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ABSTRACT

Befinery hydrogen, samonia and methanol, the privcipal industrial
hydrogen products, are now manufactured mainly by catalytic stean reforming
of natural gas or some alternactive light hydrocarbon feed stock. Antici~
pated Iincreases in the prices of hydrocarbons are expected to exceed those
for coal, thus gradually increaging the incentive to use coal gasification
as a source of industrial hydrogen during the 1980-2000 periocd. Although
the investment in indusrrial hydrogen plants will exceed those for reforming
by a factor of 2 or more, coal gasification will provide lower production
costs (including 29%/yr. before tax return) for methanol manufacture inm the
early 1980's gnd for smmonia 5 years or so later. However, high costs for
transporting coal to major refining centers will make it difficult to justify
coal gasification for refinery hydrogen production during the 1980~2000
perilod.

By the year 2000, 40-45Z of the U.S. industrial hydrogen requirements
will be provided by coal gasification thus conserving natural gas and light

hydrocarbon feed stocks equivalent to about 600,000 B/D of crude oil.

Electrolytic hydrogen production costs will be reduced by improved
electrolysis technology such as the solid polymer electrolyte process.

These improved processes wlll reduce electrolysis plant investments by a
factor of 2 or more and reduce electricity requirements by about 20%. Although
the production cost, including return for electrolytic hydrogen, will continue
to exceed those for reforming and coal gasification, the use of electrolytic
hydrogen will be attractive for many small users when the new technology is
available in the early 1980's. Electrolytic hydrogen now about 0.72 of total

D.S. industrial hydrogen requirements will probably increase to about 1.2%7
of the total by the year 2000.

Lh

|-

mart ami ae = %

g T

POV

. e e

B

e eagas



LRSS

atews e T

b P - LT

o,

Y SRS Y

P

v . P T
P ) s

e e AR e vt

r

S F TR w BT RS

——

T ACTR P

- #u ¥ g T

P ——

et pe miee.teen m

o el ey 2 T

s mlama

. B
o N
e et P A <, e, g [N .
. L el Lmttint = N T S R e T L T R T st e,
gy v L R e 2 d - 1 kt

EXECUTIVE SUMMARY

The priacipal requirements for industrial hydrogen are for use
in petroleum refiming, for the manufacture of ammonia and methanol, and
for a wide variety of small uges including chemicals manufacture, metallurgy,
welding, etc. Nearly all U.S. induystrial hydrogen is now manufactured by
catalytic steam reforming of natural gas or some other light hydrocarbon
feed stock. Some industrial hvdrogen, particularly in Europe, is produced
by the partial oxidation of . Jid. Outaide the U.S., significant amounts
ara produced by the Koppers-Totzek coal gasification process. Small
quantities of hydrogen are produced by electrolysis in the U.S. and in many
other foreign countries for small user hydrogen requirements.

U.S. industrial hydrogen requirements expressed as the heacing

value of refinery hydrogen and the heating value of the hydrogen contained
1n anmonia and methanol were 0.58 Quads/year inm 1975 (0.58 x 1015 Bru/yr).
By 1980 these requirements are expected to be about 0.78 Quads/yr. and by
the year 2000 this figure is likely to be 1.77 Quads/yr corresponding to a

growth rate during the 1980-2000 periocd of 4.2X%/yr. These requirements are
summaxized in Table S-1. :

In 1975 natural gas {or other light hydrocarbon feed stock)
required to produce these U.S. industrial hydrogen requirements was equivalent
to about 450,000 B/D of crude oil. By 1980 this requirement will probably
increase to 612,000 B/D. If narural gas reforming were used to produce
all industrial hydrogen in the year 2000, the crude oil equivalent would be
about 1.4 million B/D. This would correspond to 62 of the projected crude
oil imports in 1980 and 15% in the year 2000. However, by the year 2000
it is likely that coal gasification will be used to provide 40-45% of U.S.
industrial hydrogen requirements. Coal requirements for hydrogen production
by gasification will then be 58 M SI/yr corresponding to 4X of the U.S.
projected coal copnsumption for the year 2000. Assuming coal gasification
is used to this extent, 615,000 B/D of natural gas (crude equivalent) will be
saved in the year 2000; this saving will correspond te 7% of the U.S. gas
consumption, or 3% of total U.S. crude requirements, or 6Z of projected U.S.

imports of crude oil. Feed stock requirements for industrial hydrogen for
the years 1280 and 2000 are summarized in Table S-2.

Steam reforming is now the most attractive process for manufacturing
refinery hydrogen, ammponia and methanol in the U.S. Although resid partial
oxidation is used for a small portion of refinery hydrogen manufacture in the
U.S. and is used more extemsively in Europe, it appears that this process will

not be attractive in the U.S. during the 1980-2000 period except for the
special situations where resid stocks can be obtaiped at prices substantially
less than those assumed in this study. As natural gas and light hydro-

carbon feed stocks become more expensive relative to coal, industrial hydrogen
production will shift from reforming to coal gasification even though the
investments for coal gasification hydrogen plants will be more than 2 times
those for steam reforming. By 1982, production costs (including 20Z/yr before
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tax returp) for methanol manufacture by reforming and coal gasification
will be equal, and thersafter costs by coal gasification will ba lower.
For omnonia the break-aven year will be about 1989. Refinery hydrogen
production will be more attractive by rcforming throughout the 1980-2000
period due in part to very large incremental investments for coal gasifi~
cation and in part to the high transportation costs required to deliver
coal to major U.S. refining centers. The sconomlcs for these processes
and products for the years 1980 and 2000 are summarized in Table 5-3.

These economics data asgume that an improved coal gasification
process will replace the Koppexs-Totzek system which is now used
commercially. This improved process has been extensively developed durilng
tha past several years, but as yet has not been demoustrated commercially.
This improved process will probably provide investments about 10% lower
than those for E~T and will require about 7% less coal compared to K-~T.
These msavings are provided by the use of 400-500 psig pressure on the
gagsification reactor compared to armospheric pressure used in the K-T
process. It appears that this improved process (hereafter called new
coal) will be availabla for commercial use by 1982-83.

Electrolysis is now used to provide 0,004 Quad/yr of industrial
hydrogen in the U.S. This is equivalent to sbout 0.7% of the total
industrial hydrogen produced in the U.S. or 17% of the "small uger" hydrogen
category. The remainder of the small user hydrogen market is provided by
on site manufacture in small reformers or from large reformers through
over the fence deliveries by pipeline, or by truck delivery ia pressure
cylinders or as a liquid. The increased cost and difficulty of obtaining
light hydrocarbon feed stocks for reforming will ipcrease the economic

. incentive for using electrolysis. By the year 2000 electrolysis is expected
to provide 257 of the small user hydrogen market or 0.02 Quad/yr. This
will then be about 1.2% of the total U.S. industrial hydrogen requirements.

The small user hydrogen requirements and production processes are summarized
in Table S-4.

Electrolytic hydrogen production costs are very high cowpared to
those for reforming in large plants. However, for the small user, production
costs in small capacity reformers may be even greater than by electrelysis.
Procuring hydrogen by purchase from a nearby reformer by pipeline or truck
delivery may therefore be the optimum procedure for wany small users.

Investments for electrolysis plants arz now about $500-750/kw of
hydrogen product over a broad range of plant capacity (198C$). Production
costs including 20%/yr before tax return are about $21/MBtu of hydrogem
assuming electricity can be obtained at 2.7¢/lwhr. Development work
currently in progress employing a solid polymer electrolyte (SPE) is' likely
to lower the investment to $200/kw and production cost to about $13/MBru.
If off-peak electricity could be obtained for say 10 hours per day at

1.0¢/kwhr, the production cost ‘would be about $11/MBtu but the hydrogen
product would be produced intermittently.

The corresponding cost for producing
hydrogen in large reformers (100 MSCF/SD) is $6.12/MBtu. Electrolysis
economics data are summarized in Table S-5.
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An important economic difficulty in producing electrolytic
hydrogen is that the efficiency of converting primary fuel (coal, oil or
nuclear energy) to alectrolytic hydrogen Lls very low compared to that for
convarting these feed stocks to hydrogen by reforming or coal gasificatiaon.
The thermal efficiency for converting coal, nuclear or oil fuels to elec~

tricity is about 35% and that for converting electricity to electrolytic
hydrogen may be 90Z for the new electrolysis processes.

The overall
efficiency of converting coal (or nuclear fuel or oil) to electrolytic
hydrogan is, therefore, about 32%. The corresponiing thermal efficiency
for converting nmatural gas to hydrogen by reforming is 70Z and for converting
coal to hydrogen by the R-T process is 61% and by the pew coal gasification
pracess is 66Z.

Electrolysis involves this low overall thermal efficlency
and there 1s no foreseeable way to reduce this large couverslon loss.

Electrolysls therefore requires essentially twice as much primary energy
as reforming or coal gasification. However, electrolysis provides the only
available procedure for converting hydro or nuclear emergy to a gaseous fuel.

The economic values developed in this study ara based on the
estimated cost of process plants constructed for startup in 1980 expressed in
1980$. Tt was assumed that construction costs, coal, electricity, chemicals,
catalyst, and operating labor would escalate during the 1980-200C period at
5%/yz, the assumed general inflation rate. Thus, all these costs are assumed
to remain constant during this 20 year period when expressed in 1980$. Costs
of natural gas and resid feed stocks were assumed to escalate at 6.5%Z/year
due to decreasing supplies of these petroleum feed stocks and the probabilicy
that the cost of imported hydrocarbons will increase in step with the world
inflation rate which will be somewhat greater than that for the U.S. The

prices assumed for coal, natural gas, resid and electricity are summarized in
Table 2.02, page 31.

