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Abstract

The paper explores the motivation for the trangtion to a nuclear/hydrogen system.

For such a trangtion to be successful the technologies employed must be able to
generate enough hydrogen to displace a dgnificant fraction of the petroleum fues
used in the transportation and process heast sectors.  This hydrogen must be
generated in a manner that is compatible with the environment and independent of
foreign fuds.

Nucler energy, dong with contributions from wind, solar, and geothermd
reources, meet the criteria of environmentad compatibility and resource
independence.  However, nuclear energy is the only one of these sources that has
ahigh enough energy dengty to generate copious quantities of hydrogen.

The daus of the rdevant nuclear and hydrogen technologies and how they are
coupled to bring about a trandtion to a nuclear/hydrogen system are discussed.
Should the world adopt such a system then the growth rate of nuclear energy
would greatly accelerate. With an accderated growth for nuclear energy, the
uranium resources would be depleted in a few decades with the once-through fud
cycle currently in use. It is pointed out that deployment of fast breeder reactors
would become important in the nearer term.

Motivation for a nuclear/hydrogen energy system

Peter Hoffman used a quote from Jules Venes The Myderious Idand to
conclude his book Tomorrow's Energy, Hydrogen, Fud Cdls, and the prospects
for a Cleaner Planet’ [1]. That quote, written in 1874 was, Yes, my friends, |
believe that water will one day be employed as fuel, that hydrogen and oxygen
which constitute it, used singly or together, will furnish an inexhaustible source of
heat and light...As long as the earth is inhabited, it will supply the wants of its
inhabitants, and there will be no want of either light or heat as long as the
production of the vegetable, mineral or animal kingdoms do not fail us.

Jules Verne, dthough astonishingly prophetic, could not have imagined the extent
to which, in a century, the earth’s inhabitants have grown dependent on sources of
fossl fud that are exhaudtible and hold the potentid to disrupt the environment
such that the 'the vegetable and anima kingdoms may fail usindeed.
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The technology of producing hydrogen from water has been availdble for
development and exploitation for more than a century. Why have we not used it
as a mgor fud supply? Simply sad, the internd cost of fossl fud production is
chegper. Interna costs exclude the price that society must pay for the impact to
hedth and the environment. The processes for hydrogen manufecture are energy
intengve.  When we make hydrogen from foss| fues gas, oil or cod, we use up
part of the energy in the fossl fud to make the hydrogen. In dl cases the energy
we use to manufacture the hydrogen is greater than the energy that we get back
from the hydrogen when we use it. For example, we can make hydrogen from
water by eectrolyss using eectricity, but we need to put in a least twice as much
energy from fossl sources to make the eectricity than we will get out when we
use the hydrogen as fud.

Thus, for the past century, as we have rdied on energy use to grow our economy
and enrich our standard of living, we have become more and more dependent on
direct use of fossl fuels and more and more dependent on the decisons of a very
few countries and corporations that control their production and digtribution.  All
the while we may have been unwittingly disrupting the environment with the by-
products of our growing consumption of fossl fuds  These observetions are
becoming increasingly evident and are underscored by the troubled Stuation in
the Middle Eastern countries that threatens the tability of much of the world's
supply of all. The thrests to sability in the supply of ail, dong with recent
summit conferences that seek to foredtdl the growing insult to the environment
from the growing use of fossl fuels, have caused society to seek dternatives.

Hydrogen, as Jules Verne predicted, may be tha dternative which can provide
humankind with the answer to energy security and environmental compatibility.
In the US, despite politicadl arguments over energy policy, there is generd
agreement that hydrogen will play an important pat in our energy future
Hydrogen has properties that promise clean, efficient transportation — emitting
only water as a product of its use to fuel our vehicles. No greenhouse gases, no
amog-forming NOx, no paticulates - jus waer. The fud cdl technology thet
uses hydrogen as a fud gives even further environmentd benefit with high
efficiency converson of hydrogen to dectricity and the advantages that come
from an eectric-moator vehicle.

More than a third of US CO, emissons come from the transportation sector. Use
of hydrogen as fud will give better fud efficency without being environmentdly
destructive.  What more could we want? Well — how about an environmentaly
friendly, energy efficient, affordable way to MAKE the hydrogen?

