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Industrial complexes., The concept of nuclear-povered industrial
36 based in part on processes making use of hydrogen end
oxygen, would appear to offer an opportunity for the large~scale
applications of hydrogén in industry., In this concept, with industrial
plants located adjscent to the power/hydrogen fmcility, the costs for
hydrogen end oxygen storsge and transportation are minimized.

complexes,

Research and development needs. The use of hydrogen in industry

will not likely require long-range research and development. Its use
eppears te be within the ranée of existing technology or of technology
thet can be readily developed by 4industry when the economic and
" environmentsal factors dictete, Some advance detailed studies, however,
do appear to be warranted, particularly in the area of refining the
estimates of the production costs of meny industrial products as a
function of the cost eof hydrogen, Also, overall studies of the use of
nydrogen (both with air and with oxygen) vo provide process steam should
be made.

5.1.2 Urbsan uges of hydrogen

Relatively little research and developuent appears to be necessary.
That which 15 necessary ueed not be federally supported, gince
gufficient incentive and shcrt-term returns exist to suggest that this
effort can and will he undertsken by privete industry. If it is
determined *o be in the national interest to accelerate  the
implementation of a hydrogen-based energy systeﬁ, federal funds would be
needed to support demonstration projects.

Conversion t~ a hydrogen system should be possible with only &
minor amount of capital expenditure. Although gas distribution systems
already exist, they may require some upgrading to meet leskage end
inereased flow requirements. Gas burners would require modification,
but the procedures appear straightforward.

Safety problems essocisted with the use of hydrogen are comparable
with those associated with the use of natursl gas. An educetion program
will be required to familiarize the public with the use of‘hydrogén.
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The efficiency of use of hydrogen would likely be higher than for
natural gas due to lower (or perhaps zero) flue heat losses, Also, with
hjdrogen it appears more likely that the pilot light system could be
‘eliminated in favor of electrical or catalytic ignition, thus realizing
sbout a 157 savings in gas wuse. In particular, fuel cells using
hydrogen rether than reformed natursl ges would also be more efficient
and 1ikely more trouble free, A further potentiel efficiency sdvantage
for hydrogen that may be reclized in some' applications is in making
partial use of the heat of condensation of the water vapor that is
formed during combustion. If, for example, the flue gas from & hot
water or space heater can be cooled to IWO°F (by the water or air to be
~ heated) then the effective heat of combustion is increased by as much as
104 of the LHV of hydrogen. Cooling to 100°F would give up to a 16%
increase, Tne corresponding increases obtainahle in the combustion of
methane sre UF and 8% fespectively. .

A series of total-energy syﬁtems‘ based upon hydrogen =nd of
progressivély'increasing size and complexity would evencually need to be
undertaken Iin order {co demoustrate their practicality. These
demonstraticas might consist of certain military systems; .shopping
centers, apartment complexes, and eveatually model cities.hl Projects
such as these will necessarily be costly snd will require substential
federal agsistance and support. These systeﬁs would most likely mske
use of fuel cells or turbine-generators to convert a portion of the
- gelivered hydrogen to electricity. Both of these systems would require
further development (see Sect. 5.1.4,)

5.1.3 Use gg,hydrogen fuel for trangsportetion systems

Hydrogen, with air from the atmbsphere or with oxygen supplied on
- board, offers an impressive potential for fueling future transportation

systems} Hydrbgen, the most energetic cf chemicsl fuels, offers these
critically importent adventages: {1} it 1is availeble from water
resources through the addition of -energy from fossil, nuclear} or
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perhaps solar, sources; and (2) 1t can be consumed with minimal
environmentel degradation.

Some background of experiments with hydrogen-fueled conventional
engine  types, especislly gas turbines end gasocline reciprocating
h2,b3 Por example, in the mid-sixties HACA's
Lewis Flight Propulsion Laboratory (now NASA Lewis Research Center)
conducted flight tests of an experimental turbojet-powered aircraft in

engines, is available,

vhich one of the engines was operated on hydrogen carried in cryogenic
form in a ving tip tank., This program was entirely successful in
substentiating the theoretical performance of hydrogen in a flight
environment,

In addition to conventlional engine types, all of which appear to he
amenable to hydrogen operation, unconventional power plant designs based
on 'hydrogen-m_cygen ‘have been ldentified as being of significant promise
in_ hoth mobile and stationary prime mover roles. These systems offer
the potential of extremely high thermal efficiencies and produce only
water as exhoust. They can also be operuted essentially noiselessly._

One of the key problem areas which must be addressed with hydrogen

i3 the mode of on-board.stofage. Hydrogen in its densest form (as =a
" eryogenic liquid) is ten times the volume by weight of gasoline,
Fortunately, it has approximately 2 1/2 times the heating value per unit
weight as a partisl compensation. Four methods of storage sboard a
transportation vehicle can be considered:

1. as a cryogenic liquid at ~h23°F,

2. a3 a pressurlzec gas at ambient temperature ,®

3. within a metal hydride at essentially ambient temperatures

" {heat exchange with engine exhaust may be used thus giving a
cool exhaust steam),

L. in & chemical compound such as awmonia,

The cryogenié form 1s Dbest developed in terms of existing
technologyrdiscounting pressurlzed gas, which appears to be toc heavy
and bulky (end hazardous) for most applicetions. Research work is under
way in hydride and chemical compound storage of hydrogen, but it is too
early to sssess ultimate feasibility.

