices
assumed in this study may not apply to specific
refineries. It is possible that long-term coal supplies
could be made available to certain refineries at prices
less than those assumed in this study. In these
locations, new coal gasification might be an attractive
means of producing refinery hydrogen. Such a
possibility might occur at Gulf Coast refining centers.
If East Texas lignite could be delivered to the Gulf
Coast refineries at substantially less than the $1.54/
MBtu figure used in this study, coal gasification might
be an attractive method of producing refinery hydrogen.

Abstract

Hydrogen, a key processing agent in petroleum-
refining operations, is consumed in a variety of hydro-
desulfurization and hydrocracking operations. Some of
the required hydrogen is produced as a by-product of
naphtha reforming conducted for octane improvement. The
greater portion of the required hydrogen is produced by
steam reforming of natural gas (or some alternative
light hydrocarbon), although partial oxidation of
residuum is used to a limited extent. In the U. S.,
hydrogen produced for petroleum-refining operations is
the second largest industrial use of hydrogen and is
about one-half of that required for ammonia manufacture,
the largest single industrial use. Requirements for
refinery hydrogen will increase gradually during the
1980-2000 period as desulfurization and hydrocracking
operations increase relative to the quantity of crude
processed. By the year 2000, hydrogen willfully
produced for U. S. refining operations is likely to be
substantially above the current requirement of about
1.8 billion SCF/D. This willfully-produced hydrogen
does not include low pressure, low purity hydrogen
produced as a by-product of naphtha reforming for
octane improvement.
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Oil and natural gas prices are expected to increase
relative to those for coal during the 1980-2000 period.
Estimates from this study indicate that steam reforming
of natural gas or light naphtha will continue to be more
attractive than coal gasification for producing refinery
hydrogen. This advantage for steam reforming is due to
the low investment and production costs (including 20%
before tax return on investment) relative to the costs
for coal gasification.
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Hydrogen Production from Partial Oxidation of
Residual Fuel Oil

C. L. REED and C. J. KUHRE
Process Engineering-Refining Department, Shell Oil Company,
1100 Milam Building, P.O. Box 3105, Houston, TX 77001

In the past several years, forecasting the future avail-
ability and prices of hydrocarbon feedstocks for hydrogen
manufacture has been a very difficult problem. Today, in
addition to the supply and demand forces of the market place,
the indeterminate influence of future governmental regulations
greatly magnifies the dilemma faced by a company trying to
select a long-term economical feedstock for a new hydrogen
plant. For many years steam reforming of natural gas to pro-
duce synthesis gas has been a favored basis for hydrogen plant
operation. However, the potential for increased price of
natural gas has now directed attention to selection of heavier
hydrocarbons as feedstock for hydrogen plants.

A process which is well-suited to the basic requirement
of providing hydrogen and carbon monoxide for hydrogen
manufacture is the partial oxidation of hydrocarbons; i.e.,
the combustion of hydrocarbons with a limited amount of oxygen
to yield hydrogen and carbon monoxide. The process is also
referred to as gasification because it converts liquid hydro-
carbons to gaseous products, essentially H2 and CO with only
small amounts of CO2 and CH4 when high-purity oxygen is used
as the oxidant. The product gas, often called synthesis gas
or "syngas", can then be converted to high-purity hydrogen as
well as a great variety of other chemical products. The
ratio of hydrogen to carbon monoxide in the synthesis gas
product from the partial oxidation unit is mainly a function
of the hydrogen and carbon content of the feedstock. However,
it is possible to exchange over a CO-shift catalyst the carbon
monoxide of the synthesis gas for hydrogen from steam while
simultaneously producing carbon dioxide.

The processing sequence chosen for this paper, shown in
Figure 1, is a conventional hydrogen plant flow scheme with
each process section having been commercially well-proven.
The synthesis gas product from the Shell Gasification Process
(SGP) unit is treated for sulfur removal in a Shell Sulfinol
unit. The CO-Shift unit includes high-temperature shift cata-

0-8412-0522-1/80/47-116-095$06.75
© 1980 American Chemical Society
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lyst followed by low-temperature shift catalyst. The heat
released during the exothermic C0-shift reaction is efficiently
recovered by a complex heat exchange scheme which raises
high-pressure superheated steam and low-pressure steam in
addition to supplying reheat for several intermediate gas
streams. Absorption in hot potassium carbonate was arbitrarily
selected for C0£ removal from among several yery acceptable
commercially well-proven processes; e.g., Sulfinol, Rectisol,
Selexol, or Amine Guard. A Methanation unit is used to convert
the small quantity of residual carbon oxides to methane;
thus producing high purity (> 98% vol H2) hydrogen.

The heat and material balances for an SGP-based hydrogen
plant along with the associated costs have been developed for
a plant sized to produce 100 X 106 scf/sd of hydrogen. The
hydrocarbon material balance is contained in Tables I, HA
and IIB. A summary of the estimated capital investment,
identified by plant section, is given in Table III. Table IV
contains a summary of operating cost calculations. Additional
economics details are given in Table V.

The Shell Gasification Process

The Shell Gasification Process (SGP) is a commercially
proven, highly reliable method for the non-catalytic partial
oxidation of fluid hydrocarbons. The process has great flex-
ibility with respect to suitable feedstocks. This is in
marked contrast to steam reforming of natural gas or naphtha
for hydrogen production. Steam reforming is wery restrictive
with respect to acceptable feedstock properties, such as
distillation end-point and maximum sulfur content. With the
SGP, it is only necessary that the feedstock be sufficiently
low in viscosity at preheat temperatures to atomize effectively.
Thus, nearly any fluid hydrocarbon can serve as a suitable
feedstock for the SGP provided that ash content is not exces-
sively high. The following hydrocarbon streams have been
used as SGP feedstocks: natural gas, refinery gases, naphtha,
light fuel oil, heavy fuel oil, heavy residuals (including
asphalt), and whole crude oil. Heavy fuel oil and refinery
residual oil streams are the predominant feedstocks. These
materials are processed in about 70% of the operating SGP
units. Some SGP units have been designed to switch between
gaseous and liquid feedstocks with only a short shutdown
required to switch feed systems. Of course, the downstream
equipment must be designed to handle the change in gas compo-
sition resulting from such a wide change in feedstock type.

The SGP crude synthesis gas is utilized to manufacture
a wide range of end-products. Ammonia is the predominant
product with over 50% of the SGP capacity being devoted to
manufacturing this material. Methanol accounts for the second
largest usage of SGP synthesis gas with oxo-products in third
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TABLE I.

GASIFICATION OF HEAVY FUEL OIL
Shell Gasification Process

Basis: Production of 100 X 106 scf/stream day H2

SGP Feedstock Type Heavy Fuel Oil

SGP Feedstock Properties
Gravity, °API 14.2
Specific Gravity, 60°F/60°F 0.97
C/H Ratio, weight 7.49
H/C Ratio, atomic 1.59
Sulfur, %wt 3.50
Ash, %wt 0.07

SGP Feedstock, Ib/sh (150°F) 88,050

SGP Oxygen Feed,a) lb/sh (100°F) 94,070
SGP Naphtha Net Usaae For

Carbon Recovery, bJ lb/sh 440
Fuel Oil For

Auxiliary Boiler, lb/sh 9,270

^Expressed as 100% 02; actual 02 purity 99.50 % vol. Pressure
is 920 psig.

b)constitutes feed to gasification reactor over and above the
heavy fuel oil feedstock. Soot production is recycled 100%
to gasification reactor.
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TABLE III,

SGP BASED HYDROGEN PLANT

ESTIMATED CAPITAL INVESTMENT

Basis: Production of 100 X 106 scf/stream day H2.
Feedstock to the SGP is heavy fuel oil

Estimated Installed

Plant Section Capital Cost,a)$106
Gasification 27.0

Sulfinol 5.4

C0-Shift 14.0

Auxiliary Oil -Fi red Boiler 7.2

C02-Removal & Methanation 9.4
Offsites (35%)b) 22.0

Total 85.0

a)ßasis: mid-1979, U.S. Gulf Coast, installed costs.
No allowance made for interest during construction.

^/Offsites estimated at 35% of onsite capit. 1 to cover such items as
cooling water, feed water preparation, "tilities, feedstock storage,
effluent treating, and other minor offsites required for a plant
installed adjacent to an existing facility. Oxygen is considered to
be delivered "over the fence" at the required pressure and no capital
allowances are included for this supply.
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place. Hydrogen and reducing gas are also produced. Town gas
was produced for several years by using hot carburation with
naphtha to increase the heating value of the synthesis gas to
a level of about 500 Btu/scf (GHV). Medium-Btu fuel gas of
about 330 Btu/scf (GHV) can be produced by partial oxidation
with oxygen without carburation, and low-Btu fuel gas of about
120-150 Btu/scf (GHV) can be obtained by using air as the oxi-
dant.

Well over 110 SGP reactors at over 35 different plant sites
have been placed in operation around the world since the process
was first commercialized in 1956. Several SGP units were
started up in 1977-78, including two plants located in the
U.S.A.

SGP Chemistry

The process is carried out by injecting preheated hydro-
carbon, preheated oxygen, and steam through a specially
designed burner into a closed combustion vessel, where partial
oxidation occurs in the range of 2350°F to 2550°F (1290°C -
1400°C). "Partial Oxidation" describes the net effect of a
number of component reactions that occur with hydrocarbons
within a reactor supplied with less than stoichiometric
oxygen for complete combustion. The overall reaction is
represented by:

CnHm + (n/2) 02 — ?¦n CO + (m/2) H2
The overall process can be divided into three phases as

described below:

A. Heating-up and Cracking Phase. In the fuel injection
region of the reactor, preheated hydrocarbons leaving
the atomizer are intimately contacted with the steam/
preheated oxygen mixture. The atomized hydrocarbon is
heated and vaporized by back radiation from the flame
front and the reactor walls. Some cracking to carbon,
methane and hydrocarbon radicals occurs during this
brief phase.

B. Reaction Phase. As soon as the fuel and oxidant
reach the ignition temperature, hydrocarbons react
with oxygen according to the highly exothermic combustion
reaction. Practically all of the available oxygen is
consumed in this phase.

CnHm + (n + m/4) 02 ? n C02 + (m/2) H20
The remaining hydrocarbons, which have not been oxidized,
react endothermically with steam and the combustion pro-
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6. reed and KUHRE Partial Oxidation of Fuel Oil 107

ducts from the primary reaction. The main endothermic
reaction is the reforming of hydrocarbon by water vapor:

CnHm + n H20 ^ * n CO + (n + m/2) H2
Excessive local temperatures can damage the refractory;
thus, it is essential that all reactants be well mixed
so that the endothermic reactions tend to locally balance
the exothermic reactions. In this way, the complex of
reactions is quickly brought to thermal equilibrium,
resulting in a measured temperature within the range of
2350°F to 2550°F.

C. Soaking Phase. The soaking phase takes place in the
rest of the reactor, where the gas is at high temperature.
Minor changes in gas composition occur due to secondary
reactions of methane and carbon. As the reaction rates
are relatively low, the methane content is higher than
would be expected from equilibrium. During the soaking
phase, a portion of the carbon also disappears by reactions
with C02 and steam. However, some carbon is always
present in the product gas from the reactor in a quantity
equivalent to about 1-3% wt of the oil feed. Natural gas
feedstock produces only a yery small amount of residual
carbon; i.e., about 0.02% wt of the gas feedstock.

The final composition of the SGP reactor product gas is
established by the water-gas shift equilibrium at the
reactor outlet/waste-heat exchanger inlet where rapid
cooling begins.

---- ?-
CO + H20 «« C02 + H2

In the strongly reducing atmosphere of the SGP reactor,
sulfur compounds in the hydrocarbon feedstock react to
form hydrogen sulfide (H2S) and small amounts of carbonyl
sulfide (COS) in a molar ratio of approximately 24:1.
Sulfur content of the feedstock presents no serious problem
for SGP; high-sulfur (e.g., 5%wt S) petroleum residues
can serve as SGP feedstocks. The H2S and COS can be
readily removed from the SGP product gas by any one of
several well-proven desulfurization processes such as the
Shell Sulfinol Process.

SGP Process Description

The Shell Gasification Process consists essentially of:
1) the gasification reactor, 2) the waste-heat exchanger for
heat recovery from the hot reactor gas, 3) the economizer heat
exchanger for further heat recovery, 4) the carbon removal
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108 hydrogen: production and marketing

system for separating carbon from the reactor product gas, and
5) the carbon recovery system for recycle of carbon. Figure 2
is a simplified flow diagram for the SGP as applied to gasifi-
cation of an oil feedstock.

The gasification reactor is a vertical, steel pressure
vessel with a refractory lining. There are no internal baffles
or catalyst beds. Preheated hydrocarbon feedstock and oxidant
are fed under precise flow control to the specially designed
combustor in the top of the reactor. Steam is pre-mixed
with the oxygen to serve as a flame moderator. For liquid
feedstocks, the oxidant enters the reactor as a rotating vortex
around the hydrocarbon vortex spray in the combustion zone.
This promotes effective mixing of hydrocarbon and oxidant.
The multiple-layer refractory lining is designed to withstand
the high temperature in the reactor. Commercially available
refractory materials are used; they have given yery good ser-
vice life. Adequate residence time is provided in the reactor
to permit the partial oxidation reactions to approach equilib-
rium. Reactor pressures up to 835 psig have been commercially
demonstrated; gasification at higher pressure is possible.
SGP reactors have also been designed to operate at a pressure
as low as about 15 psig. The reactor pressure is usually
set by downstream processing requirements. For example, the
pressure required in a low-pressure methanol unit can be ob-
tained at the outlet of the SGP without compression of the
synthesis gas.

An important feature of the SGP is the capability
for recovering much of the heat in the reactor product gas
by generating high-pressure steam. The hot gas from the
reactor flows directly to a waste-heat exchanger of special
design where it passes through helical coils mounted in the
exchanger shell. The sum of the sensible heat recovered from
the reactor effluent gas (by raising steam) plus the potential
heat of combustion represented by the product gas itself is
equal to about 95% of the hydrocarbon feedstock heating value
(GHV). Soot in the hot gas from the partial oxidation
reactor could present serious deposition problems in conven-
tional exchanger tubes. The use of helical tubes and proper
gas velocity gives yery long service life without the need
for periodic cleaning and without impairment of heat transfer.
The steam is generated at a pressure at least 150 psi greater
than the reactor pressure so that it can be used directly as
moderating steam. Waste-heat exchangers for the SGP have been
designed for steam pressures to about 1,500 psig.

The gas leaves the waste-heat exchanger at a temperature
somewhat greater than the generated steam temperature. Addi-
tional heat is recovered from the gas in an economizer by
heat exchange with feedwater for the waste-heat exchanger.
The split of heat recovery duties between the waste-heat
exchanger and the economizer is optimized during the design
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phase of an SGP project.
The gas leaving the heat recovery equipment contains the

soot formed in the reactor and most of any ash present in
the feedstock; some of the ash is deposited in a void space
in the bottom of the reactor from which it is removed during
periodic inspection shutdowns. The gas passes to a quench
vessel containing nozzles for multiple water-sprays which
scrub most of the soot from the gas. Additional heat re-
covery can be accomplished downstream of the quench vessel
by heat exchange of the quenched product gas with cold feed
water. Any residual soot in the gas is removed in a scrubber
column. The SGP product gas contains less than 5 ppmv soot.

The water/carbon slurry formed in the quench vessel is
separated from the gas stream. This slurry flows to the
carbon recovery system. Removal of the carbon from the
slurry water is usually necessary for environmental consider-
ations. Furthermore, for improved thermal efficiency, the
recovered carbon can be recycled to the gasification reactor
by dispersing it in the feedstock. If the fresh feed does
not have too high an ash content, 100% of the carbon formed
can often be recycled to extinction.

The carbon can be recovered from the water/carbon slurry
by either of two commercially proven methods: 1) the Shell
Pelletizing System (SPS) or, 2) the Shell Closed Carbon
Recovery System (SCCRS). The simplest method of recovering
the carbon is the pelletizing system. However, the SPS can
only be used when a suitable pelletizing oil is available
and the SGP feedstock viscosity is low enough to permit pump-
ing at 200°F (93°C). In the SPS, the water/carbon slurry is
contacted with a low-viscosity oil, (<300 centistokes at
200°F) in a device called a pelletizer. The oil preferentially
wets the soot particles and forms pellets which are screened
from the water. The carbon/oil pellets can then be homogenized
into the oil feed to the gasification reactor, used directly
as a fuel, or homogenized in a separate fuel oil to be burned
in another plant furnace or boiler. The pellets can also be
mixed with fuel going to a coal-fired boiler.

The pelletizer system does require periodic visual surveil-
lance by an operator in order to maintain a smooth operation.
Hence, if maximum automation is desired, the SCCRS is recom-
mended. The SCCRS must be used when it is desired to recycle
soot in feedstock too viscous to be pumped at temperatures
below 200°F. In the SCCRS (shown in Figure 3) the water/carbon
slurry is first contacted with naphtha so that carbon/naphtha
agglomerates are formed and the carbon is removed in this
form from the water slurry to be mixed with additional naphtha.
The resultant carbon/ naphtha mixture is then combined, at
an elevated temperature, with the hot gasification feedstock
which may be as viscous as deasphalter pitch. The feedstock/
carbon/naphtha mixture is heated and flashed, and then fed
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to a naphtha stripper where naphtha is recovered for recycle
to the carbon/water separation step. The carbon remains
dispersed in the hot feedstock leaving the bottom of the
naphtha stripper column and is recycled to the gasification
reactor.

Desulfurization - Sulfinol Process Description

The Shell Sulfinol Process is used for removal of acidic
constituents such as H2S, C02, COS, etc. from a gas stream.
Improved performance over other processes is due to the use
of an organic solvent, Sulfolane (tetrahydrothiophene dioxide),
mixed with an aqueous alkanolamine. Relative proportions of
Sulfolane, alkanolamine, and water, as well as the operating
conditions, are tailored for each specific application.
Simultaneous physical and chemical absorption under feed gas
conditions is provided by this Sulfinol solvent. Regeneration
is accomplished by release of the acidic constituents at
near atmospheric pressure and a somewhat elevated temperature.
The flow scheme (Figure 4) is yery similar to that of an
aqueous alkanolamine system since it involves only absorption,
regeneration and heat exchange under typical alkanolamine
treater conditions.

The SGP product gas is contacted countercurrently in an
absorber column by the Sulfinol solvent which absorbs the
acidic components from the SGP gas. The rich solvent then
flows through a heat exchanger where it is heated by the
hot, lean solvent from the bottom of the regenerator. The
hot, rich solvent is regenerated by pressure reduction, fur-
ther heating, and stripping in the regenerator column where
the acid gases are liberated. The lean solvent is cooled by
heat exchange with the rich solvent before returning via a
cooler to the absorber where it begins its scrubbing cycle
again.

The advantages which can be obtained when using the
Sulfinol Process as compared to other treating systems are:
1) reduced solvent circulation due to higher acid gas solu-
bilities; 2) a lower energy requirement for solvent regener-
ation; 3) a treated gas meeting the specifications required
for downstream processing; and 4) an acid-gas product suitable
for blending into other feed streams to a Claus sulfur recovery
unit; 5) improved operability and smaller equipment, resulting
from the non-foaming characteristics of the solvent; 6) low
corrosion rates; and 7) high on-stream factor. The Sulfinol
Process also has the attractive feature in that it can achieve
nearly complete removal of carbonyl sulfide (COS). Well
over 100 Sulfinol installations are in operation throughout
the world. Most of these units are treating natural gas;
however, more than 10 Sulfinol units are treating product
gas from partial oxidation plants.
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Sulfur Recovery

The acid gas from the Sulfinol regenerator must be
disposed of in an environmentally acceptable manner. The
Claus process offers an effective means for converting nearly
all of the sulfur in the acid gas to saleable elemental sulfur.
The tail gas from the Claus plant still contains some sulfur
compounds. To minimize sulfur emissions from the plant, the
Claus tail gas can be fed to a Shell £laus J3ff-gas Jreating
(SCOT) unit where most of this sulfur is recovered and recycled
to the Claus plant. With use of the SCOT Process, additional
marketable sulfur is recovered within the Claus plant while
tail gas sulfur emissions are substantially reduced, to
typically less than 250 ppmv.

The SCOT Process has been accepted by industry as an
excellent means of reducing Claus tail gas sulfur emissions.
There are 36 SCOT units in the USA: 18 in operation, and 18
others in various stages of design or construction. In the
rest of the world, there are 25 units: 18 in operation, and 7
others in various stages of design or construction. World-wide,
these 61 units, either in operation or firmly committed for
installation, represent an aggregate Claus plant capacity of
over 10,000 long tons/day sulfur. Claus plant capacities
associated with these SCOT units range from 5 to 2,100 long
tons/day sulfur.

When a partial oxidation synthesis gas is treated for H2S
and C02 removal, the resultant acid gas from the treating
system is usually quite lean in H2S concentration due to the
relatively large amount of C02. For example, see the acid
gas composition in Table IIA where H2S is only 16.07% vol of
the Sulfinol acid gas (dry basis). This H2S concentration is
near the minimum level which would permit processing the acid-
gas in a Claus unit. Moreover, a special splitflow type Claus
unit or other unusual procedures would be required to handle
this low concentration.

Shell also offers for license a H2S-selective version
of the Shell ADIP Process. The ADIP process, which has a
flow scheme yery similar to Sulfinol, can be used to treat the
Sulfinol acid gas to raise the H2S concentration by selectively
rejecting the C02. Some integration of the SCOT process with
the ADIP process is often possible; thus, reducing overall
equipment and operating costs. Costs for the Claus plant are
substantially reduced when "selective" ADIP is applied. Two
selective ADIP plants are scheduled to come on stream in the
first half of 1979.

A detailed discussion of optimization of sulfur recovery
facilities would comprise another paper in itself, and there-
fore, is outside the scope of this paper. Costs of hydrogen
production, which are presented in Figure 5 and Tables III and IV
do not include sulfur recovery (Claus, etc.) costs or sulfur
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PLANT SIZED FOR COST BASIS: MID-1979
100 X 106 SCF/SD PURE H2 GULF COAST CONSTRUCTION
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Figure 5. Cost of hydrogen produced by partial oxidation of heavy fuel oil
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product credits.

CO Shift Process Description

The CO-Shift unit reduces the CO content of the Sulfinol
treated gas to 0.4% vol on dry product gas. The high-tempera-
ture shift (HTS) section comprises three reactors in series
with intermediate gas cooling by heat exchange with feed gas
and by steam production. Steam feed for the CO-Shift unit
is produced in: 1) the SGP waste-heat exchangers, 2) heat
recovery boilers within the CO-Shift unit and, 3) an auxil-
iary boiler. Steam feed to the first HTS reactor is set to
give a steam-to-dry gas ratio of 1.5 mol /mol. This is a
conservative (high) ratio. If further optimization were
carried out for a specific plant location it could indicate
that the steam-to-dry gas ratio may be reduced to as low as
1.2 mol/mol with some resultant loss in hydrogen purity and
yield, but with a savings in auxiliary boiler fuel and capital
costs.

The third HTS reactor will deliver product gas containing
about 2.8% vol CO (on dry gas) to the low-temperature shift
(LTS) section. Heat recovered from the LTS effluent is used
to raise 90 psig steam and to preheat boiler feed water.
Zinc oxide beds are used to safeguard the sulfur-sensitive
LTS catalyst against sulfur poisoning from the expected 1 to
2 ppm H2S + COS slippage on the Sulfinol unit.
CO? Removal and Methanation Process Description

For C02 removal, a typical process was included for
illustrative purposes, wherein a solvent absorbs the C02
and is then regenerated by applying heat. No attempt was
made to compare the many possible process choices for C02
removal; e.g. another alternative method for C02 removal
could be the use of Pressure Swing Adsorption units which
would produce higher purity hydrogen and require no methan-
ator, but at the cost of a reduced level of hydrogen recovery.
The heat required for C02 removal solvent regeneration is
provided by 90 psig steam raised in the CO-Shift unit.
The C02-Removal unit is designed to reduce the C02 content
of the treated gas to less than 50 ppm vol.

The Methanation unit consists of a catalyst bed contained
in a reactor vessel, feed-to-product heat exchange, product
cooling and a knock-out vessel for separating condensed
water. Treated gas from the C02-Removal unit is also preheated
by heat exchange in the CO-Shift unit to conserve energy.

The principal methanation reactions, given below,
illustrate why the purity and yield of hydrogen is influenced
by the effectiveness of the CO-Shift and C02-Removal units.
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C02 + 4H2 ¦« * CH4 + 2H20
CO + 3H2 ^ * rH/, + H20

Since CO-Shift unit product gas contains only 0.40% vol
CO and the C02-Removal unit treated gas contains only 50 ppm
vol C02, the production of methane impurity and consumption
of hydrogen in the Methanation unit is minimal. Moreover, the
methane content of the SGP product gas (0.30% vol CH4) is
significantly lower than the 1 to 3% vol of methane which is
normal slippage for a steam-methane reformer (SMR). Hence, a
higher purity hydrogen stream is feasible with an SGP-based
hydrogen plant versus an SMR-based plant. Alternatively, the
residual CO and C02 specifications can be relaxed in the
CO-Shift and C02-Removal units for a SGP-based plant while
producing the same purity hydrogen as from an SMR-based plant.
Of course, use of Pressure Swing Adsorption for C02 removal
would produce equivalent ultra-high purity hydrogen from either
SGP or SMR-based plants.

Process Economics

Estimated installed capital costs are shown in Table III and
estimated operating costs are given in Figure 5 and Table IV for
the production of hydrogen from heavy fuel oil by use of the
SGP and Sulfinol units along with CO-Shift, C02-Removal and
Methanation units. The design bases for the process economics
case are described below.

Design Bases For SGP-Based Hydrogen Plant

1. Production of 100 x 106 scf/sd of pure
hydrogen. Hydrogen purity is greater than
98% vol.

2. Heavy (14.2° API), high-sulfur (3.5% wt sul-
fur) fuel oil feedstock (see Table I).

3. Operation of the SGP reactors at 835 psig;
this leads to a Methanation unit product
gas at 630 psig.

4. Recycle of recovered carbon to extinction
using the Shell Closed Carbon Recovery
System (Figure 3).

5. Oxygen is purchased over-the-fence at 920
psig with no energy integration between
the air separation plant and the SGP.
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6. Operation for 330 days per year (90% stream
factor for conventional economic analysis).
However it should be emphasized that higher
stream factors (>95%) are achievable depend-
ing upon reliability of oxygen supply.

For the capacity of the proposed plant in this study,
we have chosen to use two SGP reactor trains feeding into
one scrubber. The units downstream of the SGP would be
single train.

The feedstock requirements for the hydrogen plant as
defined are: 6,221 bbl/sd of heavy fuel oil (Bunker C or
ASTM No. 6), 41 bbl/sd of naphtha, 1,129 short tons/sd of
oxygen at 920 psig, and 744 bbl/sd of ASTM No. 2 fuel oil
for the auxiliary boiler. Oxygen purity is assumed to be
99.5% vol. Lower oxygen purity is acceptable, but there
will then be additional dilution of the product hydrogen by
nitrogen and argon. The small amount of naphtha required is
makeup for the carbon recovery system. This naphtha is ul-
timately consumed as SGP feedstock. Low-sulfur ASTM No. 6
fuel oil could also be used as the fuel for the auxiliary
boiler instead of ASTM No. 2 fuel oil. High-sulfur fuel oil
should also be considered if the cost of flue gas desulfur-
ization is justified by the lower cost of the fuel oil.

Capital Costs

The estimated installed capital costs (Table III) were
developed using correlated cost information. The capital
costs include 10% for contingencies. The location is as-
sumed to be on the U.S. Gulf Coast.

As shown in Table III, an allowance equal to 35% of process
unit capital cost was assumed for utilities and general facili-
ties on the basis of an established site location; i.e., no
allowances were included for "greensite" requirements of
office buildings, shops, etc.

The total installed capital cost for the SGP based hydrogen
plant is estimated at $85 million, basis installation in mid-1979
on the U.S. Gulf Coast. No allowance is included for interest
during construction.

Operating Costs

Estimated fixed costs; i.e., operating labor, maintenance,
administration, insurance, and capital charge, are shown in
Table IV. Except for the capital charge, the fixed costs contri-
bute relatively little to the total hydrogen cost. The annual
capital charge used in this analysis is 17% of the total in-
stalled plant cost. This is equivalent to a simple before-tax
payout of slightly less than six years.
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For convenience in developing and illustrating the estimated
variable operating costs of Table IV, the following arbitrary
values for feed materials and energy were taken for mid-1979.
Additional details of the economic basis are given in Table V.

1. Heavy fuel oil, 3.5% wt. sulfur - $15.17/bbl =
$2.40/106 Btu (GHV).

2. Naphtha, makeup for the carbon recovery system
- $18.00/bbl.

3. Electric power cost - $0.03/kwh.

4. Oxygen purchased over-the-fence at 920 psig-
$32/s ton.

5. Fuel for the auxiliary boiler, ASTM No. 2,
$17.39/bbl = $3.00/10B Btu (GHV).

The above values for materials and energy represent
one set of projected costs. A summary of these values is
given inj"able IV where the cost of hydrogen is shown to be
$2.22/10J scf of H2. Other energy cost scenarios can be
evaluated using Figure 5 which shows hydrogen manufacturing
cost as a function of heavy fuel oil feedstock cost with
other unit costs being held constant.

The manufacturing cost for hydrogen is yery sensi-
tive to the feedstock cost. At about 43% of the total cost,
it is by far the largest single cost component (see Table IV).
The maintenance cost of $4.52 X 106 per year shown in Table IV
is quite conservative (high) because the rule-of-thumb per-
centage values shown in Table V were applied to the total
capital including offsites. Maintenance costs for the off-
sites, as a percent of capital, are expected to be much less
than for the onsite process equipment. The $32/s ton cost for
920 psig oxygen was selected based on providing the oxygen
supplier with approximately 10% return on capital investment,
excluding any credit for sale of nitrogen or argon by-products.

A reduction of steam-to-dry gas ratio in the CO-Shift unit
to 1.2:1.0 mol/mol as discussed in the CO-Shift process descrip-
tion section would reduce the hydrogen cost by about $0.07/103
scf of H2.

This study case is designed as a free-standing hydrogen
plant. Economies of operation could undoubtedly be obtained
if this plant can be integrated with the utility system of an
existing complex; e.g. the 150,000 lb/hr of steam produced
from the auxiliary boiler could be more efficiently included
in the capacity of a larger boiler.

The hydrogen product (including methane impurity) from the
Methanation unit has a calculated heating value of 330 Btu/scf
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(GHV). Hence, the $2.22/103 sçf pure Ho cost given in Table IV
can also be stated as $6. 73/1 06 Btu (GHV). The cost of hydrogen
in terms of $/106 Btu (GHV) is also shown on Figure 5 as a
function of feedstock cost.

Summary

The Shell Gasification Process (SGP) is a highly versatile,
well -proven, system for producing synthesis gas (H2+C0) from
virtually any available fluid hydrocarbon feedstock ranging
from natural gas to asphalt. This feedstock flexibility feature
can be especially valuable in times of hydrocarbon scarcity.
This H2 + CO synthesis gas can be processed for sulfur-removal
(Sulfinol), CO-shift (HTS/LTS), C02-removal , and methanation
to produce a high purity (>98% vol H2) hydrogen.

The estimated manufacturing cost for hydrogen is $2.22/1 03
scf H2 based upon feeding a heavy, high-sulfur fuel oil valued
at $15.17/bbl ($2.40/106 Btu, GHV). An SGP-based hydrogen
plant designed to produce 100 x 10° scf/sd of H2 is estimated
to cost $85 million (mid-1979, U.S. Gulf Coast), including an
arbitrary allowance of 35% of onsfte capital cost for offsites
and 10% for contingencies.

Received July 12, 1979.
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Synthetic Gas Production for Methanol: Current and
Future Trends

J. A. CAMPS and D. M. TURNBULL
Davy Powergas Inc., P.O. Drawer 5000, Lakeland, FL 33803

Methanol is the one of most easily made organic
compounds and is synthesized from a gaseous mixture of
carbon monoxide and hydrogen.

CO + 2H2 CH3OH

The carbon monoxide/hydrogen mixture is traditionally
referred to as "Synthesis Gas" and typically includes
small percentage of CO2, CH4, nitrogen and other inerts.

Thus, although hydrogen is used in methanol production,
it can be taken straight from the steam-hydrocarbon reformer
and does not require further purification and treatment as
in the case of pure hydrogen production or ammonia production.
The economics of methanol production are significantly
affected by the thermal integration of the reformer (or
other gas generation unit) with the rest of the plant.

Synthesis gas may be prepared from any feedstock
containing any ratio of carbon and hydrogen and oxygen and
not extreme levels of sulphur and nitrogen. Such a defini-
tion covers feedstocks ranging from wood, biomass, coal
and heavy fuel oils, to naphtha and natural gas.

Naphtha was the initial feedstock for the ICI low
pressure methanol process because it was available to ICI
at the time they developed the process. However, it is
also the most ideal feedstock from a stoichiometric view-
point; as evidenced by the following reaction.

"CH2" + H2O CO + 2H2 CH3OH
Naphtha + Steam Synthesis Gas Methanol

Depending upon the stoichiometry of the feedstock
source, a stoichiometric synthesis gas is achieved by
adjusting the carbon/hydrogen ratio via shift conversion

0-8412-0522-1/80/47-116-123$06.00
© 1980 American Chemical Society
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and C0~ removal or C0? addition. Alternatively, within
certain limits, the flexibility of the ICI LP methanol
process allows a hydrogen rich gas to be economically fed
to the synthesis loop. The excess hydrogen is purged from
the loop and burned as fuel.

The following is a brief description of synthesis gas
generation from the various accepted feedstocks.

Reforming of Natural Gas

By far the most widespread method of producing synthesis
gas for methanol production today is via steam reforming
of naphtha and lighter hydrocarbons . The process routes
for both natural gas steam reforming and naphtha reforming
are virtually identical, so we shall consider only natural
gas reforming. Since the ICI LP methanol process was
first introduced in 1967, the design has been modified to
enhance energy recovery as it became more economic to do
so due to increasing energy costs. Davy's latest process
flowsheet is illustrated in Figure 1. Figures 2 and 3 are
photographs of two natural gas based methanol plants built
by Davy.

Brief Process Description of Davy's Latest High
Efficiency Design. Natural gas is desulfurized over an
activated carbon bed or zinc oxide to remove sulfur below
0.2 ppm, suitable for natural gas reforming.

The desulfurized gas is then countercurrently contacted
against hot water which heats the feedstock and saturates
it with water vapor providing 49% of the process steam
requirements. (Over 60% for a plant with C0~ addition).

The feedstock is then preheated to the reformer inlet
conditions, and the balance of the process steam is added.
The mixed steam/feedstock mixture is then passed to the
tubular reformer where it is reformed to synthesis gas
over a nickel catalyst contained in high alloy tubes.
This reaction is highly endothermic, and the heat of
reaction is supplied by firing natural gas and purge gas
in a fire box external to these tubes. The heat is then
transferred through the tube wall into the catalyst packed
reaction zone.

The reformed gas leaves the furnace at a high temperature
where high grade heat is recovered successively to a reformed
gas boiler, steam superheater process feedstock heater and
boiler, feedwater heater. The reformed gas then passes to
the distillation area where low grade heat is efficiently
recovered via column reboilers and a demineralized water
heater.

Finally, the reformed gas passes to the reformed gas
cooler where the gas is cooled from 150°F to 100°F against
cooling water.
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If additional C0? is available, it may be added prior
to synthesis gas compression or it may be added to the
reformer feedstock. Although the advantages of adding CO
are significant, the differential economics of the CO
addition points is marginal.

The synthesis gas is compressed to 80 atm in a two
barrel centrifugal compressor driven by an extraction
condensing steam turbine. The compressor usually has
three stages of intercooling.

Methanol Synthesis. The compressed reformed gas is
mixed with recycle gas from the methanol separator, and
the combined stream is then partially preheated after
passing through the loop circulator. The loop circulator
is a high efficiency, single wheel, centrifugal compressor,
driven by a backpressure turbine. The converter feed gas
stream is then split into two streams. One stream is
further preheated (in the warm shell interchanger) to the
reactor inlet temperature. It passes to the converter via
a Davy patented distributor. This distributor ensures
even gas distribution over the catalyst bed even for
extremely large converter sizes. As the gas passes down
through the copper based catalyst, it reacts to form
methanol, and generates heat according to the reactions
below:

C02 + H2 ^ CO + H20
CO + 2H2 ». CH OH

The catalyst bed temperature rise is controlled
within a fairly narrow range by injecting portions of the
second cool gas stream into the catalyst bed via specially
designed lozenges. These gas distributors, which are
submerged in the single continuous catalyst bed, are a
special feature of the ICI process. They ensure complete
mixing of the two gas streams while allowing extremely
rapid catalyst changeout when required.

The hot converter effluent gas is split into two
streams. Sufficient gas is passed to the warm shell
interchangers to preheat the inlet gas to reaction
temperature. The second stream is used to recover high
grade heat to circulating water from the feedstock
saturator. The two effluent gas streams then recombine
and pass through the cold shell interchanger where
remaining useful low grade heat is recovered to the
incoming reaction gases. Crude methanol condensation
begins to occur in this exchanger. Finally the effluent
gases are cooled against cooling water where the majority
of the crude methanol condensation occurs .
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The two phase mixture then passes to the methanol
catchpot where the two phases are separated. After an
inerts purge is taken, the gas passes back to the suction
of the loop circulator.

The crude methanol is let down to a lower pressure
where the majority of dissolved gases are evolved. These
and the loop inerts purge gases pass to reformer fuel
system, after scrubbing with water to recover flashed
methanol.

Methanol Distillation. To maximize heat recovery
from the reformed gas, a four column distillation system
is used to produce high purity product (Federal Grade AA) .

The crude methanol from the crude methanol tank
passes to the crude feed/topping column overhead exchanger,
and then flows to the topping column where the light ends
are removed. The heating medium of the topping column
reboiler is LP steam. The light-ends purge from this
column is used as fuel for the burners in the furnace.

The bottoms from the topping column are pumped
directly to the refining column feed vaporizer and
partially vaporized with reformed gas before entering the
refining column. The reboil heat to the refining column
is supplied by the refining column reboiler which is
heated by LP steam. The purpose of the refining column is
to remove the bulk of the water from the crude methanol
and allow a purge for most of the heavy alcohols present .
The refining column vapor overhead provides heat for
reboiling the finishing column which operates at lower
pressure. The overheads from the refining column are fed
to the finishing column, where further removal of water
and complete removal of the heavy alcohol impurities
occurs. The majority of the refined methanol product is
obtained from the finishing column. The bottoms of the
finishing column, which contain predominantly water,
methanol and higher alcohols, are fed to a small column
called the polishing column where further methanol product
is recovered. The water and higher alcohols, as well as a
small quantity of methanol, are separated and taken from
the bottom of the polishing column. All liquid purges
taken from the distillation section are sent to the heavy
alcohol tank from which they are pumped back to the reformer
as feedstock or fuel. The water stream from the refining
column bottom is pumped to the saturator and to the let-down
vessel.

Advantages and Recent Advances in Methanol from Steam
Reforming. Since the ICI LP methanol plant was first
introduced in 1967, the design has been modified to enhance
energy recovery as it became more economic to do so, due
to increasing energy costs. Figure 4 shows this trend.
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Most of the efficiency loss in methanol production
occurs in the reformer (]). This is because high grade
fuel must be burned to supply the reforming heat load and
combustion is a thermodynamically inefficient process.

The high efficiency design, therefore, depends upon
recovering the excess heat, at as high a temperature as
possible. This is achieved by total plant energy inte-
gration. The salient features of the high efficiency
design are as follows:

Feedstock Saturator . The feedstock saturator provides
over 49% of the process steam (60% with CO addition) .
The saturator makeup includes the water effluent from the
distillation system, which eliminates any liquid effluents
from the plant, except blowdown from boilers, saturator or
cooling tower, which are small flows.

The recycle of water from the distillation system
also has the effect of reducing the demineralized water
makeup requirement.

High Efficiency Reformer Design. Maximum feedstock
and combustion air preheat is used to balance steam
generation with steam requirements .

A 1500 psig steam system recovers reformer heat at
the highest grade economical, depending upon the cost of
fuel.

A high reformer exit temperature of 1616 °F is made
possible by high alloy tube materials such as Manaurite
36X and Paralloy. This leads to a reduction in methane
slip, and an increase in the CO/CO ratio. Both effects
enhance the plant's efficiency and result in a reduction
of feedstock natural gas consumption of 3.5% over previously
used reforming conditions.

Highly Selective Synthesis Catalyst. Very low byproduct
formation, and very high loop carbon efficiency is achieved
by the use of ICI1 s 51-2 methanol catalyst, which is highly
selective.

Maximum Heat Recovery. Maximum heat recovery in Davy
designs is achieved by:
- judicious design of heat recovery trains to minimize

degradation of heat quality,
- employment of a high thermal efficiency methanol loop

with the recovery of over 2 mm Btu/Ton of high grade
heat to process steam, and

- use of a four column distillation system to maximize
the use of the low grade heat from the reformed gas
that was previously rejected to cooling water.

Davy developed this system using the most advanced
distillation computer technology available today . This
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system has a twofold advantage over the two column system
previously used. Firstly, the total heat requirement of
the distillation section is reduced by 15%. Secondly and
more significantly, the distillation reboil duty uses
lower grade waste heat down to about 220°F, whereas the
old system could recover such waste heat only to about
300 °F. Thus the effective savings amount to over 1 mm
Btu/Ton of reboil heat.

Purge Gas Expander. A purge gas expander can be used
to drive either a major turbine or an electric generator.
This application is particularly suitable for large plants
and for non-stoichiometric loops .

The economics of purge gas expansion is governed by
the cost of the expander which tends to be insensitive to
the HP delivered. These are sophisticated machines which
operate at high speeds in the order of 20-30000 RPM. They
are not economic below about 2 MW of power generation (2) .
Thus the application is particularly suitable for large
plants operating on the Low Carbon Concept .

Davy has installed two of these expanders, both for
the Celanese Chemical Company in USA and both are operating
successfully.

Future Trends. A critical assessment of DavyTs high
efficiency design shows that most heat is now rejected at
very low levels. Thus, further process development will
increase plant efficiency only slightly and will be
increasingly costly. Some marginal areas do exist, how-
ever, which may become economic as energy costs increase.

Absorption refrigeration utilizes low grade heat and
may be employed to chill compressor suction and hence
reduce compressor horsepower. Similarly it may be used to
chill the loop circulating gas and increase the conversion
per pass. This would lead to a reduction in the circulator
power of up to 10%.

Power recovery turbines, which let down suitable
refrigerants under pressure, are also being developed (2).
In conjunction with absorption refrigeration, these could
be used to recover power from compressor coolers and other
low grade heat.

The Limitation of Present Technology. However, the
ability to increase efficiency by reducing plant drive
power requirements is limited by the reformer which is the
sole consumer of natural gas .

Reducing plant drive requirements manifests itself in
a reduced demand for HP steam. This means less heat
recovery is required from the reformer flue gas duct. But
this will not lead to a reduction in reformer firing
because reformer firing is now governed by the radiant box
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efficiency (there is no auxilliary firing). Thus a reduced
requirement for HP steam would not lead to a reduced
energy consumption on the Davy high efficiency design,
unless alternate uses exist for the loop purge gases , or
the export of power or steam to other process facilities
is possible.

Natural gas reforming catalyst technology is well
accepted throughout the industry. Davy offers the highest
efficiency reformer design available today (over 94%) , so
we believe that using today's technology, it is not econo-
mically possible to reduce methanol specific energy consump-
tion significantly below 25 mm Btu/St of refined product.
This figure includes realistic heat losses, machine effi-
ciences, reformer air ingress, etc., which are achieved
continuously in modern day plants .

Future Emphasis on Reliability and Capital Cost. We
believe emphasis in methanol plant design will turn to
reliability and capital cost.

In terms of reliability, the ICI LP methanol process
is the undisputed leader, demonstrated by the following:
- there has never been a single commercial catalyst failure,
- a high onstream factor results from the consistant relia-

bility of the ICI catalyst. Expected life of this
catalyst is in the order of three years with some users
reporting over five years' catalyst life. No other
methanol catalyst has achieved this record.

We believe the next phase of development of the LP
methanol process will relate to reduction in capital
costs. This will become particularly significant as plant
sizes increase. ICI is dedicated to continued further
development of its catalyst to improve activity and life.
This will lead to a reduction in the reactor size and
catalyst volume and, consequently, to a reduction in
capital cost.

Possible Long Term Developments. In the long term,
significant further reduction in the energy consumption of
the process can only be achieved by decreasing the radiant
box heat load and reducing the steam for make up gas
compression simultaneously. This will not be easy to
achieve. Certainly, a new breed of high activity reform-
ing catalysts and methanol synthesis catalysts will be
required.

Reducing the tube sensible heat load* is the only
means of reducing the radiant section heat load. At
present, about 28% of the tube heat load is sensible heat
as opposed to reaction heat. The sensible heat load is
minimized as the tube inlet temperature approaches the
tube outlet temperature. This is most practically
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achieved by reducing the tube outlet temperature which,
however, adversely affects the reforming equilibrium so it
is necessary also to reduce the reforming pressure, leading
in turn to an increase in synthesis gas compression require-
ments .

Alternatively, one might consider providing part of
the reformer heat load from a lower grade heat source,
such as the synthesis loop, rather than reformer fuel.
Unfortunately, reforming is favored by high temperatures
which suggests that supplying high grade heat by combustion
is the only way to supply the required reaction heat. On
the other hand, methanol synthesis is enhanced by low
temperature, which reduces the usefulness of heat liberated
from the reaction.

So, therefore, in all respects the two reactions are
incompitable. Even if new and more highly active catalysts
can be developed, it will be difficult to match them such
that a significant reduction can be achieved in the effi-
ciency of methanol production via reforming.