Hydrogen is the third most aundant dement on the earth's surface, where it is
found primaily in water (H,O) and organic compounds. But unlike fossl fuels
such as cod, ol and naturd gas, molecular hydrogen (H») needed for fud does
not exist in nature. We don’t mine it and we don’'t pump it out of the ground. We
have to manufacture it.

Today we make hydrogen dmost excusvdy by methane deam reforming.
Natura gas is reacted with water at high temperature to form hydrogen and carbon
dioxide. The carbon dioxide which is produced during hydrogen manufacture
must be conddered in any discusson of environmentdly friendly hydrogen.
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Greenhouse gas emisson reductions will not count if al we do is relocae the
place where they are emitted — from the vehide to the hydrogen manufacturing
plant. This is why renewable or nuclear sources are being researched to replace
deam methane reforming for hydrogen manufacture. Devidng an  effective
hydrogen future demands that we address two questions.

Does the process of manufacture possess sufficient scale to supply the world
with its energy needs?

Does the full cycdle of a hydrogen economy from harvesting of energy resource
to hydrogen production, didribution, use and cleanup meet our environmenta
standards?

Only when we have reached a level of comfort with the answers to these two
quesions will we have crested an effective energy draegy tha includes

hydrogen.

Energy demand growth is a globd issue, but to get a fed for numbers, let's begin
with the scde of energy use in the US done. The US vehicle fleet accumulated
2600 hillion miles in 1997 [2]. Assuming success in building a hydrogen-powered
automobile fleet, we would need 0.013kg of hydrogen for every mile driven to
replace the gasoline and diesdl fud [3]. If we were to manufacture the hydrogen
by eectrolyss we would need 240 gigawetts of new dectricd generaing
cgpacity. That is dmogt exactly one haf of the tota dectricd generating capacity
of the US.

For perspective, recal that a typica new large coa fired or nuclear generating
plant produces about 1 gigaweatt. Gasfired plants are about haf that. Not
unexpectedly, in light of the scde of the exiging petroleum indusry, we are
talking about a massve scde of energy infrastructure development to replace oil
with hydrogen for the US transportation sector.

Recalling that we want to do more than merdly relocate where CO, is emitted, we
need a non-emitting source of energy to manufacture the hydrogen. Can we make
this dectricdty with windmills? A daeof-theat 0.0015 gigawatt windmill
requires a footprint of about 70 acres. You can place nine of them on one square
mile. To generate 240 gigawatts of eectricity you would need 640 000 windmills
(with a capacity factor of 0.25) and an area of 71 000 square miles (Indiana is
35000 square miles and Ohio 40000). The land use for windmill-based
hydrogen production would be remarkably large. The land costs and disruptions
would be larger ill, but hydrogen is a dorable energy carrier suited to the
intermittence of thewind. Wind power will likely play arole.

Can biomass meet the need? The trangportation sector would require the
American famer to grow an additiond four times as much plant materid as he
does a present in order to provide enough biomass to produce the necessary
hydrogen — dl the while continuing to feed the American public.  Biomass
continues to fud the undeveloped world, but remember that the higher energy
dengity of fossl fuels was required to enable the indudtriaization of the West.

What about solar? The cepitd cost for solar generated dectricity is between
US$20 and US$H25 per watt. The 240 gigawaetts of generating capacity needed to
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replace the trangportation fud would cost more than US$4.8 trillion for the
equipment adone. The 240 gigawatts of solar eectric pands would occupy about
3000 sguare miles, the purchase of which would add to the cost. Development is
warranted on more cost-effective photovoltaic panels, especidly to contribute in
remote, off-grid locations of smal demand.

While power from new renewables (biomass, solar and wind) will contribute to
locd power needs fill niche opportunities, and initiate the dectrification of
developing countries, they raher clearly fal to meet the scde required for
manufacturing hydrogen for indudridized Americas trangportation needs. The
US choices for a mgority of the energy to manufacture hydrogen a the required
scale come down to coal and nuclear.

That tekes us to the second question. Does the full cyce, from mining, to
production, to distribution, to use, to clean up, meet our environmental standards?
Agan, congder the Stuation for the US as an example.