L
Pressurized gas at reduced temperature may also be s possibility,

e.g., 8t liruid nitrogen tempereture the storage voluwe could be reduced
about 17k, :
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A general conelusion is that hydrogen storage by auy of these
methods will tnke up' considerably more volume than conventional
hydrocarbon fuels and that a substantial cost may be incurred in
converting hydrogen gas to the stored form. Also the container will
tend to be very heavy or othervise sophisticated and probably relatively
expenslve.' In addition, the filling and emptying of the storage unit
-will no longer be a simple operation. This appears to be an inherent
problem with hydrogeh. pafticularly tor small wvehicles, For .lerge
vehicles, developments with liquid hydrogen in the aerospace industry
have progressed to the point whete cryogenic Ihydrogen is handled
rouuinely.

Hydrogen for ground transportation Systems, 'The automobile, bus,
_truck {and other utility vehicles), train and advanced highespeed (300
mph) ground transportation systems were vyeviewed for hydrogen fuel
appllcability.hs It vas con~luded that all these vehicle types are
capable of tuing operated on hydrogen fuel, but sizable problerns exist
relative to fuel tankage and logistics.

 With overall logistics in view and, in particular, exemining the
problems apsociated with distribution of hydrogen fuel and vehicle
services aspects, there would appear %40 be a certain edvisable
progression among these systems with regard to the ease of "conversion"
from hydrocarbvon to hydrogen. Perhaps the logiecal place to initiate
hydrogen a8 a fueling standard ﬁould be in ‘ngw unprecedentad
epplications 1'ke the high-gpeed ground transportation units., - Thege
would have the sssumed advantage of a minimum of required fueling points
" wvhere trained personnel and adequate eguipment can be located,

Next in twrn might be conventional vehicles such as intercity and
urbsn truc.s and city buses, Once egain controlled central Berficing
centers are normally used, with the vehicles carrying enough fuel for
extended ecdurance. Probably the last Place that hydrogen will be put
into service will be the privete automobile since it requires a very
large number of “filling stations" attended by relatively unskilled
personnel. Nevertheless, such & service gtation operation ean be
-conceived and, with the application of sound engineering principlex,
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even an unskilled overator will be able to gervice hydrogen safely and
efficieatly. The routine servicing of LNG (essentlally cryogenic
methane) into a number of elty fleets of "clean" air cars testifies to
this potentiality.

Ground transportation vehicles may utilize  conventional internal
cambustion engines converted to hydrogen fuel or unconventional hydrogen
or hydrogen-oxygen pover plants. In conventicnel engines some
improvement in specific power output and thermal efficiency may be
intrinsiec to the shift to hydrogen. However, major gains can be
obteined from the development of basic éycle improvements end/or new
operating cy~les vhich can capitalize on hydrogen's outstanding heating
velue, combustion characteristics, and excellent cooling performance.
Such improvements in efficiency would help to counter the otherw1se very
large volume of hydropen which must be carried for the equlvalent range
achieved by hydrocarhon—powered vehicles., No doubt the bulky hydrogen
storage vrequirements will have a substantial impact on automotive and
other vehicle layout and design,

Tests of a modified 3, 5-hp standard b-cycle engine fueled with
hydrogen showed NO emissions to be one~fifth to one-half those fueled |
with gasoline.hl .

Bydropen for water transportation systems. Adding the concept of
8 hydrogen-fired steam boiler to the other conventional, but hydrogen-
converted, prime movers cited above, it appears plausible to power ships
over the full range of size on hydrogen, A special case of interest

would be that of & liquid hydrogen "eryotanker" analogous to present-day
LNG tankers. Assuming there would be & need for oceen shipment of
hydrcren, it would be enticipated that, as with LiC ships, boiloff
hydrogen would be used to power the shipboard propulsion system.
Hydrogen-oxygen-fired steam cycle power plants of types which have
been suggested by a number of researchers may be of speeial interest to
nuclearpowered ships, _to provide large amounts of reserve speed, for
example, and for submersibles. This power plant's completely
condensable exhaust {water) offers a number of system advantages,
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Hydrogen for air transportation. Cryogenie liquid hydrogen as an
"aireraft fuel has been under examination for some time, It is in

. aireraft performance that the superior ‘he&ting value of hydrogen
{gravimetric basis) can have a real payoff in réngé, paylead, or gross

weight reduction., Once again, it is hydrogen's great bulk and very low

temperatures that have impeded more active pursuit of hydrogen fuel -
this, and its unavailability - for it was only the advent of the Apolle
space program which induced large-scale routine distribution and
handling of liquid bydrogen. _ '

