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Abstract

This paper describes our analyses of future energy scenarios that exploit the latest
technologica innovetions in nucdlear plant design concepts and in using hydrogen-
based fudls.

There is a pressng world need to provide for growing globa energy demand
while reducing the adverse effects of anthropogenic emissons, by adopting
energy sources that enable sustainable economic, socid and environmenta
development. In the light of projected and actua energy needs and posshble
climate changes, many recent statements support the introduction of more non-
carbon based energy sources. Electricity has a mgor role to play here, securing
economic growth by usng ‘desn and green' fuds that afford environmenta
protection. To date, nuclear energy is not usudly described explicitly as one of
the 'solutions for world energy needs, but is included as a possble ‘option’. This
IS obfuscation. Usng the innovetive advances of the last few years nuclear
energy can now be shown to be a key player. From being a perhaps controversia
and ‘fal back' option, nuclear energy emerges as one of the mgor contributors to
globd sugtainability.

This shift in gance is possble from two innovetions that we describe that will
occur in the time frame 2005-2010, coupled with the redization that red action is
necessary on mitigating climate change.
The emergence of low-cost nuclear design options which can meet market
targets for competitiveness, capital cogt, investor return, increased efficiency,
energy security and operating performance;
The potentid future switch in transportation to hydrogen fuds in the same
time frame — now recognized by mgor car manufacturers — which

approximately doubles the potentid and sudainable contribution for the
nuclear market.

Nucler energy can ensure a sudainable energy future for the world, enabling
economic growth, renewables deployment and greenhouse gas (GHG) reductions.
This is now being recognised in the industrid and political arenas, as illudtrated,
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for example, by the latet policy dtaements from many countries in North
America, former FSU gates, the EU, Indiaand Asa

We show, by actua andyss, how nuclear energy meets, into the indefinite future:
the godls of Agenda 21,

the three dements required for sudainability (economic, environmental and
socid);

public trangparency, enabling many indudridized countries to meet ther
emissons reductions within the Kyoto targets,

the dabilisation of future dimate change by enabling the hydrogen economy;
and

technical innovation, which Sabilizes energy prices and ensures security and
dability of supply.

Theworld of energy scenarios. climbing the ladder

The world is highly dependent on energy, and hence on dectricity for its
economic growth (Figure 1). In fact, the whole world wants to climb the ladder
of increesng wedth, and to do so must proportionately increase their eectricity
and energy use. To dlow the people of the world to grow, we must dlow energy
use to grow: as energy use grows, so do emissons if we rely soldy on fossl fuds.

It isasSmple asthat.

The indudtrid world depends and runs on 90% of its energy derived from foss
and nuclear fuds. Of course, we cannot and must not ham the key energy
indusiry, or competitive trade and export postions. The obvious answer is to use
non-carbon energy sources and fuels wherever we can, and so improve our living
sandards and expectations at the same time. Nuclear energy should feature large
in that contribution, and there is a growing redization, a least in the technicdly
informed community, that building a grester nuclear power cgpacity may be the
only really sensble way to proceed over the next 10-30 years or so.

There are probably many more future energy scenarios than there are indtitutions
that sudy and produce them. Gazing into the future is an attractive, inexact but
necessary science, and large economic and energy modds have been used to
attempt to scope out the future. We smply note that past energy use has grown to
feed economic growth and we expect tha to continue, especidly in the newly
indudtridized and economicdly developing nations. In fact, energy use drives
every modern economy and increased national and persond wedth is derived
from that energy use. Countries and people everywhere wish to and do climb (or,
a the very least, strive not to descend) the ladder of energy and dectricity use to
increese or mantain ther wedth. Shel’s andyss [1] shows dealy the energy
use ladder, with increesing GDP with energy use needs per capita spanning more
than a range of x10 for nine sdected countries and the EU. We show here the
comparable eectricity use ladder for 97 countriesin Figure 1.
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Global Economic Wealth and Electricity Use
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Figurel: Theglobal eectricity and wealth ladder (Source: World Bank Indicators, 2000)