There is cetanly enough domestic cod to fire the dectrical plants tha could
provide both the eectricity and the clean hydrogen needed to power the US
trangportation system for severd hundred years. Building 240 new power plants
is a big job — but not infeesble. The full hydrogen demand will develop over
severd decades. At only 35% annud growth rate, we dready double our
electricity production every 20 years. Growth rates for energy of 6-8% are not
infeesble for industry to achieve. But cod power plants will generate carbon
dioxide and other emissons requiring recovery and sSequedterizetion; otherwise,
they will be discharged into the amosphere a a different location from our
automobiles and will continue to contribute to globd warming. A number of
schemes have been proposed for collecting and sequestering the carbon dioxide.
Some, such as injecting it into oil reservoirs, have been reduced to practice: they
are codly and energy intensve. Others, such as those where the carbon dioxide
would be sequestered on the deep ocean floor, are energy intensve and might
creste unanticipated forms of environmental damage. Yet others are smply short-
term solutions.

The US is left with nucler energy as a logicd choice. Sdafe reiable energy
production with a secure domegtic fue supply aready mined and Stting in Storage
aufficient for at leest the next severa thousand years. No rdiance on a foreign
trading partner controlling the energy resource, no greenhouse gases or NOx
emissons — and scant increase in cost.  The US gtuation is Smilar to numerous of
the OECD countries where nuclear is an edablished industry and an important
segment of the ectricity supply infrastructure.

What is the problem? The problem is the public’'s perception of the 'unsolved
nuclear wagte issue.  The ironic thing about wadte is that the cost of disposing of
nuclear waste is dready included in the cost of generaing dectricity from reactors
— wheress the cost of disposing of the ‘wasteé CO,, NOx, etc. from other energy
sources is not.  Even renewables generate waste emissons over ther life cycle —
eg. emissons and waste from energy use to manufacture the windmills and solar
pands, gasoline and diesdl used to plant and harvest biomass, etc. What would be
the result of adding dl the cogts of waste management to al energy sources?
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A ten-year sudy by the European Community was designed to quantify the
externa codts of dectricity production [4]. It showed that the cost of producing
dectricity from coad or ol would more than double The cost of dectricity
production from gas would increase by a least 30% if externd costs such as
damage to the environment and to hedth, which is currently not included in the
price of the energy, were taken into account (this excludes the cost of globd
warming). Currently, such cods are not billed to consumers, but are nonetheless
an expense for society a large.  According to the sudy, the cogts to the
environment of producing eectricity from natura gas, cod and nuclear - taking
into account the entire fud cycle and covering costs not currently accounted for
such as damege to the environment and hedth - would add 1-4US¢/kWh for gas,
3-10USt/kwh for cod, but just 0.2-0.5US¢/kWh for nuclear. These are not
numbers from a nuclear advocacy group but from the decade long EXTERN-E
sudy conducted by the European Community. In ther view, just 0.2-
05USE/kWh will pay dl of the externa environmentd costs of nuclear power
which are not dready included. That is by far the smalest added expense among
dl the options. When linked to the vison of a clean, non-emitting hydrogen
future, the notion of affordable, non-emitting hydrogen production from nuclear
energy can become an atractive dternative in a thoughtful comparison of
dternatives.

The discusson of required scade has focused on indudrialized nations, but the
dramatic growth of energy use will be in developing economies — most of which
currently use energy per capita a one tenth or less of the rate in indudridized
nations. In his keynote speech a the World Hydrogen Congress in Montred last
June, Geoffrey Balard said [5]:

For society to continue its progress in medicine, social responsibility, science,
education and quality of life we must assure that there is an ever increasing
supply of energy per capita.;

and hesad:

It is also paramount that Europe and North America develop and export
economically sound, clean technologies to emerging nations. Carbon-based
economies, supplying energy in the quantities necessary to assure progress in
devel oping nations would completely destroy Earth’s fragile atmosphere.