Throughout these economic studies, the cost comparisons of ome
production system versus another were calculated to show the effect of

several sensititivities. These calculations iundicate that a reasomable change
in these variables will not change the basic conclusions that were developed

for the most likely (base) case. the following factors were studied in these
sensitivity calculations:

Higher feed stock costs
Lower feed stock costs
102 increase in Iinvestment

Construction costs escalate 1Z/yr above general inflation
Construction costs escalate 1%/yr below gemeral inflation
Coal prices escalate 1%/yr above gemeral inflation
Coal prices escalate 1%/yr below general inflation
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TABLE S~1

1.S. Industrial Hydrogen Requirements

Growth

Rate

198C 2000 x/yr

Refinery hydrogen, MSCF/CD 1780 4725 5.0
Ammonia, MST/yr 21.3 41.8 3.4
Methanol, MST/yx 5.3 15.3 5.4
Suall user hydrogen, MSCF/CD 261 700 5.0
Total, Quads/yr of H, 0.78 L.77 4.2

TABLE $-2

Hydrocarbon and Coal Feed Stocks for U.S.
Industrial Hydrogen Praduction

1980 2000
Natural gas required if all U.S.

indugtrial hydrogen were produced

by reforming, KB/D crude equivalent 613 1401
Natural gas saved by coal gasificatiom,

KB/D crude egquivalent - 615
Coal required for gasification,

MST/yr - 58
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Investment, $ Millions (1980-2000)

TABLE S-3

Economics for Industrial Hydrogen Praduction

Refinery hydrogen, 100 MSCF/SD plants
Ammonia, 2000 ST/SD plants
Methanol, 2000 ST/SD plants

Production Cost Including 202/yr

Befsare Tax Retuin

Refinery hydrogen, $/MBtu 1980
” 1 (] L1}
1 )

Ammonie, $/ST
(1] "

Methanol, $/ST
1 1] ”

1980 $

Natural Resid New

Gas Partial Coal

Reforming Oxidacion Gasification

63 159 200

181 281 362

135 231 310

§.12 8.14 8.17

20G0 7.54 9.19 8.17
1980 210 248 227
2000 248 283 227
1980 195 221 198
2000 236 255 198
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TABLE S=4

U.S. Smail User Hydrogen Requirements

Btu/vyr x 1012

1975 1980 2000

Supplied by electrolysis

4 4 21

" by reforming 20 27 41

" by nev coal gasificatiom - fmad 21
Total

24 3l a3

TABLE 5-5

Economics of Electrolytic Hydrogen Manufacture

1980 $
Electrolysis Steam
Current SPE SPE Reforming

Hours per year operation 7920 7920 3300 7920
Investment, $ per 7920 kwhr

per year hydrogen product 750 206 494 148
Production Cost, $/MBtu

Electricity @ 2.7¢/kwhr 10.44 10.19 - -

" @ 1l°¢lmhr - - 3-77 -
Natural gas @ $3.15/MBtu - - - 4.09 .
Other operating costs l.19 0.28 0.80 0.31
Capital charges inc. return 9.36 2,65 6.08 1.72

Total 20.99 13.22 10.65 6.12
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RECOMMENDATIONS

Reducing the future consumption af natural gas and/or light
hydrocarbon feed stocks for the menufacture of industrial hydrogen can
best be achieved during the 1980-2000 period by employing coal gasifi-
cation to replace steam reforming in ammonia and methanol manufacture.
Processes such as the thermal disassoclation of water using nuclear energy
and the catalytic photolysis of water ara at an early stage of development

and probably will not be available for commercial use before the end of
this century.

The pressurized coal gasification process iz im an advanced
stage of development, and this process appears to offer attractive
advantages over current K-T technology. Although the pressurized gasifi-
cation process has been studied extensively in pilot plancs it must be
demonstrated In a full scale plant to assure that commercisl use is

feasible. Several other coal gasification processes (such as steam/irom)
are also being developed.

To assuxe that an improved coal gasification process is available
for commercial use at an early date, the pressurized ceoal gasification
process for hydrogen manufacture should be demonstrated as soon as possible.
Such a demonstration may be in the planning stage at present and may be
conducted without delay, However, 1f such a demonstration is not being
planned, ERDA should consider a program of cost~sharing with industry to
agsure that the demonstration is conducted without delay.

It is beyond the scope of this study to determine the status
of the several coal gasification processes that are likely candidates for
the demonstration program, Organizations that may be involved in planning
such a demonstration are Texaco, Shell, Koppers, IGI and possibly others.

In June, 1976 ERDA published a Program Opportunity Notice, PON-FE-6 for a
comercial plant to produce hydrogen by coal gasificatiom.

ERDA is supporting the development of improved electrolyzers,
including the solid polymer electrolyte process. Although electrolysis
will probably not be attractive for the production of reficery hydrogen,
ammouia or methanol, it will gradually become more attractive as a supply
source for small user hydrogen requirements. Also, several new uses are
likely to provide attractive opportunities for the use of an improved
electrolysis process capable of reducing investments and increasing thermal
efficiencies. These new uses include the conversien of off-peak hydro and
nuclear produced electricity to hydrogen; the conversion of remote hydro
pover to hydrogen for ammonia manufacture at sites too far from population
centers to permit ecomomic delivery of electricity; and the conversion of
ocean thermal energy to electrolytic hydrogen and/or ammonia. ERDA should
continue to support the development of improved electrolysis processess- ..
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INTRODEICTION !

Hydrogen has been widely conegidered as an energy carrier because’
it can be produced from nuclear, hydro or solar emergy and thus reduce the
consumption of fossil fuels. The hydrogen energy system has been discussed
by many groups (References 1-6). It bas been suggested that in the near
term hydrogen manufacture should employ ccal or lignite as a means of
congserving natural gas or petroleum feed stocks. Low Btu coal deposits in
temote locations might be converted to subgstitute natural gas (ENG) or
hydrogen and the gas could be transported to distant population centers by
pipeline. In the longer term solar or nuclear energy resources might be
used to replace fossil fuels now used for industrial hydrogen production.
Thesa concepts are of considerable interest to ERDA because of the adminis-

tration's responsibility of providing RD and D programs directed to reducing
the consumption of matural gas and petroleum.

Today large quantities of industrial hydrogen are used in petroleum
refining; for the manufacture of ammonia, methanol, and other chemfcals: and
for many small volume uses such as vegetable oil hydrogenation, metals
processing, etec. In the U,S. almost all of the hydrogen for these industrial
uses is currently menufactured by steam reforming of a light hydrocarbon such
as natural gas or the partial oxidation of a heavy petroleum feed stock.,
However, small quantities of hydrogen are produced by water electrolysis.

Ino this study published information has been used:

e to predict the quantities of hydrogen that will be needed in

the U.S. during the 1980-2000 period for these current indus=
trial uses;

e to determine the most economic method of hydrogen manufacture
during this period;

e to predict the quantities of hydrogen that are likely to be
made by the various processes assuming new facilities installed

during this perlod are selected on the basis of their manu-
facturing costs including return; and .

¢ to identify technology developments that could have a signi-
ficant impact in reducing the consumption of natural gas and
petroleun for hydrogen manufacture during this peried.

From this work suggestions have been made regarding programs that
ERDA could sponsor as a means of accelerating the use of coal for manu-
facturing industrial hydrogen during the 1980~2000 period thereby reducing
the consumption of natural gas and liquid petroleum feed stocks.
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..1.0 MB/D crude oil = 2.0294 x 1015

ABBREVIATIONS/DEFINTTIONS/CONVERSION FACTORS

bbl = petroleum barrel, 42-U.S. gallons
Btu = Britilsh thermal unit, 252 g cal
Eeating Value = heat of combustion (gross)
= 23860 Btu/lb for methane
= §1100 Btu/1lb for hydrogen
= 4345 Btu/lb for carbon monoxide
1b = pound, 454 grams
M = millions (106%
k = thousands (107)
gal = U.S. gallon, 3.785 liters
resid = petroleum residuum
CD = calendar days
SD = gtream days
SCF = standard cubic feet (60°F, 1.0 arm)
ton or ST = 1.0 U.S. ton, 2000 pounds, 908000 zrams

1.0 bbl crude oll =-

_ 5.56 x 10¢ Btu Gross
1.0 " resid fuel ofl = §.37 x 10 " "
1.0 " gasoline or =~ 4.80x 106 " "
naphtha

1.0 Quad = 1.0 x 10%° Btu

1.0 kwhr = 3415 Btu

Btu/year

Hydrogen = 2.016 molecular weight

= §1100 Btu/lb gross heat of combustion
= 322 Btu/scf " wown "

Methanol = 6.63 1lbs/gal
= 9760 Btu/lb gross heat of combustion
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CONUVERSION FACTORS — ENGLISH TO METRIC (ST) UNITS

Eaglish Metric
Inits Equivalent
Length in 2.54 cn
ft 0.305
Area 1n2 6.45 cu’y
ft 0.0930 m
VYolume hg l6.39 cm3
ft 28.32 1
Us gal 3,785 1
Mass oz 28.35 g
b 453.6 g
ton (short) 907.2 kg
Pressure 1b/4n2 6.89 K/n3
£t HZO (60“F) 3.38 WN/m
Temperature °F 1.8 (°¢) + 32
°R 1.8°K
Energy Btu 1.055 kI
cal 4.184 J
Power Btu/s 1.055 tw
i 0.746 kw
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1. FUTURE U. S. REQUIREMENTS FOR INDUSTRIAL HYDROGEN

Industrial hydrogen is currently used for petroleum refining,
for the manufacture of ammonia and, methanol and for dozens, possibly
huundreds, of other uses including chemical synthesis {(chemicals other

than ammonia and methanol), metallurgy, semi-conductor manufacture,
vegetable oll hydrogenation, etc.

Present U. S. consumption of hydrogen
for these uses has been estimated to the year 2000.

In addition to the current requirements, new uses for hydrogen
will develop in the future for synthetic fuels manufactura, irom ore
direct reduction, and possibly as autemotive and afrecraft fuels.

These
new uses have not been included in the estimates of future requirements
prepared in this study.

Table 1.0l summarizes the future requirements to the year 2000.