In fact, the latest scenarios of the United Nations Intergovernmental Pand on
Climate Change (IPCC) [2] dso have this same ladder embedded in ther future
projections, with dectricity use growing as the world's economy grows. The
globa sugtainability debate and argument is that this growth (‘ladder dimbing’) is
not sustainable, due to adverse pollution and GHGs, exhaustion of finite carbon-
based energy supplies, and the need for resource conservation smply for the
aurvivd of future generations. The redity is tha energy demand is driven by
local needs and choices related to the current energy market, and fud availability
and price versus demand. In the absence of large scde government ‘policy
measures (various energy or carbon taxes, subsidies, portfolios, obligations,
credits, etc) the competitive market prevails, usng what is chegpest and most
plentiful. That is why there have been swings in the past from cod to ail to
nuclear to gas for the fud for new congruction. What is dtractive to build today
depends on the price and avalability today, and the degree to which assured and
economic supplies can be contracted for in the future.

Without nuclear energy most industrialized nations have no hope of meeting any
emissions reduction target at all. The EU Commissoner, Loyola de Pdacio
dated in 2002 that: 'Againgt the background of electora campaigns, Europe
needed a rationa, objective and transparent debate because nuclear energy is a
fector for stabilizing prices and guaranteeing supply. A new problem exigs the
gpeeding-up of globa warming. Nuclear energy would adlow us to cut down on
300 million tons of carbon every year in Europe. If we abandon nuclear energy,
we have to say how we will produce this dectricity and tons of CO, will be
produced with conventional forms of energy. It's a very serious problem’. Loyola
de Paacio concluded that, given tha renewable forms of energy were not able to
replace nuclear energy, '...without nuclear power, Europe will be unable to meet
the Kyoto objectives.

The UK’s Chigf Science Adviser has said that a new nuclear programme is the
only way Britain will meet its target of getting emissions to 23% of 1990 levels by
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the end of the decade. He did not believe renewable energy — such as wind farms
— would be sufficent on its own to cut emissons that are blamed by many
scientigts for contributing to globa warming.

The UK government, and others, has sad any decison on whether to build new
nuclear power gations would be a matter for the commercid sector. In other
words, it must be competitive in the market and compete on its merits.

We therefore show the full and dramatic changes that occur in future projections
when innovations from nuclear and hydrogen energy are properly included as a
subgtantial part of a sustainable and acceptable solution. This can and will occur
in competitive power and energy markets using as a sart the new reactor concepts
avalable today. Using accepted methods and the latest UN studies as a reference,
we adopt proven methods, and show how globa sugtainability can be achieved.
Globd sudanability is assured usng existing technology and the correct choices
of fud mix, with the nudear market share increesed in a sudanable manner
worldwide.

Including innovation

But even if Kyoto were ratified, we would ill need to switch to 40% or more
non-emitting power sources by about 2040, if we are to have any chance of
dabilizing atmospheric CO, concentrations.  That is why we need to find energy
dternatives, and to ensure energy security and stable energy prices.

Neither nucler nor hydrogen innovations have been fully or effectivdy included
in the latest IPCC, WEC, RCEP and [|ASA scenarios, because:
the nuclear component is largdy based on exiding designs with projected
higher cogts than gas plants, thus limiting their market penetration; and

trangportation is usudly redricted to conventiond fud use, with fud cdl and
other innovations not considered available before 2030.

New nuclear technology and hydrogen as a fud have been mentioned but have not
been fully incuded in the latest published future energy scenarios of the
IEA/NEA, Shdl and others. Nuclear energy is usudly included as an option to
evduate the impact, but ether in a lagdy technology-as-usud mode usng
existing reactor designs, or as a phase-out option, the latter being considered more
politicaly opportune in the EU than dsewhere.  Commonly, the chosen scenarios
try to cover the whole range of socid and economic options related to future
globa energy demand, from:

so-cdled ‘busness-as-usud’ (BAU), with continued high energy demand with
reduced foss| fue use, to

so-cdled ecologicdly-driven  (ED) limits requiring extreme  energy
consarvation and a podulated lage switch away from fossl fuds to
renewables.