In the realm of very high-speed aireraft, those for hypersonic
fiight conditions (approximately speeds in excess of Mach L), the use of

'hydrogen iz probebly mandatory. This is pecause of the great  cooling
demand of +%he hypersonic engines ag “wWell =as the entire aircraft
gtructure. uf ell fuels, only hydrogen has sufficiently good ' physical
and chemical properties (e.g., high specific ueat and noncoking nature,
respectively) to meet this re@uiremeﬁt. Additionally, hydrogen provides
the best ajrcraft perfdrmance because of its high heat content per unit
veight. '

- EvidenCe has recently been developed at NASA's Langley Research
Center suggesting that hydrogen would be a good choice for any “gecond
generation SST" we might contewplate. Range and payload may be improved
32 or 45%, respectively, over an equivalent JP-fuel version of Mach 3
cxuise conditions,

' If properly optimized to account for the hydrogen storage
peculiarities, it would be expected that a superior subsonie aircraft
design could be developed. Logically, a large transport-type saircraft
would be apprdprinxe since the tankage problems are relatively smaller
than with & smaller aircraft. Additional design studies of tﬁis type of
aircraft appear to be needed.

A recent preliminary investigestion of the potential of the liquid-
hydrogen-fueled subsonic commercial transport performed by Lockheed=-
California Company for the panel is most encouraging. ' A modified-for-
hydrogen version of a three-engine, wide-bodied commercial transport
revealed a gross weight at takeoff of 30% lower value than the original
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Jet-B (conventiocnal nydrocarbon) fueled version. This is at the same
pajload und range, 272 passengers plus 5000 1b cargo, and 3200 nautical
miles respectively. The payoff of hydrogen can 8150 be taken as
improved range Or increased payload capability. These vresults were
achieved without &ssumed iImprovement in engine cycle performance and
reduced weight, which manufacturers such es Pratt & Whitney Aireraft
have indicated sre possible with hydrogen fuel. '

Recommended research and development, A significant number of

research and development areas are evident in developing hydrogen as &

practical fuel for transportation systems spplications. A few of these
are generalized and listed below. 4

1. The conversion of couventional engine types to optimael hydrogen
operation should be more thoroughly investipgated with emphasis on
delineating engineering improvements and design eriteris. A careful
sscessment of the missions performence and routes for reduclng
emissions should be included.

2. GConventional and unconventional on-beard storage methods for
hydrogen should be glven priority research supporﬁ. Cost, optimization
and emenability to large-scale Tactory production, as well &s
compatibility with the evantusl  vehicle and “service station”
envirc ment, should be stressed, The two major storapge systems to be
investigated are outlined below:

a, Liquid Hp system

< boil off control

- development of superinsulators

~ controlled venting

- hydrié- systems including ABg* hydrides for back up, boild
off gés absorption and storage

- safety

b. Metal hydride systeums .

~ hest exchanger design and exhaust energy uxilization

~ reaction kinetics and bed mechanics

- startup sysiems, §ehicle modification, sealing, material
compativility, and recharging methods

*
Where A represents & rare-earth metal and B is either nickel or cobalt.
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- uge of other, lighter hydrides
- gafety of handling depleted beds '
- productive use of heat of reaction during bed rechsrging
3. Compatibility with existing highway and urban safety end
general operating regulations and design - codes in hydrogen vehicle
operation must be earefully studied. Where necessary,-'new' legislation
' ghould be prepared and introduced as appropriate,

k, Unconventional power plants which offer significant
improvements with hydrogen (or hydrogen=oxygen} over hydrogen-converted
conventionel engines should be researched and promising systems carried
into engineering development,

5. Hydrogen-fueled subsonic and supersbnic elreraft design
investigations and econcmic performence rtudies should be performed.

5.1.4 Use gg.hxdrogen foxr electricga generation

The use of nonfossil synthetic fuels for electiricity generation
wouid seem to apply only in special sltustions such as to meet =
relatively remote small requirement or as a part of an energy storage
. power pesking system,

~ One possibility is thet electricity will be generated near the load
center from hydrogen fuel or hydrogen-oxygen taken from pipelines as it
is trensmitted long distances from remote production sites., Both
thermomechanical and nonthermomgchaniéal systems appear plausible for
. converting hydrogen energy into electrical form. Exumples are gas
turbines, magnetohydrodynamic generatorz, and fuel cells,

Principel points to consider outside of basic teasihility of
operation on hydrogen are (1) what "busbar efficiency™ can be developed
and what will the capital investment be and (2) what will be the
environmental 1ﬁpact of the generation systems operating on hydrogen.

It is observed that hydrogen and electrical energy are quite
compatible; one can be converted to the other {given water or oxygen as
the case may be), Hydrogen could become an effective storage form in an
. electrical system, and its ready avaiiability would add to the stabllity
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end econcmics of the electrical utility function.