Partial Oxidation of Hydrocarbons

Non-catalytic partial oxidation (POX) of hydrocarbons
from residual fuel oils to methane is commercially proven
by two processes, one offered by Texaco and the other by
Shell. Davy has experience with both processes. Each
process has a large number of plants in operation, with
feeds varying from natural gas to high sulfur residual
oil. (In fact, so long as the feedstock can be pumped, it
is a suitable feestock for a partial oxidation gasifier.
To this end, both Texaco and Shell are developing their
processes to handle coal slurries) . The Texaco process is
somewhat more flexible in that it has commercial operating
experience with pressures up to 1200 psig. Thus the
Texaco process requires no synthesis gas compression. The
Shell process operates generally around 600 psig. Typically,
today's POX plant would be around 60% thermally efficient
(plus oxygen import) and can operate on cheaper feedstocks.

However, the economics of partial oxidation are
significantly affected by a requirement of about 0.9 tons
of oxygen per ton of methanol product.

The main advantage of partial oxidation lies in its
feedstock flexibility, so that the cheapest feedstock can
always be used.

Partial oxidation, although a major source of synthesis
gas in the 1940' s, has gone out of favor in recent years
due to a shortage of heavy feedstocks and the lower cost
of steam reforming. However, due to its feedstock flexi-
bility it will continue to play a growing although secondary
role in synthesis gas production in the future.
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Partial oxidation is at present being adapted to coal
gasification using a coal slurry as feedstock. There, in
competition with other coal gasification processes, it may
play a significant role, primarily because it is a commer-
cially proven means of gasifying at high pressure. However,
with coal gasification partial oxidation, economics are
hampered by an increased oxygen demand caused by the
slurry water addition. Whether the economics will be
favorable is yet to be seen. Figure 5 is a typical process
flow diagram of methanol production via partial oxidation
of heavy fuel oil.

Brief Plant Description. Oxygen is reacted with a
feedstock/ s team mixture in a Texaco or Shell generator to
produce a synthesis gas with a low H /CO ratio together
with carbon dioxide, methane, sulfur compounds and a small
percentage of unreacted carbon.

The synthesis gas from the generator passes through a
waste heat boiler, raising high pressure saturated steam,
and then through a boiler feedwater économiser before
passing to a carbon scrubber, where carbon formed during
the reaction in the combustion chamber of the generator is
removed. Final traces of carbon are removed by scrubbing
in a venturi device. In the Texaco process the carbon/water
slurry is passed to the carbon removal plant where carbon
is recovered and recycled to the generator. In Shell
plants it is pelletized and burnt in a boiler.

A portion of the gas leaving the carbon scrubber is
passed to a saturator/cooler unit where an increase in the
steam/gas ratio is effected. From the saturator/cooler
the gas passes to a single stage CO conversion section
where CO is converted, in the presence of steam, to CO
and H Z

The gas from the CO conversion section is mixed with
the bypass un-shifted gas and is then cooled in a series
of heat exchangers which supply heat to the distillation
section and also to water preheaters for the steam system.

The synthesis gas from the waste heat recovery is
rich in acid gases and is passed to a "Rectisol" or
"Selexol" plant for their removal. During this process
small amounts of hydrogen, carbon monoxide, methane,
nitrogen and argon are dissolved in the solution and lost
from the system in the acid gas stream.

The "Rectisol" or "Selexol" plant of the "selective"
type absorbs both HS and C0?, but in the regeneration
section of the plant the HS and CO are separated to
provide two streams, one or which is CO , virtually free
from HS, and the other is of a suitable C02/H?S ratio to
be processed in a conventional sulfur recovery plant .
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In order to prevent any sulfur or other poisons, such
as hydrogen cyanide, from reaching the methanol synthesis
catalyst, the make-up synthesis gas is passed over an
absorbent catalyst and finally cooled for the suction of
the synthesis gas circulator in the methanol synthesis
loop.
Coal Gasification

Coal, the foundation of the Industrial Revolution
until the Twentieth Century, will re-emerge as the major
energy deposit and chemical feedstock during the Twenty-
first Century.

There are three well proven processes for the gasi-
fication of coal. All three processes were developed in
Germany at a time when natural gas was not available in
Europe. One such process is the Winkler Process.

None of these current processes has a distinct
advantage over the other two in all situations of coal
gasification. However, we believe that the Winkler is
best suited for the production of methanol because it
yields a clean gas with a low inerts content. Other
advantages include the plant's low environmental impact,
the minimal coal preparation required and the simple
construction of the Winkler gasifier.

Brief Process Description. The coal is stored as
received in "active" or "inactive" coal storage area and
transferred to primary and secondary crushing facilities
where coal is crushed to 1/4" x 0 size. A portion of the
coal is sent to the coal fired boiler area and the rest is
fed through fluidized bed coal driers. The dried coal is
withdrawn continuously and transferred to the dried coal
storage silos. The dried coal is transferred to the
gasification section where it is gasified in a pressurized
Winkler gasifier. The raw gas generated from the gasifi-
cation unit is cooled in the waste heat recovery unit and
is scrubbed with water in the particulate removal section.
The clean raw gas is partially shifted in the high temper-
ature shift unit to produce the required ratio of carbon
oxides and hydrogen for synthesis. This gas is then
cooled and compressed. The compressed gas is sent to the
acid gas removal unit to remove sulfur compounds and the
required amount of C02 . The purified gas flows to the
methanol synthesis loop.

The purge gas from the methanol synthesis unit contains
mainly methane. Depending upon the size of the plant,
this stream may be reformed to supplement the synthesis
gas produced from coal gasification.
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The HS containing stream from the acid gas removal
unit is sent to the sulfur recovery unit to produce molten
sulfur. Figure 6 is a typical process flow diagram of syn-
thesis gas production for methanol via coal gasif iciation by
the Winkler gasifier.
Gasification of Wood

In certain countries of the world, trees grow at a
remarkably fast rate due to favorable climatic conditions.
If this country lacks significant energy deposits of any
other form, wood assumes an economically viable and totally
regenerable fuel source.

Such a country is Brazil. Burdened under a massive
balance of payments deficit due mainly to a lack of any
petroleum reserves, Brazilians have been looking to other
fuel sources for some time. Already some Brazilian gasoline
contains a substantial percentage of ethanol derived from
biomass fermentation (principally sugar cane bagasse and
molasses) .

It was in this economic climate that a major Brazilian
company recently awarded to Davy Epwergas the design of a
2000 TPD methanol plant based upon the atmospheric gasifi-
cation of Eucalyptus Trees.

The methanol will be used to drive locomotives and to
fire thermal boilers in place of fuel oil.

Davy has, in fact, built over 20 biomass gasif iers
based upon feedstocks varying from cotton seed husks to
bagasse, but generally based upon wood.

Brief Process Description. Suitably sized wood
blocks are fed to a fixed bed gasifier operating essenti-
ally at atmospheric pressure. The gasifier is fired with
pure oxygen at a rate of about 0.4 tons/ton of methanol
product. After heat recovery, the gas is blown through a
Lymn washer where the tar and water soluble organics and
salts are removed by countercurrent contact with water.
The gas then passes through an electrostatic precipitator
before being compressed.

The compressed gas is shifted in a high temperature
shift converter and passed through a Rectisol CO removal
system. In this way, a clean stoichiometric gas is obtained,
suitable for compression and injection into a standard ICI
LP methanol loop. Byproduct tars are fed to a partial
oxidation gasifier, adding to the synthesis gas supply.

The plant consumes about 3 tons wood/ton methanol
produced, based upon 35% moisture content of the wood.
The wood for the above mentioned Brazilian plant can be
grown on a regenerable basis from about 90 square miles of
forest (57,600 acres). Figure 7 is a block flow diagram
showing the many process steps involved in Davy's wood
gasification process.

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

7

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



7. camps and turnbull Synthetic Gas Production from Methanol 139

£ z ° ' < v>-

- ML( — ) "§

I" V S//y " v^y * 5— § ' 4 o<<

KMHmP J b, |
1 U5U ^^^ — É §§ |

I ' sl I
I / ~\ s °

I— J " |

o a. p,.

^ t- — r>-s- I . §
" / N < >- =o

I I ""1 ""1 ° ^

VJWv\v\W I v\ |^^s 111 ^
M — r — ¦ •

t_ L 1 , 3

L f |n I
n - f
r~ r — ~~~— jL 7 i ce os

^> CO

ïï s g £
^ O CL »
Sl All,

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

7

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



140 HYDROGEN: PRODUCTION AND MARKETING

ol_. «:'-
(— ' O UJ
je: z —i
<=> jo o
O I— CQ
O UJ
— < je: o

Z UJ „ >- UJ
2 _j^ £ _,=£ Sfe 5 g
3 | = S ' — ~£^ — i S — ^oi
£ ^È^ ?2fe £Ö £^~
2 *=& "o° Z? o
Q ~ * I- O

g g

S S 2 £g g
= n »pm £uj« O

s si« Soi «g
? i S £§ §° s

ĉo
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Feedstock Summary

Thus we have several different processes for the
production of hydrogen and CO for methanol synthesis . The
most important today continues to be steam reforming of
natural gas and naphtha.

Coal gasification has been receiving much increased
attention ever since the oil crisis of 1973. In the long
term, it will become a significant source of methanol,
because it will be the only nonregenerable energy deposit
remaining. However, today it is competing with natural
gas which is still available in large quantities and
relatively cheaply.

In fact, today there is enough natural gas being
flared to supply the world's total requirement of methanol.
Coal's immediate future is in boilers which will free
petroleum products for the transport and chemical markets .

Figure 8 shows the relative energy consumptions of
these processes as currently offered by Davy Powergas
using the ICI LP methanol process. These energy consump-
tions include realistic heat and other losses achieved
continuously in modern day plants .

Current and Future Markets for Methanol

The current markets for methanol in the US are
summarized in Table I.

Table I - Methanol Current Markets

End Use of Methanol Millions of Tons 1976

Formaldehyde 1.205
Solvents 0.288
Chloromethanes 0.229
Me thy lamines 0.170
Acetic Acid 0.145
Methyl Methacrylate 0.140
Dimethyl Terephthalate 0.113
Glycol Methyl Ethers 0.041
Miscellaneous Chemical Uses 0.18
Miscellaneous Fuel Uses 0.075
Exports (Net) 0.142
Unaccounted 0.334

Total 3.12

Future Markets. Ammong the traditional markets for
methanol, not much change is expected in usage and growth
which will remain at about 6% to 7%. This will require
the equivalent of a new 1000 TPD plant in US about every
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two years. Similar growth is expected worldwide for
traditional chemical usage. One exception to this may
possibly be found by reviewing the history of methanol
usage.

During the 1950' s methanol was replaced by ethylene
glycol as an antifreeze due to cost considerations. A
possible cost reversal during the late 1980 's is conceiv-
able, which would result in startling growth in methanol
demand .

However, it is in the possible future markets for
methanol that this commodity's major growth potential
lies. Figure 9 depicts methanols unique versatility in
todays energy picture.

Will Methanol Replace Gasoline? Perhaps the most
promising future use of methanol is as an automotive fuel
supplement. There are four ways in which this can be
achieved.

Firstly, pure methanol can completely substitute for
gasoline. However, this requires significant modifications
to existing vehicles including increasing the compression
ratio to about 14/1 for operation on lean mixtures and
replacement of some engine materials . (Certain elastomers
used for seals and gaskets, as well as aluminum and magne-
sium, are subject to attack by methanol).

Also, marketing of pure methanol would require a com-
pletely new distribution system, as was required in the US
when lead free gasoline was introduced.

On the positive side, 100% methanol produces about
10% more power than gasoline (hence the use of 100% methanol
at the Indianapolis 500 race for years) . Also methanol
extends the lean misfire limit and gives slightly better
thermal efficiency than gasoline and, significantly,
methanol emits less nitrogen oxides than gasoline.
Studies carried out by General Motors have concluded that
100% methanol shows potential for meeting the ultimate NOX
emmission standard of 0.4 g/mile.

Thus 100% methanol does provide a viable alternative
fuel for automobiles, but, due to the significant modifi-
cations required to both automobiles and distribution
systems, is not likely to be introduced in the near future.

An exception to this may be the use in certain diesel
motor fleets, where methanol leads to a 10% increase in
power and gives cleaner emissions.

Methanol Blends with Gasoline. A more probable
development is the introduction of a methanol/ gasoline
blend. This fuel requires no modifications to existing
car engines, and can use the existing distribution network.
It could therefore act as a stepping stone between gasoline
and 100% methanol.
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Figure 9. Methanol — the versatile fuel
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A blend of 15% methanol with gasoline (M15 blend) is
the most practical initial approach because it requires
only minor adjustments to engine fuel systems and is
interchangeable with gasoline. It also provides a 3%
improvement in energy efficiency, which largely offsets
the lower heating value of methanol .

Several countries are already turning to methanol and
higher alcohol blends to supplement gasoline. Indeed,
Brazil, a country with no significant oil deposits, already
uses a blend of ethanol in some of its gasoline.

New Zealand also has no significant oil reserves but
large natural gas and coal deposits. The New Zealand
government has committed the country to the use of methanol
as a fuel supplement. This methanol will be manufactured
from natural gas reserves and perhaps, in the long term,
from coal.

In Australia, also, there exists an impending shortage
of domestic crude oil, but vast reserves of natural gas
are available in the Australian N.W. Shelf natural gas
deposits. It has been shown in some studies (3) that M15
synthesized from domestic natural gas is the most economic
solution to the crude oil shortage in Australia.

Octane Boosters. A third method of supplementing
gasoline with methanol is via the gasoline additive methyl
tertiary butyl ether (MTBE) .

MTBE is synthesized by a simple process in the liquid
phase, over a solid ion exchange resin which catalyses the
reaction of methanol with isobutylene.

MTBE is primarily an octane booster but, unlike
existing octane boosters, it contains no metals. MTBE is
already used in Western Europe as a fuel additive and was
recently approved by EPA for use in gasoline in USA.

Total domestic capcity of MTBE in the US is, however,
limited by the availability of isobutylene. The most
available source of isobutylene is from ethylene crackers
and if all from that source were utilized to produce MTBE
this would yield only 50,000 bbl/day of MTBE. All available
isobutylene would produce 200,000 bbl/day of MTBE. At
blends of 7%, this would only satisfy the existing unleaded
gasoline market, but not that being opened up by the
phasing down of lead in gasoline scheduled for October of
this year.

Gasoline from Methanol. Mobil has developed a process ,
now in the pilot plant stage, which dehydrates methanol to
gasoline producing a 93 research octane gasoline.

This process offers a possible source of gasoline
from coal at a cost not significantly above possible
future Middle East gasoline prices. It is seen princi-
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pally as an alternative to Fisher-Tropsch synthesis of
liquid fuels, and the relative economics of both
approaches are under active study.

Methanol a Versitile Fuel. Thus there is no doubt
that methanol will assume a significant role as an auto-
motive fuel. At present its application is limited to
situations where local conditions fit the advantages of
methanol as a fuel, in any of its guises.

In the future such situations will increase as petroleum
reserves become less abundant and manipulated more politically.

Other New Markets . Moving away from the automobile
fuel market, ICI and Phillips Petroleum have developed
single cell protein (SCP) products made by the growth of a
microorganism that uses methanol as the sole source of
carbon nutrient. These SCP's aim at the animal feed
market as high protein additives in competition with
skimmed milk powder and fish meal. If this process proves
successful it offers a potential future additional con-
sumption of methanol, although not in the same league as
the possible fuel market.

In conclusion, it can be stated that there is a high
probability that methanol production will increase world-
wide by an order of magnitude, as the advantages of its
ease of production from cheap fuel sources, its beneficial
effect upon the environment and its versatility are econo-
mically realized in the next twenty years.
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Technical and Economic Advances in Steam Reforming
of Hydrocarbons
R. G. MINET
KTI Corporation, 221 East Walnut Street, Pasadena, CA 91101
O. OLESEN

United Technologies Corporation, South Windsor, CT 06074

For several decades, the process of high temperature steam
reforming (HTSR) has been the most efficient, economical and
practical technique available for conversion of light hydrocarbons
to hydrogen and hydrogen/carbon monoxide mixtures for eventual
manufacture of ammonia, methanol, oxo-alcohols, pure hydrogen
and a wide range of petrochemicals, chemicals and chemical
treatment atmospheres. Raw materials used range from natural
gas, methane, and methane containing refinery gases through
various combinations of light hydrocarbons including ethane,
propane, butane, pentane, light naphtha and heavy naphtha (420F
end point). Systems have been developed to remove various im-
purities, principally sulfur compounds, from the feedstock to
limit poisoning of the HTSR catalyst which is usually nickel based,
promoted with various combinations of alkalai and exotic metals.
The reforming reaction typically is carried out with steam to
carbon ratios in the range of 2.5 to 5.0 at process temperatures
from 1300 to 1600F and pressures up to 500 psig. Since 1970,
significant advances have been introduced in the design, fab-
rication and operation of HTSR equipment and systems which extend
the operating range, improve efficiency of use of feed and fuel,
reduce capital cost, and in the foreseeable future will extend
the technique to include distillate fuel oils as an acceptable
feedstock on a commercial basis. Many of the innovations are
essentially extensions of the state of the art which permit
improved efficiency by more complete heat recovery, closer
temperature approaches, and use of superior materials of construc-
tion. Some recent advances involve new process steps, new
catalyst and new process engineering ideas.

In addition to presenting a brief review of recent improve-
ments, innovations and design approaches, this paper will describe
an advance design reformer developed originally by United
Technologies Corporation using space age technology concepts
which will soon be placed on-stream to produce hydrogen for fuel
cell use in the generation of electric power (1_). Adoption of
the steam reformer in this system in commercial HTSR facilities
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will significantly alter the size and improve the efficiency, and
flexibility of this class of equipment in future process plants
making hydrogen from hydrocarbon raw materials.

Conventional Design

A wide variety of basic mechanical designs and arrangements
have been used for conventional high temperature steam reforming
reactors. All furnaces include fuel combustion systems, a radiant
heat transfer section where the high temperature required is
attained within the reaction tubes, a convection section where the
hot gases are cooled to recover the available heat and various
auxiliary systems required to supply combustion air, control the
combustion process and integrate the furnace with the process unit
it serves. There are advantages and disadvantages to all possible
flow schemes. By way of illustration, Figure 1 shows several
of the most common arrangements which are also summarized in
Table 1.

Various combinations of these configurations are in service
in facilities designed to produce hydrogen, hydrogen and carbon
monoxide mixtures for ammonia synthesis gas, methanol synthesis
gas and carbon monoxide/hydrogen mixtures for the production of
a wide range of chemical products ranging from simple alcohols
to complex organic chemical molecules.

Since the mid 1970' s , changes in the design of reformers have
produced improvements in overall thermal efficiency, accomplished
primarily by improved heat recovery in the convection section,
ultimately reducing the temperature of the flue gas to the limit
imposed by the condensation point of water, or in the case of
some fuels, sulfur trioxide. Extensive use of air preheat in
newer designs lowers fired fuel requirements.

Fuels utilized in steam reformers have included various
gaseous streams ranging from natural gas to hydrogen-rich fuel
gases, process gases of various kinds, purge gases, coke oven
gas and various light liquid fuels from naphtha to the No. 2
distillate. The vaporized fuel oil technique licensed by Allied
Chemical Company has permitted an extension of the range of
liquid fuels which can be handled in radiant burners (2J. Fuel
oils heavier than No. 2 have been utilized for firing reformers
but these are limited to low sulfur and metal contents by the
metallurgy of the reformer tubes and convection section.

Improvements in overall thermal efficiency have been coupled
with the introduction of extensive air preheat to decrease the
fired fuel requirements. Additional decreases in fired fuel
requirements can be obtained by materially improving the radiant
box efficiency through changes in radiant box geometry. Usually
a balance was struck between the fired fuel requirement to meet
the thermal reactor duty, and the overall need for additional
heat for generation of high pressure steam required for the
process as a reactant or for driving pumps, compressors, or
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blowers. A typical schematic presentation of the overall flow
scheme in a modern high temperature steam reformer loop is given
in Figure 2 for a 10 million scf/day hydrogen plant.

Using the materials of construction and mechanical design
procedures which are typical of the late 1970' s , a conventional
high temperature steam reformer would have operating and design
parameters approximately as given in Table 2 for a 10 million
scf/day hydrogen plant.

Mechanical and Process Innovations (Sections A - H)

Designers of HTSR equipment continuously introduce new tech-
nology to reduce cost, to improve efficiency and to increase the
range of feedstocks and fuels which can be handled. In today's
economy, it is clear that yery high thermal efficiency coupled
with reasonable flexibility in feedstock and fuel characteristics
is required for a viable hydrogen production system. Improvements
in technology introduced in the last few years deserve detailed
study and evaluation for any current design project. The follow-
ing paragraphs provide an indication of the effect of the
improvement on the overall HTSR design.
Burners - Section A

Various processing schemes involving steam reformers require
use of fuels having a yery wide range of combustion properties.
At startup, a steam reformer may burn natural gas, LPG or No.
2 fuel oil. When the system is on-stream, at least part of the
fuel may be a low heating value gas generated by a process
recovery system, as for example, Pressure Swing Adsorption (PSA)
purification, or it may be a purge gas from ammonia or methanol
synthesis. Such a gas may have a heating value as low as 90 to
150 Btu/cubic foot. In some cases, the reformer may be fired at
some time during its cycle, utilizing high hydrogen off gas from
a refinery or from some outside process step producing an excess
of fuel. A modern, well designed reformer must accommodate
variations in fuel composition without loss of firing efficiency
or disruption of the control system.

Multiple gun burners, piped up to handle the anticipated
range of fuels for the particular operation are being incorporated
in finely tuned steam reformers currently under construction. A
diagram showing schematic details (3) for such a burner is shown
in Figure 3. Newly available burners can handle both low and
high heating value gaseous fuels with a liquid fuel as well while
remaining within permissible limit for noise and N0X restrictions.
Such burners can be used for natural draft and forced draft
installations, with or without air preheat.
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Insulation - Section B

A fairly recent shift in the construction of reformer furnace
equipment has been the widespread use of ceramic blanket insulation
to replace the time-honored and well -proven refractory brick wall
lining. In early applications, ceramic fiber material was utili-
lized for repairs of brick and for the archway inside the furnace
which was traditionally a source of difficulty. Use of ceramic
fiber walls in top fired and cylindrical reformers has signifi-
cantly improved their performance in terms of time required for
startup and shutdown. This type of construction permits a much
increased degree of préfabrication and modular shipping. Typical
comparitive properties for brick and ceramic fiber lining are
given in Table 3 to illustrate the qualities of materials in-
volved. The lower required weight of ceramic fiber linings
gives an added bonus in reduced steel cost as well.
Reformer Tubes - Section C

The most essential element of the steam reformer is the re-
action tube in which the catalyst is contained. Typically such
tubes are manufactured from yery high alloy materials containing
25/20 to 25/35% chrome nickel plus various alloying metals
including niobium, tungsten, and other selected elements to
enhance the physical and chemical properties. The true strength
and performance of the tube material depends on the integrity
of manufacture. Specification for the high alloys are classified
as HK 40 and HP 50. Typical composition for these alloys are
given in Table 4. Furnace designers typically have rigid re-
quirements for these materials in terms of chemical composition
and test procedures. The reactor tubes from these metals are
formed by a process known as "continuous centrifugal casting".

New techniques for the formation of high temperature tubes
include a proprietary process called "weld forming" which has
been developed and placed in practice by Mitsubishi Heavy
Industries Ltd. This technique is reported to give improved
micro structure in the metal and potentially higher allowable
stress at the higher design operating temperatures (<4). Industry
practice normally limits the thickness of reformer tubes to less
than one inch, thus for the average four inch tube diameter,
the maximum allowable internal operating pressure for a process
outlet temperature of 1550F is of the order of 500 psig. Use
of new production techniques may permit some increase in both
allowable thickness and allowable stress which could, after suit-
able tests have been completed, result in raising permissible
operating pressures by some significant percentage. As a
minimum, the improved metal structure should increase the actual
service life of the reformer tubes from the average value of
three to seven years towards the target goal of 80,000 to
100,000 hours.
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Convection Systems - Section D

In the design of the convection system of HTSR equipment, the
important operations carried out are air preheat, boiler feedwater
preheat, feedstock preheat and steam generation. The limits of
thermal efficiency for these various operations are, to a certain
extent, fixed by the mechanical design of heat exchangers,
available materials of construction, allowable pressure drop and
cleanliness of the flue gas. Looking at the low temperature
end of the reformer package, the temperature approach which limits
the overall efficiency is at the air preheater or boiler feedwater
preheater and the flue gas entering the stack. The colder the
stack gas, the more heat energy recovered and returned to the
process. As the temperature of the stack gas decreases, it is
obvious that the risk of condensation, with its related problems
of corrosion due to acid gases, is the limiting factor. Glass
covered tubes or glass itself has been used as heat exchanger
material in the flue gas cooling system. Regenerative type air
preheaters fabricated from enameled or stainless containing basket
elements are available and have been used with some success for
this purpose as well. Such systems frequently include on-line
washing connections (5).

A relatively new development which promises significant
economies in design cost and operate efficiency is the heat pipe.
These compact elements contain a sealed in heat transfer medium
which transfers heat from one end of the pipe to the other by
either vaporization and condensation or by capillary action {6).
Such devices promise less complicated ducting, lower pressure
drop and closer temperature approach than the traditional systems
using heat exchangers of the flow through type, or regenerative
systems involving revolving baskets of heat transfer elements.
A typical arrangement of one type of heat pipe available in
today's markets is shown in Figure 4. Use of such elements
may permit savings in investment and operating costs.

Catalysts - Section E

New catalysts which extend the range of feedstocks which can
be successfully reformed in the catalytic reactor are being
studied continuously. Systems generally utilize nickel in one
form or another, promoted by various metal salts to enhance the
endothermal reformer chemical reaction. Catalysts recently
described in the literature as being available for commercial
use or for further development are reported to be capable of
operating successfully in high temperature steam reforming
reactions of hydrocarbon feedstocks in the No. 2 fuel oil range
or heavier as well as with coal-derived liquids, even those
containing up to 0.4% sulfur. These catalysts seem to require
higher operating temperatures for reasonable conversion of the
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Figure 4. One type of available heat pipe P
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feedstocks involved.
One such catalytic system has been pilot planted by Toyo

Engineering Company {7). It utilizes a combination catalyst and
specially designed feedstock vaporization system to process hydro-
carbons as heavy as crude oil to obtain reasonable conversions
to hydrogen and carbon monoxide. Another process announced by
Grand Paroise uses a fluidized bed of catalyst for the reforming
step (8). Heat required is introduced into the fluidized catalyst
by burning fuel inside of tubes immersed in the bed. Both of
these systems have been extensively tested in large pilot in-
stallations and could be included in commençai installations
in the near future if justified by economic considerations.

Along with the new development in reforming catalyst, the
availability of shift catalyst capable of maintaining a long
active life in the presence of sulfur compounds have greatly
enhanced the possibility of processing higher boiling range
feedstocks in HTSR systems (9J.
Process Design - Section F

In addition to all the foregoing, designs have been
proposed which extend the high temperature heat transfer function
from the radiant firebox into the convection sections, thus
significantly reducing the actual fired duty required for the
reformer. One such approach extended the reactor tubes into the
convection section above the firebox, and added finned surface
to improve the heat transfer. By this means, the overall heat
transferred to the reactor tubes directly can be increased to
52 to 54 percent as compared with a more normal 45 to 48 percent.
Another interesting approach described in a patent assigned
Fluor Corporation, makes use of adiabatic reactors external to
the furnace, making it possible to use smaller radiant tubes,
simultaneously permitting higher operating pressure and improved
thermal economy (10). This design is shown schematically in
Figure 5.

By using more of the high temperature heat available in the
flue gas and reaction products, the fired duty required can be
decreased by a significant fraction as compared with the more
conventional arrangements. Such concepts are not necessarily
new but they have become more interesting as the cost of fuel
and feedstock have escalated.

Pressurized Combustion Reformer - Section G

Recently, a completely new approach to the design of HTSR
furnaces was placed in pilot plant operation based on process
and mechanical design developments by United Technologies Cor-
poration (UTC). This new reformer will be part of the fuels
processing system in an electric power installation designed
to produce 4.8 MW for the Consolidated Edison Company in
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Figure 5. Fluor adiabatic reactor HTSR concept
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New York City using hydrogen derived from naphtha to feed a fuel
cell power generation unit (UJ. The need to meet certain
specific requirements forced a completely new approach to the
steam reformer package. To attain the objectives of their design
program, UTC was required to build a steam reformer which could
be completely shop assembled, shipped in one piece by readily
available truck or rail transportation, weigh no more than 20
tons, have no maximum dimension greater than 12 feet, and be
capable of generating hydrogen and carbon monoxide from any
available hydrocarbon raw material ranging fronTnatural gas
through 420F end point naphtha. The system has to start up
burning feedstock but operate normally using the low heating
value, hydrogen-rich gas exiting from the fuel cell. The overall
characteristics required of the reformer assembly are given in
Table 5.

To meet these requirements, UTC altered the basic reformer
furnace design which traditionally relies on radiant heat transfer
to the reactor tubes. By burning fuel under pressure inside a
high pressure shell, the UTC design uses a combination of radiant
and convective heat transfer to the reactor tubes from hot
combustion gas. Overall heat economy is obtained by passing the
high temperature, high pressure products of combustion through a
turbo compressor which in turn compresses the combustion air for
the system to the required 50 psig level. A view of the resulting
pressure shell is shown in Figure 6.

The UTC concept was operated as a complete 1.0 MW facility
at S. Windsor, Connecticut for nearly 3,000 hours. Results of
this program are incorporated in the design of this facility
installed at the site in New York City. The result of this
design approach is a dramatic reduction in size, along with an
equally dramatic improvement in the overall flexibility and
efficiency for steam reforming. A view of the model of the
fuel processing train including the reforming, desulfurizing
train, turbo compressor and shift convertors is shown in
Figure 7 with appropriate dimensions. This skid mounted system
which comes to the plant site completely assembled, is capable
of generating approximately 4.2 million scf/day of contained
hydrogen as it provides the requirements of the 4.8 MW fuel cell
system.

For comparison in dimensions, Figure 8 shows two of the
UTC reformer shells representing a hydrogen production capacity
of 6 to 8 million scf/day superimposed to scale on a photograph
of a conventional top fired reformer with the same total hydrogen
capability.

The advanced reformer unit combines naturally with a Pressure
Swing Adsorption (PSA) system to permit supply of complete hy-
drogen facilities totally skid mounted and factory assembled with
up to 6 million scf/day capacity in a single reformer train.
A typical flow diagram for such a system is shown in Figure 9.
Typical operating parameters when processing hydrocarbon
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Figure 6. UTC pressurized reformer hydrogen generation system model for 4.8
MW facility
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Figure 7. A 6 X 106 scfd hydrogen reformer and two 3 X 106 scfd UTC hydro-
gen reformers
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li|if^jr~?~^ H n ri

Figure 9 A. UTC reformer internals

Figure 9B. UTC reformer tube arrangement
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feedstocks ranging from natural gas through naphtha are given
in Table 6. Such efficiencies in the range of 380 to 400 Btu of
feed and fuel per thousand standard cubic feet of hydrogen
produced are significantly better than the performance normally
attainable with conventional reformer design.

The indicative internal arrangement of the reformer as
revealed in the patent literature (12) is shown in Figure 10.
This design permits far greater utilization of the combustion
volume and overall reformer envelope than is possible using
conventional radiant box systems, leading directly to real
economies in investment and operating cost.

Examination of the flow pattern in Figure 10 shows that
combustion takes place in a carefully designed plenum and grid
assuring distribution of the hot combustion gases over the entire
reaction tube cross section. The tubes are arranged in a closely
spaced configuration with process gas flow moving entirely upward
through an annular space containing catalyst, then down through an
internal annulus which permits preheating of the inlet feed stream
while cooling the reactor effluent. The internally arranged
heat exchange makes it unnecessary to supply a high temperature
process gas boiler at the reformer outlet, eliminating a frequent
source of maintenance.

The basic restriction requiring a total shop fabrication
would limit the maximum capacity of a single reformer shell
following this design to something in the range of 8-12 million
scf/day of hydrogen. Hydrogen plants based on UTC reformers
could serve the food processing industry, direct ore reduction
facilities, synthetic fiber and other chemical and petrochemical
applications. The very compact reformer design provides a simple
way to add to existing capacity where reformers are the bottleneck
in hydrogen plants. Complete hydrogen generating facilities can
be shipped as totally prepiped and premounted units. Such systems
may be part of power generation fuel cell installations throughout
the USA and elsewere before the end of the 1980* s .

Since the new design is actually a true modular unit, a
number of reformers could be combined to provide high capacity
HTSR installations with potential for economies in both material
and operating costs. By way of illustration, a conceptual design
for a reformer to serve a nominal 1000 ton/day ammonia or
methanol plant consisting of eight 8.5 million scf/day units is
shown in Figure 11. Such a system assembled with prepiped mani-
folds and turbo compressor can be installed in a fraction of the
time required for conventional top fired or side fired designs.
The combined modules shown in Figure 11 would measure approxi-
mately 32 feet by 60 feet on the base and 14 feet high overall.
A conventional top fired reformer would require a base area of
60 feet by 65 feet for the radiant box while the top fired burner
level would be at least 60 feet above ground level.

As previously noted, the UTC system operates with pressurized
combustion inside the shell of the reformer. One of the

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

8

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



8. minet and OLESEN Steam Reforming of Hydrocarbons 169

ft
to o

H-> s
ß
CD rH
g <D
CD ß ft
U CD

•H tû d rH
do 43 rd
cd u gft ^
cd ^d ^ ft co

PS >» ft ft o -d
rß Ph O ß S 43

W o o 3 K ft
ß>> CJ H « O O £J

•H cd O ^ ft S O
43<d ßßOft Or^ LAcd cdcd^ooo tû
rH rH fii fi OOJOtH X
CDCD + 4343 O CO ¦ O ^ CO
ftftC\ 43 CJ I ftft43C C\ to to O I ft

••CO CO LA +3 | O O <D
H43C\CDCJ CO OOOOO
C5 ^ C\ r~\ r-\ CO J3 O H OO OJ H LA
CJ

•H •
F1 d
£ CJ

•

43 t5
ß 43
cd w
H
ft ß co

O OJ ß
ß «H O O
CD H O .H
tiO H rH 43
C -H CD + rH -H
rH i?3 ^ 43 »Ö rH CD 'd
Tt OJcdOß £ CD :> ß
^cDîd^ocd c3 -p o o
ft ß (D cd ft O

o ft m 43 ^ cd
< O O Iß o s ü
PH '• S 43 • 43 ß rH CD <1
ICO43 C0H^Jh«H43>O -H »H 'd CD • O H O -H 43
HtOrH CDdftPnOCDH O
jb cd d CD ft • K O H CD rH

ft ft ft ft ft O ft ft ft

vo

CD
H

¦3

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
00

8

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



170 HYDROGEN: PRODUCTION AND MARKETING
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Figure 10. UTC reformer-PSA hydrogen plant (schematic plot plan — KTI Cor-
poration design)
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limitations of HTS reforming systems in use to date is the
process side pressure which can be accommodated and controlled
by the metallurgy and permissible thickness of the reformer
tubes. The maximum process side pressure in use today is in the
range of 500 psig. By operating the combustion side at an
elevated pressure level, it is possible to project to reformer
systems which can operate with process side pressures at the level
required for methanol synthesis or eventually, certain types of
ammonia synthesis utilizing advanced catalytic materials. While
such developments are not available at this time for commercial
use, design studies made to date by KTI have uncovered no serious
obstacle to their realization.

Reforming Distillate Fuel Oils- Section H

The extension of the range of usable feedstocks to include
distillate fuel for high temperature steam reforming is under
serious and potentially successful development. The objective
is to provide a process which can convert commercially available
No. 2 fuel oil, having sulfur contents in the range of 0.4 weight
%, to hydrogen and carbon monoxide mixtures for production of
ammonia, methanol and hydrogen with the overall efficiency and
economy attainable with the high temperature steam reforming
process for light hydrocarbon feedstocks.

The approach being used to achieve this result was described
recently by KTI reporting on work carried out for the Electric
Power Research Institute (13j. The basic scheme, in block
diagram form, is shown in Figure 12. It consists of a hybrid
reactor combining an advanced tubular steam reformer with an
autothermal catalytic reformer. This combination overcomes the
limitations of lower catalytic activity in HTSR systems toward
the heavier hydrocarbons while retaining a significant part of
the desired process characteristics.

Development of the hybrid reactor technique is entering
a bench scale experimental program, to be followed with a small
scale prototype unit scheduled for operation late in 1979.

Summary and Conclusions

Advances in the technology of high temperature steam re-
forming are being made continuously to provide improvements in
efficiency, feedstock range and operating parameters. A review
of recent advances gives unmistakable evidence that vigorous
development activity with fresh view points will materially im-
prove cost and operating factors for this extremely useful process
technique.

Application of the new heat recovery techniques, mechanical
materials of construction and combustion systems to conventional
reformer furnace design will help to keep the HTSR even with
material and feedstock cost escalation. Adoption of the
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Figure 11. Steam reformer modules conceptual arrangement for 1000 tons /day
ammonia plant
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Figure 12. Steam reformer under construction for 4.8-MW fuel cell demonstrator
power plant (to be operated by Con Edison in New York City)
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pressurized combustion reformer demonstrated for fuel cell
installation in 1978 and 1979 will lead to real improvements
in the efficiency and capital cost requirement of hydrogen gen-
eration facilities to give benefits of sufficient magnitude
to have an important impact on the course of the synthetic
ammonia, methanol and hydrogen process industries.

Abstract

Steam reforming is now and for the foreseeable future the
most economic technique for converting hydrocarbons ranging from
methane to heavy naphtha to hydrogen and synthesis gas. Sig-
nificant developments in the design of reformers and associates
systems have taken place recently which have extended the range
of feedstocks to include distillate fuel oil, and provide
interchangeability of feed, rapid response to change in demand
while providing for production of high purity hydrogen with
remarkable economy of feed and fuel.

Proper integration of advanced reformer design with adsorp-
tion purification systems can reduce overall feed and fuel
requirement below 400 Btu per standard cubic foot of hydrogen.
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Coal Gasification for Hydrogen Manufacturing
W. G. SCHLINGER—Texaco Research Center, P.O. Box 400, Montebello, CA 90640
J. FALBE—Ruhrchemie AG Oberhausen, West Germany
R. SPECKS—Ruhrkohle AG Essen, West Germany

The demand for non-polluting or clean fuels to
meet our ever-increasing requirements for energy is
continuing to expand. This demand is superimposed on
a world which over the years has preferentially
exploited its clean energy reserves -- natural gas
and high gravity low sulfur crude oils. As a result,
there is continuing pressure on development of
technologies to convert the remaining less desirable
fuels -- coal, high sulfur crude, tar sand oil, etc.,
into clean non-polluting energy sources. This pres-
sure is particularly strong in the United States and
Japan.

In the United States and Japan, as well as other
industrialized countries, the regulating agencies have
established stringent air and water pollution stan-
dards. Perfecting new technologies that will meet
these pollution requirements is a real challenge to
the process developer.

Background. At the Texaco Montebello Research
Laboratory in California, these challenges were re-
cognized many years ago. Since the late 1940's this
Laboratory has been carrying out research and develop-
ment work on environmentally acceptable processes for
converting heavy residual oils, tars, pitches, coal
and coal liquifaction residues into synthesis gas.
Synthesis gas, an approximately 50-50 mixture of
hydrogen and carbon monoxide, can be efficiently con-
verted to hydrogen, a much needed reactant in nearly
all heavy fuel conversion technologies, using the long
time commercially proven water gas shift reaction.
Texaco's research efforts over the years have led to
the development of two commercially viable processes -
The Texaco Synthesis Gas Generation Process for gasi-
fication of fluids which are pumpable at temperatures

0-8412-0522-l/80/47-116-177$05.00
© 1980 American Chemical Society
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as high as 600°F and The Texaco Coal Gasification
Process for gasification of solid carbonaceous mate-
rials which are fed to the gasifier as a slurry in
water or other carrier fluid.

Texaco Synthesis Gas Generation Process. For
many years. The Texaco Synthesis Gas Generation Pro-
cess (3^, 2_, 3^) has been available for licensing
throughout the world as an efficient technology for
converting high-sulfur residual petroleum fuels and
tars into synthesis gas. More than seventy-five
plants have been built in twenty-two countries since
the first units came on stream in 1955. Most of these
facilities have been associated with manufacture of
ammonia, methanol, and oxo-chemicals .

The synthesis gas generation process involves
reacting the residual fuel with a controlled amount
of high-purity oxygen and steam at pressures ranging
from 300-1200 psi with the net production of hydrogen
and carbon monoxide along with lesser amounts of
carbon dioxide and methane. The reactants are intro-
duced through a special burner at the top of a refra-
ctory lined pressure vessel or generator, and the
desired autho-thermal non-catalytic reactions occur
rapidly at temperatures ranging from 2000-3000°F.
Small amounts of unconverted fuel or soot are recycled
to extinction. The approximate enthalpy changes at
60°F of the basic exothermic and endothermic chemical
reactions are shown in Figure 1. Sulfur present in
the fuel is converted to H2S and small amounts of COS,
and organic nitrogen is reduced to elemental nitrogen
and ammonia. The hot exiting gases are cooled through
appropriate heat recovery equipment and treated as
necessary to produce the desired product, or the hot
gases are quenched in water in order to increase the
steam content of the gas so that it can be fed di-
rectly to a shift conversion reactor to convert the
carbon monoxide to hydrogen, if hydrogen is the de-
sired end product. During shift conversion, the small
amount of COS in the gas is hydrolyzed to H2S . Sub-
sequently, the gas is treated for removal of C02, H2S
and other undesirable impurities to produce a hydrogen
purity as dictated by the downstream hydrogen con-
suming process. A wide variety of commercially proven
gas treating technologies are available for the down-
stream gas purification.

Nearly thirty years ago it was recognized that
fuel for the process could just as well be coal, and
work on process development for production of syn-
thesis gas from coal was initiated. At that time.
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economic incentives for using coal in place of petro-
leum were not very strong, and the process development
proceeded on a low priority basis.

Texaco Coal Gasification Process. In the late
sixties, the solids gasification process finally evol-
ved to its present form and the energy crisis brought
on by the 1973 Arab oil embargo greatly accelerated
the development of the Texaco Coal Gasification Pro-
cess .

The coal gasification process for hydrogen manu-
facture involves a slagging entrained down flow gasi-
fier fed with oxygen and a concentrated slurry of
ground coal in water. The same type of refractory
lined gasifier is employed as in the earlier oil
gasification process, except provision is made to
remove solidified slag through a water sealed lock-
hopper system.

Optionally, the gasifier may be fed with a slurry
of coal in oil and a controlled amount of reaction
temperature moderator, such as steam. Facilities for
recycling unconverted coal are also provided. A
schematic flow diagram of the process is shown in
Figure 2.

The process is capable of efficiently gasifying
a wide variety of caking and non-caking bituminous
and sub-bituminous coals, as well as petroleum coke.
Referring to Figure 2, raw coal is first fed to a
grinding section where the coal is ground either wet
or dry to a carefully controlled size distribution.
Control of the size distribution is important in order
to maximize the coal concentration in the resultant
slurry. From the slurry preparation tank the coal
is then fed through a specially designed burner where
it is mixed with oxygen and additional moderator if
required. Upon leaving the refractory lined gasifier
the gases are quenched in hot water and then the crude
raw synthesis gas is contacted with additional water
in a venturi or orifice type scrubber at gasifier
pressure to remove entrained particulates. Water
removed from the scrubbing system and the quench
chamber is recovered through a settler where the
particulate matter is extracted and recycled to the
gasifier. After water contacting, the particulate
loading in the raw gas is less than 1 mg/Nm3 . The
water scrubbed gas is now ready for direct injection
into the shift conversion section. Although a variety
of older catalysts are available for shifting sulfur
containing synthesis gas, the last ten years has seen
the development of high activity rugged cobalt moly
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~Ù.HAT60°F
BTU/LB-MOL

CH + H20 >¦ CO + 3/2H2 +49,000
CH +1/20 2 > CO + 1/2 H 2 -55,000
CH + 5/402 >- C02 + l/2H20 -229,000
H20+ CO *- CO 2 f H g -18,000

Figure 1. Gasification reactions

MAKE-UP WATER
RECYCLE WATER \

\coal\ i
1 * GRINDING 1**1
, * CIRCUIT LJI g to

I 1 X>^ £ FINAL GAS
\y * TREATING

RECYCLE %
SOLIDS I I

GASIFIER " KO. SHIFT KO.
II ? POT CONVERTER l ? POT

>< .

QUENCITJ ^T^ Sr RECYCLE
I WATER | I | 1 WATER ^

L<*"»™*»\ ; L-J U^ RECYCLE WATER4 SETTLER

f ^SCREEN | L^^^J
SLAG jP

RECYCLE SLOWDOWN
SOLIDS

Figure 2. Schematic flow diagram of Texaco coal gasification process for
hydrogen manufacture
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catalysts on an alumina base (4J which are especially
well suited to shift gases produced in the coal and
oil gasification processes. Relatively clean conden-
sate is recovered upon cooling the shifted gas which
is now ready for further gas treating. Since the
gasifier operates in a slagging mode, slag is conti-
nuously leaving the reaction zone of the gasifier with
the gas. Upon leaving the water in the quench section
of the gasifier relatively clean saturated gas is
separated. The slag accumulates in the lock hoppers
at the bottom of the quench chamber and is periodical-
ly withdrawn.

Slag removed from the dewatering screen below the
lock hoppers consists of fused particles generally
less than one-fourth to one-half inch in diameter.
This inert material containing less than 0.5 percent
carbon can be easily handled and removed to slag dis-
posal sites. Typical slag removed from the pilot
unit at Montebello is shown in Figure 3.

In other applications where hydrogen is not the
ultimate product, substantially all the hot syn gas
from the gasifier may be directed through a heat
recovery system where the sensible heat of the gas is
used to generate steam for other process needs.