Current requirements are about 0.58 Quad/yr; by the year 2000 requirements
are estimated to be 1.77 Quad/year, an annual growth rate of about 4.5%.

Nearly all industrial hydrogen 1s currently manufactured in the
U. S. using catalytic steam reforming of natural gas or some other light
hydrxocarbor feed stock. Table 1.0l also shows the patural gas required
to produce all current and future U. S. indugstrial hydrogen requirements
agsuming all this hydrogen is made by steam reforming. The natural gas
faed stock is expressed as crude oll equivalent. Currently (1975) the
natural gas requirement is equivalent to 451 thousand B/D of crude. If
all the industrial hydrogen required in the year 2000 were produced by
reforming the light hydrocarbon feed stock would be equivalent to 1.4
million B/D of crude oil. However, as will be explained in later sections,
coal gasification is likely to be used after 1985 for some of this industrial
hydrogen production thereby saving natural gas cor other hydrocarbon feed

StockS-

Future industrial hydrogen requirements were estimated by the
Jet Propulsion Laboratory im 1975 (Reference 2). Table 1.02 compares the
JPL estimates with those prepared in this study.

The two estimater agree
reasonably well for the hydrogen required for petroleum refining; however,

the JPL estimates are substantially higher than those from this study for
the other hydrogen requirements.

Eydrogen for Petroleum Refining

The quantity of hydrogen required for petroleum refining depends
on the quantity of crude o1l processed in U. S. refineries, the quality

of the crudes processed, the type of processing used and the product slate
required.

Future crude ofl requirements have been prepared by several
groups (References 7, 8, 9, and 10). The estimates prepared by Exxon Co.

USA (Reference 9) and Texaco, Inc. (Reference 10) have been used as the
basis of the data developed iIn this study.
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Future U. S. energy requirements to the year 2000 are shown in
Table 1.03. Total U. S. energy consumptiom increased by about 4.02/year
during the 1960-73 period. Future growth rates will be less than this
because of the higher current and future prices of emergy products and

the resulting comsexvation and efficiency improvement measures. These
projected growth rates are as follows:

197480 = 2.1%/yT.
1980-90 =~ 2.8%/yr.
1990-2000 - 2.1%/yr.

Nuclear emergy will be the most rapidly growing segment in the
It will grow from 1.2 Quad/yr. ic 1974 to 34.5 Nuad/yr in the
year 2000, an average srowth rate over this period of abcut 14X/yr.

future.

Natural gas supplies frem various domestic and forelgn sources
were 23.5 Quad/yr in 1974 and arc expected to decrease to 19.2 Quad/yr in
1980. Gas reguirewments will remain about constant during the period
1980-2000 and ar¢ estimated to be 18.1 Quad/yr in the'year 2000.

1

Coal provided 14.8 Quad/year or 19% of the total L. S. emergy
requirements in 1974. Coal consumption is expected to increase to 18.2

Quad/year in 1980 and to 32.1 Quad/year by the year 2000; it will then
provide 23% of the total energy requirements.

Table 1.03 also shows forecasts of projected U. S. requirements
for oil. Liquid perroleum will remain the leading source of epergy for
the U. S. throughout this period. This component will increase from 34
Quad/year in 1974 to 41.3 Quad/year in 1980 and 50.3 Quad/year by the year

2000. Bowever, oil's share of the total energy supply will decrease from
447 in 1974 to 362 in the year 2000.

Table 1.04 shows projected U. S. supplies of liquid petroleum
and synthetic crudes. U. S. crude oll production has decreased slightly
since 1970 and this trend is expected to continve until adbout 1980. At
this time erude production from the Alaskan North Slope will begia to
increase overall U. S. production. By the late 1980"'s crude production
should again reach the levels achieved in the early 1970's assuming
additional reserves are discovered as expected. Over half of the U. S.
crude production in 1990 must come from as yet undiscovered reserves.
Energy supplied by crude oll will reach its peak about 1990. Thereafter

its availability is expected to decrease in the U. 5. and in the world as
2 whole.

Synthetic crudes produced from shales and coal are expected to
be of little significance prior to abour 1990. In that year synthetic
crude production should be about 0.7 million B/D or 3% of the total U. S. o
liquid petroleu: supply. Thereafter synthetic liquid production should b
increase Tapidly to about 3.0 million B/D or 13% of the U. S. liquid supply

by the year 2000. Bayond the year 2000 synthetic crude will increase
agignificantly as crude oil reserves are depleted.
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The difference between U. 5. liquid petroleun demand and U. 5.
crude production will be provided by imported crude and products. These
data are also shown in Table 1.04. 3y 1980 imported crude and products
will be about 10.7 million B/D or 41.3% of the total supply. Imports
will grow to 12.5 million B/D (49.9% of total) by 1990 and will then
start to decline reaching 11.0 million B/D (50.3% of total) by the year
2000.

In recent years, the use of hydrogen has become increasingly
wore important in petroleum refining mainly because crude supplies have
become heavier and of higher sulfur content, and the economi¢ need to
reduce resid fuel oil yields. In addition, stringent envirommental

restrictions requiring lower sulfur content products have accelerared the
use of hydrogen processing.

Hydrogen is used principally for the hydrodesulfurization of
petroleum streams and alsc for hydrocracking of heavy hydrocarbons, a
process that produces high quality gasoline compoments by the cracking of
heavy oils in the presence of hydrogen. Until recent years, most hydrogen
consumption has baen for the desulfurization of light distlllate streams
(650°F~). 1In general, these processes require little hydrogen ranging from
about 10-20 SCF/B for light naphthas wp to 100-200 SCF/B for thte heavier
distillates. Hydrogen demand for these processes has in the past, and
will in the future, be provided by the hydrogen produced in catalytic
reformers that are used to increase the octane number of motor gasoline.
Hydrogen, a by-product from these reformers, is typically of 70-80%
purity but is satisfactory for desulfurizing distillate stocks.

The development of hydrocraciking processes, heavy gas ¢oil de-
sulfurization, and residuvum desulfurization brought in refining processes
requiring large volumes of high purity hydrogen (95Z+). Hydrogen con—
sumption for these processes ranges from approximately 300 SCF/B for light
gas 0il desulfurization to 3000 SCF/3 for severe hydrocracking. Because
of their high hydrogen consumption and their requirement for high puricy
hydrogen, hydrocrackers and heavy oil desulfurization processes are
usually installed with theixr own hydxrogen generation facilities. The
hydrogen is produced by either steam reforming of natural gas or some

other light hydrocarbon or partial oxidation of resid, althopzh most of
this hydrogen is produced iz steam reformers.

Future hydrogen requirements were estimated assuming rydrogen
required for hydrocracking, gas oil desulfurization, and residuum desul-
furizstion would be specifically manufactured for these processes and
that all hydrogen produced by catalytic reforming for octane improvement
is consumed by distillate reforming and other miscellanesus consumers

and would not be replaced by hydrogen gemerated from non-petroleum
sources.

Projected crude runs, preduct slates, and processing requirements
were estimated through the year 2000. These data are shown in Tables 1.04
and 1.05. Between 1977 and 2000 there is a marked increase in residuum
processing requirements due to an overall increase in crude Tums, a de-

clining market for heavy fuel oils, and also from some "heavying up" of the
ecrude slate.
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Two ‘alrernative processing routes are available for processing
residuum and the cholice has significant effects on refinery hydrogen re-
quirements. Residuum processes can be characterized as either carbon
removal processes, e.g. coking, or hydrcgen addition processes, i.e.
hydroeracking. The hydrocracking alternative obviously requires much
greater quantities of refinery hyd:togen (Reference 21).

The choice between these two alternative proceasing methods
depends on specific economic factors, and such an evaluation of the alter-
natives is beyond the scope of this study. The estimated processing re-
quirements developed in this study assumed coking as the most economical
residuum conversion process. The reasons for this choice are discussed
in Reference 21. This will, of course, give lower hydrogen requirements
than would be required if extemsive hydrocracking were utilized. As a
sensitivity, an additiopal case was estimated for the year 2000 in which
hydrocracking was used instead of coking to provide the required product

slate. This case is alsoc shown or Table 1.05 and would result in the
naximum anticipated hydrogen demand.

Future hydrogen requirements were estimated from the processing
requirements shown on Table 1.05 by using typical hydrogen comsumption
figures for the various processes given in Table 1.06. The hydrogen
consumpticn figures allow for theoretical hydrogen consumption and typically
20% additional for hydrogen purge required to maintain a high hydrogen
purity in the process. If the hydrogen is produced by steam reforming, the
purge can efficlently be used as part of the feed stream to the reformer.

If hydrogen is provided from external sources, the purge would be burned
as refipery fuel.

Table 1.07 lists the estimated refinery hydrogen requirements
through the year 2000 and the crude oil equivalent-of the natural gas
feed required to produce this hydrogen by steam reforming. While liquid
petroleum feed stock is usually not used as feed or fuel im hydrogen
manufacture, reducing hydrogen production would release an equivalent
amount of refinerv fuel gas or naphtha for alternative use in the refinery
and this would result in a reduction in crude requirements. The study
shows refinery hydrogen consumption increasing from 0.17 Quad/year in
1977 to 0.56 Quad/year in 2000, if the coking processing sequence is

utilized. If hydrocracking is utilized for residuum conversion, the
hydrxogen required by 2000 would be 1.5 Quad/year.

The hydrogen requirement of 0.17 Quad/year estimated for the
year 1977 agrees well with published information on hydrogen producing
capacity in U. 5. refineries. As of Jammary 1976, the U. S. capacity
totaled 0.16 Quad/year with most of this being supplied by steam reforming
of methane. Table l.l4 lists existing U. S. refinery hydxogen plants.