Thermomechanical elegtricsal generation from hydrogen. For most of

the generation prime movers used in the electrical wutility dindustry,
steam turbines, gas turbines, diesel generators, etc,, hydrogen can be
considered a feasible replacement -for currently used fossil fuels,
particularly in the case of netural gas systems, Certain changes might
be required in & natural gas-fired boiler, for instence, but it would
seem that the basic wunit would be amensble for hydrogen operation,
Questions of metallurgical effects (both adverse and beneficial) remain
with hydrogen, and this suggests & number of research areas to be
pursued. Posaibly the characteristics of hydrogen being what they are
{excellent combustion performance, clean products of combustion, etc.),
boiler performance might be improved somevhat with favorable effects on
statica heat rate (Btu/kWhr). . -

Hydrogen 4is expected to be a very favorable fuel for gas turbine
operation, permitting incressed turbine inlet temperatures <o be
reached, provided that the excellent c¢ooling virtues of hydrogen can be
used to keep métal temperatures under control, If cryogenic hjdrogen is
used, precooiing.of inlet air and/or compressor intercooling might be
adventageous in increasing efficlency and/or output, Efficiencies of
35% are anticipated for the hydrogen-air turbines. The hydrogen-oxygen
turbine offers the ultimate in efficiency and may exceed 60% with
several generations of development. The hydrogen-oxygen turbine also
prevents air pollution sinece the exhaust is pure weter and may be
condensed; that is, since mir is not used in .the combustion process no
uox can be formed.

Magnetohydrodynamic (MHD) generation., A number of nonshaft-power
pethods are under investigation for generating electrical power. Among

these ere magnetohydrodynsmic, therimoelectrice, thérmionic, and
thermophotovoltaic systems. Of these, it is not apparent that any but
MHD will be competitive Tfor large-scale electrical gensrators. The
other systems may serve well in specialized local generation roles in
the context of evaileble hydrogen fuel. '
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MHD operaticn on .hydrogen—oxygen {or - possibly hydrogen end
preheated air) appears favorable since the combustion products are very
clean compared with, for example, pulverized coal and air, which are
being investigated presently. This Bhould assist in the Qifficult
proéess of recapturing the “seed" material vhich is added to ionize the
hot gases prior to passing through the magnet/electrode ares. Hydrogen
. should aid in the problems of overheating and erosior. of the electrodes,
There may, however, be problems of chemical regctions between the seed
material and the compbustion products, so that research and development
work is clearly indicated, Since both reguire oxygen in addition to
hydrogen for optimum operation and both promise very high operating
efficiencies, it is expected that MHD and the hydrogen-oxygen steam
turbine systems will be in competition with fuel cells in the advanced
systems area,

fuel cells, In the following section, discussion is limited to the
conslderation of stationary small dispersed electricity generation by
fuel cells. Use of fuel cells for large central station or small units
for transportation application are not discussed since these topics will
be covered by other panels in this series. _

{a) Physical principles of concept, In the fuel cell process,
electricity is generated by converting the latent chemical energy of

fuel directly into direet current electricity in an electrochemical
process. It is basically the reverse process of water electn:lysis {see
Section 3) and makes use of somevhat similar technology snd hardware.
One difference, however, is that with fuel gas and a ligquid electrolyte,
a stable interface must be maintained batween the reacting gases (fuel
and oxidizer) and the electrolyte, The basic reactions using hydrogen
and oxygen with an acid electrolyte are

H, + 2t + 2o {(anode}

0, + e ke™ o 2H,0 {cethode) .,
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The eleétrochemical conversion of chemical to electrical energy
occurs isothermally, unlike the heat engine, which operates between two
different; température levels. The Carnot cycle, which applieg to all
heat engines, theoretically limits their efficiency. Since the fuel
cell has no such limitation it can, at least in theory, be a far more
efficient device. '

Besides its high available eff%ciency, the fuel cell operates Uifh
no moving parts, which leads to noiseless and reliable operation. The
comparative simplicity of the electrochemical reactions makes it likely
to achieve complete combustion to inoffensive exhaust products, and the
princip;e of modular construction eﬂables large units fo be constructed
from the same basic components as smaller ones.

(b) Stetus of technology. The major development work on fuel

cells was initlially directed toward transportatlon applicatidns.. A
aumber - of mejor industrial corporations invested heavily in this
development over the past decade. Thzy include Allis Chalners, General
‘Electric, DMonsanto, and Union Carbide. This work has essentielly been
discontinued because of the difficulty in obtaining reasonable lifetime,
cbmpact, 1ow-wéight energy units at cost levels suited to transportation
purposes, The American Gas Association® which sponsored work on high-
temperature fuel cell systems for stationary applications during the
period of 1960-67, is no longer active in this field primarily bécause
of the gas and utility ipdustries' support of the TARGET (see below)
program. - Central station applications of fuel cells using gas
produced from coal has been studied by Westinghouge under Office of Coal
Regsearch sponsorship but is currently nearly dormant.