Therefore, dl of the 'future options studies to date try to cover ther bets, and do
not commit to any one, or claim any preferences.
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With no sound technicd bases and only economic assumptions, it is impossble to
decide what the truth may be. For example leaving asde paliticaly inspired
phase-out, the NEA model scenarios give a possible tota energy share for nuclear
of 15-20%, risng to 30-70% with the impostion of so-caled ‘carbon taxes to
redran GHG emissons. The assumptions give a very wide range for potentid
projected nuclear energy deployment. For the ED-BO scenario, deployment by
2020 is 70£20 GW(e)/a; for the BAU-BO scenario, the figure is 2510 GW(e)/a
and the uncertainties grow thereafter. However, these NEA projections both lead
to an increase by 2050 in deployed nuclear power by factors of four to eight over
today’ s fleet of 400 reactors|[3, 4].

Hydrogen as fud in the future from both nucler energy and renewables from
eectrolyss is explicitty mentioned in the Shell Report [5], which aso consders
quaitatively a range of socid and economic energy futures. Actua numbers are
harder to find. Of the modes used by the NEA, the LDNE21 mode innovative
technologies options include hydrogen production and use, paticulaly for
methanol synthess, which in the absence of sequedtration would actualy increase
the full-cycle GHG emissons.

Water Electrolysis

Natural Gas | > Shift SELEXOL

Cracking —>1 Reactor [—> Process [

CO, Recovery
2 Hydrogen (H )

Methanol Synthesis

From CO, & H,
Coal Gasification | Shift SELEXOL 5

Reactor Process

Biomass | | Methanol Synthesis
Gasification Shift SELEXOL | From CO, & H,
Reactor Process

CO, Recovered CO ,Emission into

the Atmosphere

Figure2: Thehydrogen production modd used in the LDNE21 mode by the NEA
(Source: OECD/NEA, 2002)

Only in scenario ED-BO do the globd GHG emissons actudly decrease, and then

only from 8 GtCO./y to about 6 GtCO,/y, which has the largest nuclear power
increase.

The relaive hydrogen production is not given, and no attention is apparently paid
to fud switching in transportation. Therefore, the full potentid of future nuclear
energy and itsimpact using hydrogen as an energy carrier has not been shown.

New esimates of globa future emissions for the 21% Century have been recently
published by the IPCC. In its new report [2], the IPCC predicts large increases in
CO;, and potentidly adverse effects of climate change and globd warming.

The 'emissons scenarios, from the IPCC [2], examine many dternate futures,
including budness-as-usud, and they dlow for energy use growth consgent with
the globa economic and socia growth paterns. Considerable energy use and
economic growth occurs in developing nations. Four mgor scenarios (the 'marker
scenaios) cover most of the range of assumptions.  All scenarios envisage
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increases in energy use, as wdl as in energy efficiency, renewable and nuclear
energy use.

The IPCC's scenarios dl include expanding nuclear deployment, with nuclear
growing in most scenarios by an order of magnitude above the current leve by
2050. However, in its projections, the IPCC has assumed that nuclear will reman
confined to supplying traditiona eectricity markets and modedtly incressng its
eectricity share.  Consequently, and despite dso projecting substantid increases
in energy supplies from other sustainable sources, none of the IPCC projections
offerS asolution to the build-up of GHGs in the atmaosphere.

We contend that only a much greeter reliance on nuclear power can stabilize GHG
levels and hdt the expected rise in globa temperatures. And to redize the full
potentidd of nuclear, its role will have to expand into energy sectors not
traditiondly supplied by ectricity.

Securing a sustainable ener gy future

There are severa new concepts for nuclear plants on the drawing board, and some
are now entering the market. There is internaiond interes and investment, and
Canada is involved with France, USA, Japan, UK, Korea and Argentina in the
'next generation' of nuclear reactor designs suitable for both near-term and longer-
term market deployment. The nuclear innovation announced from Canada is the
'next generation'’ of CANDUC, which includes the new ACR 700 ™ (Figure 3).
The ACR is an evolutionary desgn that does not involve any sgnificant legp in
technology, and builds seamlesdy on present experience.  That minimizes risk,
maximizes confidence, and enables investment returns. By optimizing the whole
plant design, including an increase in efficiency of ~10%, and adopting a more
compact layout, the capitd target costs are sgnificantly reduced (by over 40%)
over current designs and competitors.

