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RÉSUMÉ 

L'électricité produite à l'aide de combustibles ne contenant pas de carbone constitue la 
seule technologie disponible pour maîtriser l'augmentation des concentrations de CO2 
dans l'atmosphère terrestre. S'il est relativement facile de remplacer le carbone par 
l'énergie nucléaire et d'autres combustibles ne contenant pas de carbone pour produire de 
l'électricité, celle-ci devra également s'implanter profondément dans le secteur du 
transport pour pouvoir remplacer l'énergie à base de carbone existante. L'utilisation de 
l'hydrogène, produit par électrolyse de l'eau, résout la difficulté de stocker l'électricité à 
bord et constitue une source répartie. 

Dans le présent document, on examine d'abord les scénarios d'utilisation et 
d'approvisionnement futurs de l'énergie créés par le Groupe d'experts 
intergouvernemental sur l'évolution du climat (GIEC) qui sont également représentatifs 
des scénarios principaux à l'AIEA-AEN. On y traite ensuite des façons dont on peut 
appliquer l'énergie ne contenant pas de carbone au secteur du transport sous la forme 
d'hydrogène. Enfin, les effets potentiels de cette application ont été calculés pour les 
scénarios de référence du GIEC en utilisant le progiciel MAGICC-SCENGEN. 
Un mécanisme inhérent au modèle est capable de fournir une prévision des plus exactes 
de l'effet de la concentration de CO2 sur les températures du monde entier 20 ans plus 
tard. On obtient ainsi un moyen utile et nouveau qui permet de prévoir les effets du 
retardement pour réduire les émissions de CO2. 

Les scénarios du GIEC comprennent déjà une expansion considérable de l'énergie 
provenant des sources d'énergie nucléaire et d'autres sources durables (p. ex. énergie 
éolienne, énergie solaire, biomasse), mais son ampleur est généralement insuffisante pour 
réduire sérieusement l'accumulation de gaz à effet de serre dans l'atmosphère terrestre et 
pour diminuer l'augmentation prévue des températures mondiales moyennes. 
Le remplacement doit être bien plus important et, dans le présent document, on fait 
ressortir que seule l'énergie nucléaire peut fournir la source d'énergie principale pour 
remplacer catégoriquement et d'une façon durable le carbone. Bien que le stockage des 
déchets de combustible irradié fasse appel maintenant à une technologie mise au point, 
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l'évacuation des déchets est souvent un obstacle pour l'énergie nucléaire. C'est là une 
objection étrange étant donné que la technologie pour traiter les déchets dommageables 
de l'énergie à base de carbone est pratiquement inexistante. 

Les meilleures estimations d'augmentations de quelques degrés de la température 
moyenne du monde semblent inoffensives. Elles peuvent être encore atténuées en 
invoquant des incertitudes relatives au détail de la modélisation. La réponse hésitante de 
la société indique de toute évidence une certaine suffisance. Néanmoins, nous estimons 
que la suffisance est dangereusement inappropriée en raison de la possibilité de dépasser 
les effets dangereux, à longue période et vraisemblablement irréversibles sur notre habitat 
planétaire. 
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ABSTRACT 

Electricity produced from non-carbon-based sources is the only available technology to 
curb the rise of CO2 levels in the Earth's atmosphere. While it is comparatively easy to 
replace carbon-fuelled electricity production with nuclear and other non-carbon sources, 
electricity will also have to penetrate deeply into transportation to achieve sufficient 
leverage to displace existing carbon-based energy use. The use of hydrogen, produced by 
water electrolysis, resolves the intractability of on-board storage of electricity, and 
provides a distributed source. 

This paper first reviews the scenarios for future energy use and supply created by the 
Intergovernmental Panel on Climate Change (IPCC), which are also representative of the 
main IAEA/NEA scenarios. It then discusses ways in which non-carbon-based energy 
can be applied to the transportation sector in the form of hydrogen. Finally, the potential 
effects of this application have been calculated for the key IPCC marker scenarios using 
the MAGICC-SCENGEN software package. A mechanism inherent in the model can 
provide quite accurate prediction of the effect of CO2 concentration on global 
temperatures 20 years later. This provides a useful and new way to estimate the effects of 
delayed action to reduce CO2 emissions. 

The IPCC's scenarios already include considerable expansion of energy from nuclear and 
other sustainable energy sources (e.g. wind, solar, biomass), but the extent is generally too 
small to substantially restrain the build-up of greenhouse gases in the Earth's atmosphere 
and to diminish the consequent projected rate of rise of average global temperatures. 
Much greater substitution is needed, and this paper argues that only nuclear power can 
provide the preponderant source of energy for a sufficient and sustainable switch away 
from carbon. Though the storage of spent-fuel wastes is now developed technology, 
waste disposal is often cited as a constraint on nuclear power. It is a strange objection 
given that the technology to handle the damaging wastes from carbon-based energy is 
almost non-existent. 

The best estimates of increases of a few degrees in global average temperature sound 
innocuous; they can be further muffled by invoking uncertainties over the details of the 
modelling. The consequent complacency is all too evident in Society's hesitant response. 
Yet, we believe complacency is dangerously inappropriate given the potential for 
exceedingly dangerous, long-lived and likely irreversible effects on our planetary habitat. 
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1. PART 1: THEN, NOW AND THE CONVENTIONAL CARBON WAY 
FORWARD 

1.1 The Context 
Both in theory and from observation of Earth and other bodies in the Solar System, 
greenhouse gases (GHGs) cause planetary warming. On Earth, mechanisms for this 
action are complex and involve delays and feedback loops between the atmosphere and 
other elements of the geosphere: the biosphere, the oceans and the cryosphere. 

Such a statement seems innocuous within the balanced, detached objectivity of scientific 
enquiry with all its normal caveats and uncertainties. However, in the case of the current 
uncontrolled experiment in terrestrial warming through anthropogenic additions of GHGs 
to the atmosphere, it is not easy to balance detached objectivity against the potential for 
global disaster inherent in the build-up of GHGs in the Earth's atmosphere. The best 
estimates of increases of a few degrees in global average temperature sound innocuous, 
and they can be further muffled by invoking uncertainties over the details of the 
modelling. The consequent complacency is all too evident in Society's hesitant response. 

Closer study of the issue quickly dispels the complacency. The United Kingdom's Royal 
Commission on Environmental Pollution has stated (our italics added): 

" . . . human-induced climate change ... is threatening to impose very 
significant shifts in temperature, rainfall, extremes of weather and sea 
levels in this century and those that follow''' [1]. 

Their report concludes: 
"In this report we illustrate ways in which the UK could cut its carbon 
dioxide emissions by 60% by 2050. Achieving this will require vision, 
leadership and action which begins now. Governments are seldom asked 
to look and to plan so far into the future; the quickening pace of change 
and the shrinking power of the nation state may make it increasingly 
difficult to do so. We emphasise that an even greater reduction in carbon 
dioxide emissions is likely to be required by the end of the century." 

"The enormous challenge posed by humanity's intervention in the Earth's 
climate, threatening generations to come, demands action on this scale. If 
the UK does not show it is serious about doing its part, it cannot expect 
other nations—least of all those which are much poorer—to do theirs." 

The challenge is indeed urgent and enormous. Yet the typical responses are complacency 
and procrastination, responses that are totally inappropriate given the potential for 
exceedingly dangerous, long-lived and, quite probably, irreversible effects on our 
planetary habitat. Our concern can be summarised in two points. 

First, CO2 is long-lived in the atmosphere and additions to the atmosphere cannot be 
undone over the normal timescales for societal response. Second, the "best estimates" of 
global temperature rise need several points of qualification: (1) regional variations that 
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will much amplify the averages (see Figure 1); (2) the effects build in slowly and are 
effectively irreversible; (3) unconsidered mechanisms of positive feedback are all too 
probable; and (4) positive feedback could lead to changes of catastrophic proportions. 
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Figure 1. Estimated distribution of temperature rises between 2071 and 2090 for the A2 
and B2 scenarios (from Section F of the IPCC report, Climate Change 2001: The Scientific 
Basis). 

Importantly, "global averages" conceal regional effects, both in the existing evidence and 
in climate model projections of temperature increases—increases that are greater over the 
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continents than over the oceans and much greater at higher latitudes than in the tropics 
(e.g., Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report [2], 
specifically Figure 20 from Climate Change 2001 : The Scientific Basis [3]). For the B2 
scenario, the projected increase of the global average temperature is somewhat less than 
2 °C by late in the 21st Century, but the rise over most of North America has more than a 
two-fold amplification. As we shall observe below, the global models show a drawn-out 
response to changes in GHG concentrations: little effect of changes becomes evident until 
at least 20 years after their application. And feedbacks—negative and positive—are 
clearly in play in ways that are difficult to calculate. For example, particulates and 
aerosols emitted in burning fuels restrain temperature rise. On the other hand, reduced 
ice and snow cover increase temperature rise. The models attempt to include the effects 
of known feedbacks, but can do little more than speculate on factors that have the 
potential for huge positive feedback, such as large-scale melting of methane hydrates or a 
shut-down of the ocean's thermohaline circulation. While these large-scale effects are 
considered likely to appear only beyond the 21st Century, our actions over the next 50 or 
100 years may set them irreversibly in train. Both the Precautionary Principle and 
common sense indicate that we humans should practise vigorous avoidance of behaviour 
that has the potential to perturb the planet's climate in seriously disruptive ways. 

The period of about 12 000 years in which civilization has evolved has been one of 
unusual temperature stability. The prospect of an unplanned global experiment that 
disrupts that stability ought to impel humanity to assign the highest international priority 
to an effective off-carbon policy. Both literally and figuratively, we could all then breathe 
more easily. This report explores the prospects and charts the application of a response 
that is on an appropriate scale, is feasible and is available using existing technology. 

1.2 Introduction - The Global Bonfire 
From the discovery of fire to today, humanity has depended overwhelmingly on carbon-
based fuels for energy. We have lived and continue to live in the Carbon Age. For as 
long as the tapping of fossil sources of carbon was on a small scale, this dependency had 
little effect on the biosphere. The pre-industrial atmospheric concentration of carbon 
dioxide (CO2) remained about 280 ppmv. Then came the Industrial Revolution with a 
new appetite for energy. The first 200 years produced only a modest effect on 
atmospheric CO2 levels, which rose only 36 ppmv (or 13%) to 316 ppmv by 1959 [4]. 
But the rate of increase was gathering pace, moving up from about 0.8 ppmv/a in the 
1960s to about 1.4 ppmv/a today. Over the 42 years between 1959 and 2001, the 
atmospheric concentration rose by another 55 ppmv to 371 ppmv, a 33% (or 91 ppmv) 
increase over the pre-industrial level. 

A 91-ppm change is not quite without precedent. Analyses of air trapped in the major 
icecaps show that natural changes of about 100 ppmv in atmospheric CO2 levels have 
occurred; levels have risen rapidly at times of déglaciation and fallen more slowly during 
times of glaciation [5]. Note though that, over the period of record of the last 400 000 
years, the range of CO2 concentration has been below the pre-industrial level, ranging 
between 180 and 280 ppmv. Moreover, the rate of change is without precedent: the 
fastest rate of increase was less than 10 ppmv in 300 years at the height of the last 
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déglaciation. So the current rate of increase and the absolute concentration of CO2 are 
completely without precedent for at least the last 400 000 years. 