If all of the hydrogen required for processing heavy oils were
supplied from non-petroleum sources, this would reduce ¢rude imports in
the year 2000 by 394,000 B/D assuming coking is employed for residuum
processing. If hydrogen treating were employed, crude imports could be
reduced by 1,161,000 B/D. These quantities of crude correspond to 4-~11%
of the projented crude impor:is in the year 2000, However, this does not
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suggest that substitution of non-petroleum hydrogen for petroleum produced
hydrogen is economically attractive. The economics of hydrogen production
are discussed in Section 3. Nono-petroleum souxrces of hydrogen do, though,

offer potential means of reducing imported crude if hydrogen can be pro-
duced economically.

v

Tbe production cost of hydrogen by coal gasification 1s discussed
ir Section 3. Since the cost varies aubstantisily from one geographlcal
area to another, the refinery hydrogen requirements in various geographical
areas are needed to determine the quantities of rafinmery hydrogen that
possibly could be produced by coal gasification. The data in Table 1.08
show the projected crude rums ir these four geographical areas: East
Coast, Midcontinent, Gulf Coast and the West Coast amd Mountain areas.

This table also shows the hydrogen requirements per barrel of crude for
each areas based on the anticipated quality of crude for each area. The
table then shows the hydrogen requirements for each of the four geographical
areas. In the year 2000, about 12X of the refinery hydrogen will be

needed at Esst Coast refineries, 24% at Midcontinent refineries, 42% at

Gulf Coast refimerles, and 22% at the refineries om the West Coast and in
the Mountain area.

Ammonia Requirements

Table 1.09 presents estimates of U. S. ammonia requirements for
the period 1970-2000. These data have been prepared by Chem Systems Inc.
and are from Reference 11, page 10L. The hydrogen requirements are the
stoichiometric quantity of hydrogen (17.8 wtZ)} contained in ammenia.

Essentially all, 1f not all, of the current U. 5. ammonia capacity
employs catalytic steam reforming of natural gas as the hydrogen manu-
facturing process. The natural gas required for feed stock plus fuel for
the manufacture of these quantities of ammonia are shown. These natural

gas requirements have been converted to crude oil equivalent using the gross
heat of combustion for both fuels.

These estimates of future ammonia requirements are similar to
those made in unrelated, independent studies. Growth rates for the

1970-80 and 1980-2000 periods are also shown in Table 1.09 for each of the
main ammonia consumption sectors.

About 75% of the total ammonia producrion was used for ferti-
ljizer in 1570.

This gector is estimated to grow at 2.9%/year during the
1980-2000 perjod. The other sectors will have growth rates in the range of
5.4%/year (explosives) and 3.5%/year {all other uses). Overall, the growth
rate will ba 3.4%/year during the period.

U. S. armonia plants are listed in Table 1.15 by owner, lacation,
and 1976 capacity. The new plants wbich have been announced have been
added to show capacity in 1980, However, the 1980 capacity has mot been
adjusted for the shut down of old, obsolete plants since such shutdowns
are seldom announced prior to the date of actual shutdown.

Ammonia plants built, outside the U. S. using coal gasiFication
as the source of hydrogen are listed in Table 1.16.
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Methanol Requirements

Table 1.10 shows current and future U. S. methanol requirements
for the 1970-2000 period. These data have been prepared by Chem Systenms,
TInc. and are presented on page 102 of Reference ll. These estimates are
similar to those made by other groups which are not published in the open
Jiterature. These data include only the methanol required foxr the manu-
facture of various chemicals. They do mot include future new uses of
methanol as a fuel which have been suggested by various groups.

Essentlially all cuxrent U. 5. methanol plents ewmploy steam
reforming of natural gas for synthesis gas manufacture. The "hydrogen
equivalent" pumbers shown in Table 1.10 are the stoichiometric hydrogen
contained in the methanol moiecule (12.6 wt%). The natural gas feed stock
plus fuel requirements have been converted to crude oil equivalent using
the gross heat of combustion for both fuels.

.-

The growth Tate for these chemical uses of methanol is expected
to average overall about 7.7%/year during the 1970-80 period and 5.4%/year
during the 1980-2000 period. TFormaldehyde manufacture accounts for about
41% of tha total methancl consumption and this segment is expected to pgrow
at 5.9%/year during the 1980-2000 perjod. Dimethyl terephthalate, a
monomer used in synthetic fiber wanufacture, and methyl methacrylate, a
monomer used in plastics manufacture, are also important methanol consumers.

Y. S. methanol manufacturing plants are shown in Table 1.17 by
owner, location, and 1976 capacity. Announced capacity addirions are also
shown. However, curreut plants that are likely to be shut down are not
identified because such shutdowms are seldom announced.

Requirements for Small Uses

In addition to the three major industrial uses (refimexy hydrogen,
armonia and methanol manufacture) hydrogen is used for dozenms, possibly
hundreds of small uses such as chemicals synthesis, metallurgical processing,
reducing gag blanketing, semi-conductor and electronic component manu-~
facturing, and vegetable oil hydrogenation (Referemce 2). It is beyond
the scope of this study to Identify zll these uses and te indicate the
current quantity of hydrogen that is required for each. However, the sum
of all these small uses constitutes a major hydrogen market, and the total
quantity of hydrogen required for this category has been developed.

The uses for hydrogen in chemical processing other than for the .
nmanufacture of ammonia and methapol include the following:

cyclohexane production by benzene hydrogenation
benzene production by toluene hydrodialkylation
production of hexamethylenediasmine

production of toluene diamine

production of oxo chemicals

processing of non-edible fats and oils
processing of edible fats and oils

production of aniline

production of hydrogen peroxide
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production of tatrahydrofuran
production of seribitol
production of furfuryl alcohol
production of fatty alcchols
production of fatty amines

Non-chemical uses for hydrogen include the following:

pharmaceuticals manufacture -

hydrogenation of fats and oils

1liquid hydrogen for space vehicle engines and the testing of
these engines

welding and cutting

direct reduction of ores (iromn, tungsten, molybdenum
production.of sintered metal parts

cooling mediuvm in electric generators, large electric motors,
and frequency generators

reducing atmosphere for fabrication of electronic components

reducing gas atmosphere in float glass manufacture

liquid hydrogen in bubble chawbers for nuclear research

Hydrogen used to supply these chemlcal and other small uses is
now made mostly by the catalytlic steam reforming of natural gas or some
alternate ldight hydrocarbon feed stock although scome of it is produced
by electrolysis. Most of the hydrogen consumed for these uses is produced
on site but some of it is purchased by the consumexr from a producer or
distributor and is obtalned either by pipeline delivery or by truck
delivery as cylinder hydrogen or as liquid hydrogen.

Many of these small uses require high purity hydrogen (99.97+)
apd a few of them require ultra-high purity (99.9992+). The highest
purity hydrogen is made by molecular sieve processing of reformer hydrogen.
Bydrogen purity is of critical importance in vegetable oil processing and
the manufacture of semi-conductors and other electronlc components.

Data on the small uses of hydrogen are complled by the Bureau
of Census, U. S. Department of Commerce (Beference 12). Data used in

these Bureau of Census reports covers well over 98X (possibly over 99%)
of the total consumption of hydrogen for these small uses.

The Bureau of Census data for the years 1960 through 1970 are
shown in Table 1.11. The total quantity of hydrogen consumed is broken
doun into that produced by electrolysis and that produced by all other
procedures, meinly natural gas or light hydrocarbon steam reforming. The
shipments (hydrogen other than that consumed on site) is also shown by
the electrolytic and all other categories. Data for the 1960-70 period
includes hydrogen of "lower purity,” 70-75Z of which was used for
petroleum refining. These data include the dollar value of the shipments
which permits the calculation of the value of shipments as $/MBtu.

In 1970 the Bureau of Census chaunged the format of the small
use hydrogen report to provide the data shown in Table 1.12. The revised
format does not include either the low purity hydrogen used for petroleum
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refining or the data to indicate the production method. However, the
revised report includes data to show the method of dellvery; e.g., con-

sumed in production plant, shipped by pipeline, and shipped in cylinders
or as & liquid.

The value of the plpeline and cylinder plus liquid
shipments is alsc shown.

Table 1.13 summarizes these Census Bureau Peports for the 16
year period, 1960-75. These data are plotted in Figure 1.01. The data

4n Table 1.13 and Figure 1.0l exclude the low purity hydrogen used for
petroleum refining shown in the Bureau of Census reports for 1960-1970.

During the 1963-68 period a substantial amount of liquid hydrogen

was used In testing liquid hydrogen powered engines for space vehicles.
Hydrogen required for this program decreased substantially after 1968.

Table 1.13 also includes a forecast of future small uses
Tequirements to the year 2000 assuming the annual growth rate of this
category iz S5%/year. These data are further summarized as follows:

Hydrogen Required for All Small Uses

Year 1975 19860 1985 1990 2000

Bydrogen, Quad/year 24 3l 40 51 83
Hydrccarbon feed stock
Stock required if
all were produced by
reforming kB/CD 14 21 28 35 56

Data shown in Table 1.11 indicate that the price of purchased-
"high purity" hydrogen during the 1960-1970 period increased from $3.49
to $5.46/MBtu. The price of purchased cylinder and 1iquid hydrogen (shown
in Table 1.12) increased from $11.07/MBtu im 1970 to $20.0%/MBru in 1975.
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TABLE 1.14 {Page 1} of 2)
U.8. Refinery Hydrogen Plants as of January, 1976
Capacity, Process
Company Locacrion MSCF/SD Type
Apeo 011 Corp. Arkansas City, Kan. 4.2 1
Atlantic Richfield Carson, Cal. 50.0 1l
Philadelphia, Pa. 45.0 1
Cherry Polnt, Wash. 60.0 1
Exxon Benicia, Cal. 104.0 1
Billings, Mont. 16.7 4
Cross 011 & Ref. Co. Smackover, Ark. 2.9 1
Gary Western Co. Fruita, Col. 1.0 1
Getty 0il Delaware City, Del. 72.0 1
Gulf 0il Sante Fe Springs, Cal. 12.0 4
Porct Arthur, Tex. 28.0 1
Kerr McGee Wynnewood, Okla. 9.5 1
Marathon Robingon, Ill. 25.0 1
Mobil Torrence, Cal. 55.0 1
Beaumont, Tex. 60.0 1
Quacker State Newell, W. Vir. 1.2 1
Shell Martinez, Cal. 65.0 1
Wood River, Ill. 57.0 1
Noxco, La. 51.0 1
Deer Park, Tex. 71..0 1
Standard 0il, Cal. El Segundo, Cal. 67.5 2
El Segundo, Cal. 57.5 3
Richmond, Cal. 135.0 2
Barkexrs Point, Ha. 2.5 1
Standard 011, Kentucky Pascagoula, Miss. 109.0 2
Standard 011, Ohie Toledo, Ohio 24.0 1l
Sua 01l Duncan, Okla. 50.0 1
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TABLE 1.14 (Page 2 of 2)
Capacity, Process
Comparny Location MSCF/SD Type*
Tevneco Chalmette, La. 22.0 1
Texace Wilmington, Cal. 48.0 3
Toscopetro Corp. Bakersfield, Cal. 20.0 1
Union 0il los Angeles, Cal. 49.4 1
Rode, Cal. 70.0 )
Total Capacity. MSCF/D 1445.4
% Process [-]

1l -~ Methane Steam Reforming
2 - Naphtha Steam Reforming
3 - Partial Oxdidation

4 = Other

{1) Reference:

0il & Gas Journal, Vol. 74, No. 13, 3--29-76.
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TABLE 1.