Environmental Aspects . Due to the high gasifi-
cation temperature, by-product tars, phenols and
hydrocarbons heavier than methane are not produced.
Sulfur (H2S) removed in the gas treating section is
routed to a Claus plant and tail gas treating unit
for conversion to elemental sulfur. Most of the
process water is recovered and recycled; however, a
small stream of blowdown is required to remove water
soluble inorganic material introduced with the coal.
In addition to the inorganic material, the withdrawn
water stream will contain small amounts of ammonia,
sulfide, formate, and cyanide. Tests have shown that
at detection limits ranging from 5 to 100 parts per
billion, no polynuclear aromatics on the EPA priority
pollutant list are present, and other organic com-
pounds are only present at or below the detection
limits ranging from 5 to 30 parts per billion. Tests
on a typical blowdown water stream from the gasifi-
cation of an Illinois coal are shown in Figure 4.

Leaching tests on the slag which must be removed
to a suitable disposal site have shown that the
material is essentially inert. Leaching tests on
slag from a typical Western coal are shown in Figure
5.
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Figure 3. Typical coal slag

pH 8.7
TOTAL ORGANIC CARBON 230 ppm
TOTAL INORGANIC CARBON 445 ppm

AMMONIA 1020 ppm
FORMATE 492 ppm
CHL OR IDE 432 ppm
SULFIDE 264 ppm
SULFATE 166 ppm
CALCIUM 140 ppm
MAGNESIUM 100 ppm
SODIUM 80 ppm
THIOCYANATE 70 ppm
THIOSULFATE 69 ppm
FLUORIDE 39 ppm
CYANIDE 31 ppm
ALUMINUM 20 ppm
SILICON 5.0 ppm
IRON 3.7 ppm
C6-hORGANICS

NAPHTHALENE 30 ppb
TOLUENE 20 ppb
BENZENE IO ppb

Figure 4. Typical water blowdown quality
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Pilot Plant. At Texaco ? s Montebello Research
Laboratory there are two pilot gasifiers. Figure 6,
each capable of processing 15 to 20 tons per day of
coal. Tests on a wide range of coals have been con-
ducted at pressures ranging from 300 to 1200 psi.
These pilot units along with the associated coal
grinding and slurry preparation equipment form the
basis for evaluating selected coals and provide design
information for a number of commercial projects that
are under way.

Composition of several of the feed stocks that
have been successfully gasified in the Montebello
pilot units is shown in Figure 7 and the composition
of the resulting synthesis gas is shown in Figure 8.

Demonstration Projects. Commercial and demon-
stration projects under way include a 150 T/D coal
gasification unit at the Ruhrchemie Chemical Plant
Complex in Oberhausen-Holten , West Germany (5) which
has been in operation for over a year. This research
and development demonstration plant is jointly funded
by Ruhrchemie A. G., Ruhrkohle A. G. and the Government
of the Federal Republic of Germany.

The project was designed to demonstrate that the
Texaco Coal Gasification Process can be employed to
generate synthesis gas which can be used as a feed
stock for the chemical industry. The design con-
ditions of the Oberhausen-Holten plant are given in
Figure 9. The design basis includes recycle of un-
converted carbon and is based upon test runs made on
the Montebello pilot unit on a prototype coal from
the Ruhr region of Germany. The ratio of hydrogen to
carbon monoxide can of course be increased by partial
or complete shift to provide synthesis gas or hydrogen
for a wide variety of chemical synthesis processes.

A process flow diagram of the demonstration plant
is shown in Figure 10. The design of the Oberhausen-
Holten plant differs in two sections from that of the
Montebello pilot unit.

The coal slurry is prepared in either of two wet
grinding systems, both of which have demonstrated
efficient operation and ability to prepare coal
slurries of the desired concentration. Secondly, the
water quench system at the exit of the gasifier has
been replaced with a radiation cooler.

Slurry is stored in an agitated surge tank from
which it is fed to the gasifier by a variable speed
pump. The metered coal slurry enters the top of the
gasifier along with a controlled flow of oxygen. Hot
gases and slag exit the gasifier and enter a down-flow
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pH 6.85
CONDUCTIVITY, micromhos 350
TOTAL DISSOLVED SOLIDS 260 ppm
SUSPENDED SOL IDS 12 ppm
CHEMICAL OXYGEN DEMAND 52 ppm
TOTAL ORGANIC CARBON 16 pßm
SULFATE 104 ppm
CALCIUM 75 ppm
CHLORIDE 1 2 ppm
SODIUM 6.5 ppm
POTASSIUM 325 ppb
IRON 224 ppb
MAGNESIUM 167 ppb
ALUMINUM 110 ppb
MANGANESE 97 ppb
NICKEL 30 ppb

r- * rr . 7 7 7 7. LITHIUM 25 ppb
bigure 5. Typical slag leaching tests: ZINC 23 ppb
500 g ground slag and 2000 g distilled LEAD 13 ppb
water agitated for 24 hr. Filtered leach- CHROMIUM 12 ppb

ate properties. MERCURY 4 ppb

Figure 6. Coal gasification pilot units
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WESTERN DELAYED EASTERN SRC II
WEIGHT BITUMINOUS PETROLEUM BITUMINOUS VAÇ.TOWER

PERCENT COAL COKE COAL RESIDUE

C 74.5 89.5 67.6 63.7
H 5.3 3.7 5.2 3 6
S 0.5 1.4 3.3 2.9
N 1.0 2.7 1.0 1.2
0 11.5 2.4 1 1. 1 0.8
ASH 7.2 0.3 11.8 27.8

HEAT OF

BTUM™"' 12,500 14,950 12,270 11,250
Figure 7. Properties of typical feedstocks

WESTERN DELAYED EASTERN SRC II
BITUMINOUS PETROLEUM BITUMINOUS VAC.TOWER

FEEDSTOCK COAL COKE COAL RESIDUE

OXIDANT OXYGEN OXYGEN OXYGEN OXYGEN
SLURRYMEDIUM WATER WATER WATER CTrAU
OR MODERATOR STEAM

PRODUCT GAS COMPOSITION.
VOL UME PER CENT DRY BASIS

H2 35.8 34.5 35.8 34.0
CO 50.7 45.2 44.6 59 5
C02 13.1 19.4 18 0 5.3
N2-A 0.2 0.7 0.5 0.6
CH* 0.1 ~ - 0.1
H9s 0.1 0.2 1.0 0.5
COS o.i

Figure 8. Typical gasification performance summaries

PRESSURE 40 bar
TEMPERATURE 1350-1450 °C
SOLIDS CONTENT 55-65 %
GAS ANALYSIS He 30-40 %

CO 45-55 %
C02 15-20%
CH4 < I %

CARBON CONVERSION > 98 %
COLD GAS EFFICIENCY > 70 %
COAL FEED 6 t/hr
GAS PRODUCTION 12000 m5/hr

Figure 9. General design data for Oberhausen-Holten coal gasification demon-
stration plant
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Slurry Preparation Waste Heat Boilers Quench Cooler
Oxygen "factor ^
r' . fl [Steam Raw Gas
Coal ja (, \>

jOUill ^^.Jf '{Jrh : n;^r ¦
Water | (*) fff^ T f ||

tn ! ffr Jl J»! J k
fej B— jj i | J

j Slurry Tank ^j^ I J— 3
0 >f Settler
1 Lock Hopper f^—

*Stag ^Boiler Feed Water
Figure 10. Process flow diagram of the Oberhausen-Holten coal gasification

demonstration plant P
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water walled radiation section where they are sub-
stantially cooled and the slag is solidified, simul-
taneously generating high pressure steam in the water
walled section. Slag is removed through a water seal
and lockhopper system for disposal. Hot gases and
entrained fly ash exit above the water seal into a
fire tubed boiler where additional steam is generated,
the gas is cooled to approximately 280°C and finally
the cooled gases are quenched and water scrubbed. The
clean gas is then sent to a boiler, or treated in an
acid gas removal system for use in the chemical plant.
A photograph of the demonstration plant is shown in
Figure 11.

Operation of components of the coal gasification
plant commenced at the end of January 1978. Between
April 1978 and March 1979 more than 50 test runs have
been conducted covering more than 2000 hours. Several
test runs demonstrated continuous operation for
periods in excess of 300 hours. Approximately 8000
metric tons of different Ruhr area coals of varying
volatility have been gasified at pressures ranging
from 300 to 600 psig. Without unconverted coal
recycle carbon conversions up to 96% and cold gas
efficiency as high as 72% have been achieved. Steam
generated in the waste heat boiler corresponds to
about 20% of the heat of combustion of the coal.

Further development and process optimization is
planned during the second year of the demonstration
program. Included in the program will be evaluation
of alternate components, testing alternate concepts
for heat recovery, and gasifying a wider range of
coals .

The total program is planned to provide suf-
ficient information to confidently design large scale
second generation coal gasification plants (100,000
Nm*vhr of synthesis gas) using the Texaco process.

In addition to the demonstration plant in West
Germany, the Tennessee Valley Authority is converting
a natural gas fueled ammonia plant in Muscle Shoals
to coal by installing a 150 T/D Texaco coal gasifier
and coal slurry preparation system. This plant
scheduled to gasify Illinois coal is presently in the
detailed engineering design stage.

W. R, Grace and Ebasco, with funding from the
Department of Energy, are also in the engineering
design phase of a large grass roots 1200 T/D ammonia
from coal plant employing Texaco gasifiers operating
at 1200 psi on Eastern U.S. coal.
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Figure 11. Oberhausen-Holten coal gasification demonstration plant
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In addition to the above projects, Texaco and
Southern California Edison have jointly announced
their intention to obtain partial support from the
Electric Power Research Institute and others to con-

struct a 1000-T/D coal gasification combined cycle
demonstration plant near Barstow in the high desert
northeast of Los Angeles (6^, 7_J . Fuel gas from the
coal gasifier will be routed to the combined cycle
power generation facility which will produce 90
megawatts of electrical power through gas and steam
turbines. The gas from the coal gasifier can also be
used to fire a steam boiler in an existing power gene*-
rating facility which produces 65 megawatts of elec-
tricity. Preliminary engineering on this project is
under way.

Economics . At the present time, process econo-
mics are difficult to evaluate. Costs of hydrogen,
low BTU fuel gas, or electric power are dependent on
plant size, coal cost, plant location, product purity,
and other environmental requirements that must be met.
Using mid-1979 dollars, we have estimated 99% purity,
1000 psig hydrogen from a 50MM to 100MM SCF/D plant to
cost between $1.25 to $1.60 per 1000 SCF ($4-$5 per
MM BTU) before taxes and profit.

Fluor Engineers and Constructors Inc., under
contract with EPRI has completed a rather detailed
study (8) of the cost of producing power via Texaco
gasifiers and advanced design gas turbines and steam
turbines. They conclude investment costs (mid-1976
dollars) to be $815 million for a plant gasifying
9600 T/D of moisture-free Illinois coal and producing
1150 megawatts of net power.

Obviously, the Texaco entrained bed slagging
gasifier has many varied applications, only a few of
which have been discussed today. It is anticipated
that large coal conversion plants will be operational
in many parts of the world by the 1990 's, making a
significant contribution to the total clean energy
supply of the industrialized world.
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Production and Application of Electrolytic Hydrogen:
Present and Future

L. J. NUTTALL
Direct Energy Conversion Programs, General Electric Company,
50 Fordham Road, Wilmington, MA 01887

Water electrolysis is an old technology for generating hydrogen. With the
exception of a few special applications, however, it has not been economically com-
petitive with steam reforming of natural gas. In 1975 there were approximately
1.8 x 1012 cu ft of hydrogen produced in the United States of which less than 1%
was produced by water electrolysis. The ratio on a world-wide basis was undoubt-
edly higher since the primary applications for electrolysis have been in areas where
low cost hydroelectric power is available, i.e., Norway and Egypt. However, the per-
centage is still very small.

The role of electrolysis in the production of hydrogen is certain to increase
in future years, but the extent to which it does depends on a number of factors,
including:

• Price and availability of natural gas relative to electric power
• Rate of development of non-fossil fuel energy sources
• Improvements in electrolyzer technology
One of the most significant current activities relating to this last item is a

development program underway at General Electric to develop an advanced elec-
trolysis technology for large scale commercial hydrogen generation using the solid
polymer electrolyte type of cell originally developed for aerospace fuel cell and
electrolysis applications.

General Economics

At the present time hydrogen can be produced in a large, e.g., 100 MCF/D
(M = million, 106; K = thousand, 103) steam reforming plant for a cost in the
range of $6/MBTU (1). This compares with an estimated cost for electrolytic hydro-
gen of $15 to $20/MBTU, using current conventional electrolyzers, depending on
the local cost of electrical power. The advanced solid polymer electrolyte electrol-
ysis technology has the potential to reduce the cost for electrolytic hydrogen under
comparable conditions to the range of $9-$13/MBTU.

Figure 1 shows the calculated cost of hydrogen as a function of the electrolyzer
plant cost, in dollars per KW (calculated from the higher heating value of the hydro-
gen produced — i.e., 10.7 SCFH 1 KW) of output and the overall system efficiency
(ratio of KW output to the electrical power input), for an electric power cost of

0-8412-0522-l/80/47-116-191$05.50
© 1980 American Chemical Society

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

0

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



192 hydrogen: production and marketing

20 1 — 1

current conventional ^<^SpV
ELECTROLYZERS ~Z^^S^C^^

O ^PROJECTED SPE ELECTROLYZER

5 1 I I I I I I
0 100 200 300 400 500 600 700

PLANT CAPITAL COST - $/KW

Figure 1. Estimated hydrogen production cost from a large water electrolysis
plant. Electric power cost = 2.5$ /kWh; 90% duty cycle.
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25 mils/KWH. The plant cost in this calculation is the total investment cost, includ-
ing on-site, off-site and indirect capital costs associated with the plant construction.
The approximate range of characteristics for the conventional electrolyzer as well as
those projected for the SPE units are noted on this curve.

Even the costs indicated for the advanced SPE electrolyzer are not competitive
with steam reforming of natural gas at current prices in large plants. However, for
smaller plants, the cost for generating hydrogen in a reformer increases at a faster
rate than that for an electrolysis unit. Therefore, it appears, as will be shown later,
that the SPE electrolyzer will be competitive for plants in the range of 400-500 K
SCF/D and smaller. For larger plants, electrolysis will probably be used only in
selected applications where lower cost electrical power can be made available. The
estimated cost of electrolytic hydrogen as a function of electric power cost for an
85% plant efficiency is shown in Figure 2. One example would be in locations where
low cost hydro-electric power is available. There are a number of locations around
the world where it has been estimated that electric power can be provided at a cost
between 5 and 10 mils/KWH. In such cases, an electrolysis plant can be more eco-
nomical than gas reformation, regardless of the output.

Another possibility for the future, where very large quantities of hydrogen are
involved, is toconsider a dedicated nuclear plant integrated with a water electrolyzer.
This is analogous to the type of facility being investigated in conjunction with the
various thermochemical water splitting approaches for hydrogen generation. Two
recent studies (2, J3) have indicated that, with the economics that can be realized
through integrating of the power generation cycle with the electrolysis cycle, the
cost for electrolytic hydrogen can be reduced to around $6/MBTU (including credit
for the by-product oxygen), which is competitive with steam reforming of natural
gas and does not rely on a dwindling fossil fuel resource.

These studies also indicate an overall efficiency (ratio of higher heating value of
hydrogen output to the nuclear heat input) in the range of 40 to 43%, which is
comparable to that presently estimated for the most promising thermochemical
water splitting cycles.

Development of other non-fossil fuel energy sources, such as geothermal, solar,
wind and ocean thermal systems will undoubtedly broaden the scope of application
for electrolytic hydrogen — perhaps not because they represent a source of low cost
electrical power, but because it represents the most attractive means for providing
a transportable fuel from these renewable resources.

Solid Polymer Electrolyte Electrolysis Technology

The solid polymer electrolyte is a solid plastic material which has ion exchange
characteristics that make it highly conductive to hydrogen ions. The particular
material that is used for the current electrolysis cells is an analogue of TFE teflon to
which sulfonic acid groups have been linked. This plastic sheet is the only electrolyte
required, there are no free acidic or caustic liquids, and the only liquid used in the
system is distilled water.

A typical cell employs a sheet of the polymeric material approximately 10 mils
thick. A thin catalyst film is pressed on each face of this sheet to form the anode
and cathode electrodes. Since the electrolyte is solid, the electrodes do not have to
perform any structural or containment functions. Consequently, they are very
simply designed for the sole function of providing sufficient catalytic activity to
achieve desired performance levels.
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Figure 2. Estimated hydrogen cost from electrolysis plant. System efficiency =
85%; duty cycle = 0.9.
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Water is supplied to the oxygen evolution electrode (anode) where it is electro-
chemically decomposed to provide oxygen, hydrogen ions and electrons. The hydro-
gen ions move through the sheet to the hydrogen evolving electrode (cathode) while
the electrons pass through the external circuit. At the hydrogen electrode, the
hydrogen ions and electrons recombine electrochemical ly to produce hydrogen gas.

An excess of water is supplied to the cell and recirculated to remove waste
heat.

This technology was originally developed as a fuel cell power source for the
Gemini spacecraft. However, it was adapted for use as an electrolyzer beginning
in the early years of this decade. Typical current applications include a spacecraft
regenerative life support system (Figure 3) and an oxygen generation system for
nuclear submarines, the electrolysis stack for which is shown in Figure 4.

A small commercial unit for generation of pure hydrogen for gas chromato-
graphs and other laboratory uses has been on the market since 1973.

In 1976, a program was initiated to develop a large-scale|electrolysis design that
will be suitable for bulk hydrogen generation for industrial and utility applications.
This program is sponsored jointly by the U.S. Department of Energy, some of the
electric and gas utilities, and the General Electric Company.

The initial phase of this program was a design study of a 58 MW (625,00
SCFH of H2) system which would be suitable for a number of potential applications
including energy storage, generating hydrogen for chemical and industrial feedstock
or possibly as a supplement to natural gas in certain areas.

Figure 5 is a model of a typical energy storage plant based on the results of the
study. The 58 MW water electrolysis system is shown cut away in the foreground,
with power conditioning housed in the rear of the building. To the right are the
metal hydride hydrogen storage cylinders. A typical module from a 26 MW air-
breathing fuel cell installation for conversion back to electricity is shown to the rear
of the building.

On the basis of the study results, the goals for the development program were
established as follows:

Overall System Efficiency 85-90%
System Capital Cost (Battery Limits) $100/KW
Scale-Up 5 MW Demo System

Technology Development

The efficiency goal for this program requires a low cell operating voltage, and
the cost goal requires a high operating current density as well as a low manufacturing
cost. The key advantage of the SPE cells is the superior performance which makes
the high current density possible at a low cell voltage. Figure 6 shows the current
SPE electrolyzer performance compared with that of conventional alkaline units and
also shows the improved performance which is expected to be achieved by the com-
pletion of this program. The design current density for most of the applications of
this technology is around 1000 amps/ft2.

The other objective of the program is to reduce the manufacturing cost of the
SPE cells for commercial application by a factor of about 14:1 from the cost of
those used in the space and submarine systems.

To date, the technology development program has resulted in significant pro-
gress toward these goals. Compared with a 1975 baseline technology of $202/KW,
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Figure 3. Oxygen life support system for manned spacecraft and space station
applications
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Figure 4. A 100-cell electrolysis module for submarine life support
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Figure 5. A 58-MW-SPE water electrolysis plant
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projected cost of electrolyzer production based on currently identified materials and
techniques is about $50/KW or 80% of the cost reduction to meet the 1983 goal.
The primary cost reductions have been in the areas of current collectors and cata-
lytic electrodes.

Molded carbon current collectors are a major result of the technology develop-
ment program. The function of the current collector is to:

• Provide the flow fields for the water and oxygen on the anode (oxygen)
side and for the water and hydrogen on the cathode (hydrogen) side

• Separate the oxygen and hydrogen sides
• Provides for the conduction of electricity from one cell to the next
The collector is molded from a mixture of carbon and phenolic resin which

incorporates an in-situ formed titanium foil shield on the anode side to prevent cor-
rosion. Small laboratory-sized collectors have accumulated over 12,000 hours of
operational evaluation to date. Figure 7 shows large-sized molded collectors with
21/2 ft2 active area.

A major advantage of the molded collector is the elimination of costly silicone
rubber gaskets. The SPE itself acts as a gasket between the sealing surfaces of the
collector. Gasketless sealing has been demonstrated up to 500 psi on laboratory-
sized cells, and, in a previous prototype hardware program, up to 400 psi on a 120
cell stack.

Catalytic electrode development has involved the identification of a ternary
oxygen evolution catalyst which offer both reduced cost and improved performance
in comparison to the current state-of-the-art for aerospace systems.

Figure 8 shows the cost reduction and performance improvements of these new
catalysts demonstrated in operational cells. Effort is continuing in both data base
testing of currently identified catalyst systems, and identification of additional
catalyst systems.

The catalyst identifications shown on this figure are merely G.E. designations.
The catalyst compositions are considered proprietary.

The results of reductions in catalyst loading to effect a cost improvement with
minimum impact on cell performance have also been encouraging. Techniques for
reducing both anode and cathode loadings up to 93% have been identified and
shown feasible.

High temperature operation (up to 300° F) offers advantages in operating
efficiency and accounts for about one half of the improvement needed to meet the
goal performance shown on Figure 6. Over 5000 hours have been demonstrated to
date at 300° F using carbon collector components and Naf ion ® 1 20.

Alternative solid polymer electrolytes are also being evaluated to assess advant-
ages in cost and performance. The Naf ion ® 120 is an extremely stable (and thus
long-lived) material under water electrolysis operating conditions. Any alternative
SPE considered viable must have equivalent life stability. A radiation-grafted tri-
fluorostyrene was extensively evaluated, but demonstrated insufficient operational
stability to be considered as a viable alternative. The search for other alternatives is
continuing.
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Figure 6. Comparative water electrolysis performance

Figure 7. Molded current collector 2.5 ft2 active area
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Figure 8. Anode catalyst development: (%), E = 50; (M)> E = 100; (£), WE =
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Scale-up

The cell scale-up program is proceeding in a parallel with the technology devel-
opment program. The cell scale-up is planned in two steps: development of a 21/2 ft2
active area cell, which started in 1977, followed by a 10 ft2 cell development, which
will start this year.

Figure 9 shows one of the 2Ya ft2 electrolyte and electrode assemblies which, in
conjunction with a molded carbon current collector (shown in Figure 7) and suitable
anode and cathode supports, form a bipolar cell. The cells are assembled between
pneumatically loaded end plates to form an electrolysis module.

Figure 10 shows one of the many single and multi-cell modules of 214 ft2 cells
which have been tested during the last 6 months. Large cell performance, compar-
able to "baseline" laboratory cell performance, has been demonstrated as shown in
Figure 11. Initial testing concentrated on sealing and fluid distribution, and present
efforts are aimed at increasing the number of cells in the module. A 50 KW (500
SCFH H2) module will soon be on test and assembly of a system to accommodate a
200 KW (2100 SCFH H2) module has started.

Future Plans

The planned program calls for operational evaluation of 50 KW, 200 KW and
500 KW systems leading to installation of a 5 MW demonstration system during 1983.

As technology improvements are identified and proven by the technology
development effort, they will be incorporated into the hardware program.

As hardware development progresses, field installation of small prototype sys-
tems will be initiated.

Projected Production Cost

The calculated system cost from the 1975 58 MW system study was $82/KW,
broken down as follows:

Electrolysis Module $14/KW
Power conversion and control 43

Ancillary components 16
Installation 9

At the present state of technology the estimated production cost of a 58 MW
electrolysis module is approximately $50/KW compared to the $14/KW projection.

The impact of this difference in electrolyzer cost on the system cost is shown
in Figure 12. The program goal of $100/KW allowed for some difficulties in achiev-
ing all of the calculated cost bogies,and, with today's technology, it appears that the
capital cost for a 58 KW system could be approximately $118/KW compared with
the $100/KW goal.

For smaller installations the cost per KW for the electrolysis system will in-
crease. Figure 12 also shows the estimated cost as a function of the capacity of the
system for lower capacity units.
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Figure 9. A 2.5 ft2 active area mem-
brane and electrode assembly
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Figure 10. A 2.5 ft2 electrolyzer cell module
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Figure 12. Installed cost vs. plant size
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Future Hydrogen Production Costs

As mentioned previously, one of the factors which will influence the future
role of electrolytic hydrogen is the relative rates of increased costs between elec-
trical power and natural gas. A projection that was made by one General Electric
component is shown on Figure 13, indicating that by 1985, they expect natural
gas to start increasing in price at a faster rate than electrical power. Assumed infla-
tion rates of 6.5% through 1985 and 5% from 1985 to 2000 are factored into these
curves. On the basis of this projection, the cost for producing hydrogen by SPE
water electrolysis and by steam reforming of natural gas was calculated for several
different sizes of plants. Figure 14 shows the results for a large plant of 100 MSCF/D.
In this case, electrolytic hydrogen, using commercial electrical power, will not be
competitive with that from natural gas until after the year 2000. However, a dedica-
ted nuclear/electrolysis plant, which could be available in the 1990's, has the poten-
tial to produce hydrogen at a significantly lower cost than either of the above
systems. In fact, the cost for the hydrogen from this system appears to be competi-
tive with that shown in Figure 13 for natural gas by the year 2000, so it should also
be considered as a possible source of SNG for fuel applications in future years.

Figure 15 shows the results for two smaller plants, which indicate that the
electrolysis system begins to show an economic advantage for plant capacities
below about 400-500K SCF/D. This conclusion has also been confirmed in a study
performed by Hittman Associates for the Department of Energy (4). One of the
figures from that study is reproduced in Figure 16 showing their estimate of the cost
of hydrogen from natural gas reforming as compared with that from a SPE electro-
lyzer. This curve also shows the price ranges for truck delivered hydrogen as a func-
tion of use rate, indicating that there will probably also be an advantage to the small
users who now purchase truck delivered hydrogen to consider installing an on-site
electrolysis system.

Conclusion

It is apparent from this analysis that the large scale use of water electrolysis for
hydrogen production is a number of years away. During the 1980's there may be a
number of large electrolysis plants installed in selected applications where low cost
hydro-electric power is available, or where some utilities may want to use hydrogen
to assist them with load management. However, the general applications during this
period will undoubtedly be for small industrial applications where an on-site elec-
trolysis system works out to be more economical than purchased gas or an on-site
reformer.

In later years the use of electrolysis can be expected to expand as a greater por-
tion of the world's energy begins to be derived from non-fossil fuel sources. Elec-
trolysis remains the most promising means to produce hydrogen from nuclear or the
various forms of solar energy for use either as a chemical feedstock or a synthetic
fuel.
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Figure 13. Projected cost for electrical power and natural gas
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Figure 14. Projected hydrogen cost of a large plant (lOOßOOfiOO scfd): ( ),
water electrolysis; ( j, steam reforming of natural gas; ( ) dedicated

nuclear-water electrolysis.
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Figure 15. Projected hydrogen cost from smaller plants: ( ), water electroly-
sis; ( ), steam reforming of natural gas.
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Figure 16. Comparative costs of producing hydrogen: advanced electrolysis vs.
natural gas reforming
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Safe Handling of Hydrogen 

CLYDE McKINLEY 

Air Products & Chemicals, Inc., P.O. Box 538, Allentown, PA 18105 

Fuel of the Future. Hydrogen has long been considered the 
fuel of the future because of its clean combustion characteris
tics, its adaptability in simple fuel cell use, its potential 
for distribution by a grid similar to that used for natural and 
manufactured gases, and the limitless supply available using 
electrical energy via nuclear energy. Today, economics limit 
its use to applications such as in the refining, petrochemical, 
metallurgical industries, as well as in ammonia and methanol 
where it has greater value than it would have as a competitive 
fuel. Its fuel uses are now extremely limited. This balance 
may change relatively rapidly with changes in the world's energy 
situation. 

Hydrogen Can Be Handled Safely. The safe handling of 
hydrogen in its production, storage, and use has now been demon
strated in many large scale industrial, military, and space 
applications. The techology has now been developed. Scientific 
foundations have been laid and engineering design and operating 
practices demonstrated to fully identify all hazards involved in 
handling hydrogen and to provide the base for the practice of 
all needed safety precautions. It is the purpose of this paper 
to highlight the principal hazards and the information needed to 
minimize the risks with each hazard. 

There remains a concern among those now knowledgeable with 
hydrogen in considering its widespread use, a concern probably 
related to remembering the Hindenberg at Lakehurst, and associ
ating hydrogen with the H-bomb. Knowledge now allows us to 
better understand hydrogen and to safely handle it in any situa
tion where its use is justified. 

Hydrogen Handling Hazards. The principal hazards associated 
with handling hydrogen as a gas or a liquid or a slush (mixture 
of solid and liquid hydrogen) are related to 

0-8412-0522-l/80/47-116-215$05.00 
© 1980 American Chemical Society 
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° Flammability of hydrogen
° Expansion of liquid hydrogen to gaseous hydrogen in confined

spaces
° Low temperatures of liquid or slush hydrogen adversely

affecting the containment materials subjected to the low
temperatures

° Cold "burns"
° Suffocation and breathing atmospheres

Each of the foregoing hazards is discussed in the following
sections. Table 1 provides certain specific properties of
hydrogen useful in examining the hazards discussed in the follow-
ing sections (1).

Flammability of Hydrogen

The Fuel-Oxidant-Ignition Hazard. Avoidance of the flamma-
bility hazard requires understanding of hydrogen's peculiar
physical-chemical properties as related to the classical flamma-
bility problem. There must be a fuel, in our case hydrogen;
there must be an oxidant available in flammable proportions,
typically oxygen from air; and there must be a means of ignition.
With an understanding of hydrogen's properties, systems for han-
dling hydrogen may be designed to allow safe operation. Hazard
reviews, establishment of safe operating practices, and proper
training make possible safe operation of properly designed
systems.

Hydrogen-Nitrogen-Oxygen Mixtures (£-5). The lower limit
of hydrogen concentration for flame propagation at ambient
temperature and atmospheric pressure in air and in oxygen is
conservatively listed as 4.0 volume percent. A higher concen-
tration is required for horizontal or downward propagation of
the flame, as we will note in a following section. The 4.0
percent value (Point A) is low and therefore may be considered
conservative in hazard evaluation. The upper limit of hydrogen
concentration in air is 75 percent (Point B) and in oxygen is 95
percent (Point C). These values are shown in Figure 1. The
shaded area inside the triangle bounded by the lower limit for
oxygen, the lower limit for hydrogen, and the H^-CU side of the
triangle shows all possible flammable mixtures of r^-N^'CL. At
the lower limit boundaries of the triangle the gas mixtures upon
combustion release barely sufficient heat to propagate a flame.
Gas mixtures which lie within the triangle, away from its lower
limits boundaries, release more heat upon combustion, burn with
higher velocities and may detonate. The detonable limits for
hydrogen in air are noted; the lower and upper limits, 18 and 59
percent, points D and E. The detonable limits for hydrogen in
oxygen are 15 and 90 percent, points F and G. The central
triangle shows the concentration of detonable mixtures.
Hydrogen-air mixtures in the detonable region may burn at velo-
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Table I. Properties of Hydrogen (Normal)

Molecular weight 2.0159 (9)
Triple-point temperature 13.957 K (£)
Triple-point pressure 0.0711 atm (9_)
Triple-point liquid density 38.3 mol/L (10)
Triple-point solid density 43.01 mol/L (10)
Triple-point vapor density 0.0644 mol/L (10)
Normal boiling point 20.39 K (I)
Normal boiling-point liquid
density 35.2 mol/L (9.)

Normal boiling-point vapor
density 0.6604 mol/L (£)

Critical temperature 33.19 K (9.)
Critical pressure 12.98 atm (£)
Critical volume 14.94 mol/L (9_)
Latent heat of fusion at

triple point (p-H2) 28.08 cal/mol (£)
Latent heat of vaporization
at nbp 214.5 cal/mol (£)

Heat of combustion, gross 68317 cal/mol (11)
Heat of combustion, net 57798 cal/mol (11)
Limits of flammability in air 4.0 to 75.0 vol 7Q (3)
Limits of detonability in air 18 to 59 vol °L (3)
Burning velocity in air up to 2.6 m/sec (6)
Burning velocity in oxygen up to 8.9 m/sec (6.)
Limits of flammability in oxygen 4.0 to 95 vol %
Limits of detonability in oxygen 15 to 90 vol 7o
Detonation velocities of H2-O2
mixtures

157o H2 in oxygen 1400 m/sec (6)
907o H2 in oxygen 3600 m/sec (6.)

Spontaneous ignition temperature 520°to 580°C (4.)
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Figure 1. H2-02-N2 flammability triangle
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cities in the range from less than one meter per second up to
8.9 meters per second. With strong ignition or with confinement
these mixtures may pass over from relatively slow burning velo-
cities to detonation velocities up to 3600 meters per second.

Diluents and Inert Materials. Inert diluent gases, when
added to flammable mixtures of hydrogen with air and/or oxygen,
will cause a reduction in flame temperature and burning velocity
until flame propagation is no longer sustained. The hydrogen in
such non-flammable mixtures would be consumed if the mixture
were preheated or passed over a suitable catalyst.

Flammable Limits, A Function of Direction of Flame Travel
(3). Hydrogen flammable limits are peculiar. The heat of
combustion of a lower limit mixture of most gases will result in
a flame temperature much higher than the ignition temperature of
the mixture. The lower limit of hydrogen in air, 4.0 volume
percent for upward propagation, produces a calculated average
flame temperature of less than 350°C, whereas the ignition tem-
perature of hydrogen in air is 585°C. This very low average
temperature can be understood from observations that the rising
flame in a limit mixture rises as luminous balls, consuming only
a part of the hydrogen. Fresh hydrogen diffuses into the burning
ball yielding a higher effective concentration of hydrogen than
was present initially. It has been observed that not all of the
hydrogen is consumed in an upward propagating flame in a 2 inch
tube until 10 percent hydrogen was present. Similar experiments
with horizontal tubes result in a lower flammability limit of
about 6.5 percent hydrogen; downward flame propagation requires
about 9.0 percent hydrogen in air. The upper limit is about 75
percent for all propagation directions.

Effect of Pressure and Temperature on Flammable Limits (3).
Pressure has little effect upon the lower limit of hydrogen in
oxygen, for downward flame propagation, with pressures ranging
from atmospheric pressure up to 122 atmospheres. Over this
range the lower flammability limit ranges from 8 to 10 percent
as determined by several different experimentalists. Tempera-
ture of the preignition mixture has a marked effect, as shown in
Figure 2. These particular data show 9.5 and 71.5 for the two
limits at ambient temperature. These limits broaden linearly
with rising temperature to 6.3 and 81.5 percent hydrogen at
400°C. The possibility for elevated temperatures in a preheated
hydrogen-air mixture must be remembered in evaluating a poten-
tially hazardous situation. Preheating may cause an otherwise
non-flammable safe mixture to become flammable.

Ignition Energy (6). The ignition energy must be sufficient
to establish a flame of critical minimum size. If the ignition
energy input is less than this minimum the initially established
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Figure 2. Hydrogen flammability limits vs. temperature
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flame will be quenched by ambient unburned gas or other system
components. Minimum ignition energy is very much a characteris-
tic of the system. With spark ignition, the minimum ignition
energy for 30 percent H~ in air 0.015 millijoules. For a similar
experimental system the minimum ignition energy for the C,
through Cß paraffinic hydrocarbons, stoichiometrically mixed
with air, is about 0.25 millijoules (over an order of magnitude
greater). Hydrogen is relatively easily ignited by sparks.

Ignition Mechanism (4,7). Hydrogen, as we have already
noted, ignites with a remarkably low ignition energy. It is
also easily ignited with many other sources of energy, some of
which are listed:

° Open Flames. Open flames are an obvious ignition source
(others are subtle, obscure). One must control smoking,
welding, burning and other flame sources in areas of poten-
tial hydrogen leakage.

° Electrical Equipment. Motors, lights, relays, switch gear
can provide sparks of ignition intensity.

° Electrostatic Sparks. A spark of only 0.015 millijoules is
sufficient to ignite hydrogen in air. Sparks of such
intensity are easily generated in flowing hydrogen streams,
either liquid or gas. The presence of a second phase in
the flowing stream greatly enhances this charge separation
process needed to produce these sparks. The second phase
may be liquid droplets in a gas stream or solid particulate
matter in a gaseous stream. The solid particulates may be
gaseous impurities below their freezing points, such as
nitrogen, oxygen, and carbon dioxide, or debris particles
such as iron oxide or other dusts. Many hdyrogen fires
have been initiated by electrostatic sparks.

° Sparks from Striking Objects. Sparks can be produced by
metal -to-metal or metal -to-rock impact. Even spark resis-
tant tools are not immune to spark generation.

° Thermite Sparks. The spark generation capability from
striking of surfaces involving aluminum particles and iron
oxide, because of the highly exothermic character of the
Fe^O- + AI = Fe + A1?0~ reaction, is substantial.

° Sofia Air or Oxygen, Other Oxidants. Solid oxidants in
liquid hydrogen can cause an explosion. The higher the
enrichment of oxygen in the CL-Np mixture, the greater the
danger. Sparks will initiate a solid oxygen- liquid hydrogen
explosion. A slurry of 0? particles in liquid hydrogen
will detonate upon initiation. The fracture of solid
oxygen particles under liquid hydrogen is believed to
provide sufficient energy under some conditions to initiate
an explosion. Nitrous oxide, which can be present as a
parts per million impurity in hydrogen obtained from certain
electrolytic cells, will condense as a solid in hydrogen
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liquefaction equipment below -132°F, and with very mild
ignition energy will detonate with high pressure gaseous
hydrogen down to -300°F.

° Hot Surfaces. Hydrogen-air mixtures will spontaneously
ignite when preheated into the 520-580°C range in the pre-
sence of stainless steel or other non-catalytic surfaces.

° Hot Hydrogen Leaking into Ambient Air. Hydrogen, above
about 680°C, will ignite if injected into ambient air. The
presence of dust or catalytic surfaces will lower this
temperature substantially.

° Catalytic Surfaces. Platinum and nickel catalysts will
bring about ignition of hydrogen-air mixtures at room tem-
perature. Therefore, the possibility of surfaces having a
catalytic effect should be considered in evaluating ignition
hazards. Such surfaces could result in ignition of
hydrogen-air mixtures at any temperature from ambient to
the spontaneous ignition temperature.

Flash Arrestors. Flame arrestors prevent the passage of a
flame through the arrestor by removing sufficient heat from the
burning gas to lower the temperature below the temperature at
which a flame will propagate. Typical arrestors are of the
screen type and provide both rapid heat transfer through surface
area and heat sink through arrestor mass. In addition to the
screen type many other configurations will serve as long as
sufficient surface area and heat sink capability are provided.
Tube bundles, parallel plates and packed beds are other examples.
The quenching distance for hydrogen is much longer than for
hydrocarbon fuels because of its high flame speed and high
diffusivity making conventional screen type arrestors ineffec-
tive. Sintered bronze particles are effective with hydrogen.

Expansion of Liquid to Gas (8,9)

The critical temperature for liquid hydrogen is 33.19°K; it
cannot exist as a liquid above this temperature. If liquid
hydrogen is confined and then warmed to temperatures above the
critical point, very high pressures may occur far beyond the
working pressure of the hydrogen handling equipment. Figure 3
shows the density of para hydrogen as a function of temperature.
At atmospheric pressure the density of the vapor in equilibrium
with the liquid is 0.083 #/ft (Point A), and the density of the
n.b.p. liquid is 4.43 #/ft (Point B). If a line or vessel were
completely filled with n.b.p. liquid and that liquid trapped in
place the pressure will rise rapidly upon warming. This is read
from Figure 3 by tracing across to the right from Point B at the
constant density of 4.43 #/ft . At 120°R the pressure already
has risen to 5000 psi, at 200°R 10,000 psi and at 300°R 15,000
psi. At -160°F the pressure has risen to 15,000 psi. The pres-
sure rise hazard for partially filled equipment is also signifi-
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Figure 3. Density of para hydrogen
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cant. Assume that liquid hydrogen fills one-third of an appara-
tus at atmospheric pressure and that the apparatus is blocked
off. The average density will be about 1.5 #/fr\ At 140°R the
pressure has risen to 1000 psi, at 240°R 2000 psi and at 550°R
5000 psi. At a few degrees above room temperature the pressure
has risen from 14.7 to 5000 psi.

The potential hazard associated with expansion of liquid to
gas is substantial for hydrogen, as it is for other cryogenic
fluids. Careful attention must be given to the location of
relief devices in liquid hydrogen handling systems.
Materials of Construction

Brittle Failure (8). Brittleness is a principal considera-
tion in selecting construction materials for liquid hydrogen
service. Brittle fracture can result in the essentially instan-
taneous release of a vessel's contents, the hazard being a com-
bined one of PV energy release and the possibility of fire
and/or explosion. Three conditions must exist for a brittle
fracture to occur: 1) a stress riser, a crack, notch, or other
discontinuity, 2) a section where the actual stress exceeds the
yield stress of the material, and 3) a temperature below which
failure occurs without appreciable plastic deformation. Metals
that are satisfactory for liquid hydrogen service include alumi-
num, stainless steels, brass, and copper. Carbon steel is not
suitable.

Hydrogen Embrittlement. Gaseous molecular hydrogen does
not permeate plain carbon steel at ambient temperatures at
pressures up to several thousand pounds per square inch. For
applications at 400°F and higher, carbide stabilizing elements
such as molybdenum and chromium are effective in reducing the
rate of reaction of hydrogen with carbides in the steel. The
reaction of hydrogen with carbides produces methane in situ; the
methane can not diffuse out of the steel and stresses may result
in cracks or blisters. Sufficient knowledge exists to enable a
proper material to be selected for high pressure and high tem-
perature applications with no uncertainty except at temperature
extremes.

Personnel Exposure

Cold "Burns" (8). Direct contact of body tissue with
liquid hydrogen for"a short time may result in no damage because
the boiling liquid will be separated from the skin by a layer of
vapor and because hydrogen has a relatively low heat of vapori-
zation. Cold gas jetting onto the skin can result in a high
heat flux sufficient to cause freezing. The body can tolerate
heat fluxes of 30 Btu/hr-ft without discomfort; a flux of 740
Btu/hr-ft will freeze facial tissue in about 10 seconds. A
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more probable hazard is exposure to hydrogen handling equipment
cooled to some temperature intermediate between ambient and
n.b.p. hydrogen. Protective clothing is needed.

Suffocation. A most unlikely hazard would be personnel
exposure to a hydrogen atmosphere sufficient to cause suffoca-
tion (a fire would be apt to occur first). However, it must be
borne in mind that hydrogen is as dangerous as the inert gases
in dilution of a breathing atmosphere.

Diving Atmospheres (12). The U.S. Navy has conducted
research on pressurized breathing atmospheres for many years.
It is known that divers require roughly the same partial pressure
of oxygen at depth as is normal at the earth's surface, i.e.,
0.21 atmosphere. Somewhat higher partial pressures of oxygen
may be desirable at times (a football player breathing pure
oxygen for a few moments or a emphysema patient breathing in an
oxygen enriched environment) but the higher oxygen partial
pressures have the attendant hazard of causing higher burning
rates if a fire occurs. As the total pressure is increased,
while maintaining 0.21 atmosphere or some other relatively low
partial pressure of oxygen, nitrogen is no longer an acceptable
diluent for two reasons 1) nitrogen narcosis (rapture-of-the-
deep) and 2) the density becomes too great for normal lung work
behavior. Helium has been used to partially replace the nitro-
gen, trading the lighter gas with a molecular weight of 4 for
the heavier nitrogen with a molecular weight of 28. At depths
greater than 600 ft even helium-oxygen mixtures become too dense
for comfortable breathing. Hydrogen with only half the density
of helium has been suggested and tried by several divers at the
greater depths. The problems in using the H^-Og mixtures are
simply those of avoiding an explosion while preparing the mixture
and avoiding a fire or explosion during use. It has been deter-
mined that a H«-0p mixture will not burn if it contains less
than 5.3 volume percent oxygen. At depths of 200 ft and greater
the 0« concentration can be lower than 5.3 volume percent and
still high enough to serve the divers needs. At even greater
depths the oxygen concentration will need to be much lower than
5.3 percent to avoid the toxic effects of oxygen (probably no
higher than 1.5 atmospheres partial pressure). Such H^-O^
mixtures will be inherently safe from the flammability viewpoint.

General Precautions and Safety Practices (2,7,8, H))

Knowledge of the Hazards. Adequate knowledge of each of
the hazards associated with handling hydrogen in any form allows
all needed safety practices to be fully implemented. These
hazards have been identified as related to flammability, expan-
sion from liquid to gas in confined spaces, improper materials
of construction, cold "burns," and breathing atmospheres con-
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taining hydrogen. The reasons for concern for each of these
hazards have been identified and the technical character of the
hazards scoped. With such knowledge one may establish a system
for safe handling of hydrogen with high confidence that the
system may be operated without accident.

Assuming that a need for handling hydrogen exists, one
starts by gathering adequate knowledge on all the hazards of
concern. One then proceeds to design, construct, and operate
with hazard reviews at appropriate check points and with appro-
priate training and retraining of all involved personnel.

Safe Designs. Brittle fracture failure is a key considera-
tion in materials selection. The system design will be planned
to avoid the entrance of oxidants into the system (or to achieve
their effective removal), to avoid leaks of hydrogen, and to
contain relief valves and rupture discs to protect all system
elements which could through misoperation become blocked-in
while containing liquid hydrogen. Grounding of equipment must
be practiced, remote shutoff valves may be installed, and special
attention will be given to system design to allow thorough
purging with particular attention to dead end lines (as to
pressure gauges) and pockets. This is important to avoid oxygen
contamination and also because essentially all impurities intro-
duced in air are solid at liquid hydrogen temperatures and may
completely block passages in the system. Venting lines and
other lines which may carry high flow must be securely mounted
to avoid potential damage from a broken line whipping about
under the impulse of escaping gas. Detection instrumentation
for oxidants inside the system and for hydrogen outside the
system may be desired. If the system involves potential the for
oxidant accumulation (as solid oxygen) inside the system (as at
a filter/screen element), barricades for that system component
may be useful. Firefighting and other emergency equipment may
be planned into the system.