Fuel cells ere now used routinely in specislized space and military
applications. The majJor U.S. effort now active in developing =a
commercial fuel cell unit for general utility service is being done by
Pratt & Whitney Aircraft and is called TARGET (Team to Advance Research
for Ges Energy Transformation). It has been in progress since 1967 and
has expended more than $50 million, more than half of which was provided
by & group of natural gas and combination utility companies,  In
addition, there has been a concurrent program {slso performed by Pratt

Weatinghouse, Texas Instruments, and General Electric also had sig—
nificent fuel cell research and development programs.
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& Whitney) in the last year with ten electric utility companies and the
Edison Electric Institute. About one-third of the totel investment has
gone into the technology associeted with reducing cost and increasing
cell operating pericd. The remainder has been spent in developing
experimental fuel cell power plants, in producing and field testing
p*ototype power plants, and in lLuilding e technology base to make the
power plent concept more versatile {e.g., hendle all liquid snd gaseous
fossil fuels, scaling of cell end reformer component elements to
multimegawatt size, and improved efficieney of ancillary components).
‘Small-scale fuel cell power plants have been built and have
demonstrated in gotusl field test operation the ability to satisfy
completely all the functional requirements for electric utility service.
Further testing is required, however, to demonstrate trouble-free, long-
term -peration. These 12.5-kW pover plants operate on eir as the
oxidant snd either gaseous or sulfur-free distillate fuels., Several
power plants are now in operation, end shortly a toial of 60 power
piants will be operationel " in various installations, These systems
consist of three main components: (1) n stesm-methane reformer to
" eonvert the incoming natural gas to Hj (and CO,), (2} the fuel cell
module for reacting the fuel gas vith air in a catalyzed ecld- '
electrolyte fuel cell steck, and {3] =& power conditioning system to
convert +the de electric curreni 1o ac pover ccmpatible with an existing
electrical netwark.

An alternative type of fuel cell making use of & molten carbonate
electrdlyte is belng studied by IGT under sponsorship by P&W. This type
"of cell operates at about 625°C, requires no precious metal eatalyst,
end is generally more tolerant +han the low-temperature cells to
fmpurities in <fuel  gas supply. An applied regsearch progran is in
progress with the intent of developing this concept as a second-~
generation technology. .

The present estimated speclric cost (by P&W) of the fuel cell power
plant on a production basis is about $350/kW, end the economic operating
pericd is estimated to be approximately 16,000 hr. Pratt & Whitney
further estimates that a specific cost of about $200/kW and a 10,000-hr
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operating perlecd would be required to establish the fuel cell pover
plant as &an economic eleetric generator for a variety of duty cycles and
applications. The limiting factors to achieve lower specific cost are
(1) the power output per square foot of céll area and (2) the amount and
cost of materials of construction. The limiting factors in extending
the economic operating period are associated with the development of
stable, lower-cost materials to withstand +the chemical and
electrochemical environment of the system. GSubstantial progress has
been made in the past five years; since 1967, specific material cost has
been - reduced by a factor of nearly 10, and economic operating life
increased by a factor .of 5. The rate of progress in both areas has been
limited by the rate of funding.

{c) Ultimate potentisl., The fuel cell power plant can contribute

to the United States energy system in three formats. One is ss a
dispersed generntor for the electric utilities, that is, mltimegawatt
power plants are placed within an electric utility transmissione
distribution system at substation locations. A second is as an on-site
transformer of gas to electricity {20 to 200 kW) for naturel gas
utilities. The third is as e remote on-site generator for rural
electrification. and for developing areas such as Alassks or Micronesia,
in these uses the fue) cell power plant complements the very large-scele
fgssil or nuclear bulk pover generators by permitting a selective attack
on critical protlem ereas. Among its benefits are:

1, HBeduced transmission requirements. By locating power plants
nesr, or at, the losd center the need for additional transmission
capacity end right of way is reduced. Raw fuel energy is transported to
"~ the fuel cell power plant by gas or liquid pipeline or trucked liquids,

Community planning is more flexible because power can be provided at the
point of need with minima) lead time and at minimum interference with
other communities,

2. Improved site availability. Dispersed fuel cell power plants

are quiet and clean. They do not require a source of cooling or makeup
water and cen be transported to the instailation site using standard

trucks. These features increase the number of suiteble gites and permit
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present utili ty right of way, eir rights over existing buildings, or
Bites of retired plants to be utilized.

3. cgpucity added in E_ggg_with growth. Fuel cell power plants
are economlc in small-scale unitsy therefore, they can be installed in

blocks as load requirements grovw-to pruvide & more effective use of
capital. :

k,  Factory assembly. Assembly in standard modular umits provides
mass production economics, reduces lead times, and minimizes expensive

field construction. )
Se System security. Parallel operation of the dispersed
" generation units with the conventional utllity system provides enhanced

relisbility and reduced vulnerability of the generation and transmission
system to sabotege, attack, or natural disastera, In addition, the
ﬁultifuel capabllity of the fuel cell power plant eliminates reliance on
oﬁe specific fuel system.