U.S. Ammenia Capacity, 1976-60

__locarion

Agrico Chemical Co.
[ L] n

Air Producta & Chexdcals, Yoc.
L, ] n ] "

Allied Chemical Corp.
[ ] [ ] L]

n L L]

Americen Cyanamid Co.
kwoco Internarional 01l Co.
Apache Powdex Co.

Atlas Powder Co.

Baker Industries Corp.
[ ] [ [ ]

Borden Chemical Co.
C¥ Industries, Inc.
w " »
» ] L
Cherokee Nicrogen
Chevron Chemical Co.
mn L] “n
» n n
Collier Carbon & Chemical Co.
L " [1] "
Columbia Nitrogen Corp.
Cominco Amexican Inc.
Commexcial Solventa Corp.

Co—op Pasm Chemiecal Association

Blytheville, Ark.
Donaldeonville, La.
Tulaa, Okla.

Hew Oxlesna, la.
Eensacola, Fla.

Ceismar, La.
Hopewell, Va.

La Platte, Neb.
South Poinr, Ohio
Yortier, Ia.
Texgs City, Tex.
Pengon, Ard.
Joplin, Mo.

Carlabad, NW.M.
Conda, Idabo

Gelsnmar, La.
Donaldsonville, La.
Fremont, Neb.
Terre Hgute, Ind.
Pryor, 0Okla.

Ft. Madison, Iowa
Pascagoula, Miss.
Richwond, Cal.

Kenad, Alaska
¥i{lmington, Cal.

mn. Ga.
Borger, Tex.
Sterlington, La.

Lavwrence, Kan. a

//

.-/

e

P e W

Vasetnagy v e .

(Page 1 of &)
Capacity
% ST/yx
of lma
1976 1980
349 49
! 21 772
423 845
230 313
90 [0
329 329
329 329
203 203
135 135
348 348
769 769
15 15
134 134
199 342
99 99
329 329
658 1051
40 40
115 115
52 52
99 99
436 494
118 1ns
519 1013
259 259
18 64
399 399 -
- /.
T2
328 328
—— W - noa e
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TABLE 1.15 (Page 2 of 4)
#.8. Ammonia Capacity, 1976=80
Capacity
. K ST/yx
Company Lacation of m3
1976 1580
Dismond Shamrock Coxp. Sunray, Tex. 161 161
Dow Chemical Co. Freepore, Tex. 115 115
E. I. Du Pont de Hemours Beaumone, Tex. a2 320
R nom “w = Belle, W. Va. 329 32¢
#nn n n o= Victoria, Tex. 99 99
El Paso Products Co. Odessa, Tex. 108 108
¥armera Chemical Association, Inc. Tunis, N.C. 198 198
" " " " Tyner, Tenn. 149 149
Fatwers Nacional Chemical Inc. Platnview, Tex. 60  6C
Farmland Iodustries Alexandria, La. -— 424
" " Dodge Ciry, Kan. 198 19€
" " Enid, Okla. 396 826
" hid Ft. Dodge, lowa 198 192
" " Hastings, Neb. 122 122
Fremont 0Ll Ce. Olesan, NM.Y. 79 79
FIRSIMISS INC. Ft. Madipon, Iowa as54 354
FC Corp. Charleston, W. Va. 20 20
Froncier Chemical Co. Wichite, Kan. 23 33
Gardinier -Inc. Helena, Axk. 198 198
" " Tewxpa, Fla. 130 130
Gooddpasture Inc. Diciee, Tex. 70 70
W. R. Gzace, Ine. Big Spring, Tex. 88 88
o n " Memphis, Tenn. 329 329
Grux Valley Chemical Corp. Criston, Iawa as as
Eswkeye Chemical Co. Clinron, Iowa 132 132
Bervcules, Inc. Hercules, Cal, 70 70
: = " Louisiana, Mo. 70 70
Hooker Chemical Corxp. Tacona, Wash. 21 2
Yl -"".'- e L R Tt e b ‘et - *
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TARLE 1.13
U.S. Ammonia Capaciry, 1576-80

(Page 1 af 4}

International Mineral & Chemical Corp., Inc.

Eaiser Aluminum & Chemical Corp.

!!:I.la!.:a:lppi Chexdcal Co.
L] "

L] [ ] [ ]
Mobil Chemical Co.

Monsanto Co.
n "

EBew Jersey Zine Co.
Nipak Inc.
" "

Oedﬁencnl Chemical o::.
[ ] 1]

] m L4
Oklahoma Nitrogen Co.
0lix Corp.

Pemmaalt Chamicals Ine.

Pennzoil Chemicals Ine.

Phillips Pacific Chemical Co.

Phillips Petroleum Ca.
n n "

PPG Industriea
Refchold Chemicals Co.
¥obhm and Hass Co.

J. R. Sizplot and Co.

St. Psul Ammonia Products Inc.

et T el b s e e .

. El Doredn, Ark.

Capacicy
K ST/yx
Locarion of rma
1976 198C
Sterlington, La. — 379
Savannah, Ga. 214 214
Pascagoula, Mise. 181 181
not avail. - 379
Yarco City, Miss. 388 388
Begumont, Tex. 250 290
230 230
Luling, La. 437 839
Palmerton, Ba. k¥ a2
Rezens, Tex. 206 106
Pryor, Okla. 99 99
Lachrop, Cal. 7169 169
Plainview, Tex. 52 a2
Taft, La. 310 110
VWoodwvard, Okla. —— 396
Lake Charles, la. 460 460
Portland, Ore. 7 7
Hanford. Cal. 40 40
Kennewdck, Wash. 150 150
Pasadena, Tex. 227 227
Beatrice, Nab. 209 209
Nstrium, W. Va. T 47 47
St. Heleus, Ore, a3 83
Deexr Paxk, Tex- 21 91
Pocatello, Idabo 104 104
Past Dubugue, Il1. 230 230

- m o ——
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TABLE 1,15 (Page & of &) :

' 0.S. Azmonia Capacity, 1976-80 }
Capacacty i

K SIfyz ;3

Company. Locarion of NEI.3 4

1976 1980 b

Teaneco Manufacturing Co. flouston, Tex. 198 198 i e
Toxra Chemfcals International Ime. Port Neal, Xowa 206 206 : .
Tipperary Corp. ' fovington, R.M. 35 102 i
Trisd Chemicals Inc. ponaldsonville, La. ags azs L
Tennessee Valley Authordty Muscle Shoals, Ala. 74 74 ,.;
USS Agri Chemicals Inc. " Cherokee, Ala. 165 165 R
= 7] " w Claixton, Pa. 377 377 3
. " " " Geneva, Utah 65 65 H
Valley Nitrogen Products Ine. Chandler, Ariz. 40 40 '
" bt - " £1 Centro, Cal. 221 221

" - - " Helm; Cal. 200 201 ;
Viaztron Corp. Lizs, Ohlo 498 498 .
)

Wycon Chemical Co. Cheyenne, Wyc. 131 131 '

TOTAL

18,507 23,442

v d A v e ey 4 ab
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TABLE 1.16

5

Cases e w

e

Yoreign Ammonia Plants Using Coal Gagification Technolomy

Capacity k ST NHa/yr

Year
Company, Location Koppers- Construction
»

oy

et e ERey e s -

QU

P "R ]

JUINIE TR V. )

e e et

T

o deapa By e

e g vamcet

Winkler Lurgi Totzek  ___Started
Azot Gorazde, Yugoslavia 18 - - 1950
Egpreso Macional Calva, Spain 51 - - 1950
Azot Sanayid, Turkey &4 - - 1950
Iyppi Oy, Finland - - 22 1950
Nigpon Suiso, Onshama, Japan - - 37 1954
Expreso Nacionali Calve Sotelo, Spain - - 37 1954
Iyppi Oy, Finland - - 22 1955
Daudhkel, Pakistan - 22 - 1956
Nitrogenous Fertilizer, Greece - - 110 1959
Reyveli, South Ascot, Indis 10 - - 1960
¥ajfu Perrilizer, Kores - 55 - 1962
Chemical Fertilizer, Mae Moh, Thailand - - a7 1963
Azot Sanayii, Kurahya, Turkey - - 92 1966
Industrial Development Corp., Zambia - - ar 1966
Eitrogenous Fertilizer, Greece - - 27 19639
Fertilizer Corp. of India, Ramagundam, Indiz - - 329 1969
b " of " , Talcher Plant, India - - 329 1970
Bitrogenous Fertilizer, Greece - - 55 1570
Fertilizer Corp. of India, Korba Plant, India - - 329 1572
AB&C1 Ltd., Republic of South Africa - - 365 1972
Induscrial Dovelopment Corp., Zambia - - 1c0 1974
TOTALS 223 77 1928

¥rom Beference 16.
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TABLE 1.17

U.5. Methanol Manufacturing Plants

Du Pont — Orange, Tex.
- Beaumont, Tex.
-~ Houston, Tex.