Hydrogen is unquestionably the trangportation fud of the future. As we move
forward in the next severd decades, it must be adopted worldwide to make any
sgnificant impact on reductions in greenhouse gas emissons.  In the near term it
will be manufactured from cod, oil, naturd gas and dectricity generated primarily
from fossl fuds. However, the energy to manufacture hydrogen must come
increasingly from nuclear power. If the world is to achieve energy security and
protect the globa environment, then nuclear is the least costly and cleanest option
that can meet the scae of deployment required.
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Status of the relevant technologies and technical feasibility of a nuclear/
hydr ogen economy

Technologies for hydrogen production

Hydrogen has been produced for more than a century by a vast number of
schemes.  All that is needed is water or some other chemica compound
containing hydrogen and a source of energy in the form of dectricity, heet, or
radigtion to extract the hydrogen. Today, the steam reforming of natura gas
generates 95% of dl hydrogen. The heat to drive the reaction is produced by
buning pat of the naurd gas feedstock with the consequent by-product
generation of additiond carbon dioxide. Thus, from a greenhouse gas
persoective, there is not much to be ganed should this means of generaing
hydrogen be used in the long term to supply hydrogen for the transportation
sector.  Nonetheless, hydrogen generated from natural gas is economicaly
important for the world and should not be minimized just because the process
generates carbon.  More than hdf of the hydrogen produced is used today to
manufacture ammonia-based fettilizrs. These fertilizers hep feed the world.
Mog of the rest is used to reduce sulphur emissons from high sulphur oil
products. Further, this hydrogen, when added to heavy crude oil, enhances the
yield of high hydrogen products such as gesoline from low-grade crude and
extends the reserves.

Heat necessary to drive the reforming reactions could be supplied from nuclear
energy raher than from burning pat of the fossl feedstock. Advanced reforming
techniques are under development which reduce the reaction temperature for
deam reforming with the gpplication of ceramic membrane science — thus
opening up this posshility for nuclear-asssted seam methane reforming to
several proposed classes of reactor types. Should this be the case, then while not
dl the cabon dioxide generated from steam methane reforming would be
mitigated, at least tha portion produced from the combustion of naura ges for
process heat would vanish. The problem with the gpplication of nuclear energy
for this purpose is that the high outlet temperaiure nuclear reactors are not
currently available commercialy. How can we get started?

The hydrogen generation technology available for more than a century but never
deployed in large scde is dectrolyss of water.  This technology is mature.
Severd manufactures offer eectrolyzer units in a range of outputs. Soon to be on
the market are units with a hydrogen generation rate suitable for the fudling of a
personad automobile.  Units are dready operating around the world, in prototype
demondrations, for the provison of centra fudling for public trangportation and
auxiliary energy for large buildings An argument commonly associated with the
trangtion to a hydrogen based trangportation system is the lack of a hydrogen
delivery infragtructure comparable to the current deployment of fueling dations
for internd combugtion gasoline and diesd vehides. But with dectrolyss an
even more ubiquitous ddivery infragtructure is dready in place — the dectricd
tranamisson system, as near as the receptacle on the wal. Another common
obsarvation is that dectrolyss is inefficdent.  Electrolyss itsdf is highly efficient,
approaching 85% or better. The power plant that generates the dectricity for the
dectrolyss may have an efficiency of perhaps 30%, such as that for a nuclear
reector. The combined efficiency is the product of the efficiencies, which is about
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25%. Even 0, severd sudies have shown that when dectricity is chegp enough,
for example a off-peak rates of 2 to 3 cents per kilowatt-hour, then hydrogen can
be produced a a price competitive with the price of gasoline or diesd fud [6,7].
An dectricity load-levelling advantage, based on doring hydrogen during off-
peak periods, may become commercidly viadle in the future.

The third means of producing hydrogen is the direct 'splitting’ of water in a high
temperature thermochemica  process. These processes have been under
investigation for amost four decades. Each of the processes requires heat energy
input to achieve the reaction 2H,O + heat « 2H, + O,. Temperaures in the range
of 700 to 900°C and recyclable chemicd reagents can provide the chemica
reections that result in the dissociation of the water into hydrogen and oxygen.
The chemicd reagents never leave the cycle, with only water as input and
hydrogen and oxygen as products. The efficiencies of these processes are
expected to be in the range of 40 to 50%. The most promising of these cycles are
the cddum-bromine process and the sulphur-iodine process. None of the
thermochemica processes have progressed to the point of commercid vidhility,
mainly because there has not been the economic incentive to do so. But, within
the past few years incentives relatled to environmental benefits and energy
independence have given rise to a resurgence of interest in these high temperature
thermochemica cycles. A pilot-scde demondration of the sulphur-iodine sysem
with a high temperature helium-cooled nuclear reactor as the heat source is being