With a mean lifetime in the atmosphere of more than 100 years, the existing relationship 
between CO2 emissions and atmospheric concentration is reasonably well defined. 
Therefore, models of the sources of future energy demand can predict atmospheric CO2 
concentrations quite accurately—at least in the absence of any significant, new feedback 
effects. On that basis, almost all scenarios for global energy production currently predict 
that CO2 concentrations will have reached at least double the pre-industrial level by 2100, 
and the fastest-growing scenario will have achieved this doubling by 2050. 

It is very important to appreciate that CO2 exists in three fairly separate "boxes": (1) an 
upper box comprising the atmosphere, the surface of the land masses and the thin upper 
layer of the oceans, which is well-connected to the atmosphere; (2) a very large deep-
ocean box—i.e., all but the top few hundreds of metres of the oceans, with insignificant, 
short-term mixing between this box and the upper layer—in which CO2 is dissolved; and 
(3) the Earth's rocks. Fluxes within the upper box are very large—between 
photosynthesising consumers of CO2 and respiring producers—and can fluctuate 
somewhat, e.g., with variations in the dominant Northern Hemisphere's growing season. 
The CO2 dissolved in the surface water is in equilibrium with the atmosphere; around half 
of the additions of CO2 to the atmosphere reside in solution in the surface layer of the 
oceans. It is often claimed that the huge fluxes within this first box so dwarf the 
anthropogenic additions of C02 that the effect of the latter must be relatively small. This 
completely misses the point: it is the capacity of the channels that move CO2 out of the 
upper box that is important and their capacity is modest, indeed, beside even current 
anthropogenic additions. 

Naturally, relatively small fluxes enter the upper box from the breakdown of carbonate 
rock (e.g., via volcanoes). Without human interference, these small influxes are offset by 
transfer to the second box, the deep ocean water. The deep-ocean box's turnover period 
is of the order of 1000 years, a result largely of interaction between the first and second 
boxes, mainly in a few areas where very salty surface water is sufficiently cooled that it 
can sink—principally around Greenland and off the Antarctic Peninsula. There is also a 
fairly constant "drizzle" of dead organic matter and shells from the surface water. Much 
of this "drizzle" forms sediments and these are slowly incorporated into the third box, the 
rocks of the earth. Transfer out of the upper box is enhanced only to the extent that 
higher concentrations increase the dissolved CO2 content of surface waters sinking into 
the deep ocean. So, because current and projected anthropogenic emission of CO2 far 
exceeds the transfer rate to the deep oceans, CO2 added to the atmosphere by 
anthropogenic means—predominantly the burning of fossil fuels—will persist for several 
centuries. 

While CO2 is recognised as the principal GHG of anthropogenic origin, modelling its 
effect on global temperature is difficult because of the complexity of the global weather 
system, including the effects of clouds, trace gases and particulates, and the complex 
interactions between atmosphere, oceans and biosphere. Nonetheless, in their Third 
Assessment Report [2], the position of the IPCC is reflected in two quotations from their 
Synthesis Report: Summary for Policy Makers: 
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Figure 2. Estimates of Global and Northern Hemispheric Temperatures 
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"Observations show that the Earth's surface [is] warming. Globally, [the] 
1990s [were] very likely [the] warmest decade in instrumental record." 

"Most of [the] observed warming over last 50 years [is] likely due to 
increases in greenhouse gas concentrations due to human activities." 

The wording is cautious and conservative: Figure 2 [6] gives a graphic impression of 
what it most probably means. 

While evidence on a global or hemispheric scale may be particularly compelling, it is re-
inforced by a plethora of more local observations, from the thinning and melting of Arctic 
sea-ice and glaciers to shifts in the seasonal patterns of living organisms. Figure 3 
illustrates one of the latter, where blooming has shifted almost 20 days in living memory. 

In a similar cautious vein, the Kyoto Protocol is a welcome acknowledgement of the 
problem but, like the UK's Royal Commission on Environmental Pollution, we argue that 
far deeper cuts to GHG emissions are needed to stabilise GHG concentrations, and 
ultimately, to turn these back toward pre-industrial levels. This study is based on the 
IPCC's model and its best estimates of average global temperature change. One should 
always remember that these estimates of global temperature rise are inexact, with 
variations between individual models of typically ±30%, which means that they are 
imprecise, not wrong. The numbers quoted in the TPCC's Third Assessment Report are 
averages within that uncertainty. As well, as Figure 1 shows, land areas—especially 
those at high latitudes—are expected to experience an amplification of the global average. 
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Figure 3. Start of Japanese Cherry Blossom Flowering and Average March 
Temperatures (Seikei Meteorological Observatory) 

1.3 The IPCC Scenarios 

The IPCC has developed various scenarios to describe energy usage for the 21st Century. 
Six have been selected by the IPCC as marker scenarios. These are not forecasts but are 
indicative of likely patterns that will arise from different assumed political realities. The 
main distinctions arise (1) from emphasis either on economic growth or the environment, 
(2) between a co-ordinated worldwide approach and regional solutions, and (3) over the 
degree of technical adaptation within the high-growth, worldwide scenario. 

The scenarios with worldwide co-operation are designated "1" and those with more 
lcgioiitil responses arc designated "2", tliose emphasising economic growth are 
designated "A" and those emphasising environmental protection are designated "B". The 
Al situation is split into a number of different scenarios, with high technical adaptation 
designated as "T", low adaptation as "F" (which itself splits into several numbered 
variations, e.g. "Fl"), and a compromise between these extremes as "B". Table 1 gives 
an overview of the IPCC's aggregated estimates of energy demand1 broken down by their 
four regions (0=0ECD"; AS=Asia (ex-Japan and Middle East); R=former Soviet Bloc; 
and RW=Rest of the World). 

A summary of the main features of the IPCC's scenarios is given in Appendix A. 

' This gives a somewhat crude aggregate combining elements of primary and secondary energy, but it shows 
the broad picture. 

" OECD = Organization for Economic Co-operation and Development. The IPCC use the membership of 
the OECD in 1990. 
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Table 1. Aggregate Energy Demands in Various IPCC Scenarios (EJ/a) 

0 AS R RW 
"AS+RW" as a 

Multiple of Projected 
"O" Demand 

"AS+RW" as a 
Multiple of Year 

2000 "O" Demand 
World From 

Carbon 

AIT 
2000 189 98 50 79 0.9 0.9 416 346 (83%) 
2030 205 249 57 245 2.4 2.6 756 601 (79%) 
2050 219 356 83 427 3.6 4.4 1085 640 (59%) 
2070 241 469 88 547 4.2 5.4 1345 567 (42%) 
2100 290 604 89 648 4.3 6.6 1631 542 (33%) 

A1B 
2000 191 100 50 82 1.0 1.0 423 357 (84%) 
2030 239 286 72 299 2.5 3.1 896 716 (80%) 
2050 265 441 103 538 3.7 5.1 1347 865 (64%) 
2070 315 629 119 733 4.3 7.1 1796 892 (50%) 
2100 397 838 140 851 4.3 8.8 2226 785 (35%) 

A1F1 
2000 201 85 59 48 0.7 0.7 393 336 (85%) 
2030 257 343 114 165 2.0 2.5 879 732 (83%) 
2050 309 611 156 355 3.3 4.8 1431 1156 (81%) 
2070 369 742 179 563 3.5 6.5 1853 1421 (77%) 
2100 477 758 204 634 2.9 6.9 2073 1433 (69%) 

A2 
2000 176 82 45 56 0.8 0.8 359 336 (94%) 
2030 235 227 74 183 1.7 2.3 719 630 (88%) 
2050 265 335 93 277 2.3 3.5 970 797 (82%) 
2070 296 420 110 377 2.7 4.5 1203 924 (77%) 
2100 419 581 155 563 2.7 6.5 1718 1235 (72%) 

B1 
2000 180 114 51 63 1.0 1.0 408 321 (79%) 
2030 194 243 56 215 2.4 2.5 708 546 (77%) 
2050 166 272 64 311 3.5 3.2 813 568 (70%) 
2070 144 201 53 289 3.4 2.7 687 422 (61%) 
2100 125 154 39 196 2.8 1.9 514 246 (48%) 

B2 
2000 180 103 62 64 0.9 0.9 409 343 (84%) 
2030 219 233 72 131 1.7 2.0 655 530 (81%) 
2050 235 320 97 219 2.3 3.0 871 610 (70%) 
2070 254 398 110 313 2.8 4.0 1075 655 (61%) 
2100 275 522 124 438 3.5 5.3 1359 688(51%) 

Note: The central columns of this table compare the projected demand for energy in the developing 
countries (AS + RW) against the current (Year 2000) estimated energy usage in the developed 
countries (O) and against the developed countries' projected usage at the future time. For example, 
in B2, AS + RW are expected to use 3.5 times as much energy as O in 2100, or 5.5 times what O 
used in 2000. 
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• 18 The scale of global energy use requires unusually large units; the exajoule (Joules x 10 ), 
used as the basic unit of energy, may be unfamiliar. Conversion factors to other units are 
given in Appendix B, which also discusses some issues in calculating the amounts of 
energy. 

Table 1 totally confounds the notion that GHG-reduction policies can rely on 
conservation and reduced energy intensity. In every scenario, the expanding expectations 
of the Asian and Rest-of-World zones (with almost an order of magnitude greater 
population than that of the developed (OECD) countries) overwhelm any conservation 
with the OECD zone. The range within the scenarios calls for a total increase in energy 
use by 2040 of between two-and-a-half and almost four-fold. To keep this in context, 
remember that CO2 stabilisation requires a 60% reduction globally from current levels. 
Since people outside the OECD zone will, in 2040, still be consuming quite modest 
amounts of energy on a per capita basis compared to current OECD usage, it seems 
inescapable that any reduction of CO2 emissions will depend heavily on deploying energy 
from non-carbon-based sources. The alternatives—nuclear, wind, photovoltaic, etc.— 
primarily produce electricity, and so the use of electricity will have to be expanded far 
beyond its traditional uses to achieve enough reduction in CO2 emissions to allow the 
atmospheric CO2 concentration to stabilise. 

The broad picture of expected energy demand according to the IPCC's main scenarios is 
illustrated in Figure 4, which shows that energy use and economic growth will remain 
coupled. 

Gross World Product, GWP($T) 

Figure 4. The global wealth-energy growth trajectories assumed by the IPCC 
mai li.tr scenarios, compared to the historic pattern, 
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1.4 Modelling in this Study 
The IPCC scenarios are broadly scoped visions of ways in which the World economy 
could unfold. They are not forecasts. So it is completely legitimate to vary the 
assumptions made by the IPCC. To do this, we have used the Hadley Centre's MAGICC 
software [7]. The Hadley Centre summarises the nature of MAGICC thus: 

"[The] Model for the Assessment of Greenhouse-gas 
Induced Climate Change [MAGICC] is a set of 
linked simple models (see Figure 5) that, 
collectively, fall in the genre of a Simple Climate 
Model as defined by Harvey et al. (1997). MAGICC 
is not a GCM [Global Climate Model], but it uses a 
series of reduced-form models to emulate the 
behaviour of fully three-dimensional, dynamic 
GCMs. MAGICC calculates the annual-mean global 
surface air temperature and global-mean sea-level 
implications of emissions scenarios for greenhouse 
gases and sulphur dioxide. Users are able to choose 
which emissions scenarios to use, or to define their 
own, and also to alter a number of model parameters 
to explore uncertainty. The model has been widely 
used by the IPCC in their various assessments." 