Celanese - Bishop, Tex.
~ Glear Lake, Tex.
= Southeastern New Mex.

Borden - Geismar, La.

Georgla Pacific - Plaquemine, ILa.
Hercules = Iberville Parish, La.
Monsanto -~ Texas City, Tex.

Tenneco - Pasadena, Tex.

Alr Products — Pace, Fla.

Commercial Solvents — Sterlingtoc, La.

Fohm & Haas ~ Deer Park, Tex.

TOTALS

. I LR RO
R T et s s emb .

4w e el ppe—

Capacity, Million Gal/yr.

As of 1/1/76 Announced

Additions

115
200

60
230
160
100
100
100
80
50
50
22

m—

1267

Wamt i it T

400
100
225

725

C MR W T b

Total After

Additions

115
200
400
160
230
225
160
100
100
100
80
50
50
22

1992
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2. BASES FOR ECONOMIC STUDIES

The following paragraphs discuss the processes, assumptions, and
procedures used in conducting these economic studies.

Processes Studied

Current state-of-the-art processes for hydrogen manufacture are
natural gas or light hydrocarbon catalytic steam reforming (hereafter called
steam reforming); resid partial oxidation; Koppers-Totzek coal gasification
(hereafter called K-T); and water alectrolysis using KOH electrolyte. Several
other coal gasification processes are being developed for hydrogen manufacture
These include a high pressure oxidation process being developed by Texaco; a
similar process being developed jointly by Shell and Koppers-Totzek; and the
U~Gas and Steam-Iron processes being developed by the Institute of Gas
Technology. These IGT processes are discussed in Chapter VII of Reference 2.

Steam reforming has been gradually improved during its many years
of commercial use. In this process a light hydrocarbon feed stock such as
methane is reacted with steam in the presence of nickel catalyst at about

1500°F and 250 psig to produce synthesis gas, a mixture of carbon monoxide
and hydrogen:

cn,+ + H,0 ~— CO -+ 3H, 49

The energy required for reaction (1) is transferred to the feed
stock and steam across furnace tubes. Some of the hydrocarbon feed stock
is used as fuel for the furnace to praovide the required heat input. The
products of reaction (1) are then cooled and reacted with additional steam

in the shift reaction which is conducted at about 660°F in the presence of
metallic iron catalyst:

Co + Hzo —n C02 +‘H2 (23

The overall reaction is therefore:

CH, + 2H,0 — €0, + 4l 3

Half of the hydrogen product is provided by the methane feed stock and the
other half is provided by the steam. Hydrogen can be produced from any
1ight hydrocarbon feed stock that can be vaporized, but methane is the most

desirable feed stock because it has the highest E/C ratio of any of the
hydrocarbons.
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Partial oxidation typically employs a heavy black oil residue
feed stock that cannot be vaporized. The resid feed stock (H/C = 1.8) is
reacted with steam and oxygen in a gasification (partial oxidation) reactor

operated at about 2400°F. The resid conversion can be described by the
reactions:

CHy g + H,0 —% €O+ 1.9 B, (4)
CR, g + 1.45 0, ~—8 CC, + 0.9 H,0 (5),

and by the water gas shift, reaction (2). The heat required for the endo--
thermic reaction (4) is supplied by the oxidation reaction (5). Oxygen is
used instead of air to avoid diluting the synthesis gas with nitrogen. The
products from the gasification reactor are cooled to about 700°F and the

€O is shifted to Hy as in reaction (2). The overall reaction for resid
partial oxidation is thexefore:

CH1.8 + 0.98 H20 + 0.51 O2 —_—> CO2 + 1.88 H2 (6)

Hydrogen production from coal is a partial oxidation process
similar to resid partial oxidation but is substantially more difficult to
conduct because coal, a solid, is difficult to handle, is relatively un-
reactive, and requires the removal of ash from the gasification reactor.
These solid handling requirements involve substantially higher operating
costs than with resid feed stock. Another difficulty with coal feed is
that the H/C ratio of about 0.8 is much lower than in resid or methane.

For coal feed, as for resid partial oxidation, the hydrogen is
produced by reforming, oxidation and shift reactions:

CHy g + H,0 —> €O + 1.4 H, (D

CEO.B + 1.2 02 — ccp2 + 0.4 Hzo (8)

cO + B0 ———b C02+Hz (2)

The overall reaction for producing hydrogen from ¢coal is therefcre:

CHO.S + 0.70 02 4+ 0.60 H20 E— CO2 + HZ (10)

For coal feed the gasification reactor is typically run at 2700°F. The
heat required for the gasification reactiom (7) is supplied by burniug
part of the coal with oxygen; reaction (8). When substitute natural

gas (SNG) is the desired product, coal is gasified at a lower temperature
compared to that required for hydrogen production. A higher overall
thermal efficiency occurs in the SNG operation.
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As in hydrogen manufacture, the first step in ammonia manu-
facture is the production of synthesis gas by either steam reforming,
resid partial oxidation ox coal gasification. When stesm reforming is
used, air is added to the synthesis gas to supply the required nitrogen.
Oxygen in the air reacts with some of the synthesis gas to release
additional heat needed to complete the xeforming reaction. This gas is
then cooled and the CO 1s shifted (Reaction 2) to provide additional hydro-
gen. The shifted gas 15 then further cooled; CO2 is repoved and residual

CO and CO; are removed by methanation using a nickel catalyst at about
60D°F:

€O + 37, —* CH, -+ K,0 (11
Co, *+ 4B, —> C, + 28,0 12)

When resid partial oxidation ox coal gagification are used to
produce the synthesis gas, the gas from the gagifier is cooled and then
shifted to convert €O to additional hydrogen. The COp is then removed
and high purity nitrogen from the air separation is then added.

The ammonia synthesis gas then is compressed to 2000 - 4500 psig
and sent to the synthesis reactor where ammonia is formed at about 900°F
over a promoted iron catalyst:

N, + 3H

> n — 2NH3 (13)

Methanol is produced by the reaction of hydrogen with carbon

monoxide or carbon dioxide at 750-1500 psi and at 400-600°F over a
catalyst: !

2H, + CO —_— CH OH (14
332 + 00 ——>» caaon + Hzo (15)

The synthesis gas feed can be produced by elther methane re-
forming, resid partial oxidatiom or coal gasifieation. With methane
reforming the synthesis gas has a Hp/CC ratio of about 3.0 (Reaction 1).

To utilize all of the Hy in the synthesis gas, this ratio must be corrected
by the addition of CO, from an outside source. Most existing methanol
plants, however, designed based on relatively low cost nmatural gas, take

a high hydrogen content purge stream from the methanol plant to maintain
the correct gas ratio.

If the syathesis gas is obtained by resid partial oxidatiom or
coal gasification, the Hp/CO ratic is below 2.0 and this is corrected by
shifting only a portion of the raw synthesis gas and then combining the two
streams. Some of the remaining CO» is usually removed by scrubbing. This
gas stream is then compressed and sent to the methanol synthesis reactor.
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The K-T process is used commercially to produce hydrogen from
coal for use in ammonia mapufacture at 15 plants located outside the U.S5.
(see Table 1.16), This process is discussed in References 4 and 16. 1In
the K-T praocess, finely ground coal is gasified with oxygen and steam

at about 2700°F and atmospherlic pressure to produce synthesis gas, a
mixture of Hy, CO, COp, Hy0, HpS, COS, and SO;. The gasas are compressed
to about 300 psig and then processed for CO shift conversion to Hy and
COn and HoS removal. This product gas is either produced as Hp gas or

is processed further for ammonia or mathanol manufacture.

The investment and operating costs for the K-T gasification
process could be reduced by operating the gasifier at say 450 psig.

This would reduce the physical size of the pasifier vessels and would
reduce the costs of gas compression. Pressurized opexation of the gasi-
fler would, however, require facilities for forcing the pulverized coal

feed into the 450 psig gasifier vessel and removing the ash from this
vessel.

In this study the investment and operating costs for the pressurized

gasification method have been estimzted and these costs are referred to
hereafter as the new coal process.

To provide the economic advantages over
K-T assumed in this study, the new coval process should have the following
« characteristics:

1. cGasification would be conducted at 400-500 psig;

2. A single gasifier would comvert 2590 T/D of coal to high
vields of synthesis gas with essentially zero methane
content;

3. The gasifier would operate above 2000°F to minimize methane
production;

4.

The gasifier would provide 95%+ conversion of coal to synthesis
gas.

Xoppers and Shell are jointly developing a gasifier that will achieve these
objectives.

The Texace gasifier has been proven on commercial scale for
hydrocarbon feed stocks and extensive cperations with coal have heen con-

ducted in a laxge pilot unit operated at 300 psig and 100 T/D coal feed rate.
Another Texaca pilot plant has been operated with 15 T/D coal feed at
pressures up - 2500 psig.

Commercizal scale opexation of the Texaco gasi-
fier with coal has not yet been conducted; however, this extensive develop-~

ment work is likely to result in the construction of a full scale gasifier
in the 1977-79 period.

It has been assumed, therefore, that the new cocal
gasification process will be available for commercial use in the 1980-81
peried.

The light hydrocarbon reformirg, resid partial oxidatiom, and
coal gasification plants assumed in these economic studies are essentially

self-contained plants complete with oxygen plants, and the utility systems
are essentially in balance. Details concerning the utility systems are
presented on pages 6~8 of Appendix A.
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Current state~of-the-art water electrolysis plants require very
large investments. Although electricity is the main component of the

cost of electrolytic hydrogen, costs assoclated with the piant investment
are very significant. Costs included in this study for currenmt state-of-
the-art electrolysis facilities are Indicative of the equipment supplied

by Lurgi or Teledyne but are not intended to relate to a specific process.