Figure 3: Thenew ACR700 concept (Source: AECL)

With the capitd (overnight) cost of ~US$1000/kW ingdled, which competitive
power markets demand, AECL is proceeding to design the low-cost ACR for
deployment in 2005 and beyond in both Canada and large internationa (US, UK
and China) markets. All essentid CANDU features are preserved, and safety is
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enhanced. The ACR is recognized as economic and innovative, and scores highly
for deployment in the International Generation IV Initiative, which includes the
US, Japan, France, UK, Argentina and Korea. It scores highly againg dl the
forma evaudion criteria used by the US DOE for assessing innovative and
advanced concepts.  Therefore, CANDU ACR can contribute sgnificantly to
future power needs and avoided emissions.

The unit energy cost is very competitive & ~3¢USKkWh versus conventiond
nuclear desgns and with natural gas at expected market prices. Natura gas is a
low-cost competitor in the power market, but is sengtive to fud price. The need
for energy security requires a fud mix that retains price ability. Markets and
investors require dgnificant returns on invesment aso, and commercid funding
of new plant condruction is essentid (with government guarantees only where
necessary in the natiiond interest). Commercid interest rates are likdy to be in
the range of 810% or more. Conventiond or typicd nuclear plants, with high
capita cogts, are only competitive for discount rates of less than 6%.

The competitive podition for the ACR gives it access to a large market 'share’ that,
according to the data, depends only on the reative generating cost of the
dternates.  Thus, a large contribution from the ACR is expected in both the world
and Canada s energy mix, with a potentid to deploy the first unitsin and by 2009.

This low generating cost aso makes eectrolysis of water to produce hydrogen
(perhaps during off-peak hours) economicaly atractive compared to conventiond
methods. 'Renewables and nuclear are highly complementary sources of carbon
free dectricity and s0 the dting of Ontario's fird multi-turbine wind farm right
next to our Bruce Power nuclear dation is highly appropriateé said Robin Jeffrey,
CEO of British Energy, recently.  Thus nucdear energy can enable the
introduction of renewables, and provide synergism with an dectricity grid tha
will dso enable the introduction of hydrogen production for use as fud for fue
cdl automobiles, giving truly zero-emissions transport.

Nucler energy can then dabilize our emissons.  The numbers spesk for
themsedves. We edimate that each 600-megawatt reactor invested in at market
rates at US$1000/kW could each and every day:

produce enough dectricity for the direct and indirect consumption of 60 000
people; or

provide enough hydrogen to power some 550 000 fud cdl vehicles every day;
or

produce 85 000 barrels of synthetic crude ail; while ill

avoiding emitting 5000 to 15 000 tons of CO;; and

avoid carbon sequestration costs of 1-3¢/kWh.
Reasonable assumptionsfor the future

To run these esimates into red impacts we have run caculaions for previoudy
published and reputable globa energy scenarios. But we included the option and
innovations of new nucdear builds and fud switching to hydrogen In
transportation as markets permit.
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We have edimated the actud technica impact of reduced emissons using
additiond nuclear energy plants inddled in a competitive market usng the new
generdtion of technology. Our edimates, which are reported in this technica
paper, use the IPCC-derived estimates of future energy scenarios, and — since we
believe that more nuclear capacity could be deployed than they have dlowed — we
undertook the actua caculations. We find that usng nuclear energy for 80% of
al new dectricity from 2020 or s0, and introducing hydrogen in transportation by
2040 or s0, would not only stabilize emissons, but dso actudly reduce them for
dl the scenarios studied. (Of course, these scenarios incorporate great
uncertainties and we do not clam the edtimates to be exact vaues — they are
amply indicative of the relative potentia effects.)