Output from MAGICC is converted into graphic form by a Figure 5. MAGICC/ 
SCENario GENerator (SCENGEN). SCENGEN process 
Despite the inherent imprecision of the GCMs, using MAGICC/SCENGEN in this way 
should provide a reasonable indicator of the relative effects of changes. Using the 
MAGICC/SCENGEN software, we are able to reproduce the IPCC results to check the 
software's performance prior to applying it to modified scenarios'". 

1.5 Renewables versus Nuclear? 
The IPCC scenarios are all plausible; certainly, none of them are so radical as to be 
unreasonable. In all scenarios, the use of both renewableslv and nuclear is assumed to 
expand greatly. Despite the projected expansions, the prospects for the future are very 
disquieting in virtually all of the IPCC's scenarios. Only in scenario B1 does CO2 
concentration stabilise (and then only at over 500 ppm, which leads to a best estimate of 
global average temperature rise to 2100 of about 1.7 K above the 1990 level and still 
rising). Remember that the stabilisation of average global temperature (at about +0.75 K 
above the 1990 reference level) is estimated to require a 60% reduction below current 
levels in carbon-based fuel use by 2030. 

3 Z E 
Temperatures 

1 1 1 A CD-ROM disk copy of our MAGICC-SCENGEN calculations is available from the authors on request. 
1 V The energy source designated "renewables" includes energy from wind, solar, biomass, hydraulic (hydro-

electric) and tidal sources. 
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Today, renewable technologies are still in their infancy. The extent of their possible 
deployment is not yet clear, since they are still relatively expensive or are intrinsically and 
uncontrollably intermittent, or both. They are also almost always diffuse and occupy 
large areas. Thus the American Energy Information Administration [8] projects 
renewables to supply between 190 (reference case) and 330 TW'h (high case) in 2025 out 
of a total demand of 5900 TW h. The United Kingdom's 2003 Energy White Paper [9] is 
much more ambitious and notes that the UK has a target of 10% renewables by 2010 ("as 
long as cost to customers is acceptable") compared to the current 1.3%, and aspires to 
double renewables' share to 20% by 2020. The expectation in the IPCC's scenarios is 
more modest (and, unlike the UK projections, includes large-scale hydraulic), ranging in 
2002 from 5.4% in scenario A2 to 15.4% in scenario B2 (see Appendix C). 

So though they may be significant energy producers in the future, the expectations for 
renewables are quite varied. We stress, however, that they remain unproven. We also 
suggest that, as sources of energy on a truly planetary scale, they seem intrinsically 
unsuitedfor developing countries of high population density, where energy demands are 
expected to grow most. 

In contrast to renewables, nuclear technology is already a mature technology providing 
about 16% of the World's electricity. The new generation of reactors that will be ready 
for deployment before 2010 is expected to be directly cost-competitive with carbon-
fuelled electricity generation and passively safe. The expected cost of electricity from the 
Advanced CANDU Reactor™ (ACR™) is 0.03 US$/kWh. After 2020, Generation IV 
reactors should become available with even lower costs and operating at higher 
temperatures, thus offering the potential for supplying heat directly to processes whose 
temperature requirements lie beyond the range of existing commercial reactor types. 

We appreciate that there are objections to an expansion of nuclear power—indeed several 
countries (Belgium, Germany and Sweden) currently have long-range plans to phase out 
nuclear completely. At the political level, there are concerns over the disposal of spent 
nuclear fuel (although the technology of disposal has been widely demonstrated) and over 
adequate safeguards to prevent weapons' proliferation. These are not trivial issues, but 
they are clearly manageable given the will to do so. They are minor compared to the 
current waste-release practices for CO2 and other GHGs. 

1.6 Placing our Study in Context 
The main interest in this study was to look at expanding the role of nuclear above that 
assumed in the IPCC scenarios. Where judged cost-effective and available, renewables 
can substitute for nuclear with the same end result if it proves possible to exceed the large 
projected role for renewables currently envisaged in the IPCC's scenarios. 

Figures 6 and 7 reproduce the IPCC's projections for the entire 21st Century. However, 
given the technological changes over the last 50 years, we feel that projections of energy 
generation beyond 2050 should be treated as highly speculative. So, though we have 
analysed all six marker scenarios, Figures 6 and 7 suggest that three scenarios can be 

™ Advanced CANDU Reactor and ACR are trademarks of Atomic Energy of Canada Limited (AECL). 
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chosen as representative of similar pathways up to 2050. (Note though, as we shall 
demonstrate below, the full effects of changes to 2050 will only be realised by 2070.) 

Scenario A1F1 is the high extreme; scenarios A2 and A1B are similar (though they 
diverge after 2055), and A2 will be taken as being representative; and scenarios AIT, B1 
and B2 are similar up to about 2075, and B2 will be taken as being representative. For 
our variations on the IPCC scenarios (discussed below), in which additional nuclear 
partially substitutes for carbon sources, these three selected scenarios remain 
representative of the spread projected for 2050. 

950 

~r—i \ i i ""i" 
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

Year 

Figure 6. IPCC Estimates of Atmospheric CO2 Concentration for the Six Marker 
Scenarios 
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Figure 7. IPCC Estimates of Mean Global Temperature Rise for the Six Marker 
Scenarios 

1.7 Comparison with the 2002 IAEA/NEA Study 

In Scenarios of Nuclear Power Growth in the 21s' Century [10], an expert group 
convened by the International Atomic Energy Agency (IAEA) and the Nuclear Energy 
Agency (NEA) of the OECD examined scenarios for energy consumption in the 21st 

Century. These are compared in Table 2 with the IPCC Scenarios, using the IPCC's 
approach of showing nuclear as electrical output rather than thermal input. The 
IAEA/NEA scenario LDNE21 BAU-BO is a business-as-usual scenario, with only 
modest nuclear expansion;, their LDNE21 ED-BO Scenario is a much more 
environmentally conscious scenario, with lower overall energy use and much more 
nuclear deployment. 

Table 2. Comparison of Selected IPCC and IAEA/NEA Scenarios (EJ/a) 

Scenario 2000 Total 
Carbon 

2000 Total 
Nuclear 

2040 Total 
Carbon 

2040 Total 
Nuclear 

IPCC B2+N+H2 344 9 330 133 
IAEA/NEA ED-BO 376 12 337 S9 
IPCC A2 336 12 715 47 
I AEA/NE A BAU-BO 378 11 512 37 
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Scenario B2, with the additional deployment of nuclear energy to replace coal-fired 
electrical generation and a new capacity to produce hydrogen (designated IPCC 
B2+N+H2—see Section 3.1, below), comes very close to the IAEA/NEA ED-BO in total 
carbon emission, though it envisages about two-thirds of the nuclear deployment in 2040. 
The IPCC's scenario A2 without modification is quite like the IAEA/NEA BAU-BO, 
though the IPCC scenario has moderately higher levels of energy use. We conclude that 
the IAEA/NEA scenarios are within the range of our study. 

1.8 Commentary on the IPCC Scenarios 
On the potential for climate change, two factors stand out: 

1. CO2 concentration in the atmosphere is rising at about 1.4 ppmv/a, and a 
reduction in emissions back to about 1990 levels globally would be needed to halt 
the rise in the vicinity of 500 ppm; this would imply a large reduction in GHG 
emissions below 1990 levels for developed countries. Although CO2 
concentration is stabilised, average global temperature continues to rise. 

2. The IPCC's Third Report attributes the estimated rise in average planetary 
temperature of 0.6±0.2 K in the latter half of the 20th Century to anthropogenic 
GHG emissions. But this is only a partial effect associated with this first 90 ppm 
of increase of CO2 from pre-industrial levels. The atmosphere does not move 
instantly to a new steady state, since it is restrained by factors such as the large 
heat capacity of the oceans and changes in ice cover, whose albedo only changes 
when a melting is completed. If the CO2 level were stabilised around today's 
371 ppmv (which, as already stated, is estimated by the MAGICC/SCENGEN 
model to require about a 60% reduction of CO2 emissions below the 2000 level), 
global temperatures would continue to rise on the way to a higher equilibrium 
temperature about 0.8 K above the 1990 average. 

We would add a third factor not directly linked to GHG levels: the spreading problem of 
local air quality. This is indisputably driven by the burning of carbon-based fuels and is 
on course to become much worse in the areas of high urban population density in 
developing countries, as their energy use burgeons. In light of those three observations, 
we would characterise the IPCC scenarios as ranging from "faintly encouraging though 
clearly inadequate " to "appalling". None come close to stabilising either planetary CO2 
concentrations or the associated predicted average global temperature. 

This is a remarkable outcome since almost all the IPCC marker scenarios envisage 
substantial amounts of non-carbon energy sources. Yet the scenarios fail to explore 
sufficiently deep levels of C02-emission avoidance to achieve atmospheric CO2 
stabilisation. For this to happen, society globally has to move on from the Carbon Age. 

1.9 Our Study: Nuclear and Hydrogen for Transportation 
In Hydrogen from Nuclear Energy and the Impact on Climate Change [11], Duffey et al. 
showed the potential effect from a massive substitution of carbon-based fuels by nuclear 
and other non-C02-emitting sustainable energy sources. If 80% of all electricity 
generation—at the energy levels envisaged in the IPCC's main marker scenarios—came 
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from non-C02-emitting sources by 2020 and there was a subsequent switch between 2020 
and 2040 from carbon-based transportation fuels to an 80% use of hydrogen (generated 
by non-C02-emitting energy sources), this would achieve reductions of 50 to 100 ppm 
from projected atmospheric C0 2 levels in 2100. (The variation in the extent of this 
reduction depends on the underlying level of energy consumption assumed in the various 
IPCC marker scenarios.) This paper focuses on the effects of such a shift. 

This paper also discusses some details of what the shift toward non-carbon energy would 
entail. Part 2 looks specifically at details of how hydrogen could supersede oil as the fuel 
for the world's transportation by 2040. Part 3 assesses the scale and practicality of the 
shift from carbon-based to non-carbon-based sources of energy. 

No technical obstacles are evident that would impede implementation of the strategy 
outlined in this paper. This is important since the lifetime of CO2 in the atmosphere is so 
long as to make its release, from a practical, human perspective, almost permanent. In the 
context of the immense effort and investment that are needed to stabilise global CO2 
concentration, we note that in the ten years that have elapsed since the Rio de Janeiro 
meeting in 1992, the atmosphere's C02 concentration has risen 15 ppm. 

2. PART 2: THE WAY FORWARD WITH HYDROGEN 
2.1 Transportation Using Hydrogen 
Before discussing the quantities of hydrogen needed to displace oil-based vehicle fuels, 
the type of engine that hydrogen would power has to be defined. 