Initial electrie utility fuel cell pover plant installations will
provide power in areas with particularly difficult transmission and/or
siting problems. They will be sited in areas experiencing rapld load
growth duve %o new commercial or industrial fecilities, in urban ureas
vhere renewal projects have increased power demands, and onsite for
customers with eritical loads such as hnspitals, industrial processing
plants, and government agencies, Fuel cell pover plants may in special
cases be used w.th water electrolyszs cells to provide utility system'
peaking power wsing stored hydrogen produced with off-pesk electricity,
This system is not likely to achieve the efficiency of & pumped
hydrosystem but does offer an alternative where topography 18 Jimiting.

With present-day technology, characteristic fuel cell power Plant
peak efficiency when operating on hydrocarbon fuels is in the range of
LU% even at power levels as low as 100 to 200 kW (Fig. 10). On hydrogen
and air, the efficiency (based on ac power out) would be sbout 55%, and
n hydrogen—okygen, nearly 60%. Efficiency remains high over an
extremely broad operating range from approximately 25 to 1257 of the
nominal pover rating of the pover Plent. Hith pipeline hydrogen

-
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availsble, the fuel processing {steam-reformer} plant wuld be
eliminated, thus saving about $25/kW in the capital cost of the unit.

(d) Environmental snd resource effects. Data from the initial

Ainetaliations have verified that fuel cell power plants have minimel alr
poliution (as shown in Table 10), can reject their waste heat to air,
are quiet, snd ere highly efficient at both rated pover and at part
load. When fueled with hydrogen, the primary waste product is water or
weter vepor, It is possible to use a fuel cell plant with the "Total
Energy" concept, where produetive use cén be made of the wastie heat and
" hot water.

The availability of precious metel catalysts will not limit the
widespread use of fuel cells in any practical sense. First, not all
fuel cell concepts requife precious metal catalysts; the molten
carbonate cell, for exsmple, uses nickel as the catalyst. Sécond, even
if it is essumed that (1) no further reductions in the amount of
precious metsl catalyst required per kilowatt of output are possible (in
spite of a tenfold reduction in the past four yesrs), (2) only platinum
is satisfactory as & catalyst, and (3) all the utility companies in the
U.S. add 107 of their projected nev installed capability as fuel cells
every year, less "than = 15% eddition to the world's average annual
production of platinum vould be required. letinum mining industryy
executives have given assurances that suck an inecrease is entirely
practicenle. ' '

Recémmended research and development. Topics for consideration as

~ additional  study or research 4in the area of hydrogen/electrical
generation are summarized below:

1. The optimal mix os hydrogen and electricity should be developed
and means for achieving & synergistic dinterfacing of the two energy
forms defined over the entire national system.

. 2, Eguipment {both conventional-and uqconvzntional) operation on
hydrogen should be Investigated and engineering criteris developed.
Particular heed should be given to the potential for performance
improvement and the nature of emissions under hydrogen operation.



- 99

Table 16. Minimum pollution contribution
{pounds of pollutents per thousand kWhr)

Federal ‘.Sta:'xdeu'clssm'r

Gag-fired 0il-fired Copl~fired

utility utility utility
central central centrel Experimental
etation gtation station fuel cells
505 Fo 7.36 10.90 0-0.00026
requirement :
NO_ 1.96 2.76 6.36 0.139-0.236
Hydrocarbons o No ' Fo 0.225-0,031
- requirement  requirement reguirement
Farticulates

0.98 0.92 ¢.9L ©.00003-0

%rederal Btandard {effective 8-18-71) valuee converted to

1b/1000 kWhr,
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3. HNonthermomechenical systems of generation should be examined:
for applicability with hydrogen fuel, particulerly MHD systems.
Indicated research areas should be pursued to determine if a role exists
for these systems in the “hydrogen economy."

4. Hydrogen~oxygen turbines should be developed and demonstretion
" plant operation initiated. Subsequently, very high temperatures should
be epproached with the development of appropriste cooled turbines toward
the achievement of very high erficiencieé.

3. The main problem areas remalning in developing the fuel cell
for general application mre in increasing the cell lifetime and reducing
the initiel cost. - Both areas are closely related to work on the
electrodes and involve schemes for minimizing the platinum catalysis
content and overcoming the gradusl cell performance deterioration with
time.* The evaluation and development of potentially superior fuel
cell concepts such.as the molten carbonate, solid eleectrolyte and redox
cells would'also appear to be a worthwhile long-term objective,

One of the most critical cost reduction factors lies in the
achievement of a mass-production based industry., This will depend on
continued research and development funding to attain the lifetime cost
performance goals plus perhaps some subsidy for a relatively large-scale
demonstration project.