Safe Operating Practice. The system will have been designed
to allow safe operation. Operating Practices must be established
for normal operation, maintenance, and emergencies. The
Operating Practice should highlight all the practices related to
hazards, such as inspection of safety equipment, purging proce-
dures, ventilation, barricade adequacy and use, exposure to cold
liquid, gas, or cold surfaces, and avoidance of flames and other
ignition sources.

Hazard Reviews. Formal and informal hazard reviews are
essential to establishing an operational history that is free of
accidents. Reviews should be made at key points during the
selection, design, construction, start-up and operation of a
system. Such reviews are cost-effective because they identify
hazards and permit problems to be solved before incorrect and
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expense-incurring courses are followed. Frequency and formality
are a function of the magnitude and complexity of the program
which involves handling of hydrogen.

Training. Personnel should be fully informed of the charact-
er of the hazards for that portion of the system with which they
are regularly involved and appropriately informed about the rest
of the system. Training which results in a strong information
base regarding the hazards, and a confident understanding of
that information will allow good judgment to be exercised in
emergencies.

Retraining and refresher courses are valuable.

Abstract

Safe handling of gaseous and liquid hydrogen is being
accomplished through knowledge of its physical properties and
its chemical reaction potential with oxidants, both solid and
gaseous. The physical/chemical properties of hydrogen which
must be understood to control hydrogen handling hazards are
summarized. Hazards specifically discussed are gaseous hydrogen
fires and explosions, liquid hydrogen explosions, cold "burns,"
embrittlement of handling systems resulting from low tempera-
tures, bursting of equipment through evaporation of confined
liquid hydrogen, and oxygen deficient breathing atmospheres.
Criteria which may be used for hazard review of practices and
procedures to control or avoid the listed hazards are provided.
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Production of Hydrogen for the Commercial Market:
Current and Future Trends

C. R. BAKER

Union Carbide Corporation, Linde Division, P.O. Box 144, Tonawanda, NY 14150

The importance of hydrogen in the petroleum refining and
chemical process industries is well established. Hydrogen is
employed in a myriad of applications which range from the pro-
duction of fertilizer to the upgrading of gasoline to the
manufacture of semiconductors.

A list of some of the more important uses for hydrogen
is given in Figure 1. The single greatest use is for the
manufacture of ammonia, which consumes approximately 60% of
all hydrogen produced; followed by hydrocracking of heavy
residual oils to produce high quality gasoline, a process
which consumes an additional 17% of total hydrogen production.
Other important applications of hydrogen are for the hydrode-
sulfurization of sulfur-bearing petroleum streams and for the
production of methanol, each contributing about 10%.

The total demand for hydrogen in the United States for
the year 1975 has been placed (1) at a total of 0.58 x 10' 5 Btus
(0.58 Quads), equivalent to a volumetric production rate of
about 6 billion SCFD (Table I). The demand for hydrogen is
expected to grow at an annual rate of about 4.5% to a level of
1.77 Quads by the year 2000. Others (2) have estimated the
requirements for industrial hydrogen wTthin the United States
to be even greater, rising to as much as 3 Quads at the end
of the century. These estimates do not include any new uses
for hydrogen which may develop in the future, such as for the
manufacture of synthetic fuels or for use directly as a fuel
for automobile, rail, or air transportation. Such applications
would be expected to increase the demand for hydrogen sub-
stantially, reaching levels as high as 14 Quads in the year
2000 and 50 Quads by 2020 (3J. As a percentage of the total
national energy demand, process hydrogen currently amounts to
about 0.9, and should increase to 1.2 - 1.3% by the year 2000.

There are no significant quantities of naturally occurring
free hydrogen anywhere on earth; hydrogen exists mostly in
combined form. Major sources of hydrogen are shown in Table II.
For commercial purposes, the two basic sources of hydrogen are

0-8412-0522-l/80/47-116-229$06.00
© 1980 American Chemical Society
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TABLE I*

FORECAST OF HYDROGEN REQUIREMENTS

QUADSVYEAR

YEAR 1975» 198£ 2000
CHEMICALS

AMMONIA 0.35 0.55 0.90

METHANOL 0.06 0.11 0.23

PETROLEUM REFINING 0.15 0.28 0.56

MISCELLANEOUS ÇUtë (L04 0.08
TOTAL 0.58 0.98 1.77

U.S. ENERGY DEMAND 76.8** 98.5 140.7

H2 AS % OF ENERGY DEMAND 0.76 0.99 1.26

* 1 QUAD = 1015 BTU = 3.64 x 1012 SCF
** FOR 1974

TABLE II,

HYDROGEN SOURCES

VIA GENERATION

STEAM REFORMING
- NATURAL GAS, LP-GAS, NAPHTHA

PARTIAL OXIDATION
- HYDROCARBON LIQUIDS, COAL

ELECTROLYTIC

VIA RECOVERY

REFINERIES
- CATALYTIC REFORMER OFF-GAS

PETROCHEMICALS
- ETHYLENE OFF-GAS
- STYRENE OFF-GAS

CHEMICALS
- AMMONIA LOOP PURGE
- METHANOL LOOP PURGE
-aijEULORINE/CAUSTIC OFF-GAS
-^In GAS - BY PRODUCT H2 FROM CO RECOVERY

PHOSGENE
ACETIC ACID
OTHER OXO-SYNTHESIS DERIVATIVES

METALS
- COKE OVEN GAS
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water and hydrocarbons; and, of the hydrocarbons, methane is
predominant. Most of the commercially produced hydrogen is
derived from the catalytic reaction between steam and light
hydrocarbons, the well-known steam reforming process. In this
reaction, the hydrocarbon serves a dual role. It is not only
a source of hydrogen itself, but it is also an agent in the
thermal decomposition of water to remove and reject oxygen via
combination with the carbon atoms of the hydrocarbon molecule.
This is accomplished at temperature levels much lower than those
required for the unaided dissociation of water. In the re-
forming of methane, half of the hydrogen product is derived
from the steam. As the carbon to hydrogen ratio increases, so
does the proportion of hydrogen derived from the steam reactant.
Hydrogen Generation

The steam reforming of natural gas is the economically-
preferred process in the United States for generating hydrogen
and synthesis gas today and, as a result, is responsible for
the bulk of the production of these gases. Commercial operation
öf the catalytic steam reforming process began in 1930 but it
was in the period after World War II that, spurred by the
installation of extensive natural gas pipeline networks, major
growth and development took place. Up until the early 1960's,
only light hydrocarbon feedstocks such as natural gas and LP
gas were suitable for use in steam reforming. At that time,
a commercial process for the steam reforming of petroleum
naphtha was announced. Since then, naphtha has become a common
feedstock and several hundred such plants have been constructed
world wide.

Partial oxidation processes for hydrogen generation are
capable of using, as feedstocks, hydrocarbon liquids which are
too heavy to be used in catalytic steam reforming. In this pro-
cess, the endothermic heat of the reforming reaction is supplied
directly by combustion rather than by heat transfer across a
reactor tube wall. Burdened with the need for supply of oxygen,
partial oxidation plants have not been as widely used as steam
reformer plants and they contribute only a minor portion of the
total supply of hydrogen. As the supply of petroleum feed-
stocks dwindle and their price increases, partial oxidation of
hydrocarbon liquids is not likely to experience much future
growth and will remain a secondary source of hydrogen in the
years ahead. The partial oxidation process is advantageously
used in the production of low ratio (H2/CO = 1) synthesis gas
required for manufacture of oxo alcohols and acetic acid.

Coal gasification is also a partial oxidation process and
can be applied to production of hydrogen aoftisynthesis gas. Al-
though coal gasification processes have had considerable commer-
cial success in Europe, Africa and Asia, they have only recently
begun to attract interest in the United States. The interest,
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of course, has been spurred by the need to consider alternate
energy resources for replacement of oil and natural gas whose
limited proven reserves are rapidly being depleted. Resource
utilization based on coal is highly capital intensive and it
has been suggested (-4) that for coal -based technology to be
widely adopted, investments for coal conversion techniques
and investments for finding new supplies of gas and oil must be
comparable. îïïvestment for coal based production of hydrogen
is currently about double the investment for hydrogen derived
from natural gas and, therefore, feedstock conversion is not
likely to occur immediately and probably not until later in
this century. Earliest resource switching to coal is most
likely to occur in stationary fuel applications such as steam
raising and power generation because it can be accomplished
with the lowest investment, while the gas and oil resources
thus released will continue to be used for generation of hydro-
gen, and other chemical process needs.

Electrolysis of water is a minor source of hydrogen, pro-
viding less than 1% of the total requirements. It has to
support an investment burden even greater than coal based hydro-
gen and is, therefore, limited to applications where capital in-
vestment is a minor consideration, such as small capacity
plants, or where low cost electricity is available, such as
hydroelectric power. The bulk of the investment is related to
the generation of process energy and, before large capacity,
water-based electrolytic processes can become generally com-
petitive, a reduction in energy investment is needed. An
increase in power generation efficiency would be of considerable
benefit in lowering the cost of electrolytic hydrogen.
Hydrogen Recovery

A large quantity of hydrogen is available via recovery
from by-product streams. Much of this hydrogen is unrecovered
and is simply burned as fuel. The largest source of recoverable
hydrogen is from catalytic reformer off gas streams in petroleum
refineries. These streams contain an amount of hydrogen equal
to about 75% of the nationwide total of newly generated hydro-
gen. Petrochemical plants for production of ethylene and sty-
rène also produce hydrogen-rich off gas streams. In chemical
plants, purge streams from methanol and ammonia synthesis loops
contain hydrogen as does chlorine/caustic off gas streams.
Hydrogen is also available as a by-product in the recovery of
carbon monoxide from synthesis gas for manufacture of phosgene,
acetic acid and oxo-syn thesis derivatives. In the metals in-
dustry, hydrogen accounts for approximately half of the total
composition of coke oven gas, from which it has been commer-
cial ly recovered.

Hydrogen recovered from off gas streams characteristically
finds internal use at the source and major quantities of it are

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

2

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



234 HYDROGEN: PRODUCTION AND MARKETING

recycled to process after appropriate treatment for upgrading
the hydrogen purity and rejecting the undesired components.
For example, total U.S. refinery requirements for hydrogen,
make up plus recovered, are about 4 billion SCFD of which
approximately half is consumed in residuum hydrocracking (1_),
and the remainder mostly in desulfurization. Hydrogen obtained
from catalytic reforming and recycled provides about three-
fourths of the total refinery requirement while the remainder
is generated by steam reforming of natural gas and naphtha
plus a small amount by partial oxidation. United States
refinery hydrogen requirements are expected to grow at a rate of
about 5.5% annually for the remainder of the century.

Cryogenic Hydrogen Upgraders

Hydrogen contained in off gas streams is seldom, if ever,
of suitable composition and purity for direct recycle without
some kind of processing and it is appropriate to examine pro-
cessing techniques in commercial use for the upgrading of
hydrogen from a variety of off gas streams. A very useful
instrument for accomplishing such objectives is the cryogenic
hydrogen upgrader. Table III presents a list of typical up-
grader applications, each of which will be considered in some
detail .

TABLE III,

CRYOGENIC HYDROGEN UPGRADER APPLICATIONS

GENERAL HYDROGEN PURIFICATIONS
GRASS ROOTS OLEFIN PLANTS
AMMONIA VENT RECOVERY (AVR)
HYDRODEALKYLATION
SYNTHESIS GAS PROCESSING

There is an increasing incentive to recycle hydrogen
because of the upward spiral ing costs of energy and hydro-
carbon feedstocks. Low purity hydrogen is more valuable as a
chemical than it is as a fuel. It is more economic to cryo-
genically process hydrogen-containing off gas streams to re-
cover a high purity (90-98%) hydrogen product than it is to
divert the off gas streams to fuel use and generate new hydro-
gen. The steam reforming of natural gas requires at least
0.45 cu.ft. of natural gas per cu.ft. of hydrogen produced,
equal to 425 Btu based on a 945 Btu/cu.ft. heating value for
the gas. With fuel valued at $3 per MM Btu, the fuel /feedstock
cost alone for producing the hydrogen is $1.28/MSCF. Deducting
an $0.83/MSCF credit for the hydrogen burned as fuel leaves
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a net fuel /feedstock cost of $0.45 MMSC. In comparison, the
total cost, including investment- related items, of cryogeni-
cally-upgraded hydrogen lies in the range of $0.05-$0.35 MSCF.
With increasing costs of generating new hydrogen, the recovery
of hydrogen from off gas streams for chemical applications will
become more important. An additional benefit of the upgrading
process is the recovery of light aliphatic and aromatic hydro-
carbons at concentrations suitable for recycle to appropriate
refinery and petrochemical operations. In many applications,
the recovery of such hydrocarbons has completely justified the
retrofit of an upgrader into an existing facility.

Description. The cryogenic hydrogen upgrader is repre-
sented schematically in Figure 2. In its basic concept, it
consists of an assemblage of heat exchangers and phase separa-
tors arranged suitably within an insulated cold box to accom-
plish partial condensations and phase separations. The version
shown in Figure 2 is a two-stage unit which cools the hydrogen-
containing feed at a pressure of 300-625 psig from ambient
temperature to a temperature level where a C2+ rich stream can
be separated, and recycled to process or, alternatively, used
as a medium pressure fuel. The vapor from the phase separation
is further cooled to the lowest temperature level where a
second phase separation produces a vapor fraction which consists
of the upgraded hydrogen, and a liquid fraction which is pri-
marily methane and which becomes a low pressure fuel stream.
For purposes of refrigeration conservation, all separated
streams are returned to ambient temperature in heat exchange
with the feed stream.

Process variations can be incorporated into the upgrader
to meet specific objectives. Figure 3 illustrates the use of
a stripping column to remove light components from the C2+
fraction and produce a hydrocarbon stream more suited for
recycle to process. Upgrader units normally operate in a self
sufficient manner without need for an external source of re-
frigeration, and depend solely on the Joule-Thomson refrigera-
tion inherent in the hydrocarbon components of the feed stream.
Where this is inadequate, additional refrigeration can be pro-
vided by expanding a portion of the upgraded hydrogen through
a cryogenic turboexpander.

Purities. Cryogenic hydrogen upgraders are capable of
producing a hydrogen product at high recovery in the purity
range of 90% to 98% at a pressure slightly below the feed
pressure. Hydrogen purity is a function of feed pressure,
temperature and composition at the final phase separation.
Figure 4, presented for illustrative purposes, shows the hy-
drogen purity achievable for the separation of a 65/35 hydrogen
methane feedstock with a final phase separation temperature
established by the back pressure of the fuel (methane) stream.
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Figure 2. Basic hydrogen recovery-upgrading process — the Joule Thomson cycle
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Figure 3. Hydrogen-hydrocarbon recovery process with stripping column
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Hydrogen purity increases with increasing feed pressure,
decreasing fuel pressure and decreasing hydrogen recovery.
By sacrificing some hydrogen recovery, a small portion of the
cold, upgraded hydrogen gas can be diverted into the low
pressure liquid hydrocarbon stream for the purpose of decreasing
its partial pressure and lowering the hydrocarbon boiling
temperature. The resulting decreased temperature of the final
phase separation produces a higher hydrogen product purity as
illustrated by the broken curve in Figure 4.

Applications. An illustrative example of the application
of upgrader technology is its integration into a hydrodealkyla-
tion unit. A principal commercial source of benzene is the
dealkylation of aromatics such as toluene and pyrolysis gaso-
line fractions. A typical dealkylation schematic diagram is
illustrated in Figure 5. A hydrogen/ light hydrocarbons stream,
after separation of the crude benzene product, is preprocessed
for removal of water and aromatic content and then delivered
to the cryogenic unit for upgrading. Processing accomplishes
the separation of the feed stream into two major streams:
a hydrogen product of 90-95% purity and a methane fuel stream.
In addition, there may be minor product streams representing ^
recovery of ethane and aromatics. The principal net accomplish-
ment of the upgrader is the efficient rejection of methane
from the dealkylation unit while minimizing overall hydrogen
losses. The product hydrogen is mixed with makeup hydrogen
and, after recompression, is recycled with toluene feedstock
to the dealkylation unit. It is foreseen that the increased
processing of pyrolysis gasoline feedstocks will represent
most of the future growth in dealkylation processing.

In petroleum refineries, off-gas streams from catalytic
reforming processes represent the largest source of recoverable
hydrogen, exceeding by a wide margin the amount of make up
hydrogen produced by steam reforming and partial oxidation.
This source of hydrogen is being effectively utilized with the
aid of the cryogenic hydrogen upgrader to recover and purify
hydrogen for return to such refinery applications as residuum
hydrocracking and hydrodesulfurization.

Olefin plants offer opportunities for cryogenic hydrogen
upgrading systems either as a demethanizer feed chiller train
or as a processing unit for demethanizer off gas streams. The
latter application typically involves a retrofit installation
at an existing plant for recovery of hydrogen and ethylene pro-
ducts while the former application would involve integration
into a new plant at the design stage for the purpose of per-
forming the several functions of a demethanizer feed chiller
train listed in Table IV. In addition to performing the func-
tion of hydrogen recovery, the upgrader can be closely inte-
grated into the olefins plant to provide for recovery of various
hydrocarbon fractions and better utilization of plant
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TABLE IV.

OLEFIN PLANT

APPLICATIONS

DEMETHANIZER FEED CHILLER TRAIN

1 . RECOVERY OF ETHYLENE-RICH DEMETHANIZER FEED
LIQUID STREAMS FROM CRACKED GAS FEED

2. REJECTION OF MULTIPLE FUEL STREAMS

3. RECOVERY AND UPGRADING OF HYDROGEN PRODUCT

4. REFRIGERATION RECOVERY

5. ETHYLENE REFRIGERANT CHARGE GAS CHILLERS

6. POTENTIAL UPGRADING OF LOW PURITY ETHYLENE STREAMS

DEMETHANIZER OFF GAS

1 . RECOVERY AND UPGRADING OF HYDROGEN PRODUCT

2. RECOVERY OF ETHANE AND ETHYLENE

3. REJECTION OF METHANE FUEL STREAM
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refrigeration. Demethanizer feed chiller trains represent one
of the larger and more significant applications of the cryogenic
hydrogen upgrader.

A further example of the application of hydrogen upgrading
technology is the processing of ammonia plant purge gas streams
via an Ammonia Vent Recovery (AVR) System. A schematic diagram
for the integration of an AVR System into a typical ammonia
plant is shown in Figure 6. The synthesis gas feedstock to an
ammonia plant typically contains, even after purification,
traces of argon and methane which are inert components in the
ammonia synthesis reaction. These tend to build in concentra-
tion in the synthesis loop and must be controlled by rejection
in a purge gas stream. The composition of this purge gas is
identical to that in the synthesis loop, i.e., mostly hydrogen
and nitrogen, and purging, therefore, normally represents a
diversion of a portion of the hydrogen to fuel. The use of a
cryogenic hydrogen upgrader to process the purge stream permits
the selective rejection of the inerts and recovery of the hydro-
gen for recycle to feed. Inclusion of a water scrubbing unit
before the cold box permits recovery of ammonia.

Pressure Swing Adsorption Systems

The Pressure Swing Adsorption (PSA) System is an alterna-
tive method to the cryogenic hydrogen upgrader for the separa-
tion, recovery and purification of hydrogen from a variety of
hydrogen containing process streams (5). The PSA process is an
ambient temperature, fixed bed, adsorption process, wherein the
adsorbed components are desorbed from the adsorbent bed by a
reduction in pressure rather than by an increase in temperature.
Because pressure reduction can be accomplished much more rapidly
than temperature increase, the length of the adsorption cycle
can be greatly decreased. The result is a reduced adsorbent
requirement and smaller adsorbent vessels with an accompanying
reduction in investment.

Description. The PSA cycle consists of four basic steps:
adsorption, depressurization, low pressure purge, and repres-
surization. The simplest system would consist of only two
adsorbent beds. One bed would be on stream in the adsorbtion
step while the other bed would be undergoing the remaining
three steps required for regeneration. The two bed system
suffers a severe disadvantage in the loss of a rather large
fraction of unrecoverable hydrogen during the depressurization
step. This disadvantage is overcome by use of a four bed
system, shown schematically in Figure 7. While bed 1 is on
stream, in the adsorption step, beds 2, 3, and 4 are in the
several stages of regeneration. Bed 2 is initially depressur-
ized cocurrent to the hydrogen flow, into bed 4, which is being
repressurized. When pressure equalization is attained, bed 2
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REPRESSURIZATION
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Figure 7. Four-bed PSA system
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is further depressurized cocurrently into bed 3 with the de-
pressurization gas serving as purge. The desorbed components
are removed from the opposite end of bed 3, combined with the
purge gas, as a low pressure tail gas stream. Final depres-
surization of bed 1 occurs countercurrently. The cocurrent
depressurization step is the feature of the process which
allows more efficient use of the hydrogen stored in the ad-
sorber at the completion of the adsorption step and thereby
reduces hydrogen losses. Hydrogen depressurization losses are
decreased even further with the use of the Polybed PSA System
(6) which features more than four beds.

Although the PSA system of hydrogen recovery and purifica-
tion is an alternative to the cryogenic hydrogen upgrader, it
has different characteristics and the systems are not completely
interchangeable. The PSA system produces hydrogen of extremely
high purity. Purity levels of 99.999% H2 are normally achieved
and contaminant removal to levels of less than 1 part per
million has been commercially achieved for impurities such as
carbon monoxide, nitrogen and methane. This capability is not
inherent in the cryogenic hydrogen upgrader where purity levels
are normally 90% to 98% H2. The upgrader, however, is a
higher recovery system than PSA. Although hydrogen recovery
factors are dependent upon process conditions and design
criteria, recovery from an upgrader is typically 95% or better
compared with approximately 80% in a 4 bed PSA system. In the
Polybed PSA, recoveries in the range of 85% -95% are achievable.
Although capable of producing hydrogen of very high purity, the
PSA system is not limited to doing so. If desired, hydrogen of
lower purity can be produced while obtaining some improvement
1n hydrogen recovery.

Applications. The range of applications for PSA system
parallels that for the cryogenic hydrogen upgrader. It has
particular applications where the exceptionally high purity of
the hydrogen product has added value. An application for the
use of a PSA system is presented in Figure 8, wherein hydrogen,
generated via steam reforming, is purified for use as a lique-
faction feedstock. Impurity levels in the range of 1 ppm must
be maintained in order to prevent freezeup of the hydrogen
liquéfier. The reformer effluent, after undergoing a single
stage of high temperature shift conversion is fed to the PSA
system. There, all the contaminating components of the feed
stream, including CO, CO2» N2. and CH4 are removed and a pure
hydrogen product is delivered. The desorbed components, in-
cluding some hydrogen, are mixed with make up fuel for recycle
to the burners of the steam reformer. Compared with a conven-
tional purification train, the PSA system is a one-step puri-
fication process which effectively replaces the low temperature
shift converter, the CO2 removal system and the methanator
while producing a much purer product than the conventional 97%
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level. In a comparative estimate (6), hydrogen was shown to
be purified more economically with a PSA system than with a
conventional purification train. In a similar application,
PSA would be used as a front-end purifier for the synthesis
of ammonia. The PSA system would produce, in a single purifi-
cation step, an ammonia synthesis gas, free of the usual argon
and methane inerts; and, as a further advantage, would eliminate
the need for the purge stream from the ammonia synthesis loop.

Four-bed PSA units have greatest application in the 0.5
to 10 MMSCFD capacity range. Larger capacities justify the use
of the Polybed System. Fabrication of PSA units in single-train
capacities up to 40 MMSCFD of hydrogen product is presently a
commercial reality and capacities up to 60 MMSCFD are considered
feasible. They can, therefore, serve in large scale hydrogen
purification and recovery applications. For the future, they
will see increasing application in the purification of ammonia
synthesis gas and are likely to become a significant component
of coal gasification techniques used for production of chemicals
and synthetic fuels.

Combination Purification/Upgrading Systems

The combination of the cryogenic hydrogen upgrader and the
Pressure Swing Adsorption system can be advantageously applied
in certain situations to obtain higher hydrogen purities and
recoveries than is feasible when using either system alone.
The combination PSA/upgrader has special applicability for the
rejection of low boiling materials such as nitrogen, carbon
monoxide and/or methane when high recovery efficiency for
hydrogen is essential. An additional application is in the
processing of synthesis gas streams (7) to produce:

High purity carbon monoxide
High purity hydrogen
Ratio-adjusted synthesis gas

Carbon monoxide is an important building block in manufacture
of products such as phosgene - an intermediate in production
of isocyanates, polycarbonate resins, pesticides and herbicides;
and acetic acid - by direct reaction with methanol. Hydrogen
demand may be within or external to the chemical plant. An
example of internal use would be an integrated phosgene/iso-
cyanates facility where the hydrogen would be consumed in the
production of aniline or toluene diamine. The H2/CO ratio of
the synthesis gas varies depending upon the oxo synthesis pro-
duct being manufactured.

A schematic diagram for the processing of synthesis gas
to meet these three objectives using a combination upgrader/PSA
unit is presented in Figure 9. A portion of the synthesis gas
is diverted to the cold box for partial condensation and separa-
tion of the bulk of the methane and carbon monoxide from the
hydrogen. The enriched (94-98%) H2 vapor fraction is reheated

American Chemical
Society Library

1155 16th St. N. W.
Washington, D. C. 20036
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and expanded to provide the refrigeration to sustain the process.
Unlike a hydrocarbon-rich off gas, a synthesis gas does not
possess sufficient Joule-Thomson refrigeration to overcome system
heat loads. The hydrogen is then reheated to ambient temperature
and part of it is used for blending and feed to the PSA unit.
Excess hydrogen may be used as fuel. The condensed liquid streams
are flashed to recover dissolved hydrogen from the CO-rich liquid
and then distilled to separate the carbon monoxide from the
methane. Both fractions are rewarmed in the cold box, the high
purity (98+%) carbon monoxide being recovered as product and
the methane being rejected for use as fuel. The flash hydrogen
from the cold box is compressed for blending into the synthesis
gas streams.

Hydrogen Use In Transportation

With world resources of petroleum feedstocks in limited
supply, future transportation needs for fuel are being jeopar-
dized. It is obvious that new sources of fuels must be provided.
As petroleum reserves continue to decline, hydrocarbons will
maintain their position as the preferred fuel for many applica-
tions although petroleum derived fuels will gradually be replaced
by alternates such as coal-derived synthetic liquids and possibly
LNG. A distinctly different alternate fuel which has recently
received considerable attention is hydrogen (8). Although
hydrogen has been proposed as a fuel for all transportation
sectors, it is foreseen that it will be applied initially in air
transportation. Conceptual design studies (9J0) made on hydro-
gen fueled commercial aircraft have shown considerable advantage,
not only for supersonic flight but also for subsonic aircraft in
comparison to their conventional Jet-A fueled counterparts.

The survey of the beginning of this paper predicted an 8-
fold increase in hydrogen demand at the turn of the century, and
a 12-fold increase twenty years later, if hydrogen should develop
as a fuel for transportation. This would have a major impact on
commercial hydrogen production in this country and is of suffi-
cient significance to justify a more detailed examination in sup-
port of this forecast.

Hydrogen used as aircraft fuel must be stored on board in
liquid form because liquid is the minimum density state when the
storage container is included. Fuel production facilities would,
therefore, have to consist of not only the means to generate the
hydrogen but also the means for purification and liquefaction. A
typical purification-liquefaction complex (IJJis shown schemati-
cally in Figure 10. The hydrogen would be generated using coal-
based technology, at least for the near future. NASA sponsored
studies (12,13) of airport facilities required for the support of
liquid-hydrogen fueled air transport placed average liquid hydro-
gen requirements at 650 TPD and 800 TPD, respectively, for two
large representative airports (San Francisco and O'Hare). The
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coal requirements to produce the liquid hydrogen for these two
airports would amount to 10 million tons annually of which 40%
would be used to produce feedstock and the remaining 60% would
be required to provide power. The coal consumed would amount to
about 1.5% of our current annual production.

Total diversion of air transportation fuel to liquid hydro-
gen would represent a quantum jump in hydrogen demand. By 2000
A.D., the projected energy share for all transportation will
amount to 30% of total energy consumption and the share for
commercial aviation is expected to increase to 32% (14). Based
on a total energy demand of 140 Quads in the year 2000, the
amount of energy consumed by the aviation industry would be 13.4
Quads. This translates into 950 million tons of coal annually
to provide the feedstock required for 135 MMSCFD (350,000 TPD) of
liquid hydrogen plus an additional 1450 million TPY to provide
the process energy. These requirements for liquid hydrogen are
put into perspective by recognition that at the height of the
Apollo Space Program, the total U.S. capacity for liquid hydro-
gen production was no more than approximately 200 TPD and that
the typical plant capacity was 30 TPD. Clearly, the switch to
liquid hydrogen as an aircraft fuel would require enormous
commitment of both financial and energy resources.

There is every reason to believe that the transportation
sector will become the major consumer of hydrogen in the next
century and will require it in quantities which were undreamed
of not too long ago. The need for processes and techniques to
meet these demands must be recognized now so that necessary
plans can be made to meet these demands efficiently and
economically when the time arrives.

Abstract

The status of hydrogen in the U.S. market place is assessed
in terms of hydrogen usage and applications as well as demand,
both current and projected to the end of the century. Hydrogen
is obtained by recovery from process off gas streams or by
generation from water and hydrocarbons specifically for the
intended end use. The relative importance of the several hydro-
gen producing processes is described as well as the future pros-
pects for each. A more detailed examination is given to hydro-
gen recovery and purification technologies, specifically
cryogenic hydrogen upgrading and pressure swing adsorption.
Examples are given of the use of these technologies in actual
present-day process applications. Finally, hydrogen as a fuel
in transportation, especially air transportation, is considered
and projected to result in major increases in hydrogen demand,
requiring enormous commitment of both financial and energy
resources.

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

2

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



252 HYDROGEN: PRODUCTION AND MARKETING

Literature Cited

1. Corneil, H. G., Heinzelman, F. J., and Nicholson, E. W. S.,
Exxon Research and Engineering Co. - Brookhaven National
Laboratories Report - 50663.

2. Kelley, James H. and Laumann, Eugene A., Jet Propulsion
Laboratory, December, 1976, JPL 5040-1, Prepared under
Contract No. NAS 7-100.

3. Rohrmann, C. A. and Greenborg, J., Int. J. of Hydrogen
Energy, 1978, 2, 31.

4. Johnson, John E., Presented before the American Chemical
Society National Meeting, March 13, 1978.

5. Wagner, J. L. and Stewart, H. A., "Paper Presented at the
Novel Separation Systems Symposium, Third Joint Meeting,
I.I.Q.P.R. and AIChE, May, 1970.

6. Heck, J. L. and Johansen, T., Hyd. Proc., 1978, 57, 1,
175.

7. Davis, J. S. and Martin, J. R., Presented at the 86th
National Meeting, AIChE, April 1-5, 1979.

8. Gregory, D. P., Scientific American, 1973, 228, 1, 13.
9. Brewer, G. D., NASA CR114781, Prepared by Lockheed-Cali-

fornia Company under Contract No. NAS2-7732, January, 1974.

10. Brewer, G. D., Morris, R. E., Lange, R. H., and Moore,
J. W., NASA CR132559, Prepared by Lockheed-California
Company and Lockheed-Georgia Company under Contract
NAS 1-12972, January, 1975.

11. Baker, C. R., SAE Transactions, 1975, 83, 751094.

12. Brewer, G. D., NASA CR2700, Prepared by Lockheed-California
Company under Contract NAS 1-14137, March, 1976.

13. Anon., NASA CR2699, Prepared by the Boeing Commercial
Airplane Company under Contract NAS 1-14159, September,
1976.

14. Brewer, G. D., Int. J. Hydrogen Energy, 1976, 1, 1, 65.

RECEIVED September 17, 1979.

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

2

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



13

Hydrogen Distribution Safety
MANUS McHUGH III

Air Products & Chemicals, Inc., P.O. Box 538, Allentown, PA 18105

99% of all hydrogen consumed in the U. S. is produced on-
site by users in the chemicals and refinery industries. Ammonia
and methanol represent the greatest tonnage chemicals produced
with on-site hydrogen. Other applications include metal pro-
cessing, production of plastics and solvents, and hydrogenation
of fats and oils.

Although representing less than 1% of current U. S. consump-
tion, the liquid hydrogen industry is showing strong growth.
This product is typically produced from a natural gas steam re-
forming facility, and it is cryogenically liquefied for ease of
storage and delivery. In recent years, this maturing segment of
the hydrogen industry is finding alternate applications to tradi-
tional rocket fuel use.

On-site storage and vaporization of liquid hydrogen is
finding growth in such applications as: reducing atmosphere,
reducing agents, high purity gas in electronic industry, hydro-
genation, glass and gem manufacture, and on-site back-up during
plant turn around.

There are five tonnage production facilities in the U. S. and
one planned for Sarnia, Canada (Figure 1). Linde, a division of
Union Carbide, has two plants, a 30 ton/day at Ontario, Califor-
nia, and a 17 ton/day at Ashtabula, Ohio. Airco has a 6 ton/day
plant at Pedricktown, New Jersey. Air Products and Chemicals
has two plants, a 60 ton/day at New Orleans, Louisiana (Figure 2)
and a 30 ton/day at Long Beach, California; and also, a 15 ton/
day planned for Sarnia, Canada.

The industry has developed a safe and reliable system for the
distribution of liquid hydrogen. Although Linde trans-ships by
approximately 30,000 gallon railcars and the government uses
barges, the ultimate mode of transportation is by vacuum insulated
tank trucks. The tank trucks range in size from 8 to 16 thousand
gallons. Each complies with criteria established by the U. S.
Department of Transportation. The industry has enjoyed an
enviable safety record in the transport of liquid hydrogen. This
is the result of attention paid to tanker design, testing, filling

0-8412-0522-l/80/47-116-253$05.75
© 1980 American Chemical Society
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Figure 2. Air Products' New Orleans, LA, facility
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at production facilities, and incorporation of safety systems to
meet the potential of vehicle malfunction and driver error. The
purpose of this paper is to discuss those safety considerations
built into the trailers. For ease of reference, Air Products
trailers and equipment will be used to illustrate my points,
(Figure 3).

The government regulations set forth the parameters for the
transportation of liquefied hydrogen which is classified as a
flammable gas and a hazardous material. These regulations are
embodied in special exemptions under which the industry is per-
mitted to operate.

The corner stone of the exemptions is that the vehicles
shall be designed so as to permit no loss or venting of product
enroute. Since liquid hydrogen has a boiling point of approxi-
mately minus 423°F, the tankers are of a double-walled construc-
tion with the annulur space containing a multi-layered reflective
insulation operating under a high vacuum condition. Intrinsic to
the success of maintaining a high vacuum is the half inch material
used in construction of this outer shell and a well disciplined
program of vacuum maintenance. The support system is designed to
minimize heat input, and also to withstand load incident with
over-the-road transportation.

The design of these vehicles provides for a non-venting hold
time of up to 156 hours while building up a maximum pressure to
13 psig (Figure 4). To insure compliance with this requirement,
the driver monitors the vessel pressure every two hours. Addi-
tionally, a pressure (9 psig) warning system is visible to the
driver from his driving position (Figure 5). This system provides
advance warning of rising internal tank pressure (Figure 6) and
provides the driver adequate time to react. The maximum inner
vessel pressure may vary depending on the amount carried in the
trailer. In the full condition, the inner vessel pressure is
allowed to rise to 13 psig before the safety relief valve operates
or any venting is required. With a partial load (10,000 gallons
or less) or empty condition, the inner pressure is allowed to rise
to 50 psig before venting. The pressure relief valve settings and
related pressure/temperature/liquid expansion relationships estab-
lish the amount of pay load permitted. This is to prevent a
liquid full condition when the liquid is at vapor pressure equal
to the relief valve setting.

Each trailer is equipped with a dual safety valve and a dual
rupture disc system (Figure 7). These are independent systems
manually operated by the driver and can be switched to the alter-
nate if the primary system fails. The capacities of the safety
valves are designed to handle a fire on the outside of the con-
tainer with a uniform surface temperature of 1200°F.

The liquid hydrogen trailers are also designed and construc-
ted to meet the rigors of highway operations and the conditions
encountered daily while transporting seven (7) billion cubic feet
of liquid hydrogen across the country per year.
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Figure 3. Air Products' tanker and equipment

Figure 4. One-way hold time
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Figure 5. A 9-psig warning system

Figure 6. A 9-psig learning system as
seen through a tractor mirror
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Figure 7. Dual safety valve and dual rupture disc system
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The basics of any effective safety program for transportation
is adequate training. Each driver is carefully selected and
receives 18 hours of classroom training, 3 hours of video tape
instruction, and an average of 60 days on the job training. The
training is conducted by certified regional driver trainers.
Management must personally qualify each driver before he is
allowed to deliver liquid hydrogen. Systematic retraining and
training reviews are carried out to insure that proficiency is
maintained.

There are 76 individual steps in the pump delivery procedure
(Figures 8 and 9) which requires the operations of as many as 40
valves. The importance of driver qualification is therefore
obvious. In addition to normal operations, the driver must be
able to perform under emergency conditions. Furthermore, drivers
must be familiar with and observe all federal, state, and local
regulations relative to the transportation of hazardous materials.
They must also know the criteria outlined in the DOT exemptions
issued for the transportation of liquid hydrogen.

The loading facility at Air Products New Orleans plant allows
for the simultaneous loading of six trailers (Figure 10). Due to
the light weight of liquid hydrogen (approximately h lb. /gallon),
the trailers are volume limited and not weight limited. Therefore
great care must be taken to insure the trailers are properly
loaded, allowing for sufficient vapor space, as outlined in the
DOT exemptions. This vapor space allows for liquid expansion and
proper hold time, preventing trailers from becoming liquid full as
the product warms and expands. To prevent overfilling, the
trailers are equipped with accurate liquid level gauges and a sen-
sitive full trycock system. The full trycock senses the liquid
level at a preset position (Figure 11), and, Air Products has
developed a neon phase change device which is sensitive to the
liquid hydrogen refrigeration. The device monitors the contents
of the full trycock line and the gauge indicates when there is a
presence of liquid hydrogen. Furthermore, it can automatically
shut down the filling operations when the gauge indicates a
presence of liquid hydrogen. Additionally, each trailer is care-
fully weighed before it is dispatched.

The fill (load) procedure employs a vapor return or vapor
recovery system, which allows hydrogen vapor venting during load-
ing (Figure 12), to be either returned to the hydrogen plant
system or, if the plant is not operating, routed to remote vent
system. This allows for an extra margin of safety while loading.
In addition, the site is provided with purging and grounding
equipment and a water deluge system (Figure 13).

Safety practices at the loading stations are maintained at
yery high levels. The vehicle ignition keys are removed from the
vehicle; a system of warning flags, placed in the front of the
trailer and at the driver's side rear (Figure 14), are employed
to prevent accidental removal of a unit from the loading pad
before filling operations are completed. All drivers are
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LIQUID HYDROGEN PUMPING PROCEDURES

SHUT DOWN

1. Push stop button.
2. Close pump discharge valve.
3. Close EV 1.
4. Close V 42.
5. Close V 40.
6. Close V 41.
7. Open pump cool down
8. Open V 39.
9. Close bottom fill and trycock.

10. Open Hydrogen pump purge for 5 minutes.
11. Close top fill.
12. Open line drain.
13. Close pump cool down valve.
14. Open pump discharge.
15. Purge for 3 minutes.
16. Close Hydrogen purge valve.
17. Open Helium pump purge valve.
18. Set flow indicator to 90 CFH purge for

10 minutes.
19. Vent trailer down to 3 psi if partial

or empty.
20. Close Helium pump purge.
21. Close Helium seal shut off.
22; Close pump suction.
23. Close pump discharge.
24. Close valve on Helium cylinder.
25. Disconnect hose.
26. Close customer purge valve and replace

dust cap.
27. Turn off electrical power and disconnect

cord and put away.
28. Check trailer pressure and vent again

to stabilize if necessary.
29. Close pressure building vapor valve.
30. Set pressure limiting control switch

to full or partial accordingly.
31. Disconnect ground cable.
32. Pick up wheel chocks.
33. Close cabinet doors.
34. Make a complete circuit of vehicle

before leaving.

Figure 8. Off-loading steps
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LIQUID HYDROGEN PUMPING PROCEDURES

START UP

1. Check in with customer.
2. Spot trailer at customer tank, set brakes, put in low gear,

take key out of ignition, chock wheels and ground trailer.
3. Put on gloves, goggles, and hard hat.
4. Turn full condition pressure switch to the "PARK" position.
5. Check customer tank for product integrity and discrepencies.
6. Clean connections, check 0 rings and teflon tips, hook up hose.
7. Open vent stack drain valve, then close.
8. Open customer purge line.
9. Check all valves on trailer, they should be closed, except V39

close it at this time.
10. Open Helium cylinder.
11. Open pump suction and pump discharge.
12. Open helium pump purge valve.
13. Set Helium pump purge valve.
14. Purge for 3 minutes, for extended fill lines a longer purge

may be required. Plug in electrical cord and turn power on.
15. Close customer purge valve.
16. Open pump cool down and purge trailer vent stack for 2

minutes.
17. Close pump cool down.
18. Close Helium pump purge.
19. Open Helium seal shut off.
20. Set Helium flow indicator to 10 CHF.
21. Set EVI to normal operation.
22. Set V42 to open position.
23. Set V41 to open position.
24. Open vapor valve from pressure building coils.
25. Open liquid to pressure building coils and raise trailer

pressure 10 psi or (20 to 25 psi).
26. Close liquid to pressure building coils.
27. Open Hydrogen pump purge valve.
28. Open customer purge valve purge for 3 minutes.
29. Close customer purge valve.
30. Close discharge valve.
31. Open customer top fill valve.
32. Open V40.
33. Crack open pump cool down valve until liquid air form on

cool down line.
34. Open recycle valve.
35. Start pump. If it does not start in 10 seconds turn off

and cool down again.
36. Close pump cool down.
37. Adjust recycle valve to maintain 140 psig to 150 psig.
38. Check trailer pressure maintain 10 psig above arrival pressure

or (20 to 25 psig).
39. Crack discharge valve 5 seconds and close.
40. Open discharge and close recycle valve keeping pump pressure

140 psi to 150 psi.
41. Open bottom fill if needed.
42. Open full trycock when customer tank is 75% full.

Figure 9. Off-loading steps
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Figure 10. View of loading facilities

AUTOMATIC FULL TRYCOCK FOR

LIQUID HYDROGEN
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VALVE \T j, LINE \
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Figure 11. Full try cock-neon bulb device
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Figure 12. Plant loading vent system
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Figure 13. Deluge system

Figure 14. Warning flags
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responsible for walking completely around the vehicle - to insure
that all valves are in their proper position, and all lines are
disconnected - before removing a unit from the loading station.
After the loading operation is completed, the vehicle keys are
returned to the driver and the warning flags are removed.

Predeparture Checks » Prior to and after loading, the drivers
must make a complete inspection of the vehicle to insure that it
meets all performance safety requirements of the federal govern-
ment. A few of the numerous items that are checked are the lights,
tires, suspension, and brakes. Vapor pressure stabilization of
the liquid hydrogen is insured at this time, since venting of
hydrogen enroute is prohibited. Therefore, drivers insure that
the product is stabilized at its lowest possible pressure before
departing. To insure that the trailer's pressure is remaining
within prescribed limits, the drivers maintain a trip pressure
log every two hours during transit. At every two hour check, the
drivers also inspect the vehicle's tires, pressure, and condition,
and the trailer operating valves for tightness and position.

Unloading. Upon arrival at a delivery site, drivers check in
with the customer and then prepare to unload.

Static discharge grounding of the vehicle is one of the very
first steps taken in the loading/unloading operation. The liquid
hydrogen trailers are equipped with a fire control system (Figure
15) which halts the flow of hydrogen in the event of an emergency.
The fire control system consists of three fire control valves (one
on each liquid line), three emergency liquid shut off valves are
located in three places (Figure 16) on the trailer for safety and
ease of operation in an emergency. One is located in the operat-
ing side of the pumping control cabinet, a second is located on
the curb side rear trailer fender and the third is located on the
road side front trailer fender. Positioning any one of these
valves to the emergency shut off position automatically closes or
prevents operations of the three fire control valves.

The fire control valves are pressurized to open valves. The
drivers must activate the helium system which pressurizes the fire
control valves, opening them for delivery. The fire control
system can be pressurized when all emergency liquid shut off
valves relieve the helium pressure in the system, closing all the
fire control valves. Incorporated into the fire control system is
a pressure control monitor. If the inner vessel pressure reaches
a preset level during the unloading operation, the fire control
valve associated with the pressure building system automatically
closes. This prevents accidental overpressurization of the inner
vessel which could cause the relief of gaseous hydrogen during
delivery.

The liquid hydrogen trailers are equipped with a three way
full condition pressure limiting system (Figure 17) which coordin-
ates inner vessel pressure, in one of three modes, with the safety

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

3

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



13. Mchugh Hydrogen Distribution Safety 267

Figure 15. Fire control system

Figure 16. Emergency shut-off switch
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valve system and the vehicle brake system. When a full trailer is
in transit, the 13 psig pressure limiting system is active, and
the brakes are in the normal driver control operations. When a
trailer is empty or partially loaded, the full condition pressure
limiting system allows the 50 psig safety valve system to be
activated, by-passing the 13 psig pressure limiting system, allow-
ing for increased hold or travel time without venting. During
delivery, the three way full condition pressure limiting system
is switched to the park position, it locks the vehicle brakes and
activates the 50 psig safety valve system. This permits the
driver to manually raise the inner vessel pressure above 13 psig
so that a positive inner vessel pressure above liquid saturation
limits can be achieved for pump priming and off loading.