Ideally, transportation could be powered by electricity stored in batteries. But, to be a 
primary energy source, batteries have to meet criteria of sufficient storage capacity, low 
weight and volume, low cost and high efficiency of charging and discharging, and long 
life. Today's consensus is that the huge efforts put into devising an acceptable battery 
over recent decades have failed to come close to a practical technology that could power 
vehicles (other than in small, niche applications) by a battery system alone. Still, the 
effort has contributed to the development of carbon-fuelled hybrid vehicles with small 
amounts of battery storage, which are now entering the market. For urban driving, 
hybrids offer considerable enhancements in fuel efficiency, and this applies alike to 
carbon and non-carbon fuels in internal combustion engines (ICEs). With hydrogen as 
fuel to an ICE, efficiency would be better than that achievable with a conventionally 
fuelled ICE, and the only local pollution would be very small amounts of NOx. However, 
a yet better technology would be a fuel cell, essentially a battery with an external 
electrochemical fuel source. (Even fuel cells can gain efficiency from configuration as a 
hybrid vehicle because hybrids recover energy through regenerative braking. The 
quantities to be recovered are not large; so, ultracapacitors seem preferable to chemical 
batteries.) 

Fuel cells using hydrogen as the externally supplied fuel have become widely embraced 
in the last few years as the ultimate non-polluting power source for vehicles. The cost of 
fuel-cell-powered cars will be crucial if this transition is to be realised; this is a matter of 
intense development by companies like General Motors (GM) and Ballard Power 
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Systems Inc. and their collaborators among the major vehicle manufacturers. For 
abatement of local pollution to negligible levels, fuel cells consuming hydrogen are 
virtually equivalent to electric vehicles, with far less encumbrance in space and weight 
than batteries. Particular advantages are that fuel cells are much smaller than ICEs and 
convert their fuel to electrical energy with very high efficiency—at least 50% of the 
chemical energy even after allowance for internal energy use. So while the space for 
hydrogen storage will likely be two-and-a-half times larger (see Section 2.5, below) than 
that occupied by a gasoline tank for the same range, much of the extra fuel storage 
volume can probably be recovered from a reduction in the size of the power unit, or it 
could even be placed under the vehicle's floor (as in GM's "AUTOnomy" concept). 

For this assessment, fuel cell-powered vehicles are assumed to have met the requirements 
needed for their general adoption—a reasonable assumption in light of current optimism 
from companies like GM and our deferred timeframe for their deployment. Their use is 
implicit in our calculations of energy substitution using hydrogen. (If hydrogen-burning 
ICEs replaced fuel cells, the energy demands of transportation would be larger by 50%.) 

Many proponents of fuel cells have assumed that their hydrogen fuel can be produced on-
board by the reforming of fuels such as gasoline, natural gas, ethanol and methanol. 
However, while that approach would improve urban air quality, it offers little reduction in 
global GHG emissions. Indeed, if methanol were used as the fuel, overall C0 2 emissions 
could even be exacerbated by emissions associated with the reforming of natural gas to 
produce the methanol, unless that CO2 produce in the reforming were sequestered. While 
the overall fuel efficiency with on-board reforming is likely superior to that of a vehicle 
with a conventional ICE, the existing technology of vehicles powered by an ICE-battery 
hybrid offer comparable or lower GHG emissions. This is reviewed more extensively in 
our earlier paper, Hydrogen for Transportation: Available Canadian Technology [12]. 

The conclusion of the earlier work is that GHG abatement requires hydrogen as the on-
board fuel as well as its production in ways that do not emit GHGs. 

2.2 Adaptation to Hydrogen for Fleet and Large-Scale Transportation 
Some transport applications are easier to convert to hydrogen than others. In an earlier 
paper, The Case for Rail Conversion to Hydrogen-Powered Fuel Cells in the Context of 
C02 Emission Abatement [13], the attractions of converting rail transportation from 
diesel to fuel cells powered by liquid hydrogen (LH2) were presented. This indirect 
approach to electrification appears to be far cheaper than direct electrification with its 
huge initial capital requirement. Marine and air transport showed almost as favourable 
characteristics. On the other hand, road commercial traffic (trucks and buses) was judged 
to have less favourable characteristics and private vehicles were by far the least favoured. 
Nonetheless, regardless of ease of conversion, road transport is the predominant 
transportation mode and it must be substantially converted to non-carbon fuel as part of 
any sufficient CO2 reduction strategy. Commercial vehicles would be most easily 
converted but, within the transportation sector, private vehicles consume typically around 
half the fuel so they too must be a part of the conversion to attain sufficient substitution 
with hydrogen. Typical of developed economies, a recent government-produced analysis 
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in the United Kingdom [14] attributes 25% of current C0 2 emissions to the transport 
sector and projects this to increase to almost 41% by 2050. 

2.3 Is Hydrogen an Affordable Fuel? 
Fuel switching will not occur unless the price is right. 

The average Canadian car covers 21 000 km in a year with a fuel efficiency of 
11.3 L/100 km (20.8 mile/gal (US)) from its ICE. At 0.44 US$/L, the annual fuel cost is 
US$1040. While recognising that about half of this fuel cost is taxes, the gasoline-based 
norm provides a benchmark for car owners' current perception of fuel costs. On the basis 
that the currently typical ICE's efficiency is 15%, 3185 kW h is actually expended 
annually as propulsive energy delivered through the vehicles wheels. So a fuel cell with 
50% efficiency will require 6370 kW h of hydrogen fuel, or 161 kg of hydrogen. How 
would one derive a reasonable estimate for fuel costs for a car powered by a fuel cell 
running on hydrogen? This is often perceived to be a difficult question to answer because 
it must pre-suppose a way of getting hydrogen to the vehicle's tank, usually raising the 
spectre of a costly hydrogen-distributing infrastructure. 

2.4 Simple Fuel Distribution 
Compared to the difficulties faced by most other alternative fuel introductions, a simple 
solution exists for supplying hydrogen to vehicles: dispersed electrolysis and 
compression, co-located where the hydrogen is needed. This also provides a benchmark 
for costs. Stuart Energy Systems Corp. (SES) has developed a simple electrolysis design, 
emphasising low capital cost and based on existing commercial systems used to compress 
natural gas. Combining an electrolysis cell with a small compressor, SES has packaged 
this technology into a prototype for a small "home hydrogen refueller". 

SES's electrolysis system requires 1.9 volts, including rectification losses. Since it 
operates at near-ambient pressure, one should add an additional 10% for the energy to 
compress the hydrogen from atmospheric pressure to 35 MPa. Expressing this additional 
energy as equivalent to added voltage, the overall efficiency relative to the thermoneutral 
voltage for electrolysis (1.47 V) is 70%. So the 6370 kW h/a of hydrogen requires 
9100 kW'h/a of electrical power to the system. Assuming a retail off-peak power cost of 
0.04 $/kW hv, the annual operating cost would be $364. In addition, SES estimates a 
cost for their electrolysis + compression refueller in mass production of2000 to 
3000 $/unit. Assuming the higher figure and using 6%/a financing and ten-year 
amortisation, this adds a further 408 $/a for a total annual cost of $772. This total 
compares favourably with fuel costs for the gasoline-fuelled ICE vehicle. (Of course, this 
hydrogen cost is without gasoline's associated taxation, but the point is that the operating 
cost of the electrolytic hydrogen vehicle can be comfortably within the experience of 
today's North American drivers. In Europe, higher gasoline taxes provide even more 
scope for accommodating hydrogen affordably.) 

v This a nominal high-end price for off-peak retail power. The price would likely be lower for wholesale 
market users. Unless otherwise indicated, "$" means Canadian dollars. 
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Note that the SES system's low capital cost can easily justify the moderately high voltage. 
In general, given the limited scope for lowering the voltage required to electrolyse water, 
high-cost, low-voltage designs are unlikely to be competitive for highly distributed 
hydrogen production. 

At a rating of 1.75 kW (as supplied by North America's standard 15 amps at 117 V), the 
time to produce the hydrogen required for a 58 km average daily range is 14.2 hours, an 
implied capacity factor for the refueller of 59%. Coupled to composite cylinders able to 
store hydrogen at 70 MPavl, the home refuelling approach offers a simple solution to the 
fuelling problem, and it uses available technology. 

Within the constraints of using off-peak power and plugging into standard North 
American 117-volt power outlets, home fuelling could supply most of the hydrogen needs 
for the average Canadian vehicle. Those driving consistently greater distances could 
easily install multiple fuelling systems without constraint from the typical household's 
200-amp capacity, with the same fuel economics. For occasions with peaks of usage or 
extended trips remote from the home fuelling base, the same technology can be just as 
easily set up at service stations. After the demand for hydrogen has grown enough to 
justify a fuelling network, any acceptable, cheaper ways to produce and distribute 
hydrogen can easily be grafted on. The beauty of this approach—which is unique to 
hydrogen among alternative fuels—is that infrastructure can largely grow with fuel usage 
rather than requiring a large initial investment in fuel distribution before vehicles can be 
deployed. 

The same concept can be applied on a larger scale to produce hydrogen at service 
stations—which would overcome the possible objection that home production of 
hydrogen will be viewed as too dangerous. Whether produced in a local service station or 
a home garage, distributed production by electrolysis is still utilising the electricity grid at 
off-peak periods for long-range distribution, avoiding the need for an extensive new long-
range distribution system. 

2.5 On-Board Storage and Vehicle Range 
Existing hydrogen storage tanks for compressed hydrogen achieve 35 MPa; the first 
70-MPa tank has recently been certified. At 70 MPa, a realistic maximum driving 
distance of400 km requires a tank volume of 82 L for a fuel-cell-powered vehicle, about 
twice the volume of a gasoline tank required to give an ICE engine the same range. At 
least on the small scale of private vehicles, the attractions of higher storage density of 
LH2 seem uncompelling—at 70 MPa, compressed gas attains half the density of LH2 and 
requires no additional bulk for insulation. Compressed gas also avoids the fuel losses 
produced by boil-off of LH2. 

Vl A pressure of 70 MPa is probably the effective limit for compressed gas, since the compressibility factor 
of hydrogen rises rapidly beyond 70 MPa. While increasing the pressure from 35 to 70 MPa cuts gas 
volume by 40%, going from 70 to 100 MPa would only produce a further 20% reduction. 
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2.6 Alternative Sources of Hydrogen and Relative Economics 
Ignoring the consideration of C02 emissions, large-scale, steam-methane reforming 
(SMR) is clearly cheaper than electrolysis. Even at 5 US$/GJvn for natural gas, the fuel 
cost for hydrogen production by SMR is 745 $/tonne. Amortisation and operation of 
SMR adds around another 200 $/tonne for a total of 945 $/tonne. Associated with the 
production of each tonne of hydrogen by SMR, however, is 7.85 tonnes of C02. One can 
only speculate on what value should be assigned to this C02> but $30 per tonne of C02 
would add 236 $/tonne hydrogen bringing the total to 1180 $/tonne before distribution 
costs. While 30 $/tonne C02 may be considered a high figure, it is justifiable as an 
estimate for the likely cost of sequestration rather than an abstract fee for GHG emission. 
The UK Government's Department of Trade and Industry (DTI) position paper [15] uses 
£84/tonne C (37 $/tonne C02) for the typical cost for C02 sequestration, in a deep 
geological aquifer 300 km from the source. 