Tt is quite likelwv that electrolysis costs can be reduced
significantly by making the electrolysis modules more compact, by oper-
ating the equipment under pressure (say 450-500 psig) and by improving
the electrolysis mechanism to provide for higher thermal efficiemcy. 1In
this study, such a '"new" electrolysis process has been included to indi-
care the reduction in electrolysis costs that possibly could be achieved
with further R&D work. The "new" electrolysis process involves costs
similar to those that have been suggested for the GE Solid Polymer Elec-
trolyte process (Reference 18) but it is possible that such an improvement
in costs could be achfeved by other groups conducting R&D on electrolysis.

Rydrogen storage using iron-titanium alloy has been studied
extensively by Brookhaven National Laboratory (Reference 19). The invest-
nment and operating costs for fiydrogen storage using this process are

discussed in Reference 20. The costs of storage used in this study have
been arrived at using this Brookhaven information.

Esealation Rates

Predictions in this study regarding the use of petroleum, coal,
and electrolysis for the mamufacture of hydrogen and its derivatives are
based primarily on the estimated future costs for manufacturing these
products during 1980-2000, the period of interest. Estimating future
manufacturing costs involves making assumptions regarding future costs of
natural gas, oil products, cocal, electricity, construction costs, and other
factors.

Assumptions made concerning these economic factors are summarized
in Table 2.01 and are discussed in the paragraphs that follow.

During the 1980-2000 period, the general or overall rate of

inflation of all commodities including coal, electricity, and construction
costs is asgumed to average 5% per year-

Prices of patural gas and petroleum products delivered to large

industrial custamers are assumed to escalate at 6-1/27 per year during
this period.

This higher rate, compared to the general inflation rate, is
probable because of:

o The decreasing domestic prodection of these products;

e Increasing demand for these products;

Prices of imported gas, crude oil, and refined products

will follow the inflation rate of the free world rwather
thar that of the U.S.;

The high cost of synthetic products manufactured from
coal and/or oil shale.
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Estimates of future costs for hydrogen, ammonia and methanol
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 5.07 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
mil:von Btu. The price in the year 2000 would themn be:

§3.15 x (1.065)2% = $11.10 in current (2000) $

11.10

> $4.18 in 1980 §.
(1.05)2°

Energy Prices

Table 2.02 and Figures 2.01, 2.02, and 2.03 show the prices of
natural gas, resid fuel oil, electricity and coal used in this study.
The prices are presented on the basis of the '"most Likely" price; the
Mminimur’ price and the "maximum' price. Various other studies (References
1, 2, and 3) suggest prices that cover a rather broad range. In general,
the most likely prices are those suggested by Chem Systems Inc. (Appendix
A) and Exxon Co. USA; the minimum prices are those suggested by FEA
(Reference 1l4) and the President's Council on Wage and Price Stability

{Reference 15); the maximum prices are those suggested by A. D. Little
{Reference 13).

The prices of natural gas or an alternate light hydrocarbon
reformer feed, resid, and electricity are assumed to apply to all geo-

graphical locatioms in the U.S. However, delivered coal prices vary

from one geographical location to anothex. Mine month ccal prices are
affected by mining requirements and the transportation cost for moving
the coal ro manufacturing sites is proportionazl to this distance.

Coal prices deliverad to manufacturing sites on the East Coast,
the Mid-Continent (Illinoi's), the Gulf Coast and the West Coast were
estimated according to the data shown in Table 2.03. The estimated
transportation cost using unit trains was added to the estimated wine

month coal prices to provide estimated prices of coal delivered to the
manuticturing sites.

Righ sulfur coal would be the gprimum feed stock for cocal gasi-
fication plants since the sulfur content of the feed stock has little

effect on manufacturing costs and high sulfur coal will probably be
priced substantially below low sulfur coals of equivalent heating value.
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Cost Estimates by Chem Sygtems, Inc.

Chem Systems, Inc. of New York City provided as an input to this

study lnveatment and ‘operating costs as of mid-year 1980 foxr the following
procesges:

Hydrogen Manufacture by

methane reforming

resid partial oxidation
K-T coal gasification
"new'" coal gasification
SPE electrolysis

Ammonia Manufacture by

methane reformiag
resid partial oxidation
K~-T coal gasification
"new" coal gasification

Methanol Manufacture by

methane reforming
resid partial oxidation
K~-T coal gasification
"new" coal gasification

These data prepared by Chem Systems Inc. are consistent for the
several products and processes thus permitting the cost of products to be

compared using 1980 $ during the 1980-2000 period. The Chem Systems data
are presented verbatim in Appendix A.

The investments presented in the Chem Systems report reprasent
the "instantaneous"™ cost for a new grass roots plant starting up in mid-
year 1980.

These costs are arrived at by estimating materials costs, laber,
etc., and assuming the plant is constructed "overnight" in the mid-1980

period. This procedure provides somewhat higher costs than would occur if
construction occurred cver a period of 24-30 months. However, this procedure

does not require the sddition of interest charges during construction. Thus,
these two factors essentially off-set one another.

These Chem Systems investments include a contingency item which
is normally added to the basic estimate to provide for startup and other
unforeseen difficulties. Included in the Chem Systems data for hydrogen
nenufacture are continganclies of 10% for methane steam reforming, 15% for

resid partial oxidation, 15% for K-T coal gasificarion, 202 for new coal
gasification, and 304 for SPE electrolysis.
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Finanecinl Structura

All economics data prepared Iin thigs study assume 1007 equity
ounership of the manufacturing facility; the purchase of natural gas.

oil, coal, and electricity feed stocks at their market price; and a before
tax return of 20%/year ou total plant investment. The working capital 1is
assumed to be borrowed at an interest rate of 10%/year.

Working capital
requirements are approximately equal to the costs incurred over a period
of two months (1/6 of annual charges) for feed stock, utilities, and labor
and suparvision. -

Sensitivities

Costs for manufacturing hydrogen or ammonia or methanol by the
several pricesses are affected by several variables of primary importance
such as investment and feed stock cost which are included directly in the
calculations. Several other fzctors which may also be important have

been included in the caleulations by showing their effect on manufacturing
costs as sensitivities. Factors handled in this way are as follows:

The effects of variations in feed stock pvice from the low
price level to the high price level;

The effect of a 107% higher investment than those assumed;

The effect of comstruction costs escalating 1%/yr above the
general inflation rxate, and 17%/yr below the general inflation
rate;

4. ‘'The effect of coal prices escalating 1%/yr above and 17%/yx
below the general inflation rate.
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TABLE 2.01

Escalation Rares Assumed for 1980-2000 Period

During 1980~

2000 Perdod

Average annual rate of iIncrease In
costs and prices, Z/yr.

For genaeral economy

Natural gas (delivered)

Crude 01l and refined products
Electricity

+

.
[N ~N -] (= — N o] (=R RF) (=]

CQal delivered, most likely

" » lower semsitivity
" ”"n » higher ”

Construc:ion costs, most likely

" | lower sensitivity
n 1r higher 1]]
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FIGURE 2,01
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FIGURE 2.02
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FIGURE 2.03

Assumed Prices of Energy Feed Stocks
Delivered to Large Industrial Centers
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3. ECONOMICS OF HYDROGEN MANUFACTURE

s e et 1S =

The increasing cost and decreasing supplies of natural gas and
1ight hydrocarbon feed stocks provide an incentive for developing new processes X
for hydrogen manufacture using coal gasification or electrolysis. Nearly !
all industrial hydrogen currently produced in the U.S. is manufactured by

the catalytic steam reforming of natural gas or another light hydrocarbon
feed stock. However, the partial oxidation of residuum is used to some
extent in the 0.S. and is more generally used in Europe. Coal gasification
using Koppers-Totzek and Luigi gasifiers is used in several plants outside
the U.S. as has already been discussed. Improved coal gasification pro-—
cedures have been studied in pilot plants and may soon be used commercially.

Improved electrolysis processes requiring lower investments and electricity
consumption are currently under development.

R i

pp e e
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Future hydrogem manufacturing costs for the 1980-2000 period for
large plants (100 MSCF/SD) have been developed by Chem Systems, Inc. and

are presented in the Chem Systems report reproduced in Appendix A. Costs
for ammonia and methanol are discussed in later sectlons.

Economlcs data for the several hydrogen manufacturing processes

are summarized in Table 3.01 and Figure 3.0l for plants of 100 MSCF/SD
capacity for the most likely feed stock and electricity prices expected for
1980. These dsta are further summarized as follows along with the anticipated

gygrogen costs corresponding to feed stock costs predicted for the year
000:

e g lem w mEate Faedar

Investments and Cperating Costs for Hydrogen
_ Plants of 100 MSCF/SD Capacity

1980 §

Investment Production Cost.

$ Milliens Return, S$/MBtu
1980 or 2000 1980

.

Inc.

2000
Steam reforming 62.6 6.12 7.54
Resid parcial oxidation 159.3 . B.14 9.19

E~T coal gasification * 246.4
New coal gasification *

reamw n AN
PP

2.81 9.81
200.1 8.17 8.17

81.0 13.22 13.22

p e St T

Continucus SPE electrolysis

* For Midcontinent location

LY
-
i

LN



oL

Rt

v

R e N LR St i et

e e

R R RA

e e

- 57 =

Steam reforming of natural gas or an alternative light hydrocarbon feed
stock 1s currently the most attractive hydrogen manufacturing process and

will apparently contimuwe to be so during the 1980-2000 pericd.

The

Iinvast-

ment for reforming is substantially lower than that for the other procasses.
The operating cost including return is substantially less for reforming

The invest—
ment cost for resid partial oxidation is mearly twice that for yeforming.
The Investment for K-T coal gasificavion is mnearly four times that of reform-
dng and the new coal process is 3 fold that of reforming.
for the SPE electrolysls process is somewhat higher than that for reforming
but the production cost 13 nearly twice thar of reforming due to the electric-

throughout the 1980-2000 period than for the other processes.

ity being a very expensive energy input.