planned in Japan [8].
Feasible growth of nuclear energy

Electricity conditutes about 33% of tota energy use with the other 67% of the
energy being used for trangportation and process heat. Today there are 435
nuclear reactors in the world producing dectricity for 17% of the world's
electricd needs. Nuclear energy does not currently contribute to the 67% for
transportation and process heat, and thus contributes only 6% of the world's total

energy. If nuclear energy continues to supply eectricity only, then the maximum
contribution of nuclear energy to the world's future energy needs is capped at
33% to 50%. By only supplying dectricity, nuclear energy cannot provide an
ultimate solution for independence from foreign oil and gas, nor can it be the find
answer to the dimination of the enhanced greenhouse effect. Nuclear production
of hydrogen provides the avenue for entry into the other two thirds of the energy
market because hydrogen can subdtitute for any and dl fossl energy applications.

But what advances in nuclear technol ogies would be required?

In terms of technology meaturity, the nuclear reector variations fdl into three
categories. The first category conditutes nearly dl the 435 reactors that are
commercidly producing dectricity today. For the most part, these reactors are
water-cooled, thermd reactors that are initidly fueled with either naturd uranium
or low enriched uranium. The capacity factors for these reactors are high, the
accumulated safety record excdlent, and within the past few years they have been
economicaly competitive throughout the world. The coolant outlet temperatures
are a maximum of 400°C, and thus too low for use in thermochemical cycles for
the direct splitting of water or even for nuclear-assisted steam methane reforming.
However, they can couple to eectrolyss as soon as a market for hydrogen exists
a a scde to induce producers to enter. Near the end of fud life, about 40% of the
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energy from an LWR originates from plutonium that is bred into the fud from the
converson of the fertile 2*8U. However, these reactors are overall net consumers
of fissonable uranium from virgin ore, s0 in the long run the LWR once-through
fud cydle technology is not sustainable once the uranium resources are exhausted.

The second category of reectors is the sodium-cooled fast reactors that were
designed not only to generate dectricity but aso to breed net fissile from 238U and
extend the uranium resources from decades to thousands of years. Severd
countries have brought these to the brink of commercidization.  Operdting
experience with these reactors has been excellent. The main reason they have not
been commercidly deployed is that their capitd cost has been subgtantidly
grester than the current water-cooled reactors.  The issues surrounding the
proliferation of nuclear weapons are aso of concern because reprocessng of the
fud containing the bred plutonium is necessary. Additiondly, snce there is no
near-teem shortage of uranium, a near-teem need to breed additiond fissle
material does not exit. The pesk coolant outlet temperature for the sodium-
cooled fast reactors is 600°C. This temperature is dill too low for direct use of the
heat for the thermochemicd gpliting of water but could couple with steam
reforming of methane and/or dectrolyss. The Russan nucdear programme has
been developing a lead-cooled fast reactor. Lead coolant holds the potential of
coolant outlet temperatures in the range of 850 to 900°C — high enough for
thermochemica water cracking.

The find category of nuclear reactor is the gas-cooled high temperature reactors.
An ealy (Magnox) desgn was commercidized and, with the Advanced Gas
Reactor (AGR) successor design, has had successful commercid operation in
Great Britain and France. These older gas-cooled reactors are now being phased
out because they are not economicaly competitive. A second class of gas-cooled
reactor, based on coated particle fuels, was developed in the US and Germany.
While commercidization was never reached, many vaidions ae in the
conceptud dage and a few smal experimentd reactors have been built and
operated.  South Africa is revigting the pebble bed gas-cooled reactor,
successfully demondtrated by Germany.  They beieve that they will have a
commercia prototype ready for the market within a decade. The peak coolant
outlet temperatures for these reactors will be in the range of 900°C and one of
their principad purposes is hydrogen production by thermochemical water
splitting.

Figure 1 illugrates a time evolution of increasing reactor temperatures able to
support various hydrogen manufacturing technologies.