In contrast to SMR-produced hydrogen, 161 kg of electrolytic hydrogen produced by a 
home-based refueller for $772 translates to almost 4800 $/tonne. In that context, home-
produced hydrogen appears to be an expensive option—attractive only in competition 
with the taxed gasoline alternative, though that is, of course, the alternative. 

However, electricity distributed to the retail level is expensive relative to the expected 
power costs (0.03 $/kW h) from next-generation nuclear power plants (NPPs)—the so-
called Generations III+ and IV. One should also consider centralised hydrogen 
production from a dedicated nuclear plant, which might be the source of fuel for a large 
port, hydrocarbon processing or a major airport. This provides a better comparison with 
SMR, a technology whose economics tilt strongly to large scales. A centralised 
electrolyser has a much lower cost than a home-based refueller. A cost of 170 $/kW for 
the same electrolysis technology in large-scale installations includes compression but not 
the plant infrastructure. Therefore, an installed cost of 250 $/kW is judged reasonable for 
a large-scale facility. A dedicated nuclear and electrolysis plant operating with a 100% 
overall capacity factor (electrolysis cells are very reliable and electricity supply can be 
backed up from the grid) would incur fixed costs of 234 $/tonne hydrogen (10% IRR) and 
electricity costs of 1500 $/tonne, a total of about 1730 $/tonne. 

A more promising approach is to accept the interruption of hydrogen production at times 
of peak electricity demand and price. In deregulated markets, prices become highly 
asymmetric, with power selling to the system for 10 to 15% of the year at an average of 
three times the overall average, and the balance selling for two-thirds of the overall 
average. By selling electricity to the grid at times of peak demand, the cost for 
electrolysis at other times can be reduced. As an example, in 2002, the price of electricity 
in the Alberta Power Pool averaged over 0.09 $/kW'h for the 1144 hours of peak demand 
(13% of the year). For the other 87% of the year, the average selling price for electricity 

" Since moving hydrogen over long distances is costly, most hydrogen will be produced close to where it is 
consumed (though it is likely that very large bulk movement through large, long-distance pipelines will 
ultimately emerge). A 5 $/GJ price is consistent with expected well-head natural gas prices of 
3.7 US(2000)$/GJ forecast for 2020 by the US DOE in their 2003 Annual Energy Outlook (DOE/EIA-
0383(2003)). 
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was only 0.021 $/kW h. So one can envisage selling electricity at times of peak demand 
and making hydrogen for the rest of the year. While the fixed installation cost rises to 
270 $/tonne with only 87% utilisation, the electricity cost falls to 1050 $/tonne for a total 
of 1320 $/tonne. Nor is this cost necessarily the lowest that can possibly be achieved. 
Even without the substitution of hydrogen for hydrocarbons in transportation, the IPCC 
scenarios envisage the electricity component of delivered energy rising from around 10% 
today to 20 to 35% by 2100, depending on the scenario. Most of the IPCC's additional 
electricity would be derived from nuclear or renewables such as wind and solar. 
However, none of these naturally accommodate variations in power demand: wind and 
solar vary uncontrollably and nuclear economics strongly favour base loading. So the 
cost of off-peak electricity could go very low indeed, and hydrogen provides a very 
attractive way of storing electricity that is surplus to current demand, even with 
moderately low utilisation factors for the electrolysis equipment. 

At 1320 S/tonne, electrolytic hydrogen costs more than the 1180 $/tonne for SMR-
produced hydrogen. But the situation is actually far more favourably tilted toward 
electrolytic hydrogen, since the SMR-hydrogen cost is for large-scale (2.8 million m3/d or 
100 million f r /d) SMR. At this scale, capital and operating costs contribute about one 
quarter of fuel costs. The cost of SMRs varies with size, with capital cost scaling at about 
the 0.66 power. So for a 56 thousand m3/d (2 million ft3/d) facility—about the smallest 
size that is considered practical to build—the capital and operating costs would be about 
four times larger per unit of hydrogen than for large-scale SMR, adding 600 $/tonne to 
the cost. Even this small SMR facility produces 5000 kg/d of hydrogen, enough to refuel 
over 2000 cars per day: an order of magnitude too large. So even the smallest practical 
SMR facility will incur additional distribution costs. In contrast, electrolytic hydrogen 
costs do not vary much with scale—the reason that electrolysis currently dominates the 
small-scale end of hydrogen production. 

We conclude that electrolytic hydrogen from a nuclear source will be eminently 
competitive with SMR, as well as being unencumbered with the burden of the co-
produced CO2. 

3. PART 3: THE APPLICATION OF HYDROGEN 
3.1 Substitution 
We argue that the IPCC's scenarios envisage insufficient substitution of carbon-based 
fuels (in particular of hydrogen) and have thus reworked them using MAGICC-
SCENGEN. We have estimated the effects of displacing 80% of whatever carbon-based 
electricity was present in the IPCC scenario models and 80% of transportation (currently 
virtually all carbon-based) by electricity from non-carbon sources producing hydrogen. 
We have assumed nuclear will provide the non-carbon electricity, but the effect on the 
atmosphere is essentially indistinguishable, with electricity generated by renewables. Our 
choice of nuclear is made on the basis of using a mature, cost-competitive technology 
with no technical constraint on the extent of its deployment. 

We have phased in displacement of fossil-fuelled electricity over the period 2010 to 2030 
and vehicle conversion from 2020 to 2040. The MAGICC-SCENGEN model works in 
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five-year steps, and conversions have been assumed to go from 20% at the start of the 
conversion period to 80% at its end, increasing linearly during the conversion periods of 
20 years. This is reasonable timing since the technology for the new generation of lower-
cost reactors will be deployable by 2010, but fuel-cell-powered vehicles are still being 
developed and are not expected to enter even the premium-cost end of the market in 
substantial numbers before 2010. 

Some of the IPCC scenarios are somewhat harder to handle because they already build in 
some substitution in the transport sector. Scenarios A1FI, A2 and B2 are not 
compromised in this way, which is another reason for focusing on them. 

Figures 8 to 10 present the original and modified versions of the three IPCC scenarios. 
The (a) figures are according to the IPCC scenarios, the (b) figures show nuclear 
substitution for electricity production (IPCC + N), and the (c) figures show nuclear 
substitution for electricity production and hydrogen for vehicle propulsion (IPCC + N + 
H2). Details are given in tabular form in Appendix C, as Tables CI to C3. 

Figure 11a plots the modelled effects on CO2 concentration in the atmosphere of the N + 
H2 variants, along with the IPCC original scenarios for all three scenarios. To show the 
detail more clearly, Figures 1 lb covers only the first half of the 21st Century to show 
greater detail. Figure 12a plots the modelled estimates of temperature rise in the same 
way with Figure 12b providing greater detail. 

Figure l i b shows CO2 concentrations responding immediately to changes in the energy-
generation mix. However, Figure 12b shows that the effect on estimated global 
temperature is actually initially perverse—presumably because of the influence of short-
lived emissions, especially particulates and aerosols—and is only beneficial after a delay 
of 15 to 20 years. 

McDonald et al. recently presented the results of a somewhat similar study [16]. For the 
comparable A2 and B2 scenarios, our IPCC + N +H2 cases envisage only slightly larger 
deployments of nuclear power in 2100, but our initial rate of deployment is faster. 



22 

2500 

El/a 
2000 

1500 

1000 

500 

Carbon 

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

Figure 8a: Scenario A1FI IPCC 

2500 

EJ/a 
2000 

Carbon 

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

Figure 8b: Scenario A1F1 IPCC + N 

250! 

EJ/a 
2000 

1500 

1 

500 

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

Figure 8c: Scenario A1FI IPCC + N + H2 



23 

2500 

EJ/a 
2000 

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

Figure 9a: Scenario A2 IPCC 

2500 

EJ/a 
2000 

Q 4 t! Ufciu l 

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

Figure 9b: Scenario A2 IPCC + N 

2500 

EJ/a 
2000 

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

Figure 9c: Scenario A2 IPCC + N + H2 
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The delayed effect of changes in emissions is confirmed by correlating the projected CO2 
data with estimated global temperatures for the three scenarios, both according to the 
IPCC projections and with the effect of enhanced nuclear electric and hydrogen-nuclear 
substitution. If CO2 is plotted against temperature and fitted with an exponential of the 
form 

[C02]yearn =c.expaAT 

where [CO2] is the atmospheric concentration n years prior to a projected temperature 
rise AT (K) above the base year of 1990, and 
a, c are fitted constants, 

then there is a poor correlation (see Figure 13a), but the correlation steadily improves if 
temperature is plotted against the CO2 concentration of some years earlier; the best fit 
occurs when temperature is correlated with CO2 concentration from 20 years earlier (see 
Figure 13c). The quality of the correlations is summarised in Table 3vm. 

Table 3. Quality of Correlation between C 0 2 Concentration and Estimated Global 
Temperature Rise as a Function of Delay 

Years Prior of C0 2 
Concentration 

Correlation Coefficient 
(r2) 

Fitted Equation 

0 0.9576 354 exp(0.28 AT) 
5 0.9750 347 exp(0.28 AT) 
10 0.9870 340 exp(0.27 AT) 
15 0.9937 334 exp(0.26 AT) 
20 0.9954 328 exp(0.25 AT) 
25 0.9922 323 exp(0.25 AT) 

Using the best-fit (20-year delay) equation, the implication is that 2020 global 
temperatures will be about 0.48 K warmer than in 1990 (or 0.33 K warmer than the 
present) regardless of what is done between the present and 2020. One can project 
further forward than that, since it is fairly clear that there will be no significant reductions 
of CO2 by 2010, when the atmospheric concentration will have reached about 390 ppm. 
The expected rise in average global temperature by then will be about 0.29 K above 1990 
and will be en route to 0.67 K in 2030, which will be a rise in 40 years of the same size as 
that observed in the entire 20th Century. 

This effect is not confined to scenarios A1F1, A2 and B2. Almost exactly the same pattern of correlation 
and almost identical equations emerge from pooling the data with that from scenarios AIT, A1B and Bl . 
Correlation coefficients are slightly poorer; the best-fit delay shifted to somewhere between 15 and 20 
years. However, it seems reasonable to use the equations derived for the data under detailed discussion. 
The effect, which is clearly present in the MAGICC-SCENGEN model, is presumed to be associated with 
the cooling effects of emissions with short lifetimes in the atmosphere. 
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By 2020, the effects of the different scenarios begin to diverge. With the IPCC's A1F1 
scenario (which is more or less a continuation of current practices), CO2 reaches around 
420 ppm while the B2 scenario (B2+N+H2) variant, with the full weight of nuclear and 
nuclear/hydrogen substitutions reaches around 403 ppm. So the expectation for 2040 
could be either a rise in projected global average temperature of 0.97 K or 0.81 K. 