The investment

On the basis of these forecasts,

there appears to be little chance that large volumes of refipery hydrogen
will be made by any prccess other than raeforming during the 1980-2000 period.
Resid partial oxidation would be attractive in the U.S5. if a long term

supply of resid could be obtained at prices substantially less than the

regid price structure assumed in these calculations.

The 1980 economics data for methane reforming and resid partial

Although these data are indicated to
be for the Gulf Coast locatien, they actually apply to all U.S. locations

where the feed stock cost is $3.15/MBtu for natural gas or $15.00/bbl. for

oxidation are shown in Table 3.02.

resid.

Coal gasification for beth K-T and the new process are shown in
Table 3.03 for four locations, East Cozst, Midcontiment, Guif Ceast and A
West Coast corresponding to the four major petroleum refining centers of ]

Coal quality and prices are different in each of these areas.
This results in differences in the manufacturing cost for hydrogen for each
area because of differences in investment cost and coal price.

the U.S.

The data

for hydrogen manufacturing costs for each of the four areas shown in

Table 3.03 are further summarized as follows:

Summary of Hydrogen Mamifacturing Costs
By Coai Gasificatien at Various locations

100 SCF/SD Plants, 1980 Operztion, 1980%

Locations
Coal Source

Cost of Coal feed,
$/MBtu

Plant investment $Millions

KE-T
New

Cost of Hydrogen inc.
return $/MBtu

E-T
New

. PN

o argn”

East Coast
W. Virginda

1.04

240
191

2y

;
:
Midecontinent Gulf Coast West Crast ﬁ
Illinois Wyoming Wyoming .
0.96 1.54 1.25 X
246 272 272 :
200 224 224 |
9.81 11.56 11.06 -j
8.17 9.85 9.39 ?

o h.....-'\.



o

S

e 11

AT PP L

‘ ...\I- ‘e

P

[ S N

T L IEL AR RS

P P PR L

EFLE I

- 58 =

The production cost data for mew coal gasification in the four geographical areas
are compared to that for reforming in Figure 3.02. Coscs are lower for the
East Coagt and Midcontinent areas than for the Gulf Coast and West Coast

locations. However, hydrogen costs in the year 2000 by new c¢oal gasification
are somewhat higher than for reforming for all four locations.

Several econmomic Ffactors that may have an important effect on total
production costs have been studied as sensitivities. These factors were pre—

viously discussed (page 49). The calculated sensitivity data for methane
reforming and resid partial oxidation are showm in Table 3.04; for X-T coal
gasification in Table 3.05; and for new coal gesification in Table 3.05.

The important relationship shown by these sensitivity data is the
comparison of manufacturing costs for reforming versus those for mew coal
gasification, the process that provides closely competitive production costs.
This relationship is shown for the East Coast locationm in Table 3.07; for the
Midcontinent location in Table 3.08; for the Gulf Coast location in Table 3.09;
and for the West Coast location in Table 3.10. In each of these tables and for
each of the sensitivities except one, reforming has a cost advantage over new
coal gasification. The only exceprion is for the sensitlivity of comstruction
costs escalation of 1%/yr. below that of gemeral inflation. In this case new
coal gasification would provide slightly lower production costs in theyear 2000.
However, in all the other sensitivities reforming has a competitive edge over
new coal gasification. This advantage is much greater for the year 1580 when
natural gas prices (1980$) are lower than for the year 2000. These data for
the Gulf Ceast location, where 42% of the total U.S5. refinery hydrogen will be
required in the year 2000 are further summarized ‘as follows:

Sensirivities for Hydrogen Manufaccure

Natural Gas Reforming wvs New Coal Gasification
100 MSCF/D Plants, 1980 $
Gulf Coast Location

Ldvantage for Natural
Gas Reforming, $/MBtu

1980 2000
Mpst likely fuel prices 3.73 2.31L
High fuel prices 3.82 2.28
Low fuel prices 4.22 3.09
10X additional investment 4.14 2,32
Copstruction costs escalate +12/yx. - 3.44
Copstruction costs escalate -1Z/yr. - 1.39
Coal prices escalate +1%/yr. — 2.89
Coal prices escalate =12/yx. - 1.84
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The use of the new coal process to produce refinery hydrogen would
release natural gas or light hydrocarbon feed stock required if the hydrogem
were produced by raforming. The cost of releasing the natural gas feed
is shotm in Table 3.11 for the new coal process and the Midcontinent
(Illinois) location. The cost of the released natural gas is $4.56/MBru
for the most likely coal price, $4.16 for the low coal price, and $5.06
for the high coal price. These calculated natural gas 'release" prices
correspond to $25.35/bbl. of crude equivalent for the most lik-.y coal
price; $23,13/bbl. for the low coal price; and $28.13/bbl. for ne high
coal price. These release values are substantially higher than the antie-
ipated prices of imported crude oil during the 1980-2000 period thus
confirming that coal gasification will not be competitive with reforming
for producing refinery hydrogen during t..e 1980-2000 period.

Electrolysis

Costs for producing electrolytic hydrogen are very high compared to
those for reforming for plants of large capacity and when electricicy

is purchased at regular commercial rates. Today electrolysis is more
expensive than reforming for plants of 10,000 SCF/Hr capacity or greater.
Below this capacity, electrolysis may be more attractive than reforming;
however, the exact break even point is affected by the prices of electric~
ity and hydrocarbon feed. Capital costs per unit of electrolytic hydrogen
product change only slightly with plant capacity, while reforming plants

of small capacity have relatively high unit capital costs. The capital
costs for current technology electralysis, advanced (solid polymer

electrolyte) electrolysis and reforming for plants of several capacities
are as follows:

Capital Costs of Hydrogen Plants of Various Capacities

Capacity SCF/SH

4,000 20,000 100,000 4.17 M
Capecity, kw hydrogen product 380 1,903 9,517 0.397 M
Investment, S/kw (1980%)
electrolysis, current technology 510 510 510 510
electrolysis, advanced 213 210 208 204
natural gas reforming 1,970 683 273 158

Electrolysis plants are currently manufactured by Luigl Apparate—

Technik BmBH (Frackfort, West Germany); several other Furopean manufacturers;

The Electrolyzer Corp., Ltd. (Toronto, Canada); General Electric (U.S5.);
and Teledyne Isotopes {U.S8.).

were used in this study to estimate costs for manufacturing e¢lectrolytic
hydrogen using "current" electrolysis techmology.

Data from Reference 17 and other sources
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A new electrolysis process is being developed by Gemeral Electric.
This process (discussed In References 17 and 18) employs a solid polymer
electrolyte as a replacement for the traditional aqueous potassium hydro-
xide (KOH) solution. The solid polymer electrolyte has ion exchange
properties and with the additiou of liquid water, hydrogen lons flow
through the electrolyte and are converted to hydrogem gas at the cathode.
Chem Systems Inc. (Appendix A) have used data obtained from General

Electric to estimate production costs for this advanced electrolysis pro-
cess which 1s referred to as "SPE Electrolysis."”

The investment and operating costs for current technology
electrolysis and SPE electrolysis are compared in Table 3.12 for contin-
uously aperatiog plants of 100 M SCF/SD capacity using electricity priced

at 2.7¢/kwhr. The tost of the hydrogen including 20%/yr before tax return
is $20.99 and $13.22/MBtu respectively (1980 $).

To the future, electricity may be priced substantially less
during off-peak periods thav during on-peak periods. Table 3.13 chows the
estimated costs for the SPE electrolysis process when electricity is
available at 1.0¢/kwhr. Assuming the electrolysis plant ceould aperate
3300 hours/year (10 hours per day or 0.38 Capacity Factor) the electro-
lytic hydrogen would cost $10.65/MBtu. This figure is somewhat less than
the $13.22 figure for continuous operation with 2.7¢/kwhr electricity;
however, most industrial hydrogen consuming plants require a steady

constant rate of hydrogen addition and would not be able to use hydrogen
produced only in off-peak perioeds.

Hydrogen produced intermittently could be supplied continucusly
to a hydrogen consuming operation if hydrogen storage were imposed
between the production and consumption operations. Hydrogen storage using
iron/titanium hydride as the storage medium has been extensively studiled
by Brookhaven Natfomal Laboratory; design and costs for the iren/titanium
hydride storage system are discussed in References 19 and 20. The diagram
shown in Figure 3.03 shows how the 4.167 SCF/hr electrolyzer (10 hours/
day operation) could be ccupled to iron/titanium hydride storage to provide
a rontinuous flow of 1.736 MSCF/hr to the load. Investment data for the
iron/titanium hydride storage facility are shown irn Table 3.]4. Costs
for the electrolyzer and iron titanium hydride storage facility are com—
bined in Table 3.15. The cost of the hydrogen product from the system
for 1.0¢/kwhr electricity is §14.71/MBtu which is somewhat higher than

the $13.22/MBtu figure for continuous electrolyzer operation using 2.7¢/
kwhr electricity.

Hydrogen production costs including 20Z/yr before tax return
for these electroiysis systems are plotted in Figure 3.04; hydrogen costs
by reforming are shovm foxr comparison. As has been emphasized previously,
electrolytic hydrogen costs are substantially above those for reforming
for the large capacity plants (100 MSCF/hr) used in this comparison.

It is unlikely that & marker for the oxygen by~product from
electrolysis plants could be found, particularly for planmts operating with
intermittant off-peak electricity. However, if the oxygen could be sold

at a price of $24/ton, the oxygen credit would correspond to $1.54/MBtu
of hydrogen.
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Sensicivity data for electrolytic hydrogen are shown in Table
3.16. The various factors considered in these sensitivity calculations
provided some change in the hydrogen produrtion costs, but these variations

are small compared to the large differences between the costs for electro-
lysis and reforming.

.
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