The actual unloading process is extremely involved and as
pointed out above, only those drivers trained and qualified to
deliver liquid hydrogen are permitted to operate .these trailers.

Hydrogen gas or liquid is never allowed to mix with the
atmosphere during the unloading operation (Figure 18). All
trailer piping, the transfer hose, and the receiving customer
station piping are purged with inert helium gas to insure all air
is removed from the piping prior to introduction of hydrogen into
the delivery system. The helium purge gas is then purged from the
system with cold hydrogen gas from the trailer vapor space, then
liquid hydrogen is introduced to the piping and pumping system.

During delivery, drivers constantly observe the pressure of
the trailer inner vessel and the customer vessel. Great care is
taken to insure that the customer station is filled at the pre-
scribed pressure without overfilling. Here again, rigid training
as well as a complete understanding of the properties of the
product, and the use of safety equipment, such as safety hard hats»
goggles, gloves, wheel chocks for the vehicle, and a grounding
device to protect against static electricity are keys to proper
unloading of liquefied hydrogen.

However, should there be an upset during unloading, the
trailers are designed to safely vent hydrogen through the vent
stack. As hydrogen can easily ignite, it is essential to be able
to promptly and safely extinguish the fires, thus minimizing the
interruption of the operations and exposure to fire damage. Air
Products has developed a new fire extinguishing system (Figure 19)
which constantly and dependably extinguishes vent stack fires
without creating other hazards to personnel and equipment.

Customer Stations. Customer stations are product storage and
supply systems which are usually permanently installed at consumer
locations. These systems accept liquid product deliveries from
the tankers and dispense gas at a controlled temperature and
pressure to meet the customer's needs.

As the systems are unattended except during filling, safety
is assured by installing the system in such a way as to minimize
exposure and to comply with all applicable fire protection codes.
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Figure 17. Three-way valve

Figure 18. Helium purge controls
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Figure 19. Drawing of vent fire control system
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Figure 20. Customer station
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Figure 21. Customer station controls
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Figure 22. Fire control valve to customer's houseline
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Figure 23. Air Products' tractor-trailer
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A great deal of engineering review is given to each system before
it is put on stream. A typical system (Figure 20) has a capacity
from 1,000 to 20,000 gallons. The specific size is matched to the
consumer demand to minimize vessel pressure build-up and possible
venting of product to the atmosphere. Venting when it does occur
is protected from any potential incident by an elevated vent stack
which discharges at least 20 feet above grade. The stack is pro-
vided with a fire extinguishing system. Redundant safety valves
and rupture discs (Figure 21) are supplied with selector valves to
minimize product discharged from failure of a safety to reseat.
Equipment to monitor vessel conditions is provided and installed
in a manner that even if severe damage were to occur, the neces-
sary information regarding the condition of the contents can still
be gathered. Isolation of the system from the consumers houseline
can be accomplished remotely with a fire control valve, (Figure
22), a mechanical failsafe device which can instantly interrupt
the hydrogen liquid flame.

Detailed operating procedures have been established through
careful study by engineering and operating personnel which promote
an atmosphere of care and safety when the customer stations are
handled beginning with start up. Initial start up and cooldown
of each system is attended by an engineer and conducted in ac-
cordance with procedures which will minimize venting and assure
that each component of the system is functional. In addition,
scheduled preventative maintenance inspections are conducted by
maintenance personnel to provide continuous assurance of equip-
ment dependability.

Because of liquid hydrogen's extreme cold temperature, the
equipment design must be of materials that have suitable proper-
ties for cold temperature operation. Vessels and piping are de-
signed to ASME code and piping standards for the pressure and
temperatures involved.

The hazards associated with liquid hydrogen are fire, explo-
sion, and exposure to extreme cold temperatures. The elimination
of sources of ignition minimize fire hazards. Careful purge oper-
ations performed by drivers using helium eliminate the formation
of explosive mixtures during the start-up and shutdown of transfer
operations.

Since 1952 Air Products has designed and built its own fleet
of transport trailers for liquefied hydrogen (Figure 23). During
the intervening years the company has operated over 30 million
miles and delivered liquid hydrogen equivalent to more than 32
billion cubic feet of (standard pressure and temperature) hydrogen.
In this time Air Products has not been involved in a serious acci-
dent where there was loss of product. The average mileage between
accidents is 750,000 miles. This experience, combined with a
constant awareness of safety, which is essential in any operation
involving cryogenic fluids and flammable gases, enables Air
Products to be the leader in supplying liquefied hydrogen safely
and efficiently throughout the U. S.
Received July 12, 1979.
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Hydrogen Requirements in Shale Oil and Synthetic
Crude from Coal

J. L. SKINNER
ARCO Oil and Gas Company, Division of Atlantic Richfield Company,
P.O. Box 2819, Dallas, TX 75221

The development of a significant synthetic fuels industry
in the United States will probably occur first in the liquids
area. This is because the near-term outlook for increased
natural gas supplies is much more favorable than for increased
supplies of petroleum liquids. All indications are that a
world-wide, chronic shortage of petroleum liquids is imminent.
The delay in putting an alternate liquids industry on stream is
because the economic incentives, to date, have not been suffi-
cient to warrant heavy front -end investments in ventures of
high technological risk. A very substantial cost element in
the production of shale oil and coal liquids is the cost of
hydrogen necessary to produce needed liquids, such as gasoline,
jet fuel, diesel oil, and clean fuel oils. This paper addresses
the question of the hydrogen requirements for producing useful
liquids from shale oil and coal.

Shale Oil

The hydrogen requirements for the upgrading of raw shale oil
are governed by one primary factor--its extraordinarily high
nitrogen content. An examination of Table I, which shows a
representative range of ultimate analyses for petroleum crudes
and for shale oils, shows that the carbon, hydrogen, sulfur,
and oxygen levels for raw shale oil are all within the range
typical for petroleum crudes. The nitrogen content of shale
oil, however, is twice that for high nitrogen crudes.

Shale oil is not a uniquely hydrogen deficient feedstock
vis-a-vis petroleum crudes. As can be seen from the representa-
tive data presented in Table II, its atomic hydrogen to carbon
ratio is within the range of some mid-continent crude oils. Its
atomic H/C ratio is that of a naphthenic base petroleum crude.

In order to produce acceptable liquid fuels from raw shale
oil most processing schemes incorporate either hydrotreating of

0-8412-0522-l/80/47-116-279$05.00
© 1980 American Chemical Society
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TABLE I.

ULTIMATE ANALYSES OF CRUDE AND SHALE OILS

Molecule Formula % in Crude Oil % in Shale Oil

Carbon C 84-87 84.5-85.2

Hydrogen H 11-14 11.2-11.3

Sulfur S 0-3 0.64-0.76

Nitrogen N 0-1 2.0-2.2

Oxygen 0 0-2 1.3-1.5

TABLE II.

ATOMIC H/C RATIO OF
REPRESENTATIVE CRUDE OILS AND SHALE OIL

Oil Type Atomic H/C Ratio

Pennsylvania Crude 1-98

Healdton, Oklahoma Crude 1.81

Humbolt, Kansas Crude 1.73

Coalinga, California Crude 1.61

Beaumont, Texas Crude 1.53

SHALE OIL 1-58
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the whole oil followed by subsequent processing, or fractiona-
tion of the whole oil followed by hydrotreating of the naphtha
and gas oil fractions. Regardless of the processing scheme,
hydrotreating for the removal of heteroatoms is required for
transportation fuels and may be required for fuel oils.

Although highly selective hydrodesulfurization can sometimes
be achieved, selective hydrodenitrogenation is much more diffi-
cult. The order of hydrotreating severity required for hydro-
génation reactions is presented in Table III. As shown in this
table, if sufficient hydrotreating severity is employed to
remove most of the nitrogen, then hydrodesulfurization and
hydrodeoxygenation should be nearly complete. In addition, the
olefins will have been saturated. (Olefins are not normally
present in raw petroleum crudes, but they are present in raw
shale oil from a retort.) If sufficient hydrotreating severity
is employed to remove all, or nearly all, of the nitrogen, then
substantial saturation of aromatics (including non-nitrogen
containing rings) will also occur. There will also be some
hydrocracking, although the hydrogen uptake for hydrocracking
will be substantially less than for aromatic saturation. Because
hydrodenitrogenation is not highly selective one can view Table
III as a series of overlapping bell curves with regard to hydro-
gen consumption. By the time one type of reaction is nearly
complete the next type of reaction is in substantial progress.

It is often useful to use a "model compound" approach when
attempting to analyze hydrogen consumption during hydrotreating
operations. Dineen, et al (1), report that the predominant
nitrogen compound types in shale oil are pyridines and pyrroles.
These heterocyclics are very stable and refractory to hydrogéna-
tion. Hence, severe hydrotreating conditions are required to
reduce nitrogen to acceptable levels.

Rollmann (2) has reported that with nitrogen and oxygen
species, saturation of any aromatic ring attached to the hetero-
atom is required prior to C-N or C-O bond scission. Thus, the
hydrogen requirement for denitrogenation of pyridines and
pyrroles is much higher than the hydrogen content of the ammonia
product from a hydrotreater . Figures 1 and 2 show the hydrogen
requirement for the hydrodenitrogenation of pyrrole and pyridine,
respectively. It can be seen that four hydrogen molecules are
required for the formation of one ammonia molecule from pyrrole,
and that five hydrogen molecules are required for the denitrogen-
ation of a pyridine molecule. In an analogous manner one can
show that thiophenes will consume four molecules of hydrogen
for each molecule of hydrogen sulfide produced, and thioethers
will consume only two molecules of hydrogen per hydrogen sulfide
molecule. Rollmann has reported that saturation of aromatic
rings attached to sulfur species is not required prior to C-S
bond scission. However, at the high severities required for
hydrodenitrogenation, it seems reasonable to assume saturation
of the thiophenic rings .
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H H
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THUS, 4 H2 ARE REQUIRED FOR THE PRODUCTION OF ONE NH3

Figure 1. Hydrodenitrogenation of pyrrole

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

4

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



14. skinner Hydrogen Requirements in Shale Oil 283
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THUS, 5H2 ARE REQUIRED FOR THE PRODUCTION OF ONE NH3.

Figure 2. Hydrodenitrogenation of pyridine
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In order to make an a priori estimate of the hydrogen
requirement for heteroatom removal from raw shale oil the follow-
ing assumptions were made:

(1) Nitrogen is present in pyrroles and pyridines, with
the nitrogen divided evenly between the two compound
types. (This implies a hydrogen requirement of 4.5
moles per mole of ammonia produced.)

(2) Sulfur is present predominantly as thiophene, with the
remainder as thioethers. The assumption of 75 percent
in thiophenes and 25 percent as thioethers implies a
hydrogen requirement of 3.5 moles per mole of hydrogen
sulfide produced.

(3) Oxygen is predominantly present as phenols. An
assumed hydrogen requirement of 2.5 moles per mole of
water produced is reasonable.

Consider a raw whole shale oil with the following properties:

API Gravity 20.3
Carbon, Wt % 84.71
Hydrogen, Wt % 11.32
Nitrogen, Wt % 2.14
Oxygen, Wt % 1.35
Sulfur, Wt % 0.68
Molecular Weight 297

Using the assumptions outlined above, an estimate of
hydrogen requirements for heteroatom removal can be made. This
estimate is shown in Table IV. This particular shale oil is,
in fact, the Paraho shale oil (direct heated mode) which was
hydrotreated for the U.S. Navy by The Standard Oil Company
(Ohio) . Results from hydrotreating tests on this oil were
reported by Robinson (3) . The hydro treat er was said to add
about 1,600 SCF per barrel of shale oil feed (12.05 kmol/m3) .
However, complete heteroatom removal was not achieved during
hydrotreating. The composition of the hydrotreated whole shale
oil was reported as:

Carbon, Wt % 85.93
Hydrogen, Wt % 12.96
Nitrogen, Wt % 0.30
Sulfur, Wt % < 0.002
Oxygen, Wt % 0.53

Using the previously discussed assumptions it can be estimated
that another 220 SCF/bbl (1.66 kmol/m3) of hydrogen would be
consumed in achieving complete heteroatom removal. Thus, the
results of the SOHIO study coupled with the above "model
compound" estimation process, indicates a hydrogen consumption
of about 1,820 SCF/bbl (13.70 kmol/m3) for complete heteroatom
removal (neglecting the hydrogen uptake for non-hetero aromatic
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TABLE III.

ORDER OF HYDROTREATING SEVERITY REQUIRED FOR
HYDROGENATION REACTIONS

Increasing 1. Saturation of Olefins
Severity

2. Desulfurization and Deoxygenation

3. Denitrogenation*

4. Saturation of Remaining Aromatics

5 . Hydrocracking

*N0TE: Nitrogen containing aromatic compounds must be
saturated before the nitrogen can be removed.

TABLE IV#

ESTIMATED HYDROGEN REQUIREMENTS FOR HETEROATOM REMOVAL
FROM PARAHO SHALE OIL (DIRECT HEATED MODE)

SCF/bbl kmol/m3

Denitrogenation 850 6.40

Desulfurization 90 0.68

Deoxygenation 260 1 . 96

Subtotal, Heteroatom Removal 1,200 9.04
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saturation and hydrocracking associated with the removal of the
remaining heteroatoms) .

A similar approach can be followed when looking at the
results of hydrotreating studies carried out by Chevron Research
Company for the Department of Energy. These studies, which were
carried out on a Paraho shale oil (indirect heated mode), were
reported by Sullivan, et al (£) . Using Chevron's results and
"model compound" analysis one can estimate hydrogen consumptions
of 1,874 SCF/bbl (14.11 kmol/m3) and 1,925 SCF/bbl (14.49 kmol/
m3) for the two hydrotreating conditions reported. The somewhat
higher consumption figure reported by Chevron may be due to the
fact that they were processing a slightly different oil (average
molecular weight of 326, as opposed to the average molecular
weight of 297 of the oil processed by SOHIO) .

What both the Chevron study and the SOHIO study indicate is
that complete heteroatom removal from whole shale oil will
require between 1,800 and 2,000 SCF of hydrogen per barrel of
feedstock (13.55 kmol/m3 to 15.06 kmol/m3). What model compound
analysis indicates is that hydrotreating of raw shale oil is
rather selective, in that only about one-third of the hydrogen
consumed is for olefin saturation, saturation of non-hetero
aromatics, and hydrocracking.

A simplified processing scheme for fractionation of the
whole oil followed by hydrodenitrogenation of the naphtha and
gas oil cuts is shown in Figure 3. This approach minimizes
potential problems with hydrotreating at the expense of overall
liquid yield. There are two sources of hydrogen in this scheme—
the retort gas stream and the bottoms. The bottoms can be fed
to a coker in order to make more liquids and a coke product, or
they can be fed to a partial oxidation unit to produce syngas.
The final selection of a processing scheme will involve not only
bringing the shale oil plant into energy and hydrogen balance,
but also will involve economic optimization with regard to coke
and pipeline gas.

A simplified process diagram for hydrotreating of whole
shale oil followed by fractionation and subsequent processing
is shown in Figure 4. This approach maximizes the possible
yield of usable liquids at the expense of "overhydrotreating"
of some of the light and middle distillate cuts. What is common,
however, with the scheme discussed previously is that the poten-
tial hydrogen sources are in the gas and the bottoms. Those
liquids streams in the middle are far too valuable to be con-
sidered as hydrogen sources. Again, market considerations and
economic optimization will determine the method of hydrogen
production and the split of gas and bottoms between hydrogen
production and plant fuel. In all cases, the market factors
will be influenced by geographic locations, and environmental
considerations will impact on the selection of processing
schemes.
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If shale oil is desired as a fuel oil rather than as a
feedstock for transportation fuels, it may be possible to avoid
hydrotreating (and hydrogen production) altogether. Southern
California Edison has reported that raw shale oil could be
burned in a "Dual Fuel Combustion" boiler without exceeding
nitrogen oxide emission limits (5) . Shale oil was fed to burners
in the lower section of the boiler at off stoichiometric condi-
tions. Gas was burned in the upper section. Up to 58 percent
of the energy was supplied as shale oil without exceeding the
NOx emission limits. Blending of shale oil and petroleum
derived low sulfur fuel oil was a less effective method of
utilizing raw shale oil. Nitrogen oxide emissions could only
be met with blends of 17 percent shale oil, or less.

Coal Liquids

Coal, as opposed to raw shale oil, is hydrogen deficient
relative to petroleum crudes. Representative comparisons of
coal raw shale oil and petroleum crudes are shown in Table V.
An examination of this table shows, however, that not only are
coals hydrogen deficient, they also contain higher concentra-
tions of heteroatoms (N, S and 0) than shale oil. Therefore,
heteroatom removal comprises a large fraction of the hydrogen
consumption, although not to the same extent as shale oil.

Actual measurements of the hydrogen uptake necessary for
coal liquefaction show that between 5,000 and 6,500 SCF per
barrel (37.64 to 48.94 kmol/m3) are required to produce fuel
oils and that between 7,000 and 8,000 SCF (52.70 to 60.23
kmol/m3) are required to produce material of a synthetic crude
quality. The conversion of distillate cuts of this syncrude
to usable transportation fuels requires another 1,000 to 3,500
SCF/bbl (7.53 to 26.35 kmol/m3), depending upon the quality of
the coal liquid feedstock (6) . A reasonable estimate of the
total hydrogen requirement for the production of a barrel of
coal -derived transportation fuel is about 10,000 SCF (75.29
kmol/m3). The larger the hydrogen uptake during liquefaction,
the smaller the hydrogen requirement for subsequent upgrading.
There is little likelihood that the entire boiling range of
coal liquids produced by direct liquefaction (SRC-II, H-Coal,
Exxon Donor Solvent, etc.) will be used as transportation fuels
feedstock. The upgrading costs associated with the higher
boiling cuts would be enormous. These cuts will be used for
fuel oils or hydrogen production, with extensive upgrading
reserved for the lower boiling range materials.

The source of hydrogen for coal liquids production could
be, as in the case of shale oil production, either the gas or
the bottoms product from the liquids plant. Again, the choice
of feedstock for hydrogen production will be dictated by
economic, market, and environmental considerations.
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TABLE V.

COMPARISONS OF PETROLEUM CRUDE, SHALE OIL, AND COAL

Atomic Heteroatoms Content
H/C Ratio (N,S,Q) Wt %

Petroleum Crudes 1.5-2.0 1-6

Raw Shale Oil 1.58 4-4.5

Lignite 0.98 16-20

Typical Bituminous Coal 0.84 12-16

Low Volatile Bituminous 0.61 6-12

Anthracite 0.34 4-6
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Abstract

Total hydrogen requirements for liquid fuels derived from
oil shale and coal are dependent upon the feed raw material and
upon the desired liquid product. For the production of a
synthetic crude product from oil shale, about 2,000 SCF of
hydrogen per barrel (15.06 kmol/m3 is required; whereas the
production of synthetic crude from coal will require between
7,000 and 8,000 SCF per barrel (52.70 to 60.23 kmol/m3). The
hydrogen requirements for a fuel oil product are less than for
a syncrude product. For fuel oil produced from coal, the
hydrogen requirements will range between 5,000 and 6,500 SCF
per barrel (37.64 to 48.94 kmol/m3), depending upon the liquefac-
tion scheme. In the case of shale-derived fuel oil it may be
possible to blend off the raw shale oil (or lightly hydrotreated
shale liquids) with petroleum derived fuel oil and thus minimize
"on-site" hydrogen requirements.

In all cases, total plant hydrogen demand will dictate a
dedicated hydrogen plant which is designed and built as an
integral part of the syncrude or fuel oil plant. In all probil-
ity, no one process for hydrogen production will be dominant
in first generation commercial plants. By-product prices,
geographical location, and environmental considerations can all
influence which "by-product stream" in the plant is used for
feedstock to the hydrogen plant.
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Rechargeable Metal Hydrides: A New Concept in
Hydrogen Storage, Processing, and Handling
G. D. SANDROCK
The International Nickel Company, Inc., Inco Research & Development Center,
Sterling Forest, Suffern, NY 10901
E. SNAPE

ERGENICS Division, MPD Technology Corporation,
4 William Demarest Place, Waldwick, NJ 07463

Hydrogen has been traditionally stored, transported, and
used in the form of compressed gas or cryogenic liquid. The
purpose of this paper is to discuss a third alternative, namely
the use of rechargeable metal hydrides.

In the most elementary sense, a rechargeable metal hydride
is a metal powder that can act as a solid "sponge" for hydrogen.
In a chemical and practical sense, of course, the concept is a
bit more complicated than that. In this paper we will present an
introduction into the science and applications of rechargeable
metal hydrides. It will consist of three parts: (a) a review of
the fundamentals and practical properties of metal hydrides, (b)
a survey of the main families of rechargeable hydrides that are
commercially available and, (c) a brief summary of the potential
applications of hydrides within the existing hydrogen industry.

Fundamentals of Rechargeable Metal Hydrides

Basic Chemistry and Thermodynamics. The key to the under-
standing and use of rechargeable metal hydrides is the simple
reversible reaction of a solid metal Me with gaseous H2 to form a
solid metal hydride MeHx:

Me + — H2 t MeHx (Eq. 1)
2

Not all metals react directly with gaseous H2, and of those that
do, some are not readily reversible (i.e., the reverse reaction
to liberate gaseous H2 cannot be readily performed) . Fortunately,
there are a number of metals that do react directly and revers-
ibly in the manner of Eq. 1, and do so at practical temperatures
and pressures (e.g., room temperature and near atmospheric
pressure). Such metals include elements, solid-solution alloys,
and especially intermetallic compounds. We call the hydrides of
these metals "rechargeable metal hydrides". In effect, the metal
becomes a solid "sponge" for hydrogen that can be repeatedly
charged and discharged at will. They bear a physical analogy

0-8412-0522-l/80/47-116-293$07.50
© 1980 American Chemical Society
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294 HYDROGEN: PRODUCTION AND MARKETING

with a water sponge and chemical analogy with a rechargeable
electric battery.

Rechargeable metal hydrides offer a number of advantages
over compressed gas and cryogenic liquid for the storage and
handling of hydrogen in the commercial sector. A primary
advantage of hydrides is their extremely high volumetric packing
density for hydrogen ( 1) . As shown in Table I, the volumetric
density of H in typical hydrides is many times that of high
pressure gas and even significantly greater than that of liquid
hydrogen. This is a result of the fact that H-atoms are chem-
ically bound very compactly within the hydride crystal lattice.
A second advantage of hydride storage is the low pressures that
are required, a factor that has safety implications to be dis-
cussed in more detail later. A third advantage, especially
relative to liquid hydrogen, is the high energy efficiency of
hydride storage. This, again, will be discussed in more detail
later in this paper. Disadvantages of hydrides, such as cost
and weight, will also be discussed in the appropriate context.

Table I . Hydrogen Content of Various Media ( 1) .
(Does not include container weight or void volumes)

Wt.% Volumetric DensityNhMediumH (Atoms H/ml, x 10"22)

H2, liquid 100 4.2
H2, gas at 100 atm 100 0.5
MgH2 7.6 6.7
UH3 1.3 8.3
TiH2 4.0 9.1
VH2 2.1 11.4
Mg2NiH4.2 3.8 5.9
FeTiHi.74 ¦* FeTiHo.m 1.5 5.5
LaNi5H6.7 1.5 7.6

The phenomenological and thermodynamic aspects of the
reaction shown in Eq. 1 should be discussed in more detail.
Typically, the absorption and desorption properties of metals
are determined from pressure composition (P-C) isotherms, an
idealized form of which is shown in Figure 1. If we start with
the metal phase at Point 1, maintain a constant temperature and
slowly increase the H2 pressure, relatively little happens at
first. As the H2 pressure increases, a small amount of hydrogen
goes into solution into the metal phase. At some pressure
(Point 2) , the hydriding reaction (Eq. 1) begins and the sample
starts to absorb large quantities of hydrogen at nearly constant
pressure. This pressure, Pp, is called the "plateau pressure".
The plateau 2-3 then corresponds to a two-phase mixture of metal
Me and metal hydride MeHx. At Point 3, the sample has been
completely converted to the hydride phase and a further increase
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Figure 1. Ideal absorption and desorption isotherm for a metal-hydrogen system
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in applied H2 pressure to Point 4 results only in a small addi-
tional pickup of hydrogen in solution in the hydride phase. In
principle this curve is reversible. As H2 is extracted from the
gas phase in contact with the sample, the hydride phase will
dissociate (dehydride) to Me + H2 gas and attempt to maintain the
equilibrium plateau pressure until it is fully dissociated (back
to Point 2) .

Although the ideal behavior shown in Figure 1 is occasion-
ally observed in practice, there are usually slight deviations
from this ideality. To illustrate this, isotherms obtained for
a practical nicke 1-aluminum-mischmetal compound (2) are shown in
Figure 2 . Compared to the ideal curve (Figure 1) , the plateau is
often sloped slightly and the plateau limits are often not as
sharp. In addition, there is almost always some pressure hys-
teresis between absorption and desorption (see the 25 °C curves of
Figure 2) . The hysteresis in this example is relatively small,
although clearly measurable.

Figure 2 shows the strong dependence of temperature on the
plateau pressure. The higher the temperature, the higher is the
plateau pressure. This is an important thermodynamic consequence
of the heat of reaction AH associated with Eq. 1. The hydriding
reaction (->) is exothermic and the dehydriding reaction («-) is
endothermic. The plateau pressure Pp is related to the absolute
temperature T by the Van't Hoff equation

lnPp = - |£ + C (Eq. 2)
P x RT

where x is defined in Eq. 1, Ah is the enthalpy change (heat) of
the hydriding reaction, R is the universal gas constant, and C is
a constant related to the entropy change of the hydriding reac-
tion. Thus, from a series of experimental isotherms such as
shown Figure 2, a Van't Hoff plot of In Pp vs. 1/T can be made
and the value of AH for a particular material can be readily
determined from the slope of that plot.

This is done in Figure 3, using the H/M =0.5 values of Pp
taken from the desorption isotherms in Figure 2. The resultant
value of AH is -6.7 kcal/mol H2 for this particular alloy. This
is the heat that is generated during the hydriding reaction and
must be supplied during the dehydriding reaction. Note that the
heat involved in this case is only about 12% of the lower heating
value of the hydrogen involved (-57.8 kcal/mol) and represents a
"low-grade" form of heat. An inspection of Figure 2 or Figure 3
shows that room temperature (or even ice water temperature)
"waste" heat would be capable of dissociating MNii+.sAlo.s hydride
to provide H2 at pressures of 1 atm absolute or more.

Engineering Properties. In addition to the simple principles
discussed above, there are a number of engineering properties
that bear on practical applications of hydrides in the hydrogen
storage, processing, and handling fields. Most of these are
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Figure 2. Various isotherms for MNih5Al0.5 annealed 4hr at 1125° C (2)
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Figure 3. Van't Hoff plot (desorption) for annealed MNi^5Al0.5- AH = —6.7
kcal/mol H2 (2).
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listed in Table II and will now be discussed briefly.

Table II. Important Engineering Properties of
Rechargeable Metal Hydrides

Plateau Pressure/Temperature
Plateau Slope
Hysteresis

Heat of Reaction

Hydrogen Capacity
Volume Change

Rate of Decrepitation
Ease of Activation

Kinetics of Reaction

Tolerance to Gaseous Impurities
Chemical Stability (Disproportionation)

Thermal Conductivity
Specific Heat

Safety
Production Factors

Cost and Long Term Availability of Raw Materials

Plateau pressures or temperatures desired depend on the
application intended. The plateau pressure at a given tempera-
ture is a strong function of the metal composition. The state of
the art has expanded greatly in the last few years, so that we
now have a wide variety of hydrides available and can, in many
cases, tailor-design plateau pressures or dissociation tempera-
tures. We will survey the main classes of hydrides later. As a
preview to that survey, desorption Van't Hoff curves of just a
few representative materials are presented in Figure 4 to show
the wide range of materials that are available in the 300 °C to
-20 °C range.

Plateau slope is usually a function of metallurgical segre-
gation that sometimes occurs during the production of a hydriding
alloy (2_, 3_, 4) . In some applications a sloped plateau is desired,
but in most cases a reasonably flat plateau is preferred. We
have learned to vary (or largely eliminate, if desired) the
plateau slope by heat treatment techniques (2^, 4_) .

Hysteresis, the pressure difference between absorption and
desorption, should be small for most practical applications of
hydrides. Hysteresis varies markedly from alloy to alloy in a
manner not understood by researchers in the field. However, an
empirical body of knowledge now exists to show a number of
systems where hysteresis can be made quite small. The nickel-
aluminum-mis chmetal system (e.g.. Figure 2) is a good example of
one with small hysteresis.

Heat of reaction is one of the most important hydride proper-
ties from a container design point of view. Because heat is
generated during hydriding and required during dehydriding, the
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15. sandrock and snape Rechargeable Metal Hydrides 301

container must effectively also be a heat exchanger. For most
applications that require fast cycling, it must be a very effec-
tive heat exchanger to make the best use of the hydride.

Hydrogen capacity is a function not only of the crystal
structure (available H sites) and base composition of the hydride
forming alloy, but also a series of subtle metallurgical factors
involved in alloy preparation (2_- 9) . A number of laboratories
throughout the world, including ours, are actively seeking new
materials with improved capacity. For many of the stationary
applications of potential interest to the hydrogen industry,
hydrogen capacity (at least on a weight basis) is not a critical
property.

Substantial volume changes are associated with hydriding/
dehydriding reactions. A typical example is LaNi5 which expands
by about 25% during hydriding and contracts an equal amount on
dehydriding (10) . Because most of the alloys used for hydrogen
storage are brittle, the result is a general breakdown in particle
size to a finer powder, i.e., decrepitation . This causes two
problems. First, the fine powders must be prevented from being
blown out of the container, and this is accomplished by the use
of micron sized filters in the exit line. Second, depending on
reaction bed design, the fine powders can pack and result in
serious bed impedance and expansion problems. Expansion of the
packed bed during hydriding can lead to stresses on the container
walls that are many times those from the gaseous hydrogen pressure
alone (much like the freezing of water in a confined space) . We
have been able to plastically deform, and even rupture, containers
under certain conditions.

Container design is most important. To completely avoid the
expansion problem we have developed an encapsulation scheme shown
schematically in Figure 5(11,12) . The expansion is accommodated
by the loosely packed individual capsules, preventing any stress
on the main container walls. Each capsule is a thin-walled Al
tube containing the hydride and capped on one or both ends with a
porous metal filter. Such a design also eliminates the long
distance gas impedance problem of a packed bed.

Activation of a hydride forming alloy must be accomplished
before it is put into routine service. In some cases (e.g., the
AB5 compounds) the procedure is simply to evacuate the air from
the container, pressurize the sample with a suitable overpressure
of H2 at room temperature, and wait a few minutes to a few
hours. The pressure required depends strongly on the composition
(e.g., 1 atm H2 is often sufficient for CaNi5, whereas 100-200
atm may be required for MNi5) . The AB compound FeTi requires
heating to 300-450°C in H2 to achieve the start of activation,
followed by 2-10 days exposure to high pressure H2 (>30 atm) at
room temperature. For all hydrides the activation process
results in a highly cracked structure (Figure 6) with on the
order of 0.2-1.0 m /g of active surface area. Obviously, from a
practical point of view, the easier the activation procedure the
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Oft \ \ V\\'\ \ \ \ \\^\ \ \\ "<N" S£P\ %^^ '
2

(a) CAPSULE

__§

<pnni ' l loi ~f;

(b) CONTAINER

Figure 5. Encapsulation of hydride to prevent expansion and packing problems:
1 = Al capsule; 2 = flute; 3 = porous filter; 4 = hydride.
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15. sandrock and snape Rechargeable Metal Hydrides 303

better. Room temperature activation is especially desirable
because it allows containers (such as aluminum) to be used that
cannot be heated, thus avoiding transfer of the activated hydride.

Once the activated structure of Figure 6 has been achieved,
the kinetics of the practical hydriding/dehydriding reactions are
extremely fast, even at room temperature. In fact, it is often
difficult to measure true kinetics independent of heating and
cooling effects associated with the reactions (9) . Thus, from a
practical point of view, the actual kinetics seen depends on the
effectiveness of the heat exchanger design. Charging will occur
as rapidly as the heat of reaction is removed from the hydride
bed and discharging will occur as rapidly as the reaction heat is
put back into the bed.

Tolerance to gaseous impurities in the H2 used is another
extremely important practical property of hydrides. Gaseous
impurities such as 02 , H20, CO, H2S, etc., tend to "poison" the
active surface of the metal or hydride, resulting in a loss of
kinetics and, ultimately, capacity. This phenomenon is shown
schematically in Figure 7. The purity of the H2 that can be used
depends on the resistance of the alloy to poisoning. Very
little practical data exists in this area, with most work on
hydrides to date using high purity H2 . We have undertaken major
efforts to understand, and hopefully solve, the poisoning problem.

Chemical stability is an important property that must be
considered for applications involving high temperatures. Undesir-
able reactions can occur. For example, the desired reaction for
CaNi5 is

CaNi5 + 3H2 t CaNi5H6 (Eq. 3)

and, in fact, this reaction works repeatedly and reversibly at
near room temperature. The following disproportionation reaction,
however, is thermodynamically preferred:

CaNi5 + H2 ¦> CaH2 + 5Ni (Eq. 4)

At temperatures on the order of 200°C, where diffusion of the
metal atoms becomes significant, the latter reaction tends to
begin and results in a loss of reversible capacity (i.e., irre-
versible Eq. 4 tends to predominate over reversible Eq. 3) .
Although most of the intermetallic compounds tend to be thermo-
dynamically unstable relative to disproportionation, their
actual tendency to do so varies markedly from system to system.
For example, LaNi5 is clearly much more resistant to dispropor-
tionation than CaNi5 . For applications requiring excursions to
high temperatures (see the compressor described later) , the
material must be chosen with consideration of the chemical
stability.

Thermal conductivity and specific heat are properties that
should be considered in heat exchanger design of hydride beds.
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Figure 6. M et alio graphic cross section of activated FeTi particle: magnification,
200X.

100 i y y ^*

TIME

Figure 7. Schematic reaction curves showing loss of kinetics and capacity as a
result of cycling with impure H2.
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Specific heats of metals and hydrides are easily determined and
typically fall in the range of 0.1-0.2 cal/g°C. Thermal conduc-
tivity is a little more difficult to determine. The conductivity
of the metal or hydride phase is not sufficient; the effective
conductivity of the bed must be determined. This depends on
alloy, particle size, packing, void space, etc. Relatively
little data of an engineering nature is now available and must be
generated for container optimization. Techniques to improve
thermal conductivity of hydride beds are needed. As pointed out
earlier, good heat exchange is the most important factor in rapid
cycling.

The inherent safety of hydrides (13,14) gives them an advan-
tage over compressed gas and liquid hydrogen storage and handling.
The small void space and low pressures involved mean there is
little gaseous H2 immediately available for catastrophic release
in a tank rupture situation. The endothermic, self limiting,
nature of the desorption reaction also tends to limit the rate of
accidental discharge after rupture. However, some unique care
must be taken with hydride storage. Active hydride powders can
be mildly pyrophoric on sudden exposure to air. For example, the
AB5 compounds will begin to glow like coal a few minutes after
being suddenly exposed to air in the activated condition. As
discussed earlier, it is extremely important to avoid the expan-
sion problem. Finally, because of the nature of the Van't Hoff
plot, very high pressures can be generated if a charged hydride
is accidentally heated too much. All hydride containers should
have adequate pressure relief devices for fire and other potential
accident situations.

Hydriding alloys represent a new class of engineering
materials requiring the learning of new metallurgical production
factors. Historically, we have been especially active in this
area(^-8_) . We feel the state of production quality control is
now in a reasonably good condition. As will be discussed later,
we now produce and market a wide variety of hydriding alloys. As
these materials find more and more widespread application, we
must concentrate our efforts even more intensely on potential
cost problems and the long term availability of raw materials.

Families of Rechargeable Metal Hydrides

A brief review of the main classes of available rechargeable
metal hydrides will be given in this section. Most of the
practical (near room temperature) hydride formers are inter-
metallic compounds consisting of at least one element A that has
a very high affinity for hydrogen and at least one element B that
has a relatively low affinity for hydrogen. Commonly they fall
into three classes of intermetallic compounds: AB, AB5 and A2B.
Van't Hoff plots of representative examples are shown in Figure
4.
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AB Compounds. The most well known of the AB compounds is
FeTi , developed about 1969 at Brookhaven National Lab ( 15_) . A
hysteresis loop for FeTi is shown in Figure 8. Note there are
effectively two plateaus representing approximately

FeTi + 1/2 H2 Z FeTiH (Eq. 5)
and

FeTiH + 1/2 H2 t FeTiH2 (Eq. 6)

FeTi is the lowest cost room temperature hydride presently avail-
able, its principle advantage. Relative to other hydrides, it
has a few disadvantages: (a) high hysteresis (see Figure 8) , (b)
low "poisoning" resistance, at least to 02 (16) and, (c) a heating
requirement for activation. In addition, it is sensitive to a
number of production variables (4_, 5^, £,7_,8_) . However, carefully
handled, it is an effective H-storage medium and has been used in
a number of prototype storage tanks.

Like many of the hydride systems, various partial ternary
substitutions can be made in FeTi, providing changes in plateau
pressure and greatly increasing its versatility (5_,l/7_) . Examples
of elements that can be partially substituted into FeTi are Mn,
Cr, Co, Ni and V. Ni is very effective at lowering the plateau
pressure. Mn is an especially attractive substitution because
(Fe,Mn)Ti can be activated at room temperature (16) , eliminating
the need for heating the container.

AB 5 Compounds. The classic AB5 hydrogen storage compound is
LaNi5, developed at the Philips Laboratories around 1969 (jLO) . A
25°C hysteresis loop for LaNi5 is shown in Figure 9. It shows
classic absorption/desorption behavior and has very attractive
hydrogen storage properties: convenient plateau pressures, low
hysteresis, excellent kinetics, easy activation, and relatively
good resistance to poisoning.

The primary disadvantage of LaNi5 is its high cost. We have
had a major program aimed at lowering the cost of the AB5 com-
pounds ( 2) . The philosophy of this program is shown in Figure 10 .
By substituting the low cost rare-earth mixture mischmetal (M) for
expensive La, a much lower cost hydrogen storage compound results.
However, MNi5 has impractically high plateau pressures and
hysteresis so that further substitutions of Ca, Cu, Mn, Fe or Al
must be made. Al is especially potent in lowering the plateau
pressure. As shown in Figure 11, plateau pressure can be varied
over a wide range to suit the requirements of the intended appli-
cation. Some loss of capacity may result, but on the basis of
raw materials cost per unit of hydrogen storage capacity, we have
developed a number of AB5 ternary compounds that are substan-
tially cheaper than LaNi5 (Table III) .

CaNi5 (3_) is also a useful storage compound where the avail-
able hydrogen pressure is only 1 atmosphere at room temperature
(Figure 4) . CaNi5 and MNi5 form a continuous solid solution so
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Figure 8. Absorption and desorption isotherms for FeTi at!6°C (24)
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Figure 9. Absorption and desorption isotherms for LaNi5 at25°C
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LaNi5

MNi5

XxM.-xNi5 MNi5-yYy
X = Ca Y = Cu, Fe, Mn or Al

Figure 10. Overall approach to low-cost Ni-rare earth hydrogen storage alloy
development (2)
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Figure 11. Effect of Al content y on the 25° C desorption isotherm of As-cast
MNi5 . yAly alloys (2)

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

5

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



15. sandrock and snape Rechargeable Metal Hydrides 311

*
-p

o tn >i
u cd -p

Cp^-h mmr^ocMr^crtLn
to \ o ü -sfininmincNvocN

^ h </> -P fd
CN| fd W ft OOOOOrHOO
^ ^ -h i fd

(DO CU
TJ -H -P _
•H+J fd >i œ^oor^cNvoinoo
Jh-h S ct> o c^cN^r^cr>cM^o w

13 T$ ^ H -P
>, £ £ \rH 'sTLninminr^crico cn
K o fd </> <C h O

u Pi o

îh -P oo
3 cn •• dp rHLomincovDvD'^ r**
4Jfd ffi • H^^HHnncN <y»
fdU < -P h
^ I J5 rHOOrHrHrHrHrH(U Ul >i
ft <! 71
EC ^
d) * d) fd
Eh CJ Cn rH W

o Ofd r^c^oocMcor^r-'.^
gm $h -P \x>^DvDcor^cr>o^vD
O cn >0 Q) •
O >iS OOOOOOOO -P

OS JJ ffi ;H
fd < <w

^ o
¦P O II ft
d) -P O rH 'Ö

rH ft -H fd g g
<|) H -P -P -P fÖ
wo fd d) <C

cn -HS coo^cor^r^r-cM cn
MHO) ü \ - -P
OÛ OffiiO nOOh^flHH^ Cfi

CO • O
en g w +J o o
Q) +3 -H fd

•H <C Q g
¦p eu o

n rH "ri
0) I 4J
ft 6 °
U <C -P« ^
C^ -h g (N m n h n n m O

o en o ... .... u
r-{ Ö\ h œ CO CO CO CO VO ft

0) tn
H C Q d)
HO ^
H 3

*Ö ^ rH
d) d) +J ^-s Ü

rH œ Ö d) Ö
,3 fd m d) M -H
rdûQ -H m o m m en 3
Eh — >, S • • • • d) -P -P

O mnHoo}Hî3 O
r^ • 3 CD Ö rH PU fa G
rH O CJ fa £ < ~ W
< 2 f> o if» « w

s • • • • m m d)
. m * ^ * -H -H -H O
o -H -H -H -H S Î3 E-« Q
rdZZZZrdfdd)
USSSSrq^fa *

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

5

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



312 HYDROGEN: PRODUCTION AND MARKETING

that a complete range of Van't Hoff lines between CaNi5 and MNi5
on Figure 4 can be achieved (3_) .

A2B Compounds. An important A2B compound is Mg2Ni, developed
at Brookhaven National Laboratory ( 18 ) . This is one of the most
useful examples of the so-called lightweight hydrides (up to 3.8
wt.% hydrogen. Table I) . Desorption isotherms of Mg2Ni are shown
in Figure 12. They are extremely flat and, although not shown in
Figure 12, have very small hysteresis. Mg2Ni is a prime candi-
date for mobile applications (e.g., a fuel carrier for hydrogen
powered vehicles) . The disadvantage of Mg2Ni for many stationary
applications is the high temperature required for H-desorption,
on the order of 300CC. ÀH is also rather high at -15 kcal/mol
H2.

TABLE IV. HY-STOR+ Alloys Available
Commercially (21)

Trade Name Alloy

HY-STOR 100 Series (Fe-Base)

HY-STOR 101 FeTi
103 (Fe.9Mn.jTi
103 (Fe.8Ni.2)Ti

HY-STOR 200 Series (Ni-Base)

HY-STOR 201 CaNi5
202 (Ca.7M.3)Ni5*
203 (Ca.2M.8)Ni5*
204 MNi5*
205 LaNi5
206 (CFM)Ni5**
207 LaNi4.7Al.3
208 MNi4.5Al.5*

HY-STOR 300 Series (Mg-Base)

HY-STOR 301 Mg2Ni
302 Mg2Cu

* M = Mischmetal
** CFM = Cerium Free Mischmetal

+ HY-STOR is a trademark of MPD Technology Corporation.

Other Compositions. There are a number of labs throughout
the world attempting to develop improved hydrides for hydrogen
storage and other applications. Some work is concentrating on
Mg-base alloys in an attempt to simultaneously achieve high
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Figure 12. Desorption isotherms for Mg2Ni (18)
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weight percent H and low dissociation temperature. Pure Mg would
be somewhat useful (7.6 wt.% H in MgH2) but its hydriding kinetics
are impractically slow. Even a few percent Ni addition greatly
improves the hydriding/dehydriding kinetics of Mg(18) .

Recently some new AB2 hydrides have shown promise. Examples
are ZrFe2(19J, potentially useful near room temperature, and the
highly unstable TiCr2 (2£) shown in Figure 4. None of these new
experimental hydrides are yet cost-competitive with FeTi and the
lower cost AB5 compounds. However, the pace of new developments
in this area is rapidly accelerating.

Commercial Availability. Most of the above hydrogen storage
alloys are now produced and sold commercially by the MPD Tech-
nology Corporation under the trademark HY-STOR (21) . A list of
the stock alloys marketed is given in Table IV.

Applications in the Hydrogen Industry

Rechargeable metal hydrides have a number of potential
applications in the "hydrogen economy" concept and in the present
industrial sector. Because general surveys of hydride applica-
tions have been recently published (1,22 ,23) , we will not try to
review all the potential applications, but rather concentrate on
a few that might be particularly applicable to the hydrogen
industry: storage containers, H2 compressors, H2 purification or
separation, and deuterium separation.

Storage and Transportation. Merchant hydrogen is usually
stored and shipped in compressed gas cylinders, typically size K
cylinders, which at 2000 psi contain about 1 pound of H2 . There
are pressure, volume weight, and safety advantages to using
hydrides for this purpose. To see this, let us compare the
storage parameters of a hydride reservoir with conventional
compressed gas cylinders. The large hydride tank that has been
studied the most so far is a revervoir built by Brookhaven
National Lab for a New Jersey Public Service Electric & Gas Co.
peak shaving experiment (22,24) . The tank is shown in Figure 13.
It contains 400 kg (880 pounds) of FeTi and has a reversible
storage capacity for 12 pounds of H2 when charged to 500 psig
pressure. This is equivalent to about 12 size-K compressed gas
cylinders at 2000 psig. As shown in Table V, there are signifi-
cant weight and pronounced volume advantages for the hydride
revervoir over 12 compressed gas cylinders.
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Table V. Comparison of BNL PSE&G Hydride Tank with
Compressed Gas Cylinders

H2 Stored, Total Wt., Total Volume
Storage Method (lbs) (lbs) (ft3)

FeTi Hydride Reservoir 12 1250 5.1

12 Size K Cylinders 12 1608 18.5
(2000 psi)

Comparisons of hydride storage to liquid hydrogen should
also be made. Relative to liquid H2 storage, hydride storage is
energy efficient. The cryogenic liquefaction process for H2
requires an equivalent of upwards of 33% of the combustion
energy of the H2 being liquefied. The heats of hydriding reac-
tions are only 10-15% of the combustion energy of the H2 involved,
and more importantly, represent low cost, low grade "waste" heat
(e.g., room temperature heat). Liquid H2 requires insulated
tanks; hydrides do not. Unlike hydride storage, liquid H2
cannot be stored for long periods of time because of boiloff
losses. Incidentally, the capture of boiloff H2 is another
possible small scale application for metal hydrides within the
liquid portion of the hydrogen industry.