The delayed regression equation is very simple but a powerful derivative from the 
MAGICC-SCENGEN model. Because additions of C0 2 to the atmosphere effectively 
remain there for over 100 years, one can use the equation to derive reasonable estimates 
of the effects of delays in tackling the emissions problem by simple additions. This 
approach has been used to generate Table 4, using the B2 scenario with various delays in 
applying the reductions associated with the modified B2+N+H2 scenario. The upper half 
of Table 4 gives the projected C 0 2 concentrations. The lower half gives the temperature 
rise according to the 20-year delayed equation (inverted to give temperature rise as a 
function of CO2 concentration 20 years earlier): 

While one could get the same result by running a great many MAGICC-SCENGEN 
simulations, using this simple equation provides a very rapid way to obtain a broad 
overview of alternative scenarios. 

The first of the "effects" columns in Table 4 assumes that the transition to B2+N+H2 

starts in 2010, exactly as it has been modelled in detail. There is no effect in 2030 since 
the concentration is unchanged in 2010. Only after 2030 do the effects of CO2 reduction 
begin to appear and they follow the modelled detail: reductions below the B2 projection 
of 5.4 ppm in the first decade, 17.3 ppm in the second decade, and so on. 

The second "effects" column assumes that the start of the nuclear substitution program is 
delayed by ten years to 2020, and so the reductions are applied to the B2 projections with 
an additional 10-year delay. In this case, the concentrations follow the B2 scenario until 
2040 and then diverge away from B2 by the magnitude of the concentration reductions 
between "B2" and "B2+N+H2", for each successive ten-year interval. Thus, for example, 
with this ten-year delay, the CO2 concentration reduction of 5.4 ppm is delayed to 2030. 
The 2030 concentration controls the 2050 temperature and so the temperature rise in 2050 
is curtailed by 0.05 K. But a switch to B2+N+H2 has a growing effect over time, so the 
reduction after 20 years is projected to be 17.3 ppm. By 2080, the temperature rise is 
1.22 K compared to 1.62 K, with the unaltered B2 scenario being based on a C 0 2 

concentration in 2060 of 447.3 ppm rather than 495.9 ppm. As the estimates of 
temperature rise in 2100 show, the effect of delay is very long -lasting, with each decade 
of delay raising the end-century temperature by about 0.15 K. The "effects" columns for 
20-year and 30-year delays follow the same approach, but with the changes in CO2 
emissions beginning in 2030 and 2040, respectively. 

3.2 Sensitivity to Time of Nuclear and H 2 Introduction 
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Table 4. Approximate Effect of Following IPCC B2 then Switching to B2 + N + H 2 

Year 

Controlling CO2 Concentration 
(ppm) (20 Years before Col. 1 

Year) 
Effects on C 0 2 Concentration (ppm)of 

Delays in Launching B2+N+H2 

Year B2 B2+N+H2 Reduction No Delay 10 Years 20 Years 30 Years 
2030 389.4 389.4 0 389.4 389.4 389.4 389.4 
2040 408.7 403.3 5.4 403.3 408.7 408.7 408.7 
2050 428.8 411.5 17.3 411.5 423.4 428.8 428.8 
2060 450.7 418.2 32.5 418.2 433.4 445.3 450.7 
2070 473.1 424.5 48.6 424.5 440.6 455.8 467.7 
2080 495.9 431.2 64.7 431.2 447.3 463.4 478.6 
2090 518.9 437.7 81.2 437.7 454.2 470.3 486.4 
2100 542.6 443.0 99.6 443.0 461.4 477.9 494.0 
Year Temp Rise (K) 
2030 0.67 0.67 0.67 0.67 0.67 0.67 
2040 0.86 0.81 0.81 0.86 0.86 0.86 
2050 1.05 0.89 0.89 1.00 1.05 1.05 
2060 1.25 0.95 0.95 1.09 1.20 1.25 
2070 1.44 1.01 1.01 1.16 1.29 1.39 
2080 1.62 1.07 1.07 1.22 1.36 1.48 
2090 1.80 1.13 1.13 1.28 1.41 1.55 
2100 1.98 1.18 1.18 1.34 1.48 1.61 

3.3 Sensitivity to the Assumed Scenario and Delays 
Because the World has not so far made the transition to anything resembling scenario B2, 
scenario A1F1 is much closer to the current situation. If the World is doing nothing of 
real significance by 2010 (and the Kyoto agreement is not a significant departure from 
current practice), the "deltas" in CO2 concentration and the effects of delaying the 
transition to the much less carbon-rich scenario B2+N+H2 are far larger, as Table 5 
shows. Notice that the estimated effect on temperature rise in 2040 of doing nothing 
before then (30-year delay) is only 0.16 K. However, if the world then embarked upon 
the transition to the B2+N+H2 scenario in 2040, the temperature rise in 2100 would now 
be an estimated 2.63 K rather than 1.18 K from a transition beginning in 2010. Even a 
ten-year delay lifts the estimated rise in 2100 by almost 0.6 K. 
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Table 5. Approximate Effect of Following IPCC A1F1 then Switching to 
B2 + N + H 2 

At 

Controlling CO2 Concentration 
(20 Years Earlier) 

Effects on CO2 ppm c 
B2+" 

)f Delays in Launching 
N+H2 

At A1F1 B2+N+H2 Delta No delay 10 years 20 years 30 years 
2030 391.3 389.4 1.9 389.4 389.4 389.4 389.4 
2040 419.8 403.3 16.5 403.3 408.7 408.7 408.7 
2050 457.9 411.5 46.4 411.5 441.4 457.9 457.9 
2060 506.6 418.2 88.4 418.2 460.2 490.1 506.6 
2070 566.9 424.5 142.4 424.5 478.5 520.5 550.4 
2080 635 431.2 203.8 431.2 492.6 546.6 588.6 
2090 707.1 437.7 269.4 437.7 503.3 564.7 618.7 
2100 783.7 443.0 340.7 443.0 514.3 579.9 641.3 . 

At Temp Rise (K) 
2030 0.69 0.67 0.67 0.67 0.67 0.67 
2040 0.97 0.81 0.81 0.97 0.97 0.97 
2050 1.31 0.89 0.89 1.17 1.31 1.31 
2060 1.71 0.95 0.95 1.33 1.58 1.71 
2070 2.15 1.01 1.01 1.48 1.81 2.03 
2080 2.59 1.07 1.07 1.60 2.01 2.30 
2090 3.02 1.13 1.13 1.68 2.13 2.49 
2100 3.42 1.18 1.18 1.77 2.24 2.63 

The impact of delay is sobering. If one takes the position that scenario A1F1 's 3.42 K 
rise by 2100 is unacceptable perilous—which seems eminently reasonable—a migration 
to scenario B2+N+H2 launched in 2010 would limit the rise to an estimated 1.18 K. This 
is probably so draconian a shift from current practice as to be unrealistic. But, to re-
iterate, consider the effects of delay. There is a difference of 2.24 K in 2100 between the 
projections for scenarios A1F1 and scenario B2+N+H2 starting in 2010. Delaying the 
transition by just ten years to 2020 puts 0.59 K (or 26%) of that difference beyond 
retrieval, while 20- and 30-year delays put 1.06 (47%) and 1.45 K (65%), respectively, 
beyond retrieval. Realistically, the effect of delay will be even worse: the longer the 
delay, the larger the quantities of carbon-based energy that will then have to be displaced. 

4. SCOPE FOR NUCLEAR EXPANSION 
In 2001, electricity from NPPs worldwide produced 2655 TW h/a (9.6 EJ/a). By 2040 for 
the B2 scenario with the envisaged 80% substitutions for coal-fired electricity and for 
transport fuels (B2+N+H2), 133 EJ/a from nuclear sources is projected. An expansion by 
a factor of 16 is required over Year 2000's actual nuclear generation. (Since the B2 
scenario already requires a large expansion of non-carbon-based energy from sources 
other than nuclear power, we are assuming here that they will not displace any of this 
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nuclear component.) This is four times more than the expansion envisaged in the IPCC's 
B2 scenario. Its delivery would require 4700 GW of power at 90% capacity. If the 
average NPP size is 1000 MW, that would require an eleven-fold increase in NPP 
numbers over the current -430 NPPs operating or under construction worldwide. 

In Appendix D, we elaborate somewhat on the existing patterns of energy consumption 
and on revision of these patterns with additional reactors in Canada and the USA. 

4.1 Sustainability of Nuclear Energy 
Some have argued that the uranium resource cannot support an expansion of this 
magnitude [17]. Responding to this, one of the world's major uranium mining 
companies, Cameco (private communication, V. Kiss, 2003), states that, "there are no 
resource-based limitations that would constrain an expanded contribution to clean 
electricity generation by nuclear energy". With the uranium-mining market depressed 
since the discovery of exceptionally rich deposits in northern Saskatchewan in the 1970s, 
there has been little interest in looking for new uranium deposits. Like most other energy 
sources, the estimated reserves of high-grade ore are likely to grow with demand. Beyond 
that, the ultimate global uranium resource is essentially limitless and there may be ways 
to access unconventional uranium sources. Even a uranium cost of200 US$/kg—an 
order of magnitude higher than present prices—would add only 0.025 0/kW h. 

However, even if the resource were constrained to the current established reserves, the 
problem is surmountable. On the basis of established reserves, accessible reserves of 
high-grade uranium (U) worldwide are estimated at up to about 6 million tonnes. For an 
advanced NPP delivering 10 000 MW(th) d/tonne U (after allowing for the rejected tails 
from an enrichment plant), 1 EJ(e)/a requires about 3600 tonnes U/a (at about 33% 
conversion efficiency). If one were to rely entirely on once-through fuelling—which 
utilises only about 1% of the available energy—a uranium shortfall arises somewhere 
between 2025 and 2035 for the B2+N+H2 scenario (and indeed for the IPCC's unaltered 
A1F1 scenario). But the constraint assumes current practices for fuelling nuclear 
reactors, and there are alternatives: 

1. Most immediately, uranium fuel can be recycled (MOx fuel). Recycling can at 
least double the energy availability from today's thermal reactors. 

2. In certain types of NPPs, including the CANDU® reactor, one can burn thorium 
rather than uranium. Thorium is considered to be three to four times more 
abundant than uranium. 

In the longer term: 
3. NPP types suited to breeding and many-fold better utilisation of uranium and 

thorium can be deployed, leading to a virtually unbounded time scale. 
4. Conceivably, fusion could displace fission in the second half of the 21st Century. 

Fusion technology is likely to have been demonstrated, but its economics are 

® CANDU is a registered trademark of AECL. 
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unknown and are the target of the proposed ITER (International Thermonuclear 
Experimental Reactor) project. 

At the least, extension of the nuclear fuel resource by a factor ofsix is possible through a 
combination of a second pass of uranium through existing NPPs and through the 
exploitation of thorium. This postpones constraint on the B2+N+H2 scenario until 2080, 
allowing ample time for the development of breeder reactors. 

4.2 Uncertainties and Impacts 
Although all of the projections of temperature rise carry considerable uncertainty— 
inevitably, produced by the atmosphere's complexity and the long-term influences of its 
interactions with the rest of the geosphere—and may at first sight seem quite small, they 
are a cause for profound concern. As we have pointed out, these temperature rises are 
global averages with amplified effects at high latitudes and over land. The IPCC have 
placed global temperature rise in five contexts: (1) risks to unique and threatened 
systems; (2) risks from extreme climate events; (3) distribution of impacts; (4) aggregate 
impacts; and (5) risks from future large-scale discontinuities [in the Earth's climate, such 
as shifts in the thermohaline circulation]. Within these contexts, the IPCC estimates that 
(1) and (2) are expected to appear within a 1 K rise of the average; (3) are expected to 
become widespread about 2 K; (4) are expected to arise between 2 and 3 K; and (5) is 
expected around 4 K. 