5.2 Potentiel For Utilization of Synthetiec Fuels Other Than Hydrogen

In seeking a synthetic nonfossil fuel that could be madé from such
"unlimited" energy resources as nuclear and solar power, hydrogen seems
to be the most attractive prospect, However, being a low drasity gas,
its hendling proﬁertiea are not es convenient as & liquid o: solid fuel,
so attention should also be given to candidates in the liquil und solid
fc:rrms.l'8 If we restrict ourselves to fuels which can burn in air under
ideal conditions to form innocuous products, we are limited to compounds
of hydrogen, nitrogen, and carbon f{the latter only 3if we are not
concerned about buildup of atmospheric CO;). In praciice, we must also

be concerned with the possible formation of €0, additionel nitrogen

" :
Use of hydrogen is expected to improve the prospects of achieving
these obJectives, o
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oxides, end other undesirsble products once we move away from pure
hydrogen as B fuel.

Fuels such as ammonia {NH;), hydrazine (N,II,}, methanol {CHy OH),
and ethanol (C, Hy OH) can be readily synthesized and are therefore
discussed here, Another cstegory of fuels which would be recycled in
the oxidized form to the generating station are the metals, The only
reasonable war to0 consider a metal fuel seems to be . as an
electrochemieal fuel, and in this study rechargesble batteries ere

_therefore given brief consideration.

‘ Ammonia, hydrazine, and methsnol all require hydrogen for their
production, They mey be considered as hydrogen carriers. Ammonie and
“hydrazine will also involve nitrogen from the gtmosphere, while methanol
requires the input of carbon dioxide, either from limestone o} from the
atmosphere,l8 vhich contains abundant 20z , but only at & concentration
of about 0.03%. Ethanol can be produced by fermentation of vegetable
mnteria123 or from mmicipal and biological waste. So can wethane (and
other ligquid hydrocarbons), vwhich could become an important synthetic
fuel. Methane, however, is already in widespread use 88 natural gas, &0
its utilization is not discussed further in this report.

5.2.1 Utilization as & transportation fuel

The transporlation sector by definition uses mobile power plants,
" and liquid synthetic fuels may have the greatest utility in this sector.
In aircraft snd vehicles with conventional engines, methsaocl, ammonia,
and ethanol could be used without requiring msjor developments.
Considerable work has been done in the opefation of both piston engines
and gas turbines on these fuels,

Methanol. Severa) studles of the use of methanol as the fuel in
conventionel internal combustion engines show that it possesses
considerable potential for the combination of engine performance and
reduced emissions of unburned fuels, €O, end NO, . A theoretical
anaylysis of fuel behavior predicts that methanol will generate sbout 90%
of the cylinder pressure and 80% as much CO and 95% as much HO, &s does
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isooctané at an equivalent fuel-sair ratioihg Work on ah engine test
“stand showed methanol to produce, in comparison to gasoline, without
catalytic treatment of exhaust gases about 1/20 the unburned fuel, "1/10
the €0, and sabout the same NDx.soAncther experimental study used road
performance and test stand measurements of & methanol-fueled Gremlin
engine equipped with a catalytic exhaust reactor to obtain the following
23 {dats is also given on the proposed 1975-T6 Federal Standards
_ and on the emission from a 1971 Gremlin gasoline-fueled engine):

i

results

‘Emissions g/mile

: UHC €0 Ko
1975~76 Federal Standerds - o.41 3.k 0.40
Gasoline 2.34  22.08 L,01
Methanol . 0.6  3.83 0.28

Since the heat of combustion of methanol {8580 Btu/lb) is 55% less than
thet of éasoline (as isooctane at 19,080 Btu/lb), the rate of fuel
consumbtlon is greater for methanocl. The Gremtin romd test showed
methanol to require sbout 60% more fuel (in gallons/mile)} than did
gasoline, Finaily, it is significant that methanol is a liquid much
like gesoline and cen readily replace gasoline in the distribution
‘system, proceeﬁing from point of manufacture to area distributor to
aérvicé station to vehicle tenk to vehicle engine,

Ammonin. Because of the poor ignition and ecombustion propertlies of
armonia, dissocietion to hydrogen over a hot catalyst prior to entering
the engine would appear to be advantagﬁous.sa The technology fTor this
is well devéloped. Emissiops from smmonia engines present a potential
hazard of NO_.and unburned emmonia, while those from methanol end
ethanol might be a little cleaner than those from gasoline., The fuel
tenkage for the same energy content of gasoline, ammonia, and methanol
- 48 in the ratio of 1:2.1:1.T by volume and 1:2.4:2,1 by weight., This
agsumes the same engine efficiency, but adequate practical data are .not.
available to verify this assuaption. There seens to be no
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insurmountable difficulty in developing small private automobiles to runm
reliably-and clesn on these fuels if sufficient research end development
effort is spplied. It should be easier to use them to ‘operate larger
'véhicles, for exemple, treins and ships.