The principal disadvantages of hydride storage and shipment
of H2 are the cost of the more complex heat exchanger tanks and
the cost of the hydrogen storage alloy itself. The complexity of
the heat exchanger depends on the charging and discharging rates
that may be required. As far as the storage alloy is concerned,
FeTi is presently the cheapest of the room temperature hydrides,
but will cost on the order of $2.20/lb in 1977 dollars (8_) . Thus,
for the PSE and G tank, the cost of the storage alloy alone is on
the order of $1,936 or about $161/lb of H2 storage capacity.
Overall hydride container cost studies have never been done, so
it remains to be seen if the additional cost of hydride tanks
over carbon-steel compressed gas cylinders can be economically
justified relative to the hydride reservoirs lower weight and
volume advantages.

H2 Compressors. Metal hydrides offer an attractive alterna-
tive to mechanical compression of H2 gas for industrial applica-
tions (25_). The concept is very simple and is shown in Figure 14.
Although there are essentially no moving parts in a hydride
compressor, it operates by a two-step procedure analogous to a
mechanical compressor and uses temperature increases to increase
the pressure according to the Van't Hoff equation (Eq. 2) .
Referring to Figure 14, the "intake" step involves absorption of
H2 into the bed at low temperature and pressure and the "exhaust"
step the desorption of H2 at a higher bed temperature and hence
higher pressure. Referring to typical Van't Hoff plots (Figure
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CRC Press, Inc.

Figure 13. Large FeTi hydrogen storage tank built at Brookhaven National
Laboratories (22)

_________ INTAKE
LOW P (\ » \:.\ ' < / •". •' ;\

h

COLD H20

EXHAUST
/- ' y •*••.*- \: * A high p

HOT H20
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Figure 14. Thermal compression of hydrogen using hydrides
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4) , it is evident that only modest temperature increases are
required to achieve substantial compression ratios. In most
cases, low grade waste heat sources readily available in many
industrial environments, can be used instead of electric or
fossil fuel power conventionally used. The only moving parts are
check valves.

Hydride compressors offer a number of potential advantages
over mechanical hydrogen compressors (25) ; lower capital cost,
longer maintenance free life, lower energy cost, (i.e., the use
of low grade "waste" heat) and quieter (vibration-free) opera-
tion. Small laboratory prototypes have already been built and
operated ( 26^, 21) . Ergenics/MPD Corp. and DRI are developing a
larger scale commercial unit(25) .

Many of the design principles of a hydride tank also hold
for a hydride compressor. It must be an effective heat exchanger.
The more effective the heat exchange, the shorter is the cycle
time and consequently the smaller the hydride inventory required.
Ideally, the hydride should have a high slope to the Van't Hoff
plot to produce maximum compression with minimum temperature
excursion. Beds of different hydrides can be coupled in series
to provide staged compression and thus achieve very high overall
compression ratios with modest temperatures. The ability to
tailor hydrides, as shown earlier, is very helpful to compressor
optimization for specific applications (i.e., available heat
sources, H2 input pressure, and desired output pressure) .

Purification or Separation. Because hydrides absorb only H2
and not other gases, they offer the opportunity for purification
or H2 separation from mixed gas streams. They offer a compli-
mentary technology to pressure swing adsorption techniques. The
basic two-step hydride process is shown in Figure 15. The partial
pressure of H2 in the H2-X mixture must be kept above the plateau
pressure during the absorption (separation) stage so that H2 is
selectively absorbed into the bed. During the thermal discharge
of the bed then, extremely high purity H2 is desorbed from the
hydride. Ideally, the design should be a circulating system to
prevent impurity gas blanketing around the hydride particles
(i.e., a localized lowering of the H2 partial pressure to the
plateau pressure as the H2 is selectively absorbed locally) .

Experiments at KFA Jülich have shown that H2 can be purified
to greater than 99.9999% using a FeTi hydride tank (28) . Sepa-
ration of H2 from mixtures of 10-50% volume % H2 in CH4 has been
demonstrated using FexTiNii_x alloys (29_). The most important key
to the successful application of hydrides for H2 separation and
purification clearly will be the practical prevention of deactiva-
tion (poisoning) by the impurities present in the H2 .

Deuterium Separation. Most hydrogen storage alloys show
similar absorption/de sorption properties for hydrogen and deute-
rium. Occasionally, however, the hydride and deuteride show
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SEPARATION

X+H2 ^ ^ ;, \ '¦ ,-' . •¦;¦ ; v^ H2- DEPLETED X

COLD H20

DISCHARGE

iiDzf : ~(\y^y^ iù-
HOT H20

H2

Figure 15. Hydrogen separation-purification using hydrides
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CRC Press, Inc.

Figure 16. Hydrogen and deuterium absorption isotherms (40° C) for vanadium
(22)
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substantially different plateau pressures. An example is V,
shown in Figure 16. This offers a possible technique of frac-
tionally separating deuterium from "natural H2" (0.015% D) .
Deuterium is used in heavy water reactors and will be the fuel of
the future fusion reactor. In addition to V(29J , TiNi has shown
promise as a deuterium separation alloy (30) .

Concluding Remarks

We have given an introduction into the science of recharge-
able metal hydrides and their potential use in the hydrogen
industry, today and in the future. This brief paper cannot do
justice to the full potential and world-wide activities in this
area. These fascinating new materials provide much fuel for the
inventor's thoughts and, we think, will play an important role
not only in the future industrial technology of hydrogen but in
many other aspects of the energy field.

Abstract

Hydrogen has been traditionally stored, transported and used
in the form of compressed gas or cryogenic liquid. Rechargeable
metal hydrides are a relatively new alternative whereby hydrogen
can be stored at room temperature and very modest pressures in
"solid" form. These solid hydrogen "sponges" are capable of
achieving room-temperature hydrogen packing densities that are
substantially greater than liquid hydrogen.

This paper introduces the science of rechargeable metal
hydrides and their applications in the hydrogen storage and
handling field. The practical engineering properties of hydrides
are defined and the main classes of commercially available
hydrogen storage compounds surveyed.
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Closing the Loop for the Sulfur-Iodine Cycle

G. CAPRIOGLIO, K. McCORKLE, and R. SHARP

General Atomic Company, P.O. Box 81608, San Diego, CA 92138

Research on methods of hydrogen production by thermochemical
decomposition of water has been carried out in several laborator-
ies with increasing interest during the last decade.

From a thermodynamic point of view, many water-splitting
cycles are possible and have been proposed: chemical feasibility,
thermal efficiency and engineering and cost considerations have
gradually enacted a selection mechanism and only few cycles are
actively being studied today.

At General Atomic (GA) , attention has been devoted during the
last five years to the sulfur-iodine cycle and a program under the
joint sponsorship of the U.S. Department of Energy, the Gas
Research Institute (previously the American Gas Association) and
General Atomic is presently under way. The sulfur-iodine cycle
is characterized by the following chemical equations:

I0 + S0o + 2Ho0 + H SO, + 2HI (1)
I I I 2 4

2HI -> H2 + I2 (2)
H2S04 -> H20 + S02 + i02 (3)

and presents several favorable properties which have been previ-
ously reported (l.>_2 >.3>A) •

A brief summary of these properties includes:

a) well characterized chemical reactions involving only
fluids

b) heat utilization within a temperature range accessible
to heat sources utilizing existing materials technology
(specifically, a High-Temperature Gas-Cooled Reactor,
HTGR)

0-8412-0522-l/80/47-116-323$05.00
© 1980 American Chemical Society
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c) thermal efficiency of about 50% based on a realistic and
cost conscious flow sheet.

The General Atomic program includes four areas of develop-
ment:

1. Chemical Investigations

2. Materials Investigations

3. Process Engineering

4. Bench-Scale Testing

Efforts in the chemistry area are being focused on the I2-
SO2-H2O reaction with particular attention to the separation and
treatment of the two products for subsequent decomposition. Also
included are the studies on the catalytic decomposition of H2SO4
and HI. A description of the chemical investigation has been
given by Norman, et al. (^,5) .

Materials investigations are directed toward establishing
corrosion resistance to the various process fluids: H2SO4 and
its decomposition products and several solutions of HI, H2O and
1 2 [Trester and Liang, (j6 ) ] .

The formulation and optimization of a complete flow sheet
is the basis of the process engineering work. Process engineering
and bench-scale studies have been reported by de Graaf , et al.
(Z).

The Bench Scale Investigations of the sulfur-iodine cycle
include a system which was planned to study the cycle under con-
tinuous operation conditions and a smaller unit, the Closed Loop
Cycle Demonstrator, aimed at a simple demonstration of the feasi-
bility of the cycle in a closed loop using recycled materials.

The Bench Scale System consists of three subunits corres-
ponding to the three basic reactions of the cycle:

- Subunit I (HI-H2SO4 production and separation) supplies
12, H2O and SO2 to a reactor where these ingredients are
mixed and equilibrated, forming two liquid product phases
which are later separated.

Subunit II (H-SO4 concentration and decomposition) concen-
trates and purifies H2SO4 followed by its vaporization
and decomposition.
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- Subunit III (HI concentration and decomposition) separates
l2 and H2O from the HIX phase by first contacting the de-
gassed HIX with H3PO4 followed by a column distillation
of HI. The H3PO, is reconcentrated and recycled. The
HI is decomposed to H2 and I2, the latter being recycled
to subunit I.

Closed Loop Cycle Demonstrator

During the last part of August 1978, work began on a smaller
unit aimed at an earlier simple demonstration of the cycle in a
closed loop using recycled materials. This unit, called the
Closed Loop Cycle Demonstrator (CLCD) , was not designed to dupli-
cate the conditions of the process engineering flowsheet, but
rather to demonstrate the feasibility of the cycle through a
series of related unit operations. Its schematic diagram is
shown in Figure 1.

H2O, I2 and S02 are fed into a main reaction vessel (R-l) ,
and continuously recirculated, by means of a pump P-l, in a loop
where temperature control can be obtained through the cooler (or
heater) C-l. Some of the products are intermittently fed to the
liquid-liquid separator R-2 where the two acid phases are separa-
ted. The upper H2SO4 phase is purified by boiling in R-3, and
then decomposed in a quartz cracker containing Fe20^ catalyst.
The product gas is first cooled in a condenser R-5, the condensed
phase (unreacted H2SO4) recycled to R-3, and the gas phase (SO2
and 02) fed to the purification system (TR-1 and TR-2 are two C02
acetone traps in parallel) . The lower phase from R-2 (HI-l2-H20
containing SO2) goes to an off-gas reactor R-6 where, under vacuum
and at 370°K, S02 is extracted and trapped in the liquid nitrogen
traps TR-3 and TR-4. Again, intermittently, the degassed lower
phase is sent to a cracker R-7 where some of the HI is thermally
decomposed in H2 and I2. The product gases are first cooled in
C-4 and then fed to a series of separators and condensers (R-8
and C-5 and 6) where H?0, HI and I2 are separated and sent for
recycle to the main reaction vessel R-l. The H2 gas is purified
in the liquid nitrogen traps TR-5 and 6 before metering and
collecting.

Construction and assembly of the CLCD took place between
October and December 1978. Glass was used throughout the system,
with the exception of the high temperature portions R-4/C-3 and
R-7 /C-4, the two cracker-cooler units which were built in quartz.
Figure 2 shows the assembled CLCD.

CLCD Operation

During the first weeks of January, operation of the closed
loop cycle demonstrator took place'. As a result of the experience
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Figure 2. Assembled CLCD
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gained during testing of the Bench Scale Subunit I, no operational
problems were encountered. All valves, joints, pumps and temper-
ature and flow controls worked as designed. For simplicity of
operation, it was found convenient to add a small displacement
pump feeding the HI cracker. This allowed operation of the de-
gassing P-2/R-6 loop independently from operation of the cracker
R-7.

Operation of the CLCD started by introducing 3 Kg of iodine
and 1 Kg of water at room temperature in the main reaction vessel
R-l. SO2 was then bubbled through at a rate of 3 liters /minute
until there was evidence of formation of two separate liquid
phases (20 minutes) . The prime reaction products were kept cir-
culating through the filter F-l and the cooler C-l by means of the
pump P-l. Since the temperature had risen to only 45°C, no cool-
ing was necessary. Intermittently, the liquid was fed to the
phase separator R-2, allowed to rest 5-10 minutes to complete
the separation and then the upper phase sent to the H2SO4 purifi-
cation boiler R-3 and the lower phase to the degasser R-6.

The H2SO4 was concentrated from an initial 40% to approxi-
mately 95% and all the water and traces of I2 and HI cooled in
C-2 and recycled into the main loop. The concentrated, purified
H2SO, was fed to the cracker R-4, filled with pellets of Fe2Û3
catalyst and kept at 850°C, at a rate of ^5 cc/minute. The pro-
duct gases were condensed in C-3, recycling the uncracked H2SO4
to the boiler and the resulting SO2-O2 mixture directly sent to
the main loop for recycle or to the trap system for separation
and analysis. The lower phase was degassed (SO2 removal) under
vacuum in R-6 for 10 minutes before it was sent to the HI crack-
ing step.

Since the CLCD was designed, for simplicity, without any HI
purification step, the lower phase (HI-I2-H2O) was directly fed to
the HI cracker and no catalyst was used.

The feeding rate was ^4 cc/minute and the temperature kept
at 900°C. Before operating the HI cracker, the system was flushed
with helium.

The product gases from the cracker R-7 were cooled and all
condensed phases (H2O, I2 and unreacted HI) recycled to the main
loop. The cooled gas was purified in the liquid nitrogen traps
TR-5 and TR-6 and the product H2 collected in a graduated cylin-
der.

Operation of the loop was accomplished subsequently in a com-
plete recycle mode: the main reaction products were formed by
reacting the recycled I2 from the HI decomposition system with
the S02-02 mixture obtained from the H2SO4 cracker. No differ
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ences from operation with pure SO2 were observed.
During operation of the loop, small quantities of sulfur were

observed in the recycled liquids from the HI cracking coolers and
small amounts of H2S were collected in the H2 purification traps.
This was due to incomplete separation of the sulfur containing
species (SO2 and H2SO4) from the lower phase prior to decomposi-
tion. The lower phase concentration and purification step (H3PO4
treatment), which is an integral part of the cycle, will eliminate
this problem. This step will be tested in the Bench Scale Unit.

Complete operation of the CLCD confirmed the feasibility of
of the GA water-splitting cycle and provided the laboratory per-
sonnel with information useful for the detailed construction and
operation of the Bench Scale Unit.

Conclusion

The sulfur-iodine thermochemical water-splitting cycle con-
tinues to represent a promising approach to the production of
hydrogen utilizing an entirely thermal energy source. Another
significant step toward its viability has been taken by the suc-
cessful closure of the cycle in this laboratory demonstration.
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Abstract

The sulfur-iodine thermochemical water-splitting cycle is
simply described by the following three chemical equations:

I2 + SO2 + 2H20 -> H2SO4 + 2HI (1)
2HI -> H2 + I2 (2)
H2SO4 -> H2O + SO2 + 1/2O2
The cycle has been under study at General Atomic during the

last five years under the joint sponsorship of the U.S. Department
of Energy, the Gas Research Institute (previously the American
Gas Association) and General Atomic.

In 1977, the design and construction of a bench-scale unit
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was started. The main objective of the unit is the study of the
cycle under continuous flow conditions by modeling the main solu-
tion reaction (1), product separation and concentration and decom-
position of HI and H2SO4.

As part of the bench-scale testing program, a separate,
smaller unit, called the Closed Loop Cycle Demonstrator (CLCD),
has been designed, assembled and operated between September 1978
and January 1979. The CLCD consists of a main reaction vessel
where HI and H2SO4 solutions are produced from I2, SO2 and H2O,
a phase separation and two loops where HI and H2SO4 are thermally
decomposed feeding the recycled materials back to the main reac-
tion vessel. The operation of the CLCD has confirmed the feasi-
bility of the GA water-splitting cycle and has provided useful
information for the construction and operation of the larger
Bench-Scale Unit.

Literature Cited

1. Russell, J. L.; McCorkle, K. H.; Norman, J. H.; Porter, J. T.;
Roemer, T. S.; Schuster, J. R.; Sharp, R. S.; Water Splitting
- A Progress Report," in Proceedings of First World Hydrogen
Energy Conference, Miami Beach, Florida, March 1-3, 1976,
p. 1A-105.

2. Russell, J. L.; McCorkle, K. H.; Norman, J. H.; Schuster,
J. R.; Trester, P. W., "Development of Thermochemical Water
Splitting for Hydrogen Production at General Atomic Company,"
General Atomic Report GA-A14050, September 30, 1976.

3. Schuster, J. R.; Russell, J. L.; Norman, J. H.; Ohno, T.;
Trester, P. W., "Status of Thermochemical Water Splitting
Development at General Atomic," General Atomic Report
GA-A14666, October 1977.

4. Norman, J. H.; Mysels, K. J.; O'Keefe, D. R.; Stowell, S. A.;
Williamson, D. G., "Water Splitting - The Chemistry of the
I2-SO2-H2O Reaction and the Processing of H2SO4 and HI Pro-
ducts," General Atomic Report GA-A14746, December 1977.

5. Norman, J. H.; Mysels, K. J.; O'Keefe, D. R.; Stowell, S. A.;
Williamson, D. G., "Chemical Studies on the General Atomic
Sulfur-Iodine Thermochemical Water-Splitting Cycle," paper
presented at the Second World Hydrogen Energy Conference,
Zurich, Switzerland, August 1978.

6. Trester, P. W.; Liang, S. S., "Material Corrosion Investiga-
tions for the General Atomic Sulfur-Iodine Thermochemical
Water-Splitting Cycle," Second World Hydrogen Energy Confer-
ence Proceedings, Zurich, Switzerland, August 1978.

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

6

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



332 HYDROGEN: PRODUCTION AND MARKETING

7. de Graaf, J. D.; McCorkle, K. H.; Norman, J. H.; Sharp, R.;
Webb, G. B.; Ohno, T., "Engineering and Bench-Scale Studies
on the General Atomic Sulfur-Iodine Thermochemical Water-
Splitting Cycle," paper presented at the Second World Hydrogen
Energy Conference, Zurich, Switzerland, August 1978.

Received July 12, 1979.

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

6

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



17

Hydrogen from Fuel Desulfurization

M. E. D. RAYMONT

Director of Research & Development, Sulphur Development Institute of Canada,
Box 9505, Calgary, Alberta, Canada T2P 2W6

Almost all combustible fuels of commercial significance
to man contain at least some sulphur. For many years, low
sulphur fuels were able to supply much of our need for
energy but in the last two decades as energy demand has
surged, many new sources of high sulphur fuels have been
developed including Canadian sour gas, U.S. Deep Smackover
gas, sour crudes from the Middle East, and even Canadian tar
sands deposits containing 4.5 wt.% of sulphur. Future
energy sources such as heavy oils, tar sands, oil shales and
coals for liquifaction and gasifaction generally contain
significant levels of sulphur (often 2-5 wt.%). Coincident
with burgeoning energy requirements, strict air pollution
regulations have necessitated the removal of sulphur values
from fuels. With the exception of coal (and this situation
may change in the future) most fuels are desulphurized prior
to combustion to eliminate or minimize sulphur dioxide
formation.

In the case of gaseous fuels, almost all of the sulphur
naturally present will exist as hydrogen sulphide in concentra-
tions ranging from a few parts per million up to 50% or
more, although the latter concentrations are somewhat unusual.
Desulphurization of gas streams involves solvent scrubbing
to separate the raw gas into a cleaned hydrocarbon stream
and an acid gas fraction containing the hydrogen sulphide.
In liquid fuels, the sulphur is present in many different
chemical forms primarily combined in organic molecules such
as sulphides, disulphides and mercaptans. To remove it from
the liquid fuel, the sulphur values are converted to hydrogen
sulphide by reaction with hydrogen. At present solid fuels
(coal) are usually combusted prior to removal of sulphur and
the resulting sulphur dioxide is scrubbed from the flue gas
producing waste sludge or by-product acid. However, most coal
liquifaction and gasification processes favor removal of sulphur

0-8412-0522-l/80/47-116-333$05.00
© 1980 American Chemical Society
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334 HYDROGEN: PRODUCTION AND MARKETING

values as hydrogen sulphide prior to combustion. In addition,
technologies are being developed for the pre-combustion
conversion of sulphur compounds in coal to hydrogen sulphide
to provide a clean solid fuel.

It is therefore clear that the combination of the growing
use of high sulphur fuels and stricter air quality regulations
have resulted in the production of large volumes of hydrogen
sulphide as a by-product of fuel desulphurization. In addition,
substantial quantities of hydrogen, generated from fuels,
are used in the desulphurization process and converted to
hydrogen sulphide. Involuntary hydrogen sulphide generation
has grown rapidly in the last decade averaging more than
10% compounded yearly growth in North America. Because of the
toxic nature of hydrogen sulphide, these streams must be
processed, and at present almost all of this hydrogen sulphide
is converted to elemental sulphur by the Claus Process.

The Claus Process has been used successfully for many
years and currently some 10 million tonnes (-11 x 10" tons)
per year of sulphur are produced in North America from
hydrogen sulphide using this technique. This represents an
annual throughput of more than 7 billion cubic metres (250 x
109 SCF) of hydrogen sulphide. Typically operating at 94 - 98%
efficiency, the basic Claus Process is relatively efficient
at recovering sulphur, although recent air pollution legisla-
tion has required the use of tail gas treatment units to
increase recovery to 99% or better (99.9% + in new plants
in the U.S. and Japan). Unfortunately, however, this process
wastes the hydrogen component of the hydrogen sulphide by
oxidizing it to water which is discharged to the atmosphere
(Fig. 1). Recently, work by this author (_1_, 2_> 3) and groups
in the U.S. and Japan (_4-_9) has shown that it is technically
possible to recover both sulphur and hydrogen from hydrogen
sulphide. If such a process is economically viable, the
commercial significance is obviously very great.

The Decomposition Reaction

The conventional Claus reaction involves the partial
oxidation of hydrogen sulphide to sulphur and water. In
practice the reaction is generally viewed as a two step
sequence involving a highly exothermic oxidation step followed
by a less exothermic redox reaction but the overall reaction
can be expressed as

AH«- 650 kj

3H2S + 3/202 ^ * 3/x Sx + 3^0 (1)
By contrast, the decomposition reaction involves an endothermic
dissociation into hydrogen and sulphur,
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17. RAYMONT Hydrogen from Fuel Desulfurization 335

AH* + 160 kj

2H S ^ * 2H + 2/x Sx (2)
The exothermic Claus reaction is self-sustaining and a net
producer of energy as well as a single useful product,
sulphur. By contrast the endothermic decomposition reaction
must be provided with energy to drive it forward but it
produces two useful products.

Fundamental thermodynamic and kinetic studies of the
decomposition reaction (1) have confirmed that hydrogen
sulphide is a stable sulphide and that the dissociation is
t he rmo dynamically unfavorable below 1800°K. Nevertheless,
some decomposition does, of course, occur below these tempera-
tures and equilibrium hydrogen yields range from less than
1% at 750°K through about 5% at 1000°K to almost 30% at
1400°K. [These values are based on equilibrium product
calculations which considered all possible sulphur/hydrogen
species which could be present at equilibrium including
various sulphur vapor species (S S to S ), and sulphanes
(H Sx) as well as HS, H and S . The values which are
higher than for the simple system (equation 2) are confirmed
experimentally (I). ] These yields under such extreme condi-
tions are not, however, a very encouraging basis on which to
plan a commercial process. In addition, the uncatalyzed
kinetics are not particularly promising; the reaction is
sufficiently slow that below 1000°K it takes fully a minute
to reach equilibrium and even at 1200°K the reaction time is
about 15 sees (JO«

Evidently, the uncatalyzed direct thermal decomposition
is simply too unattractive from both a thermodynamic and
kinetic viewpoint to be seriously considered for a practical
process. Work has therefore focussed on methods for increas-
ing the reaction yields under more moderate process conditions.
Unfortunately, thermodynamics cannot be violated but thermo-
dynamic limitations can be sidestepped, and kinetic limita-
tions can be overcome using catalysts. Four principle types
of techniques are being investigated for improved yields
including upset equilibrium systems, closed cycle loops, open
cycle loops, and electrochemical methods. The advantages and
disadvantages of these will now be discussed more fully.

Decomposition Techniques

a) Upset Equilibrium. If one or more products are
continuously removed from a reaction system then equilibrium
conditions are not satisfied and so unfavorable thermodynamics
can be circumvented. In the case of hydrogen sulphide
dissociation either product (or both) could be removed thus
minimizing the reverse reaction and drawing the process to
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favor sulphur and hydrogen formation.
In order to remove hydrogen, a diffusion membrane can

be used. Molecular sieves would seem to be ideal but their
degradation at even moderate temperatures effectively elimin-
ates their use. Palladium or platinum metal alloy membranes
have been used commercially for the purification of hydrogen
( 10) and were also found effective in catalysing the decomposi-
tion reaction (JO* Provided these membranes are not structur-
ally damaged by the inevitable sulphidation, they could act
as both heterogeneous catalysts and selectively permeable
membranes for the product hydrogen. At elevated temperatures
necessary for the reaction, many metals are permeated by
hydrogen and thus other lower cost metal membranes may be
useful. In addition, porous glasses or ceramics should be
viable membrane materials. Recent work in Japan (11) has
shown that porous Vycor glass can be used to enhance hydrogen
yields although kinetic limitations dropped yields to about
half the expected values.

Clearly the decomposition rate must be fast enough to
provide sufficient products for separation. The uncatalyzed
reaction is slow but various metals, notably certain transi-
tion metal sulphides, have been found to be effective in
catalyzing the dissociation. Cobalt and molybdenum sulphides
have been found to be especially active as have the sulphides
of ruthenium (9) , cobalt/molybdenum mixtures (JL), nickel
/tungsten mixtures (_0, platinum (_0, and iron. It appears
that the activity of these catalysts is strongly dependent on
the stoichiometry of the metal sulphides and that in general
catalytic activity increases when the metal/ sulphur atom
ratio is near unity or greater (e.g. Co qS, FeS). Higher
sulphides (e.g. FeS ) appear to be almost ineffective as
catalysts. This observation is consistent with suggested
mechanisms (_1). Although optimization of a suitable catalyst
remains to be accomplished, there is little doubt that the
decomposition reaction can be brought about rapidly under
moderate process conditions (800 - 1050°K). Nevertheless,
diffusion separation has certain intrinsic limitations.

The yield increases produced by diffusion separation
are ultimately limited by the Graham diffusion law limit
which depends on the molecular weights of the gases to be
separated. For the H /HS system the maximum separation
(one pass) is given by .

Smax - ^\s/\ (3)
= y[WT = 4.1

Maximum enriched gas hydrogen yields (in %) are given by
Y S Y

max = 100 max eq.
100 + Y (S -1)

eq. max
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Where Y is the equilibrium hydrogen yield at the
process conditions.

. . Y = 100 eq.
max -

100 + 3.1 Y
eq.

Thus diffusion separation is effective in increasing
low yield concentrations of product but as the equilibrium
yield rises the efficiency of enrichment is reduced. One
further drawback arises if the hydrogen sulphide/ sulphur
stream is recycled. Eventually, if the product sulphur is
not also removed, the partial pressure of the sulphur will
be so great as to depress the forward reaction even under
upset equilibrium conditions.

As an alternative (or adjunct to) hydrogen removal for
equilibrium displacement, the sulphur could be removed. A
process involving catalytic decomposition followed by sulphur
condensation and recycling has been developed at the labora-
tory level (JO. However, the yields per pass are very low
and so many cycles involving heating to about 1000°K and
cooling to 300°K are necessary to achieve reasonable yields
that the process does not have practical applications.
Nevertheless, the idea of removing sulphur is appealing and
other systems involving removal of sulphur and hydrogen are
currently being investigated.

Upset equilibrium systems do increase hydrogen yields
but, as yet, kinetic and/or mass action effects limit the
viability of such processes.

b) Closed Cycle Loops. By breaking a single unfavor-
able reacton into a number of more favorable steps, higher
yields can often be obtained under more moderate conditions.
For hydrogen sulphide a generalized two step closed loop is
shown below.

H0S + X ? XS + H +
2 Z (5)

xs ? X + (S)

X is simply a sulphur "carrier" which can be regenerated.
Most work in this area has focussed on the use of sulphides
of variable stoichiometry especially those of the transition
metals iron, cobalt and nickel. A typical reaction system
is shown below.

Co0S. + 2H0S — ^- 3CoS0 + 2H0 (6)
3 4 2 2 2

3CoS. J!»*- Co-S. + S0 (7)
2 3 4 2
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The hydrogen liberation reactions (eq. 6) are favored
at lower temperatures and would typically be carried out at
550 - 800°K whereas the second regeneration step (eq. 7) is
favored at higher temperatures in the 950 - 1200°K range.

Substantially complete reaction of hydrogen sulphide
with iron sulphide has been claimed (J_2) and the lower
sulphide was effectively regenerated by heating in a carbon
dioxide stream to remove the sulphur vapor. The cycle was
apparently repeated with similar results. Other work using
iron, cobalt and molybdenum achieved less complete conversions
(60 - 70%) and found the initial reaction to be fairly slow
( 13). On regeneration, the sulphides appeared to lose some
surface area and thus their total conversion capacity for a
second pass was reduced. This seemed particularly true with
the iron sulphide system. Japanese investigations have
however found good retention of surface area, and therefore
activity, with calcined natural pyrite, but observed poor
repeat yields from the Ni S /NiS system due to sintering or
melting and consequent surface area loss.

Thermodynamic calculations suggest that the maximum
conversion efficiencies for the first step will be of the
order of 90% for most transition metal sulphides ^4).
However, the kinetics of this step may not be attractive due
to the slow diffusion rate of hydrogen sulphide through the
surface-formed dense sulphide film. To overcome this problem,
the use of molten metals such as lead has been suggested
(.__.>___)• In addition to eliminating the solid state diffusion
problem, the use of molten lead can theoretically produce
99.8% conversion to hydrogen at 775°K and one atmosphere.
However, again the kinetics of the first step are slow,
although they can be improved by the addition of small
amounts of nickel or copper to the melt. In Japan, other
closed loop systems using transition metal salts instead of
metal sulphides are also under investigation. For example,
a magnetite/hydrochloric acid cycle has been proposed ( 14).

Fe304 + 6HC1 + H2S — ? 3FeCl2 + 4H 0 + S
3FeCl2 + 4H20 (g) — »*- Fe^ + 6HC1 + H2

While closed loops involving metal sulphides or other
salts appear attractive, kinetic limitations during the
hydrogen generation step must first be solved before a
practical process can be realized; surface area considera-
tions are also important. The other disadvantage of these
processes is that the amount of material which must be used
to convert even small volumes of hydrogen sulphide is substan-
tial. If a batch process is used, these factors may make
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the closed loop technique uneconomic. However, the possibil-
ity of using a fluidized bed system justifies continued
investigation of these techniques.

c) Open Cycle Loops. In open loop systems, a favorable
reaction is "combined" with the unfavorable reaction in
order to enhance product yields. Many open loops involving
hydrogen sulphide are possible. Several have been suggested
which use the oxidation of carbon or carbon compounds as the
necessary source of negative free energy (J_>_3)« A typical
system is shown below.

2H S + 2C0 ? 2H + 2C0S (8)

2C0S + SO ? 2C0 + 3/2 S2 (9)
1/2 S2 + 02 ? S02 (10)

The overall reaction is

2H S + 2C0 + 0 ? 2H + S + 2C02 (11)
Each of the individual reactions (eq. 8 through 10)

have been studied and can be brought about giving good
yields (eq. 8 ref s. _8,L5; eq. 9 ref. lb\ eq. 10 well tried
and highly exothermic). However, a major problem with such
a scheme involves the separation of reaction products espe-
cially in reaction 8. Both imperfect separation and side
reactions (e.g. to form CS ) give rise to unwanted impurities
in the product streams. Tnese impurities tend to be toxic
and/ or pollutants and further refining of the product streams
and waste disposal would be complex and expensive. The
same criticisms can be applied to a similar open loop involving
hydrocarbons, for example, methane.

2H0S + CH, ? CS0 + 4H_ (12)
2 4 2 2

CS2 + S02 ? C02 + 3/2 S2 (13)
1/2 S2 + 02 ? S02 (14)

The overall reaction is

2H2S + CH4 + 02 ? 4H2 + S2 + C02 (15)
In addition to incomplete reaction and separation

problems, these techniques are likely to be expensive because
of their multi-step nature requiring separate process units
for each phase of the reaction sequence.
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In spite of these drawbacks open loop systems are
receiving more attention. An important criterion when
assessing possible open loops is that the final reaction
products of the driving reaction must, at the least, be non-
polluting, and for preference they should be themselves
useful. Clearly the driving reacton must have a negative
free energy and in "combining" the reactions a minimum
number of reaction sequences should be used. Using these
guidelines a number of possible loops can be constructed and
several are now being examined in more detail.

d) Electrochemical Methods. In addition to heat and/or
"chemical" energy, the use of electrical energy has been
considered as a method for decomposing hydrogen sulphide.
Pure hydrogen sulphide can be electrolysed in the liquid
state or alternatively, electrolysis can be carried out in
aqueous solution or in a sulphide salt melt.

The basic cell relations to be achieved are

2-
Cathode reaction HS + 2e ? S + H

2- -
Anode reaction S ? 2e + 1/2 S

Overall reaction HS ?H + 1/2 S

The cathode reaction involves liberation of hydrogen at
the electrode in a reduction step producing S ions. t A
medium for S ion conduction is necessary so that the
oxidizing anode reaction to produce elemental sulphur can
proceed.

The aqueous electrolysis has been patented (17) although
the author is unaware of any current development work or
commercial applications. The theoretical decomposition
voltage is only about 0. 18v at 300°K (at partial pressure of
1 atm. for H and HS) although, of course, in practice a
higher voltage would be required to overcome electrode
over-voltages. Under ambient operating conditions the product
sulphur would be solid and some periodic extraction and
drying system would be required. In addition, some pressuri-
zation of the cell may be necessary to prevent release of
hydrogen sulphide. Overall the concept appears attractive
although electrode processes would have to be carefully
controlled to prevent further oxidation of sulphur at the
anode thus giving rise to unwanted products and consuming
excess power. For liquified hydrogen sulphide, a refrigerated
system is possible but a pressurized cell operating at or
above ambient temperature would be far more practical.
Because of the toxicity of hydrogen sulphide such cells
would have to be very carefully constructed to maintain
sufficient pressure while permitting easy periodic removal
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17. RAYMONT Hydrogen from Fuel Desulfurization 341

of the product sulphur which would be in the solid form.
The third alternative involves the high temperature electroly-
sis of molten sulphide salts. At 750°K the decompositon
voltage is only 0.22 volts, and electrode over-voltages are
likely to be small. Molten salts such as sodium or potassium
sulphide could be used though probably a eutectic mix with
some other sulphides would be necessary in order to achieve
a practical melt. Cell construction materials should be
similar to those being developed for high temperature sodium/
sulphur batteries (graphite electrodes, alumina cells). An
advantage of the high temperature electrolysis is the fact
that both products would be gases at the operating conditions
thus facilitating their removal from the cell. In addition,
the kinetic limitations and over-voltages at the electrodes
should be minimized. Against this, the cell temperature has
to be maintained above 725°K and cell materials may be a
problem.

Electrochemical methods are being investigated because
of their basic simplicity and efficient separation of the
products. Electrical power, of course, is generally more
expensive than other forms of energy but the flexibility of
unit size and the "cleanliness" of such processes make them
potentially attractive especially for small installations.

In summary, several processes warrant serious considera-
tion as practical techniques for the decomposition of
hydrogen sulphide. However, until their relative efficiencies
and limitations have been defined, the optimum process
cannot be identified. Further work on a variety of these
options is warranted.

Commercial and Economic Aspects

At present almost all the hydrogen sulphide involuntarily
produced by fuel desulphurization is processed in Claus
plants. Thus, if hydrogen sulphide decomposition is to
become a commercially viable process, its overall economics
must compare favorably with those of the Claus.

Most Claus plants form an integrated part of a refinery
or natural gas plant and are considered to be a necessary
"evil" since hydrogen sulphide must be treated. Several
years ago, overall Claus plant hydrogen sulphide processing
costs were moderate and could almost invariably be easily
recovered by sale of the product sulphur and recovery of
useful steam from the front-end furnace. However, stringent
air polluton regulations covering Claus emissions and capri-
cious sulphur markets and prices have significantly altered
this situation. Recent estimates by the U.S. Environmental
Protection Agency (18, 19) and the authors suggest that current
sulphur production costs, including tail gas treatment
costs, exceed $50/tonne for small plants (10-50 tonnes/day),
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342 HYDROGEN: PRODUCTION AND MARKETING

and only drop below $20/tonne for very large plants (over
500 tonnes/day). Thus, with sulphur priced typically at $40
- 60/ tonne, sulphur production from hydrogen sulphide is no
longer necessarily a profitable operation, especially in
small plants at refineries and small gas fields.

Against this rather bleak economic backdrop, the commer-
cial potential for the decomposition process appears quite
attractive. Obviously, since a single optimized process has
yet to be identified, the detailed economics of the decomposi-
tion technique are impossible to estimate. Nevertheless,
some instructive cost comparisons can be made.

The major difference between the Claus and decomposition
reactions is that the former produces heat and one saleable
product while the latter requires heat but produces two
saleable products. Since no capital costs can be accurately
estimated, the gross assumption is made that for the decompo-
sition process these costs will be 25% greater than for a
current Claus plant with tail gas clean-up. This assumption
is not altogether arbitrary in as much as both processes
(electrochemical decomposition technique excepted) require
the use of high temperature reactors constructed of hydrogen
sulphide resistant materials, condensers, blowers, etc. For
the same through-put capacity, the decomposition plant
equipment sizings will be smaller since the hydrogen sulphide
feed stream is not diluted with combustion air as it is in
the Claus; emission control equipment will also be similar
in Claus and decomposition plants since many of the potential
pollutants are common to all processes.

Based on this assumption, operating costs exclusive of
energy (fuel) costs have also been estimated to be 25%
higher for the decomposition process. Using these estimates,
Table 1 compares the energy requirements, costs, and revenues
of the two processes. Rather than including capital and
operating costs which vary according to plant size, an
incremental cost penalty calculated on a per tonne sulphur
produced basis has been assessed against the decomposition
process to allow for the estimated increase in these costs.
Thus the totals in Table 1 can be considered only on the
basis of comparative profitability - common capital and
operating costs are not included. It should also be noted
that an energy credit (at 80% recovery efficiency) has been
given to the Claus process but that this heat, recovered in
the form of steam, is not always useable in the processing
plant. Therefore this credit, calculated on the basis of
full fuel value, is generous to the Claus system. By
contrast heat utilization efficiency has been assumed at only
50% for the decomposition reaction. This further discounting
against the dissociation system was adopted because of the
uncertainties surrounding this process.
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17. RAYMONT Hydrogen from Fuel Desulfurization 343

TABLE I.

Economic Comparison of the Claus and Decomposition Processes

Claus Decomposition

3H £+3/20/^3/ xS +3H 0 2H.S ^ 2H +2/xS
2 2 ax2 2 a2 .x

1 product 2 products

AH -607 to -711 kj +159 kj

AH/mole HS --218 kj -+80 kj
9 9

AH/tonne S --6.85 x 10 joules -+2.5 x 10 joules
9 9

Heat input (-5.5 x 10 joules) -5.0 x 10 joules
(output) per Assuming 80% Assume 50% reac-
tonne S recovery tion efficiency

Value of heat pro- $13.75 ($12.50)
duced (required)/
tonne S (@ $2.50
x 10 joules)

Product value $40.00 $103.00
(assuming S @-$40/
tonne and H @^$.09
/m )

Net product value $53.75 $ 90.50
(Heat + product)

Increased capital - ($8.00)
cost penalty to de-
composition process
(25% over Claus)

Comparative profit- $53.75 $82.50
ability (Common
capital and oper-
ating costs NOT
CONSIDERED)
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However, in spite of this conservative approach, it is
clear from Table I that the decomposition process offers
considerably more profit potential than the conventional
Claus process. Recalling that the totals in Table I represent
only the comparative profitability, comparison of the actual
profit generated by each process favors the decomposition
process more strongly. For example, the total capital and
operating costs for a medium sized (150 - 200 tonne/ day)
Claus plant (including tail gas treatment) are of the order
of $32/tonne exclusive of steam credit. Subtracting these
costs from the totals in Table I, the overall net revenue
from the Claus system would be $21.75/tonne of sulphur produced
whereas that from the decomposition process would be $50.50
/tonne - a 230% difference. Even in the unlikely event that
the total capital and operating costs for the decomposition
process exceed those of the Claus system by 100%, the two
processes are still approximately competitive.

As an alternative way of looking at the economics, it
is possible to calculate a range of hydrogen production
costs for the decomposition process. Using a capital and
operating cost of $40/ tonne of sulphur produced excluding
fuel cost ($32/tonne process cost for Claus processing plus
25% penalty for decomposition) the overall production costs
for the decomposition process are about $50. 50/tonne of
sulphur ($40 + $12. 50/tonne fuel cost from Table I). Assuming
a by-product sulphur value^of $40/tonne, the net cost of the
hydrogen produced ( -700 m /tonne of S) by decomposition is
$12. 50/tonne^of sulphur processed. This corresponds to
$12. 50/700-m hydrogen giving a net hydrogen production cost
of $.018/m ( -$.50/MSCF). Even if capital and operating
costs for the decomposition process reached double the costs
of the Claus Process, hydrogen costs from the decomposition
system would still be only $. 05/m ( -$1. 40/MSCF). From this
simple analysis the potential economic benefits of the
decomposition process provide considerable incentive for its
development.

At present, over 10 million tonnes of sulphur are
recovered annually from hydrogen sulphide in North America
alone, and this represents a potential source of about 7. 5 x
10 m ( -250 x 10 SCF) of hydrogen. In the future strong
growth is foreseen in hydrogen sulphide processing. Conserva-
tive estimates suggest that involuntary hydrogen sulphide
generation from fuel desulphurization will increase by a
factor of 2.5 by the year 2000 in North America, while
recent unofficial estimates have claimed that this increase
could be ten fold or greater if massive coal gasification
and liquifaction projects are brought on stream. There is
no doubt that the trend to heavy oils, sour gas, tar sands,
shales and coal will require the construction in the next two
decades of new hydrogen sulphide processing facilities with

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

7

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



17. RAYMONT Hydrogen from Fuel Desulfurization 345

a total capacity well in excess of the current capability.
By 2000, by-product hydrogen sulphide in North America will
represent a potential source of a minimum of 15 x 10 m3/year
(5 x 10 SCF/yr) of hydrogen, and potential, could be as
great as 25 - 35 x 10 m /yr (8.5 - 11. 5 x 10 SCF/yr).
World-wide the potential is of course even more significant
(Table II).

TABLE II ?

9 3
Potential Hydrogen Supply from Hydrogen Sulphide (10 m /yr)

North America World (Non-Comm. )

1978 7.5 13.5

1990 12 - 18 20 - 30

2000 15 - 35 30 - 60

T»,_.^h respect to the coincidence of potential sources of
supply and demand, the decomposition concept again seems
attractive. Hydrogen has three major uses including its use
in fuel refining, ammonia production and methanol manufacture.
In general, current and future sources of hydrogen sulphide
are geographically very close to hydrogen markets, and the
potential supply from decomposition could very easily be
absorbed by these markets (in fact, hydrogen from hydrogen
sulphide decomposition could supply about 10 - 20% of demand
in 2000). For refineries and petrochemical complexes, the
process seems ideal. Within the confines of a typical
single plant complex, hydrogen sulphide is produced necessitat-
ing treatment and hydrogen is required for desulphurization
and cracking (in many refineries hydrogen production from
reforming is insufficient and must be supplemented with
product from a hydrogen plant). In contrast to the current
system of fuel desulphurization (Fig. I), the use of the
decompositon process (Fig. II) would conserve resources and
improve profitability.

As we move into an era of higher cost, lower quality
energy, new technologies emphasising efficiency, resource
conservation and energy savings will become increasingly
important. Unconventional processes based on unusual reaction
sequences will become attractive as economic conditions and
energy prices change rapidly. Industries that adjust to
these changes should remain healthy whereas those who do not
may well be left with unprofitable operations.
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SULPHUR-CONTAINING - SULPHUR-FREE

FUEL ^ \. FUEL

FUEL H2S

CLAUS I
LOST TO PROCESS /

ATMOSPHERE S [°]
^ H20 + S ^

Figure 1. Fuel desulfurization (present)

SULPHUR-CONTAINING - SULPHUR-FREE

-*^ FUEL
^\

H2S
I

>OSITION y
,.o + S

Figure 2. Fuel desulfurization (novel)
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17. RAYMONT Hydrogen from Fuel Desulfurization 347

In this light, the hydrogen sulphide decomposition
concept deserves careful attention. Both technically and
economically it appears to be attractive and its successful
development and commercialization will lead to energy savings,
resource conservation and improved economic viability for
processors of hydrogen sulphide.
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Thermochemical Decomposition of H2S with Metal
Sulfides or Metals

HIROMICHI KIUCHI, TETSUO IWASAKI, ISAO NAKAMURA,
and TOKIAKI TANAKA

Department of Metallurgical Engineering, Faculty of Engineering,
Hokkaido University Sapporo 060, Japan

Hydrogen plays an important role as a reducing agent in ex-
tractive metallurgy. The trend toward energy system improvement
based on hydrogen will therefore have great influence on the field
of metallurgy and not only with respect to energy source but also
to the appearance of new metallurgical processes.