5. CONCLUSIONS 
The evidence of a detectable effect on the planet's temperature from the 33% increase in 
CO2 concentration since pre-industrial times is becoming compelling. To follow the 
IPCC's scenario A1F1—the business-as-usual scenario—with its envisaged three-fold 
expansion before 2050 over current CO2 emissions would be reckless arrogance. 

5.1 The Demands of the Energy Poor 
Unfortunately but apparently unavoidably, the comforts and amenities of modem 
civilization depend on very large energy inputs. Certainly, the citizens of the developed 
world could and should use less than their current annual average of five to ten tonnes of 
oil equivalent each. But any conservation on their part will be overwhelmed by the 
legitimate aspirations of the other five-sixths of humanity living in the developing world 
and currently operating on an average energy consumption of one-fifth of their 
developed-world kin. Even following the environmentally conscious scenario B2, global 
energy use is projected to double by 2050. 

Society is an aggregate of individuals, and the vast majority of individuals are less 
motivated by long-term, planet-wide altruism than by the immediate desire to secure 
energy resources in the form of food, fuel and beyond. So while greater efficiency is 
welcome and desirable, efficiency and conservation will not suffice. Beyond anything 
that efficiency and conservation can deliver, a massive diversion into energy sources not 
causing C02 emission is essential if the build-up of CO2 in the atmosphere is to be halted. 
Many technologies may ultimately be deployed to that end but nuclear fission is currently 
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the sole technology with the capacity to effect sufficient CO2 curtailment. Switching 
toward fuels with lower carbon contents is utterly insufficient. Combined with 
reasonable levels of energy conservation and the deployment of renewable energy sources 
envisaged in the IPCC's scenarios, the expansion of nuclear power generation by a factor 
of 10 to 15 (depending on assumptions of population growth as well as wealth) over 50 
years can halt die rise of CO2. 

5.2 The Impacts and Consequences of Delay 
Curtailing CO2 emissions is urgent because the level at which its atmospheric 
concentration can be stabilised is largely set by total previous emissions. The effect of 
delay cannot be undone within several lifetimes. 

Using the estimates of the IPCC's model, the effect of moving to the "Nuclear plus 
Hydrogen (B+N+H2)" scenario as rapidly as practicable would be the stabilisation of CO2 
levels at about 450 ppm and a temperature rise to an almost steady value of+1.25 K 
(above 1990) by 2100. Each decade of delay adds about 0.15 K to the end-century 
temperature. At the other extreme, following the A1F1 scenario without any additional 
efforts to reduce the use of fossil fuels causes an estimated 3.25 K rise by 2100 and a 
continuing rate of increase of 0.3 K/decade, with CO2 reaching 940 ppm by 2100 and 
rising by about 100 ppm per decade. 
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APPENDIX A 
SUMMARY OF THE IPCC MARKER SCENARIOS 

A.1 Scenario A1F1 
This scenario is a perpetuation of 20th Century behaviour. This scenario remains 
overwhelmingly dependent on carbon-based fuels for energy, and increases their use by 
almost a factor of three by 2050 (and of five by 2080). The slow, modest expansions of 
nuclear (to over an order of magnitude above current) and renewables that occur as part 
of the expanding energy mix in non-OECD zones are so small as to be irrelevant. This 
scenario would be disastrous unless cheap, effective ways are developed to sequester CO2 
and other GHGs, or the current view of GHG science proves totally wrong. 

A.2 Scenario AIT 
The total energy use of this scenario is very similar to that of A1F1 except that the energy 
comes from a very different mix, with carbon-based fuels peaking in mid-century at about 
double the current levels and then declining slowly. Renewables are assigned a large 
share of energy supply for the rest of the World in the first half of the 21st Century and 
expand rapidly everywhere in the second half. Between 2050 and 2100, growth in energy 
demand is met by a further tripling of renewable capacity. Nuclear follows a reversed 
pattern to renewables, expanding rapidly (also by over an order of magnitude above 
current levels) to mid-century everywhere and then staying constant. 

A.3 Scenario A1B 
This scenario is veiy similar to AIT though the total energy use is somewhat higher. 
Almost all of the increase in supply over AIT to 2050 comes from carbon-based fuels; 
after 2050, renewables carry the increase. 

A.4 Scenario A2 
This scenario is quite like AIT but without any urgency. Nuclear ultimately expands by a 
factor of 30 and renewables and nuclear provide almost identical amounts of energy 
throughout. Carbon usage rises steadily and quadruples by 2100. 

A.5 Scenario B1 
In this scenario, total energy use peaks around 2050 and carbon usage also peaks around 
mid-century at about double the current level. Nuclear supply grows rather faster than in 
scenario AIT, with the initial growth mostly in the OECD region. After 2050, B1 
envisages a further 50% growth in nuclear (while AIT has levelled off), the additions 
coming from non-OECD countries. This scenario envisages a strong shift to electricity 
and to hydrogen as a fuel. 
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A.6 Scenario B2 
In this scenario, carbon-based fuel usage more than doubles by 2050 and is fairly constant 
thereafter, with the expansion coming entirely from non-OECD countries. Nuclear grows 
six-fold by 2050 and triples again by 2100, with growth everywhere, although 
predominantly in non-OECD countries. By mid-century, renewables are assumed to be 
growing massively everywhere. This is a strange scenario because so much additional 
supply is projected from renewables, but growth in their deployment in OECD countries 
is muted, especially in the first third of the 21st Century. 

Concentrations of CO2 and best estimates of mean global temperature rises are presented 
in Figures 6 and 7 for all six IPCC markers. 
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APPENDIX B 
UNITS AND ENERGY FORMS 

The scale of global energy use requires unusually large units. Consequently, these may 
be unfamiliar. The use of several different systems for energy measurement can also be 
confusing. In this report, exajoules (EJ = 1018 joules) is the base unit of energy: 

1 EJ = 278 TW h, or the continuous energy output of a 31.7 GW power source. 
1 Mtoe (million tonnes of oil equivalent) = 0.046 EJ (or 46 PJ). 
1 Quad (or quadrillion Btu) = 0.948 EJ. 
The tonne is the metric tonne of 1000 kg. 

Scope for confusion also arises between input (primary), delivered (secondary) and 
utilised (final) energy. There is no totally satisfactory way of resolving this confusion, 
since the relationships between the three forms depend on conversion efficiencies that are 
far from constant either for different fuels or even for particular fuels over time. 
Following the practice of the IPCC, carbon energy is recorded as input energy. Energy 
from nuclear and other sustainable sources'" is recorded as delivered energy, i.e., as 
electricity. So where electricity from a coal-fired plant is substituted by electricity 
generated by nuclear or wind, each unit of additional (secondary) electrical energy 
displaces 2.5 units of (primary) coal energy. The factor of 2.5 is appropriate since coal is, 
worldwide, the predominant source of carbon-based electricity generation, electrical 
energy demand is expected to continue to grow in most areas, and modern coal-fired 
plants achieve almost 40% conversion efficiency. For oil-based energy, existing car 
fleets achieve about 15% conversion efficiency between secondary and delivered energy 
(11.3 L/100 km or 25 mpg). A vehicle powered by a hydrogen-burning fuel cell whose 
hydrogen is produced by electrolysis will achieve an overall conversion efficiency of 
secondary (electrical) energy into delivered energy of about 35%. By a convenient co-
incidence, this is very close to the same factor of 2.5X. So the same ratio of reduction 
from oil-based vehicle fuels to hydrogen-powered vehicles can be applied with 
reasonable accuracy. 

I X Energy is classified into five components, or two groups in the IPCC studies. Three components of coal, 
oil and gas can be grouped as fossil carbon sources, all by definition producing C 0 2 and all finite 
resources. The sustainable group includes nuclear (because the energy content of low-cost reserves of 
uranium and thorium is large enough to supply the energy needs of the planet for thousands of years) and 
the three so-called "renewables", solar (including its indirect forms of wind, hydraulic, biomass and wave 
energy), tidal and geothermal, all of which are available in perpetuity. With one exception, operation of 
the sustainables does not produce GHGs. While equipment manufacture does lead to some GHG 
emissions, the lifecycle emissions from sustainables is less than one-tenth of those from carbon-based 
fuels. The exception is hydraulic power. To widely varying extents, the anoxic conditions in deep 
reservoirs can cause conversion of organic matter to methane, both soon after filling of new dams and in 
their subsequent ongoing operation. Though shorter-lived in the atmosphere, methane is a far more 
potent GHG than CO z . 

* The energy efficiency of ICEs will tend to improve over time and so lower the ratio. This is at least 
partly offset by having ignored the energy losses between crude oil production and the refined vehicle 
fuels. However, fuel cells are at a far earlier stage of development and their efficiency is also likely to 
improve over time. 
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APPENDIX C 
DETAILS OF ENERGY PROJECTIONS 

Table CI. Scenario A1F1: Energy in EJ/a 
OECD (1990) Asia Ex-Soviet Bloc Rest of World TOTAL World 

IPCC 
Year C N R T C N R T C N R T C N R T C N R T 

1990 0 20 12 182 45 1 3 49 64 3 3 70 31 0 5 36 140 24 23 337 
2000 172 16 13 201 75 4 6 85 51 4 4 59 39 2 7 48 337 26 30 393 
2010 196 14 14 224 125 9 10 144 52 6 4 62 57 5 9 71 430 34 37 501 
2020 224 16 15 255 195 18 15 228 70 10 6 86 80 7 13 100 569 51 49 669 
2030 225 17 15 257 284 33 26 343 93 13 8 114 129 16 20 165 731 79 69 879 
2040 241 18 19 278 381 49 40 470 110 16 12 138 195 25 29 249 927 108 1 00 1135 
2050 268 18 23 309 485 67 59 611 123 17 16 156 279 35 41 355 1155 137 139 1431 
2060 288 19 29 336 521 74 87 682 129 18 22 169 358 44 62 464 1296 155 200 1651 
2070 311 22 36 369 548 82 112 742 133 19 27 179 429 54 80 563 1421 177 255 1853 
2080 338 25 41 404 569 91 130 790 136 20 30 186 491 65 96 652 1534 201 297 2032 
2090 359 29 52 440 530 94 150 774 141 20 34 195 453 73 116 642 1483 216 352 2051 
2100 382 33 62 477 490 98 170 758 146 20 38 204 416 81 137 634 1434 232 407 2073 