Table 1 — The percentage distribution of primary energy for
the IPCC marker scenarios

Year A1B A2 B1 B2

Carbon | Nuclear | Renew. | Carbon | Nuclear | Renew. | Carbon [ Nuclear | Renew. | Carbon | Nuclear | Renew.
1990 824 16 16.0 94.9 2.6 2.6 804 22 174 82.6 2.0 154
2000 84.0 19 14.1 93.3 3.6 31 78.9 34 17.7 84.1 2.0 14.0
2010 87.7 29 95 922 31 47 79.5 43 16.1 835 23 14.2
2020 84.0 42 11.8 91.8 29 54 78.9 54 15.7 81.8 2.8 154
2030 80.1 5.9 14.0 874 44 82 76.9 6.9 16.2 79.3 34 17.2
2040 72.8 76 19.6 84.3 5.6 10.2 74.1 9.3 16.6 75.3 41 20.6
2050 64.2 9.1 26.7 82.0 6.4 116 69.8 129 17.3 70.1 55 244
2060 57.3 8.2 345 79.0 8.0 130 64.3 17.0 18.8 66.4 6.3 274
2070 49.6 71 433 76.7 9.3 14.0 59.1 211 19.7 60.9 7.7 31.3
2080 436 5.8 50.7 74.7 109 144 54.7 25.1 20.2 56.8 84 34.8
2090 39.5 45 56.0 73.2 124 144 51.0 28.8 20.2 535 9.3 37.1
2100 35.3 35 61.2 71.9 136 144 479 321 20.0 50.7 105 38.8

The reference timdine (N+H;) was given in Duffey e d. [6], where the
assumptions were explained. The timeline was paced by technology introduction
and market penetration condderations, but represents the maximum potential
nuclear contribution:

5% of transportation energy using hydrogen fud is introduced by 2020, as a
modest start, and increased each year as the vehicle fleet ages until,

80% of trangportation energy using hydrogen fue is introduced between 2025
and 2040;

20% of carbon energy is used for transportation worldwide, based on the
IPCC edimates and not displacing dl cabon fud use in currently
indugtridized netions;

80% of new eectricity will be produced by ether nuclear or renewable energy
sources by 2020, based on a synergisic bdance between the maximum
expectation for renewables portfolios (10-40%) and for competitive nuclear
plants (70-40%).

It was assumed that the hydrogen fud is produced through dectrolyss, rather than
from seam-methane reforming.  In addition, the energy supply for the dectrolyss
was assumed to come from a non-GHG emitting source: nuclear power or other
sugtainables with few CO, emissons
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Care is required in understanding how energy consumption is expressed. The
IPCC’s tabulations use primary energy for the carbonaceous fuds (i.e. without
dlowance for converson efficiency) and dectricd energy for nuclear and other
susanable fuds'. One must dlow for the substantia inefficiencies with which,
for example, cod is converted to dectricity or gasoline to propulson energy when
making subdtitutions.  Fortunately, 40% is a good representation of both the
reldive efficencies of internd combugtion engines compared to a fud cdl’'s
converson of eectricity to propulsve energy and of cod’'s converson to
eectricity. Since these pathways are dominant in the dectricity generation and
trangportation domains, eectricity can reasonably be subdtituted for carbonaceous
fudsusng a 2.5 multiplier for the amount of carbonaceous fud displaced.
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Figure4: Thecarbon dioxide atmospheric concentrations. possible-bounding estimates of
reduction in expected global CO, concentration dueto introducing hydrogen fuel and
nuclear energy

The reaults for the rdative impacts on atmospheric CO, concentration are shown
in Figure 4, where the effects of a delay or an advance of 10 years in technology
introduction are dso shown. There is no requirement here for any negative
economic impact, or to force the deployment, or to tax carbon. We just have to
innovate and use the technology that is & hand — nuclear energy, hydrogen fud,
and large-scae dectrolyss.

! Thereisno single, good way of representing energy demand since conversion efficiencies from
primary to secondary (electrical) to delivered vary with the technology used.
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Figure5: Theréelative projected temperature changesfor thefour IPCC marker scenarios
and each of the four-modelled variations

With the additiond nuclear deployment, scenario A1B has the amospheric
concentrations of CO, rise until close to 2050 when the concentrations start to
drop till the end of the century. In scenario A2, the atimospheric concentrations of
CO, continue to rise until the end of the century, though & a Sgnificantly lesser
rate than the origind IPCC scenario. The CO, concentrations in the B1 and B2
scenarios dso follow a gmilar trend as the temperature trends (shown in
Figure5). Temperatures rise in the four variations of both scenarios until the
middle of the century and then drop for gpproximately 20 years before levelling
out a congtant vauestill the end of the century.