The authors are now studying the simultaneous recovery of
metal and sulfur by a combination of the hydrogen reduction of
sulfide ore and the decomposition of H2S to H2 and S as follows.

MSX + xH2 = M + xH2S

xH2S = xH2 + xS

MSX = M + xS

Here the decomposition of H2S is an extremely important reaction.
Although H2S is at present a by-product of the desulfuriza-

tion of fossil fuels on a large scale, only the recovery of free
sulfur is carried out by the Claus treatment. On the other hand,
the application of H2S decomposition as an H2 evolution method is
proposed for use in the thermochemical process undertaken for
water splitting. Thus, the thermochemical decomposition of H2S has
wide-spread applications in various field.

Methods with metal sulfides

Hydrogen sulfide can fracture into hydrogen and sulfur merely
by thermal decomposition, but the equilibrium H2 concentrations
are at best those shown in Table I.

In this study, the experiment based on a combination of two
reactions illustrated in Table II was carried out. The equilibrium
H2 concentration generally becomes higher with a decrease in tem-
perature in the sulfurization of the metal sulfides by H2S, while

0-8412-0522-l/80/47-116-349$05.00
© 1980 American Chemical Society
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Table I. The equilibrium H2 concentrations for H2S thermal de-
composition

Temperature (°C) 400 500 600 700 1000
H2 concentration (vol-%) 0.1 0.4 1.3 2.8 13.4

Table II. Thermochemical decomposition of H2S

M-^Sy + zH2S = M^Sy+z + zH2 (1)
MxSy+z = MxSy + zS (2)
zH2S = zH2 + zS

the thermal decomposition of the sulfide proceeds faster at higher
temperatures. Therefore, the decomposition efficiency of H2S will
be increased by a combination of reaction (1) at low temperatures
and reaction (2) at high temperatures.

The following conditions are necessary for the sulfide used
in this cycle. First, reaction (1) has a high equilibrium H2 con-
centration at temperatures above 500°C. This is a solid-gas
heterogeneous reaction so that the rate may markedly decrease
below 500°C. Second, the sulfide formed in reaction (1) should not
preferably be a higher sulfide such as polysulfide. A high sulfur
activity in the higher sulfide is suitalbe for reaction (2) , but a
high H2 concentration can not be expected in reaction (1). Third,
reaction (2) can proceed at temperatures below 900°C. This limit-
ing temperature was considered on the assumption of using of an
H.T.G.R. (High Temperature Gas Reactor).

Under the above conditions, the use of the non-stoichiometric
composition peculiar to sulfides and the use of a monosulf ide which
can form lower sulfides by the thermal decomposition were consid-
ered.

Figure 1 shows the outline of the experimental apparatus used.
The sulfide was packed in No. 3 in this figure. The H2 recovery
under H2S flow and the sulfur recovery under argon flow were al-
ternately repeated many times. The thermal decomposition for sul-
fur was carried out under normal or reduced pressure. In this
study, the repeat of the experiment associated with the former was
called the normal pressure cycle and that associated with the lat-
ter was called the reduced pressure cycle, respectively. Moreover,
the H2 concentration of off-gas was analyzed by gas chromatography
and the behavior of the H2 formation was investigated during the
H2 recovery experiment.

These results in Figure 2 were obtained with iron sulfide us-
ed as an example of a non-stoichiometric composition and were ob-
tained repeatedly in both cycles.
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jij Ar,S2<g> a T h2S
Mini 1 7||

M IQ "- SV
ate12 UJ r

Figure 1. Schematic of experimental apparatus for metal sulfide: (1) reaction
tube; (2) electric furnace; (3) metal sulfide; (4) quartz wool; (5) trap; (6) cold bath;
(7) sampling tube; (8) flow meter; (9) trap; (10) vacuum detector; (11) trap; (12)

vacuum pump.

50 I 1 1 1
FeS

40

U ^^ Figure 2. Hydrogen evolution curves
W i for normal and reduced pressure cycles

0 ö with pyrrhotite (FeS): (\J), normal pres-
0 20 40 60 80 sure cycie at 600°C; (O), reduced pres-

TIME (minute) sure cycle at 550° C.
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The influence of the sulfurization temperature was investi-
gated in each cycle. The behavior of each optimum sulfuriza-
tion temperature is compared in this figure.

The sulfur composition of FeS ranges from FeS^+o to FeSl+0.2
at 600°C, and the equilibrium H2 concentration in that range
varies from about 100 % to about 4 %. On the other hand, the compo-
sition of the thermally decomposed product was FeS^#H under nor-
mal pressure and FeSi.06 under reduced pressure. The sulfurized
products were both approximately FeS^#2. Therefore, the H2 forma-
tion behavior in the figure was explained as showing a concentra-
tion corresponding closely to the composition-variation of FeS.

The iron sulfide used in the experiment was obtained from the
thermal decomposition of pyrite (FeS 2). The particles were extremely
porous, with pores sizes of several tens of microns. In contrast,
the reaction behavior obtained with natural pyrrhotite or synthet-
ic FeS composed of fine particles, gave much worse results . Thus ,
the influence of the specific surface area of a solid on the for-
mation behavior was thought to be important.

In order to understand the characteristics of chalcopyrite,
which has a wide range of non-stoichiometric compositions similar
to iron sulfide and is a double sulfide, an exeriment with a cop-
per concentrate was carried out.

The concentrate was composed of fine chalcopyrite particles
of ca. 50 micron. The maximum H2 concentration in both the normal
and reduced pressure cycles was larger than the value obtained
with iron sulfide. The results are shown in Figure 3.

Based on the identification by X-ray diffraction and observa-
tion by micrography, the variation was found to be within the
non-stoichiometric composition of chalcopyrite in the normal pres-
sure cycle. Despite the decomposition into bornite^u^FeS^) and
pyrrhotite during the reduced pressure cycle, the chalcopyrite was
found to be completely restored to its original chalcopyrite form
by the succeeding sulfurization.

The sulfur composition of the pyrrhotite was very low, and
FeS^#oi* Since a favorable H2 formation behavior was not obtained
from the experiment using synthetic bornite, the excellent results
obtained during the reduced pressure cycle were thought to be due
to the pyrrhotite.

M3S2 is a known lower sulfide as compared to NiS and shows a
high equilibrium H2 concentration over a wide range of sulfur com-
positions.

The sulfurization of Ni3S2 to NiS proceeded easily, though
the thermal decomposition of NiS into Ni3S2 was found to be diffi-
cult under the reduced pressure. The repeated results for the re-
duced pressure cycle are shown in Figure 4. It shows that consistent
behavior is difficult to obtain.

The melting point of Ni3S2 is approximately 800°C and that of
Ni3S2_x is 645°C. Accordingly, the melting or sintering of the
sulfide in a packed bed occured, and the surface area of the
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solid was thought to be reduced by each repetition of the thermal
decomposition .

The cycle combined with the thermal decomposition at a lower
temperature and higher vacuum degree may be suitable for this.

Methods with metals

Generally, the sulfurization of metal exhibits a remarkably
high equilibrium H2 concentration, compared to the sulfurization
of metal sulfide as shown in Table III.

Table III, The equilibrium H2 concentrations for metal sulfur-
izations

H2 (vol-%)
Temp. (°C) Bi Cu Pb

400 47.3 99.9 99.9
500 27.3 99.9 99.8
600 16.2 99.9 99.6
700 10.2 99.9 99.0

However, few sulfides are capable of being thermally decom-
posed into metal and sulfur. Noting the decomposibility of Bi2S«,
Soliman et al(l) proposed a cycle using Bi. The authors found that
Ag2S decomposed at 800°C, under a reduced pressure of a few mm Hg,
to form Ag. The equilibrium H2 concentrations for sulfurizations
are, however, small for both Bi and Ag. The reaction is hindered
by the sulfide film formed on the surface which occurs during the
sulfurization of solid metal.

In this study, the use of liquid metal was examined. A smelt-
ing reaction was considered for the recovery of metal from the
sulfide. Since sulfur changed to SO2 in this case, the reaction
of SO2 and H2S by the Claus reaction was assumed.

The reaction equations of the cycle using liquid Pb are shown
in Table IV. As a means of preparing Pb from PbS, the roast-reac-
tion or air-reduction method is well-known in nonferrous extrac-
tive metallurgy. The reactions for this method can be presented as
follows :

2PbS + 302 = 2PbO + 2S02
2PbO + PbS = 3Pb + S02

The authors have already found the direct production of Pb from PbS
by oxidation under low oxygen partial pressure. (2) Accordingly,
the experiment of H2 formation with lead was carried out.
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Table IV. Two methods with Pb(l)

Pb(l) + H2S = PbS + H2 (3)

PbS + 02 = Pb(l) + S02 (4)

SO2 + 2H2S = 2H20 + 3S (5)

(3)+(4) : H2S + 02 = H2 + S02
(3)+(4)+(5) : 3H2S + 02 = H2 + 2H20 + 2S

Figure 5 shows an outline of the experimental appratus. The
fused lead was placed in a reaction tube made of quartz. The reac-
tion was studied by the bubbling method in which H2S was bubbled
into the fused lead and by a soft blowing method in which H2S was
blown onto the surface of the lead. The H2S gas stored in vessel
No. 1 was circulated by pump No. 2. Since the lead content was in
excess of the H2S in order to maintain the liquid state, the re-
action behavior was examined in this experiment until the gas
reached the equilibrium composition.

The equilibrium H2 concentration was 99.8 % at 500°C and 97.9
% at 800°C. The value is very high, in spite of the temperature be-
ing high. As a result, the higher the reaction temperature, the
more favorable the H2 formation behavior in this reaction system.
In addition, the sulfurization of Pb is an exothermic reaction and
a slight rise in temperature was observed during the experiment.
However, the acceleration of the reaction at low temperature was
also examined.

Figure 6 shows the result obtained by the bubbling method.
Since the conversion of the ordinate are in proportion of formed H2
by the reaction, it should reach the same value as
the equilibrium H2 concentration. The value is approximately 99 %
at this temperature.

Very small amounts of various metals were added to the lead
to accelerate the reaction rate. As a result, Ni was found to be
an effective metal. The critical amount of the effective Ni was
about 1 wt-%, which corresponds to the solubility of Ni in fused
Pb. Therefore, the acceleration of the reaction was obviously de-
pendant to the Ni dissolved into the lead.

The effect was also confirmed as being maintained after the
completion of Ni sulfurization, even if a simultaneous sulfuriza-
tion of Ni was assumed. Consequently, it was thought that the dis-
solved Ni did not merely participate in the prior sulfurization
but acted catalytically.

The results obtained by a gas sweeping method were rather
poor compared to those obtained by the bubbling method. In partic-
ular, the reaction almost stagnated after a time of about 30
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minutes had elapsed. From observation of the liquid surface
during the reaction, the surface at that time was found to be cov-
ered with a film of the lead sulfide formed. The formation of this
film was also seen in lead containing added Ni, and no accelerating
effect could be found after this time with agitation.

The addition of Cu, however, resulted in an outstanding ef-
fect as shown in Figure 7. The amount of Cu addition was limited
to that corresponding to the solubility of about 1 wt-%. In this
case, too, the behavior was considered to involve catalytic action,
instead of the prior or simultaneous sulfurization.

In addition, the surface observation showed that the sulfide
formed with Cu addition did not cover the surface but accumulated
by swelling from the surface. The sulfide accumulated was extremly
porous. Consequently, the dissolved Cu was considered to have ef-
fect on the growth of PbS crystals.

Summary

The decomposition efficiency of H2S was increased by a reduc-
ed pressure cycle of a few mm Hg for metal sulfides. .

The utilization of a metal may be more promising as a H2
recovery method rather than the decomposition of H2S.

As a primary approach toward "Hydrogen Economy" , the H2S
by-product obtained from fossil fuels or by extractive metallurgy
of sulfide ores should be considered as more important for H2
recovery than for the sulfur which can be recovered.
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The Sulfur-Cycle Hydrogen Production Process

G. H. FARBMAN and G. H. PARKER

Westinghouse Electric Corporation, Advanced Energy Systems Division,
P.O. Box 10864, Pittsburgh, PA 15236

Changes in sources of energy, technology, and economic condi-
tions can have substantial effects upon the way we meet industry's
need for hydrogen. Such changes may require the substitution of new
techniques in place of today's major reliance on fossil fuels for
the production of hydrogen (e.g., steam methane reforming, partial
oxidation of liquid fuels). Future fossil fuel costs, availability,
and environmental effects - be they real, perceived, or political
in nature - may dictate that hydrogen, whose needs are projected
to grow substantially during the coming decades, be produced from
water with solar or nuclear energy sources. Since one cannot pre-
dict with any certainty when such a change may be required, and re-
cognizing the long lead-time necessary to bring a new technology
"on-line," it is prudent that research, development, and demonstra-
tion activities in new, advanced, non-fossil energized hydrogen
production techniques be undertaken now. It is on this basis that
Westinghouse, and others in the United States and elsewhere, are
participating in programs in advanced hydrogen production.

The water splitting technique which Westinghouse has under
development is a closed cycle hybrid electrochemical/thermochemical
system called the Sulfur Cycle Hydrogen Production Process. The
process is capable of operating with high temperature nuclear or
solar heat sources and is expected to be able to produce hydrogen
at an overall thermal efficiency, including the inefficiencies
associated with the generation of the required electric power, of
close to 45 percent.

In the Sulfur Cycle, hydrogen is produced in a low tempera-
ture electrochemical step, wherein sulfuric acid and hydrogen are
produced from sulfurous acid, i.e.,

2 H2O + SO2 -> H2SO4 + H2 [1]
The cycle is closed by the high temperature dissociation of sul-
furic acid to sulfur trioxide and water, and the subsequent reduc-
tion of sulfur trioxide to sulfur dioxide and oxygen, i.e.,

0-8412-0522-l/80/47-116-359$07.75
© 1980 American Chemical Society
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360 HYDROGEN: PRODUCTION AND MARKETING

H2S°4 * H2° + S°3 ~* H2° + S°2 + ** °2 ^
The net result of Reactions 1 and 2 is the decomposition of

water into hydrogen and oxygen. Sulfur oxides are involved as
recycling intermediates. Although electrical power is required
in the electrochemical step, much smaller quantities then those
necessary for water electrolysis are needed. The theoretical
voltage to decompose water is 1.23 V, with many commercial elec-
trolyzers requiring over 2.0 V. The power requirements for Reac-
tion 1 (0.17 volts at unit activity for reactants and products)
are thus seen to be theoretically less than 15 percent of those
required in conventional electrolysis. The cell voltage of 600-
800 mV believed to be obtainable in a practical sulfurous acid
electrolyzer would only require some 30-40 percent of the electric
power of advanced water electrolyzers. This dramatic change in
the heat and work required to decompose water, compared to water
electrolysis, can lead to a technically and economically attrac-
tive non-fossil fuel energized hydrogen production system.

The process is shown schematically in Figure 1. Hydrogen is
generated electrolytically in an electrolysis cell which anodi-
cally oxidizes sulfurous acid to sulfuric acid while simultaneous-
ly generating hydrogen at the cathode. Sulfuric acid formed in
the electrolyzer is then vaporized, using thermal energy from a
high-temperature heat source. The vaporized sulfuric acid (sulfur
trioxide-steam mixture) flows to an indirectly heated reduction
reactor where sulfur dioxide and oxygen are formed. Wet sulfur
dioxide and oxygen flow to the separation system, where oxygen is
produced as a process co-product and the sulfur dioxide is recy-
cled to the electrolyzer.

Process parameters for a commercial system will evolve as the
technology matures. Conceptual design studies (References _1, ___,,___)
and experimental analyses have, however, led to the selection of
ranges of interest and objectives for major process parameters
that should result in a technically sound and economically compet-
itive system. Table I summarizes these values.

This paper will discuss the development status of the Sulfur
Cycle Hydrogen Production Process, the results of evaluations of
process performance, and the program steps which can lead to com-
mercialization of the system.

Development Status

The program for the development of the Sulfur Cycle has been
underway since 1973, with Westinghouse funding, and has been sup-
ported by the Department of Energy since 1976. The development
program plan, as currently conceived, is a multiyear program lead-
ing to a pre-pilot integrated bench scale cyclic process develop-
ment unit (PDU) by 1983, followed by a pilot scale and/or demon-
stration units at a later date.
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TABLE I,

SULFUR CYCLE HYDROGEN PRODUCTION SYSTEM
MAJOR PROCESS PARAMETERS FOR A COMMERCIAL SYSTEM

Parameters Range Objective

Electrolyzers

Pressure, Atmospheres 3.5-30 20
Temperature, °C 50 - 125 100

2
Current Density, mA/cm 100 - 300 200

Electrolyte Sulfuric Acid 50 - 70 55
Concentration, wt Percent
Cell Voltage, mV 450 - 1000 600

Sulfuric Acid Vaporization

Pressure, Atmospheres 3.5-30 20
Temperature, °C 360 - 470 450

Oxygen Generation

Pressure, Atmospheres 3.5-30 20
Maximum Temperature, °C 760 - 925 870
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Table II indicates the four major areas to be treated in the
overall development program. These are the Electrolyzer, Sulfur
Trioxide Reduction, Integrated Testing, and Process Studies. The
sections below describe the current status and the effort to be
accomplished in each area for the duration of the program.

Electrolyzer. The SO2 depolarized electrolyzer is the com-
ponent in which hydrogen is produced. The development program is
organized to consider the electrocatalysts, electrodes, cell sepa-
rators, pressurized and bipolar cell design and performance, and
scale-up of test articles to demonstrate the potential of meeting
performance and economic objectives. The most significant progress
made to date has been in the areas of electrocatalysts, single cell
performance, and bipolar cell design and performance.

The electrochemical reaction proceeds most effectively in the
presence of a catalyst, and the nature of the catalyst can have a
significant effect upon the electrode over potentials. As a matter
of convenience, all of the early work in the electrolyzer develop-
ment used platinum as both the anode (SO2 oxidation electrode) and
cathode (H2 generation electrode) catalyst. It was recognized,
however, that although platinum might be a technically satisfactory
catalyst for the cathode, it was only marginally suitable as the
anodic catalyst.

A program of catalyst identification and evaluation was there-
fore undertaken. The first step in assessing electrolytic activi-
ties for the SO2 oxidation reaction was to measure open circuit
potentials of several candidate materials in a S02~saturated sul-
furic acid solution at room temperature. It is generally accepted
that good electrocatalysts have low open-circuit potentials. Fig-
ure 2 shows the results obtained as compared to reference platinum
and platinum-black materials. As can be seen, an electrode made of
WAE-3 exhibits a markedly reduced potential compared to reference
platinum and gold materials. A Tafel plot for this material (Fig-
ure 3) shows that the limiting current density for a solid electrode
made of WAE-3 is substantially greater than that for a platinum
electrode. Since the effective surface area of the porous carbon
electrodes which would be used in a cell, with WAE-3 distributed as
a catalyst, would be at least 100 times greater than the effective
area of the solid electrode of Figure 3, it is clear that the
objective of current density for the commercial cell can be met.

A parameter of significant importance in cell performance is
the operating temperature. Figure 4 shows the measured effect of
temperature on the electrode potential for the WAE-3 electrode of
Figure 3. As can be seen, a distinct decrease in anode overpoten-
tial occurs as temperature is increased from 25 to 90 C. It should
be noted that the pressure of the cell was kept constant, at atmos-
phere pressure, over the range of temperatures. This constant
pressure, while temperature is increasing, results in a substan-
tial drop (f rom ~1M to 0.16M) in the solubility of sulfur dioxide
in the electrolyte. The decreased sulfur dioxide content precludes
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TABLE II.

SULFUR CYCLE HYDROGEN PRODUCTION PROCESS
DEVELOPMENT AREAS

• Electrolyzer (Hydrogen Generation)

Catalysts
Electrode Materials and Fabrication

Separator Materials
Pressurized Cell Performance

Electrolyzer Design Optimization
Scale-Up Tests

• Sulfur Trioxide Reduction (Oxygen Generation)

Catalysts
Pressurized Performance

Component Design Optimization
High Temperature Materials
Scale-Up Tests

• Integrated Testing

Laboratory Model
Process Development Unit (PDU)
Pilot Plant

• Engineering Studies

Process Flow Sheet Evaluation

Heat Source Interface Studies
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Figure 2. The variation of open circuit potentials on various electrodes as a 
function of time (S02 ivas bubbled into the electrolyte) 
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any improvement in limiting current density - an increase in
pressure will increase the sulfur dioxide solubility and provide
a greater current density capability.

Testing of cell performance has been carried out with small,
unpressurized, single cell configurations. The test facility,
which includes all the provisions for anolyte and catholyte cir-
culation, saturation of SO2 in the circulating anolyte,' and instru-
mentation, is shown in Figure 5. A typical cell, incorporating
porous carbon electrodes, is illustrated in Figure 6. Tests have
been performed using different techniques for electrode fabrica-
tion, alternate catalysts, and different candidate cell separators.
In these tests, total cell voltages as low as 600 mV have been
measured.

As part of the effort to design, build and put into operation
a laboratory model of the Sulfur Cycle, a multi-cell, bipolar
electrolyzer was constructed. This electrolyzer, shown in Fig-
ure 7, contains five cells, each with cross-sectional dimensions
of 12.7 by 12.7 cm.

The experimental work done to date in the reaction kinetics
of SO2 depolarized electrolyzers, electrocatalyst evaluation, and
tests on small experimental cells has led to projections of cell
voltage for a mature technology. Table III presents these pro-
jections, as a function of electrolyte concentration and operat-
ing temperature. These projections will be refined, as the devel-
opment work progresses, to expand the matrix of variables, in-
crease the confidence level in the figures, and define an "optimum"
set of operating parameters.

TABLE III.

PROJECTED CELL VOLTAGE (VOLTS)*

______________ Electrolyte
Operating Temperature

50 w/o H SQ 60 w/o H SO^ 70 w/o H2S04
50°C 0.57 0.69 0.97
90°C 0.53 0.62 0.84

125°C 0.51 0.59 0.78

* Pressure - 20 atm

2
Current Density - 100 mA/cm
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Figure 5. Electrolyzer test cell facility
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Figure 6. Small electrolyzer test cell

Figure 7. Laboratory model 5-cell bi-
polar electrolyzer
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Sulfur Trioxide Reduction. The effort on Sulfur Trioxide
Reduction covers that part of the hydrogen generation process
that takes sulfuric acid from the electrolyzer, concentrates and
vaporizes the stream, and reduces the resulting steam/SOß mixture
to steam, SO2, O2, and unreacted SOo. The scope of this task in-
cludes not only the catalyst investigations for the reduction
reaction, but also the materials of construction for the high
temperature acid vaporizer and reduction reactors. The applica-
bility of this part of the process to other end uses, such as the
use of the endothermic reduction reaction as a means to store

energy, requires that sufficient flexibility be designed into the
experimental program to assure data applicable to a spectrum of
applications.

The continuing capability to quickly and inexpensively screen
candidate reduction catalysts to be able to determine those with
high potential for economically attractive activities and life-
times is an important aspect of demonstrating the merit of the
process. Accordingly, atmospheric pressure test facilities, such
as shown in Figure 8, are employed to assess the activities and
aging characteristics of selected catalysts over the temperature
range of interest. There are two such facilities currently in
use. One is used to determine the activity of selected catalysts
and catalyst shapes over a range of temperatures and space veloc-
ities. The other is available to evaluate aging characteristics
of catalysts in nominally 1000 hour steady state tests. The inlet
process fluid in all cases contains SO3 and water vapor in the
proportion that simulates the inlet conditions for a desired pro-
cess sulfuric acid concentration. The tests can also be performed
with anhydrous SO3 to simulate the reactions of a sulfur trioxide
energy storage and transport system.

Under this program, testing of several catalysts has been
undertaken, with platinum so far showing the highest potential
performance worth. Figure 9 shows typical data for a platinum
catalyst at several space velocities over a temperature range of
650°C to 900°C. It is interesting to note that the conversion of
SO3 to S02 and O2 is nearer to equilibrium values at the higher
space velocity. This is attributed to the effects of more turbu-
lence in the flow stream and enhanced mass transfer of species to
and from the catalyst.

While the current catalyst screening is done at atmospheric
pressure, commercial reactors would operate at pressures up to
perhaps 20 atmospheres. The effect of pressure on the decomposi-
tion kinetics has to be explored. Therefore, a pressurized cata-
lytic sulfur trioxide reduction reactor has been designed and
plans for its construction and operation have been made.

As in most advanced technologies, materials of construction
are challenged by the Sulfur Cycle process. The most critical
structural and heat transfer materials problem is in the contain-
ment of boiling sulfuric acid, at elevated pressures and temper-
atures, during the vaporization prior to SO reduction. The
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Figure 8. S03 reduction test facility
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Figure 9. Extent of reaction for space velocities of 1000 hr'1 (O) and 5000 hr'1
(A) for catalyst MB-3 (1% Pt on a spherical alumina substrate). S03 -» S02 +
V2O2. ( ), Equilibrium (calculated). Atmospheric pressure, inlet stream. Vol-

ume fraction: S03, 0.11; steam, 0.26; carrier gas (argon), 0.63.
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operating conditions are well beyond those normally used in the
manufacture or use of sulfuric acid and, therefore, materials data
are generally unavailable. Work is underway to screen various
candidate materials to determine their suitability or need for new
alloy development.

The screening is being done in 98 w/o sulfuric acid. Mater-
ials samples are placed in the liquid and vapor phases of the test
vessel, as well as at the liquid/vapor interface. Typical test
results are shown in Figures 10, 11, and 12. As is apparent,
commercially available metallic alloys do not appear to be able
to survive the operating environment. Silicon containing mater-
ials, however, used as structures or protective coatings on metal-
lic alloys, appear to have promise of fulfilling the process needs.

Since there is also a concern with the suitability of mater-
ials for use in the SO3 reduction reactor, a task has been under-
taken to provide experimental screening of candidate materials for
application in an environment of mixtures of SO3 and steam (inlet)
and SO3, SO2. and O2 and steam (outlet) and temperatures from
425°C to 900 C.

Materials evaluation is being performed in two test facili-
ties, one operating at the reduction reactor inlet conditions and
one at the outlet conditions. Test results, such as shown in
Figures 13 and 14, identify several materials as candidates for
use in the sulfur trioxide reduction reactor.

Integrated Testing. Although the individual steps of the
process have been demonstrated in laboratory experiments, testing
of the entire system is necessary in order to proceed along the
path to commercialization. The integrated testing is currently
planned to be comprised of three sequential steps, i.e., the lab-
oratory model, the process development unit (PDU) , and the "pilot-
scale" unit.

The laboratory model, which was designed, built, and put into
operation in 1978, is an atmospheric pressure working model of the
process sized to produce two liters of hydrogen per minute. Such
a model provides demonstration of the cyclic operation of the
process, provides the capability to assess interactions of the
various process steps, and provides an operating facility that can
support the technical feasibility of hybrid electrochemical-
thermo chemical hydrogen production processes. The laboratory
model, shown schematically in Figure 15, includes all the steps
of the process, but does not make any attempt to demonstrate over-
all process efficiency nor materials of construction for a "com-
mercial" unit. The model uses electrical heaters wherever thermal
energy is required and all waste heat is discharged with no attempt
at recovery. The material of construction for the high temperature
parts of the model is primarily quartz. A photo of the model is
shown in Figure 16, while the control and data acquisition system
is shown in Figure 17 . The model has been successfully operated
and is currently used to test, on a larger scale than in laboratory
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Figure 10. Materials samples after exposure to boiling 97.7 w/o sulfuric acid at
411° C: left, after 250 hr; right, after 500 hr. HG = HastelloyG; DUR51 = Duri-

chlorSl; and W = tungsten.

Figure 11. Materials samples after exposure to boiling 97.7 w/o sulfuric acid at
411° C: left, after 250 hr; right, after 500 hr. CB 3 = Cartech Type 20CB 3; SiC

= chemical vapor deposited silcon carbide; Duriron = Duriron.
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Figure 13. Corrosion behavior of reduction reactor materials samples in anhy-
drous environment: (O), Hastelloy C276; Cartech CB3; (V), Incoloy 825; (A),
Inconel 625; (O), SS 310; and (Q), SS 18-18-2. Furnace temperature, 482° C
(900° F); anhydrous S03 12 cc/min; argon 128 cc/min. Erratic erosion rate be-
havior of SS 310 and Cartech 20CB3 is caused by the spoiling of the corrosion

product. Negative values indicate weight gain per unit area.
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Figure 14. Corrosion behavior of reduction reactor materials samples: (V),
Inconel 625; (O), silicon; (\Z\), silicon nitride; (%), alonized Inconel 62; (H)f silicon
carbide; and (yf), Inconel 657. Furnace temperature, 482° C; SOs, 25 sec /min;

steam, 58 sec/ min; argon, 78 sec /min.
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Figure 15. Laboratory model schematic

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

9

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



380 HYDROGEN: PRODUCTION AND MARKETING

o

1
o

o
o
o

Rh

CO

cüd
E

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 2
6,

 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

11
6.

ch
01

9

In Hydrogen: Production and Marketing; Smith, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



19. FARBMAN and parker Sulfur-Cycle Hydrogen Production Process 381

hoods, sulfur trioxide reduction catalysts and electrolyzer mech-
anical configurations.

The purpose of the PDU task may be simply stated - to demon-
strate, with an integrated bench scale unit, closed-cycle opera-
tion of the process at operating conditions close to that desired
for a commercial unit. The demonstration, as currently conceived,
will include a multicell pressurized SO2 depolarized electrolyzer
which converts sulfurous acid and water into hydrogen and sulfuric
acid; an acid vaporizer for converting aqueous sulfuric acid into
steam and sulfur trioxide and a thermal reduction reaction for

catalytically reducing sulfur trioxide into sulfur dioxide and
oxygen; and a recovery system for recycling water, sulfur dioxide,
and unreacted sulfuric acid to the electrolyzer. This equipment
will be capable of operating continuously for hundreds of hours
in a fully closed cycle at pressure and temperatures typical of
those expected on commercial units.

The equipment design concepts, catalysts, and materials
employed in the PDU will, to the greatest extent possible, be the
same as those which would be used in commercial systems. The
electrolyzer will use those anodes, cathodes, membranes and mech-
anical arrangements deemed most appropriate from the earlier test-
ing. The most promising reduction catalyst will be used for con-
ducting the sulfur trioxide reduction reaction. The materials of
construction of both the acid vaporizer and reduction reactor will
be selected based upon the results of the substantial materials
evaluation programs. It is judged that the integrated bench scale
PDU will confirm not only the capability of process operation in
a cyclic fashion, but also the efficiency levels and engineering
approaches of a larger scale pilot or commercial unit.

The pilot scale unit is expected to demonstrate the overall
operability and performance of the process under conditions
approaching that which may occur in commercial units. Neither
the size nor the schedule for the pilot demonstration has yet been
established.

Process Studies. The value of a new technology and the empha-
sis on development activities are very much related to the assess-
ment of the place that technology can fill in a commercial envi-
ronment. Accordingly, effort has been expended throughout the
Sulfur Cycle program to develop flow sheets, mass and energy bal-
ances, and economic projections for the process to determine if
the Sulfur Cycle, when developed and operating at conditions con-
sidered reasonable, can be a commercially acceptable system for
the production of hydrogen. The results of these analyses also
provide valuable information on the importance of certain operating
parameters on the overall systems performance and, therefore, the
relative emphasis that should be placed on those parameters in the
development activities.

A number of process evaluations have been performed, in vary-
ing amounts of detail, to reflect the use of the process with very
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high temperature nuclear heat sources, high temperature solar heat
sources, and low temperature heat sources. The kind of heat source
determines both the size of hydrogen production plant that one can
reasonably contemplate and the timing for commercial introduction.
For example, the use of the process for large scale merchant hydro-
gen production will require a very high temperature nuclear reactor
(VHTR) as an energy source. The development activities on the
VHTR, both in the United States and abroad, indicate the commer-
cialization of this nuclear-hydrogen plant would be post-2000. If
a solar thermal energy source is considered, commercialization
perhaps can be attained during the 1990fs, but the size of pro-
duction plant is limited to what may be an economically practical
heliostat field. For near-term implementation, in small units, a
modified version of the Sulfur Cycle, using currently available
energy sources, can be commercialized by the mid to late 1980' s.

The nuclear-energized process evaluations have progressed
from the first conceptual design 01) through an updating that con-
sidered both nuclear and non-nuclear heat sources (___) to the most
recent updating (3). The very high temperature nuclear reactor
(VHTR) provides all the thermal and electrical energy requirements
for the entire plant. The conceptual designs were based upon the
production of 380 million SCFD of hydrogen at a pressure of 20
atmospheres. The peak temperature in the sulfur trioxide reduc-
tion (oxygen production) step is 871 C.

The overall process efficiency, defined as the higher heating
value of the hydrogen produced divided by the total thermal energy
input to the plant, is calculated to be 46.8 percent when operating
at an electrolyzer cell voltage of 600 mV. This cell voltage is
believed to be a reasonable objective for the Sulfur Cycle program.
Figure 18 shows the variation to be expected in overall efficiency
as a function of cell voltage.

The economics of the Sulfur Cycle plant energized by the VHTR
have been evaluated, using a 1976 cost basis, in a manner similar
to that of earlier assessments (_L,_2). The hydrogen production
cost is made up of the contributions of nondepreciating and depre-
ciating capital, operation and maintenance, and nuclear fuel cycle
costs. These are calculated on an annual basis. The annual charge
on nondepreciating assets; e.g., land, is assumed to be 10 percent.
The charge on depreciating assets is 18 percent. An 80 percent
capacity factor is assumed. No credit is taken for the oxygen
produced. Figure 19 shows the variation of the resultant hydrogen
"gate price" with cell voltage and nuclear fuel costs. It is in-
teresting to note that by doubling the nuclear fuel cost in
Figure 19, the hydrogen "gate price" increases only about 13 per-
cent.

Further work in process evaluation has been done to evaluate
the potential performance of the process when energized by a solar
heat source. These studies, which were of a preliminary nature,
were based on the solar hydrogen plant being integrated into a
chemical process to produce a currently marketable commodity.
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Figure 17. Photo of laboratory model control station
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Figure 18. Sulfur-cycle overall plant efficiency vs. cell voltage
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Figure 19. Sulfur -cycle plant hydrogen gate price vs. nuclear fuel cost— 1976
basis with cell-operating voltage as a parameter
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Chemical processes investigated included the production of ammonia,
methanol, hydrogen peroxide, and the reduction of iron ore.

As an example, Figure 20 schematically illustrates the con-
cept of a solar-ammonia plant, with the Sulfur Cycle as the source
of hydrogen for the ammonia synthesis. The solar portion of the
plant includes sufficient energy storage facilities to provide
electrical power for the 24 hour per day operation of the hydrogen
and ammonia systems. The high temperature portions of the Sulfur
Cycle are oversized, with storage provided for the reduction reac-
tion products, to permit sufficient processing during the hours of
insolation to meet the around-the-clock operation of the balance
of the system. The projected economics of this plant, which is
significantly smaller than the conventional ammonia plants being
built today, indicate ammonia production costs that are several
times that of the larger conventional natural gas energized pro-
duction plants at today's natural gas price.

Finally, preliminary scoping studies have been done on the
near-term application of the Sulfur Cycle. For the near term, it
is assumed that there is no very high temperature nuclear or solar
heat source, and the process is therefore modified to operate with-
out the need for high temperature heat. This modification, dubbed
the "open-cycle," employs only the electrolytic step of the cycle.
Feed materials to the electrolyzers are water and sulfur dioxide,
with the latter coming from such sources as flue gas clean-up
systems, smelters, or oxidation of sulfur. In the electrolyzer,
sulfuric acid, at a concentration of perhaps 50 w/o, and hydrogen
are produced. The electrical energy required can come from any
power plant, i.e., fossil, nuclear, solar, etc. Relatively low
temperature thermal energy is used to concentrate the sulfuric
acid to the degree desired for economic shipping. The process,
therefore, becomes one for producing sulfuric acid and hydrogen -
two products of commercial value - and can be commercialized as
soon as the low voltage sulfurous acid electrolyzer development
program is completed.

In the scoping studies, a large smelter was assumed to be the
source of sulfur dioxide. As shown in Figure 21, the feed of 1000
tons per day of SO2 into the plant would, neglecting losses, result
in the production of 1530 tons per day of fully concentrated sul-
furic acid and 11.8 million SCF per day of hydrogen. A preliminary
evaluation of the costs of production was made assuming that the
SO2, as a waste product from the smelter, was provided at no cost
other than the incremental costs, over that required for its use
in a contact sulfuric acid plant, to clean it to the extent re-
quired by the electrolyzer. Figure 22 depicts both the cost of
the hydrogen as determined by the value assigned to the sulfuric
acid produced, and the cost of sulfuric acid as determined by the
value assigned to the hydrogen. Although the design and costing
were not done in detail, it is apparent that the approach has
merit as both a hydrogen and sulfuric acid production plant.
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Figure 21. Schematic of open- cycle sulfur cycle
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Similar "open-cycle" scoping studies using waste SO2 from
combustion flue gases and SO2 produced from sulfur show equivalent
economic potential. The latter, of course, would have a higher
sulfuric acid production cost because the sulfur feedstock would
have an acquisition cost that must be included in the economics.
Nevertheless, the cost of sulfuric acid, when tempered by the
revenue obtained from the sale of hydrogen, can be extremely
attractive. The reverse is also true.

Conclusions

The performance characteristics of the Sulfur Cycle Hydrogen
Production Process, as identified in the process evaluations, in-
dicate that the system is capable of effectively filling a need
for efficient hydrogen production. The experimental and analyt-
ical work being performed on the Sulfur Cycle continues to support
the technical and economic potential of the system as an efficient
and cost effective way to produce hydrogen. The development pro-
gram, as currently formulated, is predicated on developing and
demonstrating the technology on a timely basis to meet the needs
of a phased commercialization plan. A scenario is foreseen where
sulfurous acid electrolyzers, a key component of the Sulfur Cycle,
are used in new generation combined sulfuric acid/hydrogen plants
in the late 1980's, the full Sulfur Cycle is deployed in Solar
Chemical plants in the 1990's, and the era of large scale merchant
hydrogen production, with very high temperature nuclear reactors
providing the energy needs of the Sulfur Cycle, starting after
the turn of the century. This scenario can come to pass by dili-
gently following the program path upon which we are now embarked.
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A Ammonia (continued)
AB5-type hydrides 36 production (continued)
Absorption isotherms 307/ economics of alternate feedstocks

for FeTi at 16°C 308/ , i0T v: ™
for LaNi5 at 25°C 308/ and enerSy. consumption 62
r i. i i_ j 4. oc\kx energy-saving devices m o4— bo
or a metal-hydrogen system 295/ Sy 8 47_66

for vanadium, hydrogen, and / h An,
deuterium 319/ , stePs f v" fl

Active area cell 202 bY f eam reforming 53/
Active area membrane and electrode ofnatuial gas 51-56

AinP Pmbly' It 11 2m WntRecovery (AVR) System ::: 242
Ai^roduçts'a„\c|emica,s,Inc 253 ^Z^Z^Ö^S

New Orleans, LA, facility 255/ . T , Q77r
. , -, ' . ' . 7 ostj: materials samples in 0//7

££Ä_^ 2??/ SrrSot„de"elopment ^
Air-reduction method 353 ,. , , ^'"jJ""^ qh
A1 ... .1 -, .. . .1 n Applied research on hydrogen 0U
Al content on the deposit on isotherm a *• j 11 1 *-,/ „f oqq

of As-cast MNi!.,Al, alloys 310/ J^^Ä^Ärf *"
brittleness and hydrogen storage .... 301 ^Tr'nfof " ** deSOrpti°n 310/
commercial availability of hydrogen Atomic H/C ratio of crude bii:::: 280*

-i-Hxcu »"r^"h,K»"/l'öc^' 1« Atomic H/C ratio of shale oil 280*
used m HTSR reaction tube design 155 Automotive.mobile appiications 39-40
cTpTi according to feedstocks, AVR (^ Ammonia vent Recovery)

world 51 system
catalytic conversion of hydrogen

and nitrogen to 48 g
industry, outlook for the 62
plant(s) Base cases 16

ammonia vent recovery system Basic Energy Sciences, DOE
integrated with 243/ Division of 30

designs 64 Basic research on hydrogen 30
energy use vs. feedstock 57/ Bench-scale investigations of the
feed requirements 56/ sulfur-iodine cycle 324
fuel requirements . 56* Bench.scaie system subunits 324-325
high-capacity, single-train 54/ j , ffl_H,S04 production and
investment vs. feedstock 57/ separation) 324
solar -¦ . ¦ ¦ 385' 3bbT n (H,S04 concentration and
steam reforming of natural gas, decomposition ) 324

energy consumption of m ( ffl concentration and
Kell°gg ; ; VCA 63/ decomposition) 325

TodCuctSion simPllfied 50f Benzene, commercial source of 239
PrcosUtCvs°nfeed 60/ Bipolar electrolyzer, laboratory

cost vs. fuel cost 60/ model 5-cell 370/
costs using current feedstock Blowdown quality, water 1S2/

prices, estimated 56 Boiling range of coal liquids 289
397
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398 HYDROGEN: PRODUCTION AND MARKETING

Bornite (Cu5FeS4) 352 Centrifugal casting, continuous 155
Bottoms 286 Ceramic fiber properties 156t
BNL PSE & G hydride tank with Cerium-free Mischmetal 36

compressed gas cylinders, Chalcopyrite (CuFeS2) 352
comparison of 315 hydrogen evolution curves for

Brittle fracture 224 pressure cycles with 355/
Brittleness and hydrogen storage, Charge rates for refinery processing

alloy 301 operations 79
Brookhaven National Laboratory 306 Chem Systems 13

FeTi hydrogen storage tank at 316/ Claus
Brown Boveri 42 and decomposition processes,
Bubbling method 354, 356/ economic comparison of the ... 343*
Bulk hydrogen generation Off-gas Treating ( SCOT ) unit,

electrolysis design 195 Shell 115
Burners, HTSR furnace 151-154 plant hydrogen sulfide processing
Burners, multiple gun 151 costs 341
By-product credit changes 18 plant, sulfur and the 181
By-product credits on hydrogen Process 115

price, effect of 23/ costs 342-347
reaction, endothermic 334
reaction, exothermic 335

q tail gas sulfur emissions 115
treatment 349

Canadian sites of liquid hydrogen 254/ ^^iZuZ)^ ^
{r5 :. ,: . r £55 Closed carbon recovery system,
disproportionation reaction for 303 SHell 11/-112/

Capacity changes, plant 18 closed-cycle loop systems^ in Japan .. 338
Capital costs for hydrogen production 119 closed-loop cycle demonstrator
Carbon „ f __ _ (CLCD) 325, 326/-327/

current collectors function, molded 199 assembled 328/
monoxide shift reaction 8 operation ..Z.ZZZZZZZZ ".'.'.'.. .325-330
recovery system Shell closed 11/-112/ C0 shift process description 117

Carbonyl sulfide (COS) 113 cO-shift unit 95
Casting, continuous centrifugal 155 steam feed for the 117
Catalyst ( s ) C02 removal and methanation

combination 160 process description 117-118
decomposition rate and 336 COo removal unit 118
development, anode 201/ Coal
fluidized bed of 160 _based Diant vs< a naturai gas plant 61
i ? . 158—160 comparisons of petroleum crude,
ïïî?^ c r 199 shale oil, and 290*
MB-3, extent of reaction for space conversion techniques, investments

velocities for 373/ for 233
shift 160 feed ZZZZZZZZZZZZZZZ. 61

Catalytic gasification 68, 137-138, 232
conversion of hydrogen and brief process description of 137-138

nitrogen to ammonia 48 demonstration plants 183-189
electrode development 199 combined-cycle 189
steam-reforming process 232 Oberhausen-Holten.! Z... '.'..'. 188/

Cathode reaction 340 design data for 185/
Cell process flow diagram of 186/

active area 202 hydrogen from Koppers-Totzek 10/
scale-up program 202 for hydrogen manufacture 177-190
test performance 205/ partial oxidation 135
voltage, projected 368* partial oxidation vs 62
voltage, sulfur-cycle plant performance summaries 185/

efficiency vs 383/ pilot units 184/
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Coal (continued) COS (carbonyl sulfide) 113
process Cost projections for fuel cell systems 40

environmental aspects of the Cracking phase, heating-up and 106
Texaco 181-182 Credit changes, by-product 18

for hydrogen manufacture, Crude
Texaco 180/ oil(s)

synthesis gas and Texaco's 183 atomic H/C ratio of 280*
Texaco 179-181 consumption, U.S 82

reactions 180/ imports, U.S 82
reactor 108 ultimate analyses of 280*
synthesis gas production for runs

methanol via 139/ in 1980-2000, U.S 74
Winkler process of 137 U.S. refinery 81/

high-sulfur 88 synthesis gas, SGP 97
hydrogen by Koppers-Totzek Cryogenic hydrogen upgraders 234-242

gasification of 8 applications 234
liquids 289 performance— hydrogen-methane

boiling range of 289 feedstock 238/
production, source of hydrogen Current collectors functions, molded

for 289 carbon 199
prices Current collector, molded 200/

delivered- 88 Customer stations for hydrogen
differentiations 88 distribution 268
mine-mouth 88 Cycling with impure hydrogen,

slag 182/ reaction curves of 304/
Coking 69

option 79
resid processing by 72/ D
total refining costs for resid Daimler-Benz Company 42

hydrotreating vs. resid 73/ Powergas *J. 138
Combination catalysts 160 ^ limitation of 132-133
Combustion pattern, UTC steam d ^ maximum heat recovery

reformer I00 °. 131-13?