Trangtion to a nuclear/hydrogen economy
Criteria for a commercially viable nuclear/hydrogen system

A trangportation system based upon nuclear-generated hydrogen will not begin to
emerge until nuclear energy is accepted on its own virtues. Firg and foremod,
nuclear energy must compete favourably with dl other mgor forms of energy
production from an economic viewpoint. It has begun to do so now, even without
the advantage of externa costs being factored into the tota cost. Public concern
with safety issues associated with nuclear power seem to be diminishing as the

8 WNA Annua Symposium 2002



Walters et d

lessons learned from past events are implemented and the safety record remains
unblemished by further events. The safely trust is dill fragile, such that an
additiona event, even with no casudties, would have a large unfavourable impact
on the future of nuclear energy. Waste and nonproliferation issues, athough
technicdly under control now, with a number of plausble paths, reman a mgor
concern in the minds of much of the public. These issues must Smply diminish in
importance as the benefits of nuclear power ae perceived to outweigh the
percaived risks benefits of economy, reduction of the insult to the environment
by avoidance of carbon dioxide and other pollutants, and the possibility of energy
independence.  When these benefits are understood by a large fraction of society,
nuclear energy will be able to move out of its amdl niche of 17% of the dectricity
for the grid to the huge market in the transportation sector. It may wel be that the
vison of an essentidly inexhaudible nuclear resource, when coupled with the
production of environmentdly friendly hydrogen, is the catays that will lead to a
new wave of rgpid deployment of nuclear energy.

All  automobile companies hold an intense interet in  hydrogen-fudled
trangportation. A hydrogen internd combustion engine now compares wdl with
gasoline and diesdl engines. Within a few years fud cdl cars will achieve the
same levd. To be a contender in the market these hydrogen-propelled vehicles
will have to have a cog, convenience, or safety advantage. Assuming that they
will be a contender on that bass, then a convenient and economic fueling system
must emerge. A disconnect exists here.  Currently, dl the hydrogen is produced
from centrdized methane reforming, but a natiiond hydrogen pipdine sysem does
not exis. The capitd needed to put in place a hydrogen pipdine sysem will not
aopear until a market for the hydrogen exigs. This market will not exist until the
use of hydrogen vehicles is widespread and fud is conveniently avalable  This
‘chicken and egg’ dilemma can be solved by the introduction of a dispersed system
of eectrolyzers for the production of hydrogen that depends upon the convenient
eectricd didribution sysem dready in place coupled to inexpensve off-peak
eectricity.

The cogt of driving a mile by the use of hydrogen produced by dectrolyss must
be close to that for gasoline for this to happen. It was pointed out earlier that the
cog differentid is smdl without invoking any specid consderations for hydrogen
fuel not being a carbon dioxide producer [6,7]. These consderations were based
on the assumption of the avalability of chegp dectricity, such is now avalable
from hydro or the off-pesk operation of nuclear power plants. Subgtitution of
hydrogen for gasoline, in the transportation sector, will require much more new
electricity than renewables could reasonably produce.

Trangition to sustainability

The trangtion to a complete nuclear/hydrogen economy could take three or more
decades. Figure 1 summarizes the time evolution of possble nuclear hydrogen
options. The 435 reactors currently deployed could be producing hydrogen today
with their off-peak power by dectrolyss. Within two decades, should a nationa
will exig to do s0, hydrogen could be produced with sodium-cooled fast reactors
by dectrolyss or by use of nuclear heat to assg traditiona methane cracking.
Potentially, hydrogen could be produced even by the use of nuclear hest to assst
in the thermochemica cracking of water. This later application would require the
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combugion of a fraction of the product hydrogen to reach the required
temperature for the thermochemicad reactions.  Findly, within three to four
decades, reactors may be available whose outlet temperatures are high enough that
any of the hydrogen production schemes are options. These would couple
symbicticadly with sodium-cooled fast reactors to extend the uranium resource to
many countries.

Ultimady, the vison is that nucler energy would become the vitd link in the
enagy supply chan.  This vison has emerged as one dement in the US
Depatment of Energy’s Generation-1V deliberations.  In collaboration with the
Generation-1V Internationd Forum of ten nations, this initiative is consdering the
R&D required for the next phase of nuclear energy. In Generation-1V planning,
nuclear power is no longer being thought of as smply a source of eectricity for
the grid, but as suitable for other energy services as well. Figure 2 reflects this
vigon. This figure reflects the fact that a huge market may very wel develop for
the non-€dlectric products of nuclear power.