Fuel cells. An slternstive use of synthetic fuels which would lead
to fer more efficient and possibly eleaner use is in a fuel cell, on
voard an elsctric vehicle. Considerable work53 has been done in
developing fuel cells for amonia (dissociated to hydrogen), methanol
(both directly and reacted with steam to produce hydrogen), and

b
hydrazine, Only the 1atter5

has indicated sufficient promise for
aytomotive, or even bus and truck use, but the toxieity and high cost of
the fuel have discouraged further work. At the present time, <there is
little if eny research in the U.S5. toward an automotive-type fuel cell
to operate on ammonia or methanol. A substantisl program to develop an
automotive fuvel e¢ell running on methanol sponsored lointly by Esso and
23 while ASEA in Sweden has had, but

has now gbandoned, & progrém directed toward an ammonia fugllcell for

Alstholm, is in progress in France,
submarine use. Since syntheiic fuels will be far more costly than
today's gasoline, every effort should be made to uevelop such devices as

fuel cells which would use them more efficiently.

5.2,2 Battery vehicles as u reference standerd:

A vehicle opersting on & synthetic liquid fuel mst be compsared
with the potential alternstive, the electric vehicle. In order to
cbtain edequate performance, a vehicle "engine" must bave sufficient
.energy dei-3ity and power density.56 {One is the ratio of stored energy
to vehicle weight, basically affecting the fange of the vehicle, and the
other is e measure of how fast the energy can be released, basicelly
affecting the scceleration and maximum speed, )

As indicated in Fig., 11, at the pfesent time no battery- or fuel
cell exhibits sufficiently high energy density or power density.sTThat
is not to say that the goel is impossible, but that very considersble

research sand development is necessary. The most promising batteries so
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far is the lithium- or sodiwm-sulfur cell and the lithium-chlorine cell,
although they have the disadvantage of having to be kept hot when not in
use., There is & little industrial research aand development going on in
this area, but very little on & national basis.
There is very little hope of any form of electric airplane, so that
: syntheﬁic liquid fuels or hydfogen appear to be the only slternative to -
fossil-fuel-based aviation. ' |

5.2.3 Residentisl and indusirial fuels

Because of 4its high toxicity end 'very poor combustion
characteristics, ammonis is not suitable for direct use es e cooking or
hesting fuel. It can be cracked to a hydrogen-nitrogen mixture wherein
1t§ combustion ;roperties would be similar to pure hydrogen. Research
and development is necessaery to obtain complete crr-king or to evaluate
the results of incomplete cracking on pollution when burning the
resultinog mixture, It might be possible to design industrial furnﬁces
to operate directly on ammonia, but Nox poliution eould be a problem.
Methanol an- ethanol would meke suitable fuels for domestic and
industrial heating, although new appliances with new burners would have
to be develope&. There would be hendling problems due to potential
gbuse of the fuél' by edulterating it with water to confuse metering
systems and drinking it.

S.2.4 TFuels for electricity generation .

If smmonia can be burned directly in en iuviustrial burner withcut
undue ‘pollution; jt can be used to generate electricity in a
conventional steam plant. Methanol and ethanol should present no
problems in this application. Concern, of course, would still exist
over pollutants such as nitrogen oxides and possibly C0. A more
fmportant potential use of these fuels would be in high-efficiency fuel
cells in decentralized units. In stationary applications, eriteria’ of
power and energy  demnsity applied to vehicles are not critiesal, but
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capital cost, operating cost, and system 1lifetime become dominent,
There appears to be no significant research and development in the U.S,
on this type of fuel cell. All the known work on stationary fuel cells
is concerned with natural gas or oil feedstocks. Much of this work is,
of course, relevant but is incomplete in the context of a synthetic fuel
economy. It appears quite lilely, however, that the fuel cells being
developed in the TARGET program, menticned previously, can be easily
adapted to use other synthetic fuels,

Research and Development. The overriding research and development
need for the use of synthetie fuels should be directed toward using them
as efficiently as possible. To this end, the development of fuel cells
for both transportation end statie instaliation, capable of 6perating on
emuonis, methanol, or ethanol is @& major requirement, Specifically,
improved materials of construction for contact with hot corrosive
eléctrolytes and lightweight flexible systems for converting these fuels
to hydrogen-rich streams are dominant problems., The ‘development of
tailor-made electrode structures to extract maxinum utilization from
mixed gas streams is e nev and promising field for basic resesrch.

In the area of conventional burners for these fuels, there is a
reai need for burners capable of complete combustion with low flame
temperatures, so that toxic effluents such as nitrogen oxides are not
produced, -

Research directed toward the improvement of total combustion
without pollutant formation in gas turbines and reeiprocating engines is
worthwhile and presents a short-time-scale wey of using synthetic fuels
with B high chance of success, though not meeting the high efficlency
go8l. ’Specifically, development of methanol as an interim automotive
fuel appears desirable. Specific tasks would include conversion methods
or kits to change from gasoline +to methancl, reduction of exhaust
emissions, and improved engine efficiency. ,

Regearch on the lov-cost production of nydrazine for use as &
transportation fuel in fuel cells is a worthy long-range goel.

In the specific area of transportation, continuous review of the
requ;red criteria for various types of vehicles and of the status of
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novel power plant development would enable proper focusing of the

research and development gosls and objectives of both vehicles and power

plant researchers.