Deep penetration of non-CO,-emitting dectricity into the growing transportation
sector is the key difference in our reworkings of the IPCC scenarios. We have
assumed that 80% of trangportation will move from oil-based energy to fud-
cell/dectric between 2025 and 2040. In Figures 6 and 7, we show the calculated
effects on CO, concentrations and globa temperatures for the IPCC's B1 scenario
adong with the NEA/IAEA’'s BAU-BO (LDNE21) scenario, two scenarios which
are intidly quite smilar in ther projected nucler components, dong with our
modified 'N+H,' verson of the IPCC' s B1 case[7].
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The IPCC's B1 projects a larger growth in tota energy demand than the NEA’s
LDNE21, a difference that is offset in the first third of the 21% Century by larger
nuclear subgiitution for eectricity generation of AECL's N+H, modification to
Bl. The subsequent inclusion of the transport sector produces a further sharp
devigtion downward from the NEA/IAEA proection and a marked beneficiad
effect. Typicaly, in reactor numbers, we find that in indudridized ndions, a
nomind programme of ACRs would dabilize power sector emissons in a
country, and a doubling or trebling of that deployment would stabilize and reduce
trangportation emissons.  Worldwide, while meeting the growing energy usage of
developing countries, total nuclear deployment would have to grow by an order of
magnitude or dightly more.

We can edimate the investment needed in typical nucler R&D and concept
deployment as being less than 1% of potentid yearly sdes. This invesment
would be returned commercidly, with more than 5000 plants dso avoiding over
15 000 million tCO, each year. The vaue of the invesment in CO, avoidance
terms, as evauated by ‘carbon cost curves, values carbon at an equivalent price of
<US$5/tC for discount rates of 7-10%. This is a much lower ‘price than any other
non-carbon alternate, incuding sequedration, tax incentives for intermittent non-
carbon power sources such as windmills, or as might be assessed for margina
effidency improvements.
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Naturdly, there are hurdles to jump: internationa licenang and user requirements,
wadte disposad agreements, intervener objections, competitor pressures, and sheer
manufacturing capecity. But we mugt face them, define them, solve them, and
grow the busness. no one sad it would be easy to do. The results are worth it.
The ol and gas indudries will tgper off dowly within a growing overdl energy
market, renewables will prosper, city ar will be cleaner, power will be stable in
price, waste will be reduced and world oil and gas reserves will be extended. Best
of dl, world energy use is sustainable, with trangtion to thorium fud cycles over
the next 10-50 years providing affordable and sustainable fuel for many centuries,
with the possibility of fuson power coming forward in the latter haf of the 21%
century.

Equdly important, by following this definite path, a god, time and thinking space
is made avalable for introducing even more innovations and new technologies —
ones that we have not even thought of now.

Conclusions: assuring sustainability

We have consdered and quantified the potentid impact of new technology on
globd energy futures, environmentd effects and in providing globdly sustainable
devdopment. The introduction of new nuclear technology, and of switching to
hydrogen fuel, has been andysed for a range of future projections made in and by
the latest international studies, including those by the UN IPCC and the OECD
NEA.

Our new andyses include competitive new nuclear plants (ACRs) and large-scae
fue switching in trangportation. On the proposed scae, the use of non-GHG
emitting sources can have a profound effect on the reduction of globa GHG
emissons and subsequently GHG amospheric  concentrations and  globa
temperature rise.  Also, the variations indicate that the world will need to make a
ggnificant shift avay from GHG-emitting fuds jus to deabilize the impact of
climate change within the next 100 years, in accord with the projections of the UN
IPCC. The full nucdear potentiad has been evduated and shown to be vitd in
assuring a sustainable energy and environmentd future.

While the rddive temperature and GHG changes may — a fird glance — look
farly indgnificant, the impact of even amdl changes on a globd scde can have
profound effects. While some governments argue that the cost of addressing the
climate change issue would be too great in the short term, in the long term the cost
of ddaying decisons to act on the climate change issue are likdy to be much
more dgnificant.  Therefore, nucdler energy, and its synergidic action in
deploying other fuels, means that it is no longer an option but must be a vitd and
immediate contributor to the future,
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