Should this new market develop for nuclear power, then what can be said of the
current projections for the longevity of the uranium resource? Currently, the most
optimigtic growth rate for nuclear power is about 2.5% per year. This trandates to
nuclear power holding on to 17% of the eectricity produced for the grid. At this
growth rate the uranium resource recoverable a £ 130USHkgU would last for
fifty years or more and there is no immediate economic incentive to change the
ineffident once-through use of uranium [9]. Thus, though there may be an
incentive for waste management purposes, there is no resource shortage incentive
to rekindle the interest in fast reactors for the breeding of fissle materid from
238, However, should this vision of nudear power moving into the non-eectric
market materidize, then projections for growth rates of nuclear power may double
or triple.  Should this happen, then the sugtainability of the nuclear/hydrogen
option would immediately be quegtioned on the bass of ore avalability. Fast
breeder reactors should receive a great ded of renewed attention in that case.

Figure 3 reflects the coupling of the nucler and hydrogen technologies in a
manner that dresses ther role in sustainability; it emphaszes many of the points
made previoudy. The figure shows the coupling of the particular reactor type to
the method of hydrogen generation and the time line for doing so. Of specid
dgnificance in regard to sudtainability is the vidon, disolayed on the figure, that
when these two technologies are coupled properly the net impact to the
environment is essentidly neutrd.  Uranium moves into the sysem from the
geosphere and is recycled until completely fissoned to produce energy and fisson
products. Only the fisson products flow out of the system as waste and back into
the geosphere, where they decay back to the level of the origind uranium ore
within a few hundred years. Water moves into the sysem from the atmosphere,
hydrogen and oxygen ae produced, transported to the point of utilization,
recombined for energy extraction, and returned to the atmosphere as water vapour.
This ecologicdly neutra energy supply architecture is what humankind must
achieve if our way of lifeisto be sugtained in the long term.

10 WNA Annua Symposium 2002



Walters et d

Conclusions

Although interest in hydrogen as an energy carrier has emerged repegtedly as an
option for more than a century, it has never succeeded in becoming a major player
in the energy market. There amply have never been the incentives to develop the
option seriougly. At the dawn of the 21% century the incentives now exist. They
are driven by widespread socid sengtivity to protecting the environment. Most
importantly, many nations see an urgency to grow their economies independent of
foreign ol supplies and free of energy sources of limited duration. A key
enabling breskthrough is the recent success in the development of the fud cdll
energy converter.

Hydrogen, when produced from fossl fues is not the long-term answer to these
concerns because environmental compatibility or energy independence would not
be achieved. Wind, solar and geotherma can contribute to carbon-free hydrogen
manufacture more easly than to dectricity production (which can’'t be stored), but
they smply do not possess the energy dendty required to generate the copious
quantities of hydrogen required for fully indudridized societies Thus, nuclear
fisson becomes the only primay energy source that can generate enough
hydrogen to fud the world's economies in a carbon dioxide free manner.

The trangtion to a nuclear/hydrogen economy can begin today with the current
generation of nuclear reactors and the mature eéectrolysis technology. Nuclear
energy can support a cleaner use of fossl fue through nuclear assisted steam
methane reforming for heavy ol enhancement.  Findly, highly efficent carbon-
free means of producing hydrogen by coupling advanced high temperature nuclear
reactors with thermochemica processes is on the horizon.

The modest growth rate predicted for nuclear power would grestly increase
should this vison of a nudear/hydrogen economy maeridize. Uranium
resources would be depleted within a few decades without the deployment of fast
breeder reactors in symbiosis with the existing and new reactor types. Thus, for a
trangtion to a nuclear driven hydrogen economy to be sustainable, the nuclear
Sde of the equation mugt include not only the tie to hydrogen generation but dso
to the breeding of fissle from fertile uranium.
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Figure 1. Deployment of Nuclear-Generated Hydrogen
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Figure 2. Nuclear asaLink in the Energy Supply Chain
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Figure 3. Trangtion to Sustainability
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