Combustion steam reformer design natural gas-based methanol
pressurized ..... 160-171 j^ 124_128

Commercial availability of hydrogen advantages of 131
storage alloys 314 Dealkylation of aromatics 239

Compressed gas cylinders, compari- f u ç ^4Q
son of BNL PSE& G hydride ot n^ -" . o49 047

i ..i J Q-.K process costs J4z-ö4/
r* t?j -JT7J- o processes, economic comparison of
Consolidated Edison Company, * the Claus and 343*

UTC s steam reformer furnace rate and catalysts 336
design for the... 162 ^.^ > 334_335

Construction materials for liquid techniques 335-341
hydrogen service 224 closed-cycle loops 337-339

brittle failure as 224 disadvantages of 339
hydrogen embnttlement as 224 electrochemical methods 340-341

Continuous centrifugal casting 155 open-cycle loops 339-340
Control station, photo of laboratory two-step 337

model 380/ upset equilibrium 335-337
Convection systems, HTSR 158 Decrepitation 301
Copper addition to molten lead 356/ Delivered-coal prices 88
Corrosion behavior of reduction Deluge system 265/

reactor materials samples 378/ Dehydriding reaction 296
in an anhydrous environment 377/ hydriding- 36

Corrosion resistance 324 Demethanizer feed chiller train 231*
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400 HYDROGEN: PRODUCTION AND MARKETING

Demethanizer off gas 241* DOE ( see Department of Energy )
Demonstration plants, coal Draft installations, forced 151

gasification 183-189 Draft installations, natural 151
combined-cycle 189 Dual
Oberhausen-Holten 188/ fuel combustion boiler 289

design data for 185/ rupture disc system 256
process flow diagram of 186/ dual safety valve and 259/

Demonstrator power plant, steam safety valve system 256
reformers under construction and dual rupture disc system 259/
for fuel cell 172/

Denitrogenation of pyridines,
hydrogen requirements for 281 ^

Denitrogenation of pyrroles Economics
hydrogen requirement for 281 f h d production 67-94

DeNora Corporation . 42 rf -inufictJring refinery hydrogen
Department of Energy (DOE) 27 by new coal process ... ... 91*

Division or Basic Energy Sciences 30 J i ^ ooor

Division of Energy Storage Systems 30 XSy hydrogen manufacture ".'. 85
nydrogen EEC ( European economic

b.udSet - ,. ¦-••¦. _ .ff 27i° community) 42
Energy Coordinating Committee 31 Electrical >/ projected cost for ... 208/
program, budget data for 29f Electrical î>ower Research Institute .... 189

program on hydrogen energy Electric vehicles, efficiency of fuel
systems 27-31 „ell-propelled 40

Design bases for SGP-based Electrocatalysts 363
hydrogen plant . 118-119 Electrochen(ical oxidation of S02,

Desorption isotherm( s ) Tafel j f m
of As-cast MNi-, . „Al, alloys, Electrode ( s )
f p6 TeCtt016^CCOntent °n 307/ assembly/Ft2 active area mem-
for L.Ä 25=c :::::::::::::::::::::::::::: 308/ devJ^^^atalytic i::= 2?91
^l^^^^^ Z g? variation of open circuit potentials

Desulfurization Electrons
. , . „ , design, bulk hydrogen generation .. 195

commercial aspects of hydrogen hydrogen production costs for SPE
from ;; V, , 341-346 water 207

economic aspects of hydrogen hydrogen by water 13
, tr.om ooo module, estimated production cost

of gas streams 333 rf 58.MW * m
hydrogen from 333-348 modu,e f submarine life rt
novel . 346/ 10O.cell * mf
present «1 performance, comparative water .... 200/

-Sulnnol Process description 113-114 nlanfY<iï
Detonable limits for hydrogen P 58 j^W-SFE water 198/

m oxygen .... 21b hydrogen production cost from
Deuterium absorption isotherms tor J water 192f

vanadium, hydrogen and 319/ industrial 42
Diffusion law limit, Graham 336 technology, S1&Z.Z.Z.ZZZ.Z...19&-1V5
Diffusion separation 336 of water 48? 191j 233
Diluent gases, inert 219 Electrolytic hydrogen
Disproportionation reaction for CaNi5 303 application of 191-212
Dissociation of water, thermal 15 generating plant, SPE 14/
Distillate(s) production of 191-192

fuel for HTSR 171 Electrolyzer
fuel oils, reforming 171 cell module 204/
hydrotreatment of heavy 68 Corporation of America 43

Distillation, methanol 129 development 42
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INDEX 401

Electrolyzer (continued) Feed (continued)
laboratory model 5-cell bipolar 370/ naphtha 61
performance, current SPE 195 natural gas 61
plant requirement, steam-reforming

cost, calculated cost of hydrogen process 52
as a function of 191 requirements, ammonia plant 56*

general economics of hydrogen Feedstock ( s )
costs at 101-193 ammonia

hydrogen costs of a large 209/ plant energy use vs 57/
hydrogen costs of a small 210/ plant investment vs 57/

technology development of production, economics of
water 195-201 alternate 56

test cell facility 369/ cryogenic hydrogen upgrader per-
test cell, small 370/ formance — hydrogen-methane 238/
uses, SPE 195 heavier 3

Encapsulation of hydride 302/ partial oxidation of resid 68
Endothermic Claus reaction 334 properties of typical 185/
Energy saturator 131

consumption SGP 97
ammonia production and 62 steam reforming 232
of Kellogg ammonia plant's world ammonia capacity according

steam reforming of natural to 51
gas 63/ FeTi

for methanol manufacture, at 16 °C, absorption isotherms for .. 307/
current 142/ at 16°C, desorption isotherms for .. 307/

-saving devices in ammonia disadvantages of 306
production 64-65 hydrogen storage tank at Brook-

storage plant 195 haven National Laboratories .. 316/
Storage Systems, DOE Division of .. 30 particle, metallographic cross-
systems, industrial-residential- section of activated 304/

commercial-total 39 Fill procedure 260
use vs. feedstock, ammonia plant 57/ Fire control system 266, 267/

Engineering properties of recharge- vent 270/
able metal hydrides .... 299* Fire control valve to customer's

Equilibrium H2 concentration 354 houseline 273/
tor Hob thermal decomposition 350* ^- , ,• i, -u • -j

for metal sulfurizations 353* F"stf generation phosphoric acid
Equilibrium systems and hydrogen t-t . ™-,

yields upset 337 FlaSs> warnmS 265/
EURATOM Mark II-V6 Cycle ..""."""" 15 Flammability of hydrogen . 216-?22
European Economic Community diluents and inert materials 219

( EEC ) 42 name travel, flammable limits as a
Exothermic Claus reaction "Z. '". 335 a fun<*ion of direction of 219
Expansion of liquid to gas 222-224 flammable limits
Extractive metallurgy, hydrogen in ... . 349 e£ect ofr Pressure on 219
Exxon Research and Engineering effec* of temperature on 219

Comoanv 67 as a functi°n of direction of
F y flame travel 219

flash arrestors 222
p fuel-oxident-ignition hazard 216

hydrogen-nitrogen-oxygen
Facilities investment costs changes .... 18 mixtures 216-219
Facilities investment on hydrogen ignition energy 219-221

price, effect of 21/ ignition mechanism 221-222
change in 21/ catalytic surfaces 222

Feed catalysts, nickel 222
ammonia production cost vs 60/ catalysts, platinum 222
coal 61 nickel catalysts 222
loss in steam-reforming process 52* platinum catalysts 222
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402 HYDROGEN: PRODUCTION AND MARKETING

Flammability of hydrogen (continued) Fuel(s) (continued)
ignition mechanism (continued) oil

electrical equipment 221 heavy 61
electrostatic sparks 221 feedstock cost, hydrogen manu-
hot hydrogen leaking into f acturing cost as a function

ambient air 222 of 120
hot surfaces 222 hydrogen production from partial
open flames 221 oxidation of residual 95-122
sparks from striking objects 221 partial oxidation, hydrogen from
thermite sparks 221 residual 9/
solid air or oxygen 221 reforming distillate 171
inert materials, diluents and 219 shale oil as a 289

pressure on flammable limits, steam-reforming No. 2 173/
effect of 219 requirement for steam ref orming

temperature on flammable limits, plants 55
effect of 219 requirements, ammonia plant 56*

Flammability triangle, hydrogen- steam reformer 148
nitrogen-oxygen 218/ Furnace

Fluidized bed of catalyst 160 burners, HTSR ....... 151-154
Fluor adiabatic reactor HTSR design for the Consolidated Edison

concept 161/ Company, UTC s steam
Fluor Engineers and Constructors, _ . refo!3^L \A£

Inc. 189 designs, HTSR 147
Forced draft installations 151
Four-bed PSA system 244/
Fractionation G

followed by hydrotreating 287/
hydrotreating followed by 288/ G A (see General atomic)
of shale oil 286 Gas(es)

Fuel(s) Company of Rio 43
burner reaction zone, multiple 154/ cooled reactor, high-temperature
cell(s) 37 (HTGR) 323

demonstrator power plant, steam expansion of liquid to 222-224
ref ormers under construction inert diluent 219

for 172/ natural
first-generation phosphoric acid . 39 projected cost for 208/
hydrogen energy systems an d the 37 steam reforming of 232
-propelled electric vehicles transmission systems 34

efficiency of 40 purge 55
systems 37 storage, high-pressure 36

cost projections for 40 streams
conversion, high-sulfur residual desulfurization of 333

petroleum 178 purge 242
cost, ammonia production cost vs. .. 60/ retort 286
desulfurization from the substation to a residential

commercial aspects of hydrogen household, distribution costs of 35*
from 341-346 to a substation, transportation

economic aspects of hydrogen costs of 35*
from 341-346 sulfur emissions, Claus tail 115

hydrogen from 333-348 synthesis 177
novel 346/ generation process, Texaco 178-179
present 346/ generation techniques 48

of the future, hydrogen as the 215 production for methanol via
high-sulfur 333 reforming 125/
for HTSR, distillate 171 SGP crude^ 97
hydrogen as a 3 and Texaco's coal gasification
hydrogen as aircraft 249 process 183
low-sulfur 333 treating unit, sulfur and the tail 181
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Gasification Heavier feedstocks 3
coal 68, 137-138, 232 Heavy

brief process description of 137-138 distillates, hydrotreatment of 68
demonstration plants 183-189 fuel oil 61

combined-cycle 189 feedstock cost, hydrogen manu-
Oberhausen-Holten 188/ f acturing cost as a function

design data for 185/ of 120
process flow diagram of the 186/ Helium purge controls 269/

hydrogen from Koppers-Totzek 8, 10/ High
for hydrogen manufacture 177-190 -capacity HTSR installations 168
partial oxidation 135 -efficiency reformer design 131
partial oxidation vs 62 -pressure gas storage 36
performance summaries 185/ -purity hydrogen 69
pilot units 184/ -sulfur
process, Texaco 179-181 coal 88

environmental aspects of the 181-182 fuels 333
for hydrogen manufacture 180/ residual petroleum fuel
synthesis gas and 183 conversion 178

reactions 180/ -temperature
reactor 108 gas-cooled reactor (HTGR) 323
synthesis gas production for shift (HIS) 117

methanol via 139/ steam reformer loop 151
Winkler process of 137 High-temperature steam reforming

Process, Shell 109/ (HTSR) 147
wood 138-141 catalysts 158-160

brief process description of 138-141 composition of tube materials for ... . 157*
synthesis gas production for concept, Fluor adiabatic reactor 161/

methanol via 140/ convection systems 158
Gasifier 179 distillate fuel for 171

effluent 8 equipment, process innovations for 151
Texaco 189 fumace(s)
Winkler 137 burners 151-154

Gasoline common arrangements for 149/
from methanol 145-146 commercial 150*
methanol blends with 143-145 designs 147
methanol as a replacement for 143 equipment, mechanical innovations

Gate price, hydrogen 382 for 151
Gate price vs. nuclear fuel cost, for hydrogen production, design

sulfur-cycle plant hydrogen 384/ parameters for 153*
General Atomic (GA) 323 insulation 155

sulfur-iodine cycle program 323 installations, high-capacity 168
General Electric SPE 13 loop for hydrogen plants 152/
Generation design, hydrogen 361/ process design 160
Georgia Pacific Corporation, USA 127/ reaction tubes 155-158
Graham diffusion law limit 336 design, alloys used in 155
Grand Paroise 160 reactor design 148-151
Gun burners, multiple 151 reactor technique, hybrid 171

systems, limitations of 171
H system 4.8 MW power generator,

design constraints for 163*
Heat HIS (high-temperature shift) 117

for an SGP-based hydrogen plant .. 97 Hold time, one-way 257/
pipe 158, 159/ HTGR (high-temperature, gas-cooled
reaction 133 reactor) 323
recovery in Davy Powergas HTSR (see High-temperature

designs, maximum 131-132 steam ref orming )
sensible 133 Heteroatom removal from Paraho
waste 296 shale oil, hydrogen requirements

Heating-up and cracking phase 106 for 285*
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404 HYDROGEN: PRODUCTION AND MARKETING

Heteroatom removal from raw shale Hydrogen ( continued )
oil, hydrogen requirement for 284 concentration of magnesium

H2S ( see Hydrogen sulfide ) hydrides 36
Hybrid HTSR reactor technique 171 consumption data 82
Hybrid sulfuric acid process, produc- -containing tankers 256

tion cost vs. process efficiency for 24/ content of various media 294*
Hydride(s) costs

AB-type 36 at an electrolyzer plant, general
compressor 317 economics of 191-193

advantages of 317 of a large electrolyzer plant 209/
encapsulation of 302/ of a small electrolyzer plant 210/
hydrogen separation-purification critical temperature for liquid 222

using 318/ demandfor
for hydrogen storage, metal 36 and deuterium absorption isotherms
magnesium 36 for vanadium 319/
properties of room-temperature 311* distribution
storage, disadvantage of 315 customer stations for 268
tank 317 off-loading steps for 261/, 262/
thermal compression of hydrogen predeparture checks 266

using 316/ safety 253-275
Van't Hoff plots for various 300/ Energy Coordinating Committee,

Hydriding-dehydriding reactions 36 DOE 31
volume changes of 301 energy system 28/

Hydriding reaction 296 DOE program on 27-31
Hydrocarbon(s) and the fuel cell . 37

economic advances in steam energy technologies, utility-
reforming of 147-175 stationary applications of 37-39

feedstock for refinery hydrogen 74 estimated future U.S. requirements
material balance 97 of 74
noncataly tic partial oxidation in extractive metallurgy 349

of 134-137 evolution curves
partial oxidation of 95 f or NiÄ at the reduced pressure 355/
technical advances in steam for pressure cycles with chalco-

reforming of 147-175 pyrite (CuFeS2) 355/
Hydrocracking 68 for pressure cycles with pyrrho-
Hydrodenitrogenation 281 tite (FeS) 351/

of pyridine 283/ flammability of 216-222
of purrole 282/ diluents and inert materials 219
of shale oil 286 flame travel, flammable limits

Hydrodesulfurization 69, 28 1 as a function of direction
Hydrogen of 219

as aircraft fuel 249 flammable limits
for ammonia production 47-66 effect of pressure on 219
application of electrolytic 191-212 effect of temperature on 219
applied research on 30 as a function of direction of
basic research on 30 flame travel 219
budget, DOE 27-30 flash arrestors 222
Canadian sites of liquid 254/ f uel-oxident-igntion hazard 216
centers, refinery 90 ignition energy of 219-221
for coal liquids production, ignition mechanism of 221-222

source of 289 catalysts, nickel 222
for the commercial market, catalysts, platinum 222

production of 229-252 catalytic surfaces 222
comparison of processes for electrical equipment 221

producing 6* electrostatic sparks 221
concentration, equilibrium 354 hot hydrogen leaking into

for H2S thermal decomposition .. 350* ambient air 222
for metal sulfurizations 353* hot surfaces 222
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INDEX 405

Hydrogen (continued) Hydrogen (continued)
flammability of ( continued ) handling ( continued )

ignition mechanism of ( continued ) safety practices for ( continued )
hydrogen leaking into ambient hydrogen systems safe oper-

air, hot 222 ating practice in 226
open flames 221 safe designs for hydrogen
nickel catalysts 222 systems 226
platinum catalysts 222 safe operating practice in
solid air or oxygen 221 hydrogen systems 226
sparks from striking objects .... 221 training 227
thermite sparks 221 high-purity . .. 69

ignition mechanism of 221-222 hydrocarbon feedstock for refinery 74
inert materials, diluents and 219 -hydrocarbon recovery process 237/
pressure on flammable limits, industry, applications of recharge-

effect of 219 able metal hydrides in the .... 3 14-320
temperature on flammable limits, deuterium separation 3 17-320

effect of 219 hydride compressors 315-317
as a fuel 3 purification or separation 317

of the future 215 storage and transportation 314-315
from fuel desulfurization 333-348 injection concept, implementation

commercial aspects of 341-346 of the 39
economic aspects of 341-346 investments for refinery 88

-fueled vehicles 30, 40, 42 from Koppers-Totzek coal gasifi-
as a function of the electrolyzer cation 10/

plant cost, calculated cost of .... 191 by Koppers-Totzek gasification
as a function of temperature, of coal 8

density of 222 large bulk storage of 34
future markets for 345 low-purity 68,234
gate price 382 applications 239-242

vs. nuclear fuel costs, sulfur-cycle description of 235
plant 384/ purities 235-239

generating plant, SPE electrolytic . . 14/ manufacture
generation 232-233,363 coal gasification for 177-190

design 361/ economics of refinery 85-93
electrolysis design, bulk ^ 195 processing scheme for 96/
partial oxidation processes for .... 232 Texaco coal gasification process
processes for 48 for 180/
raw materials for ... 48 manufacturing cost(s)
system UTC pressurized as a f unction 0f heavy fuel oil

reformer lMf feedstock cost 120
handling v; ; 293-322 _midcontinent location 92/

general precautions for 225-227 _new coal gasification 92/
hazards, knowledge of the . 225 {qi refi 88
hazard reviews 226-227 _•_.•-, ~ ~~,,-~„ irq
hydrogen systems, safe designs manufacturing economics ..... 189

for 226 -methane feedstock, cryogenic
hydrogen systems, safe oper- sydrogen upgrader perform-

ating practice in 226 . ance~ . , 23Sf
safe designs for hydrogen by new coal process, economics of

systems 226 manufacturing refinery Ul*
safe operating practice in and nitrogen to ammonia, catalytic

hydrogen systems 226 conversion of 48
training 227 -nitrogen-oxygen flammability

hazards 215 triangle 218/
safety practices for 225-227 flammability limits vs. tempera-

hazard reviews 226-227 ture, hydrogen 220/
hazards, knowledge of the 225 hydrogen, density of para 223/
hydrogen systems, safe designs hydrogen flammability limits

for 226 vs. temperature 220/
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406 HYDROGEN: PRODUCTION AND MARKETING

Hydrogen (continued) Hydrogen (continued)
-nitrogen-oxygen flammability production ( continued )

triangle (continued) inflation rates for refinery 85
para hydrogen, density of 223/ methods 3
temperature, hydrogen flamma- operating costs for 1 19-122

bility limits vs 220/ from partial oxidation of residual
-nitrogen-oxygen mixtures 216-219 fuel oil 95-122
in oil refinery operations 67-94 price, effect of raw materials
on-site storage of liquid 253 cost on 19/
in oxygen, detonable limits for 216 process(es) 48
by partial oxidation of residual oil 8 comparison of 16-18
personnel exposure to liquid 224-225 descriptions 4—16

burns, cold 224 development areas, sulfur-cycle 364*
cold burns 224 economics for 118-119
diving atmospheres 225 sulfur-cycle 359-389
hydrogen-oxygen mixtures, parameters for the 363-389

problems with 225 electrolyzer 363-370
suffocation 225 integrated testing 374-381

in petroleum refining, uses of 67-94 process studies 381-389
plant(s) S02 depolarized 363

HTSR loop for 152/ sulfur trioxide
KTI Corporation design, UTC reduction 371-374

reformer-PSA 170/ system, sulfur-cycle 362*
typical operating requirements 169* technology in other countries 42-43

PSA 246/ thermochemical 15
SGP-based program, budget data for DOE 29*

design bases for 1 18-1 19 programs, international cooperation
heat for 97 on 40-43
material balances for 97 purification-liquefaction

UTC reformer (KTI Corpora- complex 249,250/
tion design) 166/ purity 235

Pricir r reaction curves of cycling with
effect of i e 304/

by-product credits on 23/ rec 233-234
change in stream factor on 22/ _upgrading process-Joule-
facihties investment on 21/ Thomson cycle, basic 236/
plant capacity on 22/ R D 27

sensitivity analysis of 16-18 . ".'." AO AA
to variations in plant cost, incentives 43-44

sensitivity of 18 requirements 43-14
processing 293^322 refo™er }gg
produced by partial oxidation, U1^ ;¦••• '

cost of 116/ requirement(s)
production for 1980-2000 67-94

costs for denitrogenation of pyridines .. 281
capital 119 f°r denitrogenation of pyrroles .. 281
comparative 211/ for heteroatom removal from
future 207 Paraho shale oil 285*
for SPE water electrolysis Z..Z. 207 f or heteroatom removal from raw
for steam reforming of shale oil ...... 284

natural gas 207 for petroleum refining 69-85
from water electrolysis plant .. 192/ refinery 74

design parameters for HTSR for . . 153* between 1980-2000 82
economics of 3-26, 67-94 in synthetic crude olqloqi
economic evaluation guidelines in shale oil . 279-291

for 5f 1980-2000, U.S. industrial 81/
of electrolytic 191-212 from residual fuel oil partial
future cost estimation for oxidation 9/

refinery 88 -rich offgas streams 233
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INDEX 407

Hydrogen (continued) Hydrogen sulfide (continued)
safe handling of 215-228 uses for 230/, 231-232
separation-purification using uses in petroleum refining 6&-69

hydrides 318/ use in transportation 249-251
separation subsystem 39 using hydrides, thermal corn-
service, construction materials pression of 316/

for liquid 224 U.S. sites of liquid 254/
brittle failure 224 vaporization of liquid 253
embrittlement, hydrogen 224 by water electrolysis 13
hydrogen embrittlement 224 yields, upset equilibrium systems

shipment, disadvantages of 315 and 337
small-scale storage of 34-37 Hydrogénation reactions, hydrotreat-
sources of 231-232 ing severity required for 285*
by the steam-iron process 11, 12/ Hydroprocessing option 79
from steam-methane reforming 7/ Hydrotreating
by steam reforming 4-8 followed by fractionation 288/
storage 293-322 fractionation followed by 287/

alloy(s) resid processing by 71/
brittleness and 301 seventy Af , A v: 281
commercial availability of 314 required for hydrogénation
development, low-cost Ni-rare reactions 285*

earth 309/
metal hydrides for 36 j
systems, lightweight 40
tank at Brookhaven National ICI low-pressure methanol process 123, 130/

Laboratories, FeTi 316/ reliability and 133
sulfide (H2S) 333-353 IEA (International Energy Agency) 43

decomposition of 349 Ignition energy of hydrogen 219-221
with metal sulfides, thermochemi- Ignition energy, minimum 221

cal decomposition of 349-357 Ignition mechanism of hydrogen .. .221-222
with metals, thermochemical Industrial electrolysis plants 42

decomposition of 349-357 Industrial-residential-commercial-
potential hydrogen supply from . . 345 total energy systems 39
processing costs, Claus plant 341 Inert diluent gases 219
thermal decomposition, equilib- Inflation rates for refinery hydrogen

rium H2 concentrations for .. 350* production 85
thermochemical decomposition Insulation, HTSR 155

of 350* International Energy Agency ; (IEA) .. 43
supplier plant capacity 85 Investments for coal conversion
supply from hydrogen sulfide, techniques 233

potential 345 Investment costs changes, facilities 18
system, absorption^isotherm for a Iron oxide 11

metal- 295/ Iron sulfide 338,352
system, desorption isotherm for a Isotherm(s)

metal- 295/ of As-cast M Nir, - „Alv alloys, effect
technology 33-44 of Al content on the desorption 310/

development .... 37 for FeTi at 16 °C, absorption 307/
transporting 256 for FeTi at 16°C, desorption 307/
transmission of 33-34 for LaNi-, at 25° C, absorption 308/
unloading 266-268 for LaNi-, at 25°C, desorption 308/

process, liquid 268 for a metal-hydrogen system,
upgrader absorption 295/

applications, cryogenic 234 for a metal-hydrogen system,
cryogenic 234-242 desorption 295/
performance — hydrogen-meth- for Mg2Ni, desorption 313/

ane feedstock, cryogenic .. 238/ for MNi4.r,Al0.r, 297/
-PSA system, combination 248/ for vanadium, hydrogen and deu-

upgrading technology 242 terium absorption 319/
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408 HYDROGEN: PRODUCTION AND MARKETING

J Liquid hydrogen
critical temperature for 222

Japan, closed-cycle loop systems in .... 338 on-site storage of 253
Japan, Sunshine Project of 43 personnel exposure to 224-225
Joint Research Centre (JRC) 42 burns, cold 224
Joule-Thomson cycle, basic hydrogen cold burns 224

recovery-upgrading process— .... 236/ diving atmospheres 225
Joule-Thomson refrigeration 235 hydrogen-oxygen mixtures,
JRC (Joint Research Centre) 42 problems with 225

suffocation 225
service, construction materials for .. 224

K brittle failure 224
hydrogen embrittlement 224

Kellogg ammonia plants steam re- srtes of
forming of natural gas, energy Canadian 254/
consumption of 63/ us 254/

Kellogg's natural gas-steam-reform- £ataty.st 199
ing technology, development of .. 62 facilities 263/

Koppers-Totzek coal gasification, unloading process 268
hydrogen from 8,10/ vaporization of 253

KTI Corporation design, hydrogen vent system, plant 264/
plant UTC reformer 166/ Load procedure 260

KTI Corporation design, UTC re- LooP circulator 128
former-PSA hydrogen plant 170/ Low , _ nM,

-carbon concept conditions 126/
-pressure methanol process, ICI 123
-purity hydrogen 68,234

L applications 239-242
T , i,, r .«, description of 235
Laboratory model, photo of 380/ purities 235-239

control station 380/ sulfur fuels " ZZZ.ZZ ... 333
Laboratory model schematic 379/ -temperature shift (LTS) 117

.ton i_ • • , r „„«, LP methanol process, Id's 130/
aI ÎLZ absorPtlon isotherms for 308/ LTS (low-temperature shift) 117
at 25 C, desorption isotherms for 308/ Lurgi Company 42
disadvantage of 306

Large bulk storage of hydrogen 34
Large-scale plants in 1979, raw M

material costs for 18
Laser fusion programs 30 Magnesium hydrides 36
Leaching tests, slag 184/ hydrogen concentration of 36
Leaching tests on slag from a typical Magnetic fusion programs 30

Western coal 181 Markets for methanol, current 141—146
Lead Markets for methanol, future 141-146

addition to molten Material balances for an SGP-based
copper 356/ hydrogen plant 97
nitrogen 356/ Materials samples in an anhydrous

experimental apparatus for molten 355/ environment, corrosion behavior
preparation, roast reaction method of reduction reactor 377/

of 354 Materials samples, corrosion behavior
Life support, 100-cell electrolysis of reduction reactor 378/

module for submarine 197/ Maximum heat recovery in Davy
Life support system for space station Powergas designs 131-132

applications, oxygen 196/ MB-3, extent of reaction for space
Lightweight hydrogen storage systems 40 velocities for catalyst 373/
Linde 253 Membrane(s)
Liquefaction complex, hydrogen and electrode assembly, Ft2

purification- 249,250/ active area 203/
Liquid to gas, expansion of 222-224 palladium metal alloy 336
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INDEX 409

Metal(s) Methanol 97, 123, 144/
hydrides blends with gasoline 143—145

engineering properties of re- distillation 129
chargeable 299* gasoline from 145-146

families of rechargeable 305 manufacture, current energy
A2B compounds 312 consumptions for 142/
AB compounds 306 markets for 146
AB5 compounds 306-312 current 141-146

in the hydrogen industry, appli- future 141-146
cation of rechargeable 314-320 plants

storage and transportation .314-315 advantages of Davy Powergas
hydride compressors 315-317 natural gas-based 131
purification or separation 317 Davy's natural gas-based 124-128
deuterium separation 317-320 design

for hydrogen storage 36 capital cost of 133
rechargeable 293-322 long-term developments in .133-134

basic chemistry and thermo- reliability of 133
dynamics of 293-296 process, ICI's LP 123, 130/

engineering properties of ... 296-299 process, reliability and the ICI LP .. 133
activation of a hydride- as a replacement for gasoline 143

forming alloy 30 1-303 from steam reforming, advantages
chemical stability 303 in 129-131
cost problems 305 from steam reforming, recent
gaseous impurities, tolerance advances in 129-131

to 303 synthesis 128-129
heat of reaction 299-301 synthesis gas production for
hydriding-dehydriding re- via coal gasification 139/

actions, kinetics of 303 via partial oxidation 136/
hydrogen capacity 301 via reforming 125/
hysteresis 299 via wood gasification 140/
kinetics of hydriding-de- synthetic gas production for 123-146

hydriding reactions 303 Methyl tertiary butyl ether (MTBE) 145
plateau pressures or tempera- Mg_Ni 312

tures 299 desorption isotherms for 313/
plateau slope 299 disadvantage of 312
production factors 305 Microballoons 37
raw materials, long-term Microspheres 37

availability of 305 Mine-mouth coal prices 88
safety of hydrides 305 Mischmetal, cerium-free 36
specific heat 303-305 Molded carbon current collectors
thermal conductivity 303-305 function 199

-hydrogen system, absorption iso- Molded current collector 200/
therm for 295/ Model compound analysis 284

-hydrogen system, desorption iso- Molten lead
therm for 295/ copper addition to 356/

sulfide, experimental apparatus for 351/ experimental apparatus for 355/
sulfides, thermochemical decompo- nitrogen addition to 356/

sition of H2S with 349-357 Montebello Research Laboratory,
sulfurization of 353-357 pilot plant at Texaco's 183
sulfurizations, equilibrium H2 con- MTBE (methyl tertiary butyl ether) 145

centrations for 353* Multiple fuel burner reaction zone .... 154/
thermochemical decomposition of Multiple gun burners 151

H2S with 349-357
Metallurgy, hydrogen in extractive .... 349 -^
Methanation process description,

C02 removal and 117-118 Nafion 120 199
Methane-steam reaction 55 Naphtha 123
Methane-steam reforming 52 feed 61
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410 HYDROGEN: PRODUCTION AND MARKETING

Natural draft installations 151 Oil, hydrogen by partial oxidation
Natural gas of residual 8

ammonia by steam reforming of 51-56 Oil refinery operations, hydrogen in .67-94
-based methanol plants, Davy's .124-128 Olefins 281

advantages of 131 plants 239
energy consumption of Kellogg applications 241*

ammonia plants steam ref orm- One-way hold time 257/
ing of 63/ On-site storage of liquid hydrogen .... 253

feed 61 Open circuit potentials on electrodes,
hydrogen production costs for variations of 365/

steam reforming of 207 Open-cycle economics 388/
liquids (NGL) 74 Open-cycle sulfur cycle 387/
plant, coal-based plant vs 61 Operating costs for hydrogen pro-
projected cost for 208/ duction 119-122
reforming 51 OTEC ( Ocean thermal energy con-
steam reforming of .47, 124-134, 232-233 version) 30
steam reforming technology, de- O verhy drotreating 286

velopments of Kellogg's 62 Oxidants, solid 221
steam reforming using 68 Oxidation
transmission systems 34 partial 48,61

NGL (Natural gas liquids) 74 coal gasification 135
Nickel 158 cost of hydrogen produced by .... 116/
Ni-rare earth hydrogen storage alloy of hydrocarbons, noncatalytic .134-137

development, low-cost 309/ hydrogen from residual fuel oil ... . 9/
Ni3S2 at the reduced pressure, hydro- phases 106

gen evolution curves for 355/ plants 232
Ni3S2, sulfurization of 352 processes for hydrogen generation 232
Nitrogen of resid feedstocks 68

addition to molten lead 356/ of residual fuel oil, hydrogen
to ammonia, catalytic conversion production from 95-122

of hydrogen and 48 of residual oil, hydrogen by 8
content of shale oil 279 steam reforming vs 61
in pyridines 284 synthesis gas production for
in pyrroles 284 methanol via 136/

Noncatalytic partial oxidation of vs . coal gasification 62
hydrocarbons 134-137 reaction, Tafel plots for the S02 .... 366/

Normal pressure cycle 350 of S02, Tafel plots for the electro-
Nuclear fuel cost, sulfur-cycle plant chemical 367/

hydrogen gate price vs 384/ Oxidizer 11
Nuclear reactor ( VHTR ) very high effluent 11

temperature 382 Oxygen
detonable limits for hydrogen in .... 216
generation 371

O life support system for spacecraft
, applications 196/

Oberhausen-Holten life support system for space sta-
coal gasification demonstration tion appiications 196/

, P.lam\ ¦¦ }°g as Phenols 284
design data for 185/
process flow diagram of the 186/ P

plant, design conditions of the 183 Palladium metal alloy membranes 336
Ruhrchemie Chemical Plant Paraho shale oil 284

Complex in 183 hydrogen requirements for hetero-
Ocean thermal energy conversion atom removal from 285*

(OTEC) 30 Partial oxidation 48,61
Octane boosters 145 coal gasification 135
Offgas, demethanizer 241* cost of hydrogen produced by 116/
Offgas streams, hydrogen-rich 233 of hydrocarbons 95
Off-loading steps for hydrogen noncatalytic 134-137

distribution 261-262/ hydrogen from residual fuel oil 9/
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INDEX 411

Partial oxidation ( continued ) Pressure cycle ( s )
phases 106 with chalcopyrite ( CuFeS2 ) , hydro-
plants 232 gen evolution curves for 355/
process(es) normal 350

Shell 134 with pyrrhotite (FeS), hydrogen
Texaco 134 evolution curves for 351/
for hydrogen generation 232 reduced 350

of resid feedstocks 68 Pressure limiting system, three-way,
of residual fuel oil, hydrogen full-condition 266-268

production from 95-122 Pressure, plateau ( Pp ) ( see Plateau
of residual oil, hydrogen by 8 pressure )
steam reforming vs 61 Pressure swing adsorption ( PSA )
synthesis gas production for plant 246/

methanol via 136/ KTI Corporation design, UTC
vs. coal gasification 62 reformer- 170/

PDU (Process development unit) 381 purification 151
Performance summaries, coal systems 242-247

gasification 185/ applications 245-247
Personnel exposure to liquid hydro- combination hydrogen upgrader- 248/

gen 224-225 description of 242-245
burns, cold 224 adsorption as 242-245
cold burns 224 depressurization as 242-245
diving atmospheres 225 four-bed PSA units as 247

hydrogen-oxygen mixtures, low-pressure purge as 242-245
problems with 225 repressurization as 242

suffocation 225 four-bed 242,244/
Petroleum purity 245

crude, shale oil, and coal, com- two-bed 242
parisons of 290* units 117

fuel conversion, high-sulfur residual 178 four-bed 247
refining Pressure warning system 256

hydrogen requirements for 69-85 Pressurized combustion steam-
hydrogen uses in 68-69 reformer design 160-171
uses of hydrogen in 67-94 Pressurized reformer hydrogen-

Phenols, oxygen as 284 generation system, UTC 164/
Philips Laboratories 306 Price schedule, power plant 38/
Phosgene 247 Primary shift convertors 152/
Phosphoric acid fuel cell, first- Process development unit ( PDU ) 381

generation . 39 Production
Pilot plant at Texaco's Montebello cost Vs. process efficiency for

Research Laboratory 183 hybrid sulfuric acid process .... 24/
Pilot units, coal gasification 184/ COst from water electrolysis plant,
Pipe, heat 158 hydrogen 192/
Plant of electrolytic hydrogen 191-212

capacity changes 18 facilities, tonnage 253
capacity on hydrogen price, effect of 22/ PSA ( see Pressure swing adsorption )
cost, sensitivity of hydrogen price systems 242—247

to variations in 18 Pump delivery procedure 260
loading vent system 264/ Purge controls, helium 269/
in 1979, raw material costs for Purge gas 55

large-scale 18 e^anderZZ.Z.Z.ZZ.ZZZ.ZZ.ZZ. 132
Plateau pressure (Pp) 294 stream 242

dependence of temperature on 296 Purification
Platinum metal alloy membranes 336 -liquefaction complex, hydro- •
Power plant price schedule 38/ gen 249, 250/
Power plant, steam ref ormers under pressure swing adsorption (PSA) .. 151

construction for fuel cell dem- -upgrading systems, combina-
onstrator 172/ tion 247-249

Pp (.see Plateau pressure) applications of 247
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412 HYDROGEN: PRODUCTION AND MARKETING

Purity, hydrogen 235 Rechargeable metal hydrides ( continued )
Purity, PSA system 245 engineering properties of ( continued )
Pyridine(s) specific heat 303-305

hydrodenitrogenation of 283/ thermal conductivity 303-305
hydrogen requirement for denitro- families of 305

genation of 281 A2B compounds 312
nitrogen in 284 AB compounds 306

Pyrite (FeS2) 352 AB.- compounds 306-312
Pyrrhotite (FeS) 352 in the hydrogen industry, applica-

hydrogen evolution curves for tions of 314-320
pressure cycles with 351/ deuterium separation 317-320

Pyrrole ( s ) hydride compressors 315-317
hydrodenitrogenation of 282/ purification or separation 317
hydrogen requirement for denitro- storage and transportation 314-315

genation of 281 Recovery
nitrogen in 284 hydrogen 233-234

process, hydrogen-hydrocarbon .... 237/
system integrated with an ammonia

« plant, ammonia vent 243/
-upgrading process — Joule-Thom-

R son cycle, basic hydrogen 236/
. . i ,n Rectisol plant 135

materials cost . 16 Reducedrpressure cycle 350
on hydrogen production price, Reduced yplessme hyydrogen evalua-

eriector ........ 19/ tion curves for Ni3S, at the 355/
for large-scale plants in 1979 18 „ , ..

materials for hydrogen generation .. 48 Kedu«10n
shale oil, hydrogen requirements reactor materials samples in an

for heteroatom removal from .... 284 anhydrous environment, cor-
R&D (see Research and Develop- rosion behavior 377/

^ . \ ^ reactor materials samples, corro-
t. .. ' sion behavior of 378/
Reaction f .,. SQ 372/curves ot cycling with impure „ j . i

hydrogen ? 304/ ^uctor U
phase 106 Re,finfy
tube design, alloys used in HTSR 155 hydrogen
tubes, HTSR .... 155-158 hydrocarbon feedstock for 74

Reactor technique, hybrid HTSR 171 centers . W
„ , ui xi il j -j ™n »«n investments tor 8«

Rechargeable metal hydrides 293-322 manufacture, economics of 85-93
basic chemistry and thermo- manufacturing costs for 88

dynamics of .. J93-296 b new coal » economics
engineering properties of. ....296-299« of manufacturing 91*

activa ion of a hydride-forming production, future cost estima-
alloy 301-303 v tion fo'r 88

chemical stability 303 production, inflation rates for 85
cost problems 305 requirements 74
gaseous impurities, tolerance to o 303 between 1980-2000 82
heat of reaction^ .299-301 processing operations, charge rates
nydriding-dehydnding reactions, for 79

kinetics of 303 processing, simplified ZZZZZZZ". 70/
hyo^encapacity^.......................... 301 Refining drotreating
kinetics of hydriding-dehydrid- __ a vs' ^sid coking, total 73/

ing reactions 303 Refining, hydrogen requirements for
plateau pressures or temperature 299 f Petroleum ........... 09-85
plateau slope 299 Reformer design, high-emciency 131
production factors Z...Z.ZZZZZ. 305 Reforming distillate fuel oils 171
raw materials, long-term availa- Reforming, synthesis gas production

bility of 305 for methanol via 125/
safety of hydrides 305 Refractory brick properties 156t
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INDEX 413

Refrigeration, Joule-Thomson 235 Shale oil (continued)
Research as a fuel oil 289

and development (R&D) 27 hydrodenitrogenation of 286
hydrogen 27 hydrogen requirements for 279-291
incentives 43-44 heteroatom removal from Paraho 285*
requirements 43-44 heteroatom removal from raw 284

on hydrogen, applied 30 nitrogen content of 279
on hydrogen, basic 30 Paraho 284

Resid ultimate analyses of 280t
coking, total refining ocsts for Shell

resid hydrotreating vs 73/ ADIP Process 115
feedstocks, partial oxidation of 68 Claus Offgas Treating ( SCOT ) unit 115
hydrotreating vs. resid coking, total Claus Offgas Treating ( SCOT)

refining costs for 73/ process 115
processing by coking 72/ closed carbon recovery system 111/, 112/
processing by hydrotreating 71/ Gasification Process (SGP) 9f, 95, 109f

Residential household, distribution -based hydrogen plant
costs of gas from the substation design, bases for 118-119
to a 35* heat for 97

Residual material balances for 97
oil, hydrogen by partial oxidation of 8 chemistry 106-107
fuel oil, hydrogen production from crude synthesis gas 97

partial oxidation of 95-122 feedstocks 97
fuel oil partial oxidation, hydrogen process description 107-1 13

from 9/ partial oxidation process 134
petroleum fuel, conversion, high- process 8

sulfur 178 plant description of 135-137
Retort gas stream 286 Sulfinol Process 113,114/
Roast-reaction method 353 Shift

of lead preparation 354 catalyst 160
Room-temperature hydrides, proper- convertors, primary 152/

ties of 311* convertors, secondary 152/
Ruhrchemie Chemical Plant Complex equilibrium, water-gas 107

in Overhausen-Holten 183 reaction, carbon monoxide 8
Rupture disc system, dual 256 Single cell protein (SCP) 146

dual safety valve and 259/ Slag
coal 182/

§ leaching tests 184/
from a typical Western coal,

Safety valve system, dual 256 leaching tests on 181
and dual rupture disc system 259/ Slush 215

Scale-up program, cell 202 Small-scale storage of hydrogen 34-37
SCP (Single-cell protein ) 146 SMR ( Steam-methane reformer ) 118
Secondary shift convertors 152/ Soaking phase 107
Selexol plant ... . 135 Soft-blowing method 354,356/
Sensitivity analysis or hydrogen price 16-18 çotjto * A 284
Sensitivity of hydrogen price to _ , \ ,"'.' oon ooax

variations in plant cost 18 Soto ammonia plant .... 385,386/
Separation-purification using Solar Energy Research Institute

hydrides, hydrogen 318/ (SERI) 30
Separation subsystem, hydrogen 39 Solid-gas heterogeneous reaction 350
SERI (Solar energy research institute) 30 Solid oxidants 221
SGP (see Shell gasification process) Solid polymer electrolyte (SPE) 13, 193
SCOT ( see Shell Claus Offgas cells, advantage of the 195

Treating) electrolysis technology 193-195
Shale oil 279-289 electrolytic hydrogen generating

atomic H/C ratio of 280* plant 14/
and coal, comparisons of petro- electrolyzer performance, current 195

leum crude 290* electrolyzer uses 195
fractionation of 286 General Electric 13
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414 HYDROGEN: PRODUCTION AND MARKETING

Solid polymer electrolyte (SPE) (continued) Steam (continued)
system, efficiency of the 13 reforming ( continued )
water electrolysis, hydrogen pro- using natural gas 68

duction costs for 207 vs. partial oxidation 61
Southern California Edison 189 Storage
Spacecraft applications, oxygen life of hydrogen, large bulk 34

support system for 196/ of hydrogen, small-scale 34-37
Space station applications, oxygen system, lightweight hydrogen 40

life support system for Z. 196/ Stream factor changes 18
Space velocities for catalyst MB-3 Stream factor on hydrogen price,

extent of reaction for ' 373/ effect of change in 22/
SPE (see Solid polymer electrolyte) Submarine life support, 100-cell
SRI's "World Nitrogen" report 51 Q , electrolysis module for 197/
tv.« c*. a j ni p cm * Substation to a residential household,

The Standard Oil Company 284 distribution costs of gas from the 35*
feed for the CO-shift unit 117 Sub^on, tninsportation costs of
iron process, hydrogen by the 11 Sulfinol process
-iron process, hydrogen from 12/ advantages of the 113
-methane reforming hydrogen from 7/ description, desulfurization- 113, 114/
-methane reformer (SMR) 118 shell 113 114/
reformer(s) SuUolzne ZZZZZZ^ZZZZZZZ^. ' 113

combustion pattern, UTC 168 Sulfur 333-348
under construction for fuel cell and the claus plant ZZZZZZZ..... 181

demonstrator power plant .... 172/ cycle
design, pressurized combus- development status of the 360-389
f tl0n 160-171 hydrogen production process .359-389
*uels -¦-¦¦¦•; f _•••¦- , 148 development areas 364*
furnace design for the Consoli- parameters for the 363-389

™*™l Edlson Company, electrolyzer 363-370
, UJC.S 162 SOo depolarized 363
loop, high-temperature 151 integrated testing 374-381
modules conceptual arrange- process studies 381-389
, ™ent 172f sulfur trioxide reduction 371-374

reforming . ^ 48 hydrogen production system 362*
advantages in methanol from 129-131 near-term application of the 385
ammonia by 53/ open-cycle 387/
feedstocks 232 plant efficiency vs. cell voltage .... 383/
of hydrocarbons, economic plant hydrogen gate price vs.

advances m . 147-175 nuclear fuel cost 384/
of hydrocarbons, technical Westinghouse 15

advances in 147-175 dioxide ( SOo ) oxidation reaction,
hydrogen by . 4-8 Tafel plots for the 366/
low investment cost and 90 dioxide ( SOo ) , Tafel plots for the
methane 52 electrochemical oxidation of .... 367/
of natural gas 47, 124-134, 232 emissions, Claus tail gas 115

ammonia by 51-56 -iodine cycle 323-332
energy consumption of Kellogg bench-scale investigations of the 324

ammonia plants 63/ program, GA 323
hydrogen production costs for 207 recovery 115-117

No. 2 fuel oil 173/ and the tail gas treating uni^. '"........ 181
plants, fuel requirement for 55 as thiophene 284
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