IPCC + N 
1990 150 20 12 182 45 1 3 49 64 3 3 70 31 0 5 36 290 24 23 337 
2000 172 16 13 201 75 4 6 85 51 4 4 59 39 2 7 48 337 26 30 393 
2010 196 14 14 224 125 9 10 144 52 6 4 62 57 5 9 71 430 34 37 501 
2020 176 35 15 226 151 36 15 201 56 16 6 78 70 11 13 94 452 97.9 49 599 
2030 169 39 15 223 207 64 26 297 71 22 8 101 106 25 20 151 553 150 69 772 
2040 155 52 19 226 261 97 40 398 79 28 12 120 147 44 29 220 642 222 100 964 
2050 154 64 23 240 313 136 59 508 77 35 16 128 192 70 41 303 736 305 139 1180 
2060 159 71 29 259 281 170 87 538 69 42 22 133 219 100 •62 381 728 382 200 1310 
2070 173 77 36 286 254 200 112 566 62 47 27 136 240 130 80 449 729 454 255 1438 
2080 190 84 41 315 235 225 130 589 56 52 30 138 257 159 96 511 737 520 297 1554 
2090 206 90 52 348 186 232 150 567 63 51 34 148 191 178 116 485 646 551 352 1549 
2100 222 97 62 381 136 240 170 546 68 51 38 157 127 197 137 460 553 584 407 1544 

IPCC+N+HYDROGEN 
1990 150 20 12 182 45 1 3 49 64 3 3 70 31 0 5 36 290 24 23 337 
2000 172 16 13 201 75 4 6 85 51 4 4 59 39 2 7 48 337 26 30 393 
2010 196 14 14 224 125 9 10 144 52 6 4 62 57 5 9 71 430 34 37 501 
2020 167 39 15 221 143 39 15 197 53 17 6 76 67 12 13 92 429 107 49 585 
2030 147 48 15 210 178 75 26 280 62 25 8 95 93 30 20 144 480 179 69 728 
2040 116 68 19 203 200 122 40 361 62 35 12 109 116 57 29 202 494 281 100 875 
2050 111 81 23 215 236 167 59 461 57 43 16 117 148 88 41 276 551 379 139 1069 
2060 113 89 29 231 198 203 87 488 48 50 22 120 162 123 62 346 520 465 200 1185 
2070 123 97 36 256 167 235 112 513 41 56 27 124 171 157 80 408 502 545 255 1301 
2080 135 106 41 282 143 261 130 535 34 61 30 125 178 190 96 464 491 618 297 1406 
2090 148 113 52 314 101 266 150 516 40 60 34 135 119 207 116 441 408 646 352 1406 
2100 161 121 62 344 58 271 170 499 45 60 38 143 60 223 137 421 324 676 407 1407 

Notes: C=carbon (oil, gas, coal); N=nuclear; R=renewables including hydro; T=total. 
IPCC = IPCC scenario; IPCC + N = IPCC with 80% substitution of carbon-based electricity by 
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nuclear; IPCC + N+ H2 = IPCC with 80% substitution of carbon-based electricity and 80% 
substitution of transport fuels. 
All figures are EJ/a. 

Table C2. Scenario A2: Energy in EJ/a 
OECD (1990) Asia Ex-Soviet Bioc Rest of World TOTAL World 

IPÇÇ 
Year C N R T C N R T C N R T C N R T C N R T 

1990 143 7 5 155 52 0 1 53 65 1 1 67 36 0 1 37 296 8 8 312 
2000 160 10 6 176 79 1 2 82 43 1 1 45 54 0 2 56 336 12 11 359 
2010 176 11 8 195 113 2 4 119 48 1 2 51 79 0 5 84 416 14 19 449 
2020 196 11 12 219 163 3 8 174 61 2 2 65 125 1 10 136 545 17 32 594 
2030 201 14 20 235 198 11 18 227 - 69 3 2 74 160 4 19 183 628 32 59 719 
2040 207 17 27 251 234 19 28 281 77 4 3 84 197 7 28 232 715 47 86 848 
2050 210 20 35 265 270 26 39 335 84 6 3 93 232 9 36 277 796 61 113 970 
2060 218 27 36 281 301 37 40 378 85 8 9 102 256 15 56 327 860 87 141 1088 
2070 224 34 38 296 331 47 42 420 87 10 13 110 281 20 76 377 923 111 169 1203 
2080 241 45 41 327 366 60 45 471 93 14 17 124 313 28 92 433 1013 147 195 1355 
2090 268 58 46 372 402 75 48 525 102 18 20 140 351 39 107 497 1123 190 221 1534 
2100 295 72 52 419 439 90 52 581 111 22 22 155 390 50 123 563 1235 234 249 1718 

IPCC + N 
1990 143 7 5 155 52 0 1 53 65 1 1 67 36 0 1 37 296 8 8 312 
2000 160 10 6 176 79 1 2 82 43 1 1 45 54 0 2 56 336 12 11 359 
2010 176 11 8 195 113 2 4 119 48 1 2 51 79 0 5 84 416 14 19 449 
2020 152 29 12 192 134 15 8 157 46 8 2 56 101 11 10 122 433 62 32 527 
2030 152 34 20 205 148 31 18 197 50 11 2 63 129 16 19 165 478 92 59 629 
2040 154 38 27 219 163 48 28 238 57 12 3 72 157 23 28 208 531 121 86 737 
2050 151 44 35 230 175 64 39 278 63 14 3 81 183 29 36 247 572 151 113 836 
2060 157 51 36 245 199 78 40 317 64 16 9 89 199 38 56 293 620 183 141 944 
2070 162 59 38 259 222 91 42 355 63 20 13 96 215 46 76 337 663 215 169 1047 
2080 180 69 41 291 255 105 45 404 70 23 17 110 239 58 92 388 743 255 195 1193 
2090 204 84 46 334 291 120 48 458 78 28 20 125 270 71 107 449 842 302 221 1366 
2100 232 97 52 381 326 135 52 513 85 32 22 140 304 85 123 511 947 349 249 1545 

IPCC+N+HYDROGEN 
1990 143 7 5 155 52 0 1 53 65 1 1 67 36 0 1 37 296 8 8 312 
2000 160 10 6 176 79 1 2 82 43 1 1 45 54 0 2 56 336 12 11 359 
2010 176 11 8 195 113 2 4 119 48 1 2 51 79 0 5 84 416 14 19 449 
2020 144 32 12 188 128 17 8 153 43 9 2 54 96 13 10 119 411 71 32 513 
2030 131 42 20 193 128 39 18 185 43 13 2 58 113 23 19 155 415 117 59 591 
2040 121 52 27 199 125 63 28 216 45 17 3 65 126 36 28 189 416 166 86 669 
2050 117 57 35 209 132 81 39 252 50 20 3 72 146 44 36 225 445 202 113 759 
2060 122 65 36 224 151 97 40 288 50 22 9 81 158 54 56 268 482 238 141 861 
2070 126 73 38 237 169 112 42 323 49 25 13 87 170 64 76 310 515 274 169 958 
2080 142 85 41 267 196 128 45 369 55 29 17 101 188 78 92 358 581 320 195 1096 
2090 161 101 46 308 226 145 48 420 61 34 20 116 214 94 107 415 663 374 221 1258 
2100 185 116 52 353 256 163 52 471 67 39 22 129 241 109 123 474 750 428 249 1427 
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Table C3. Scenario B2: Energy in EJ/a 
OECD (1990) Asia Ex-Soviet Bloc Rest of World TOTAL World 

IPÇC 
Year C N R T C N R T C N R T C N R T C N R T 

1990 143 6 10 159 48 0 25 73 66 1 3 70 34 0 16 50 291 7 54 352 
2000 161 7 12 180 76 1 26 103 59 1 2 62 48 0 16 64 344 9 56 409 
2010 177 9 14 200 108 2 32 142 55 1 3 59 62 0 20 82 402 12 69 483 
2020 190 11 18 219 141 4 40 185 57 1 4 62 74 0 25 99 462 16 87 565 
2030 194 13 23 230 173 7 53 233 65 1 6 72 97 1 33 131 529 22 115 666 
2040 191 15 29 235 196 13 72 281 77 1 8 86 119 3 51 173 583 32 160 775 
2050 184 17 37 238 202 21 97 320 83 2 12 97 143 8 68 219 612 48 214 874 
2060 187 16 44 247 210 29 120 359 83 3 16 102 168 13 86 267 648 61 266 975 
2070 178 21 55 254 211 38 149 398 84 4 22 110 182 20 111 313 655 83 337 1075 
2080 179 21 64 264 212 47 180 439 83 6 29 118 199 26 139 364 673 100 412 1185 
2090 179 25 70 274 222 56 204 482 77 7 35 119 210 32 169 411 688 120 478 1286 
2100 172 29 74 275 240 65 217 522 72 9 43 124 205 39 194 438 689 142 528 1359 

IPCC + N 
1990 143 6 10 159 48 0 25 73 66 1 3 70 34 0 16 50 291 7 54 352 
2000 161 7 12 180 76 1 26 103 59 1 2 62 48 0 16 64 344 9 56 409 
2010 177 9 14 200 108 2 32 142 55 1 3 59 62 0 20 82 402 12 69 483 
2020 138 32 18 188 112 16 40 168 48 5 4 56 58 6 25 89 356 59 87 501 
2030 138 36 23 196 132 23 53 209 53 6 6 65 77 9 33 119 400 74 115 588 
2040 132 39 29 199 146 33 72 251 58 9 8 75 88 16 51 154 423 96 160 679 
2050 123 41 37 202 147 43 97 287 58 12 12 82 107 22 68 197 435 119 214 768 
2060 119 43 44 206 148 54 120 322 56 14 16 86 123 31 86 240 445 142 266 853 
2070 113 47 55 215 136 68 149 353 55 16 22 93 127 42 111 280 431 173 337 941 
2080 107 50 64 221 121 84 180 384 56 17 29 102 132 53 139 324 415 203 412 1030 
2090 105 55 70 229 121 97 204 421 49 18 35 102 130 64 169 363 404 234 478 1115 
2100 97 59 74 230 131 109 217 456 46 19 43 109 111 77 194 382 385 264 528 1177 

IPCC+N+HYDROGEN 
1990 143 6 10 159 48 0 25 73 66 1 3 70 34 0 16 50 291 7 54 352 
2000 161 7 12 180 76 1 26 103 59 1 2 62 48 0 16 64 344 9 56 409 
2010 177 9 14 200 108 2 32 142 55 1 3 59 62 0 20 82 402 12 69 483 
2020 130 35 18 183 106 18 40 164 45 6 4 55 55 8 25 88 337 66 87 490 

| 2030 118 43 23 185 115 30 53 198 46 9 6 61 68 13 33 113 347 95 115 557 
2040 101 51 29 181 114 46 72 232 46 14 8 67 69 23 51 143 330 133 160 623 
2050 94 53 37 184 114 56 97 267 45 17 12 74 84 32 68 184 337 158 214 709 
2060 89 55 44 188 114 67 120 301 43 19 16 78 96 42 86 224 341 184 266 791 
2070 85 58 55 198 102 82 149 333 42 21 22 85 98 54 111 263 326 214 337 878 
2080 78 61 64 203 87 97 180 364 43 22 29 94 100 66 139 305 307 246 412 966 
2090 76 66 70 212 85 111 204 400 36 23 35 95 96 78 169 343 294 278 478 1049 
2100 70 70 74 214 92 124 217 433 35 24 43 102 78 90 194 362 275 308 528 1110 
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APPENDIX D 
SOME DETAILS OF THE GLOBAL SCENARIO 

D.l Base-Case Data 
In projecting into the future, a first area of uncertainty comes from recognition that the 
developed and the developing economies of the World start from very different current 
positions. Where exactly one would draw the line between developed and developing 
countries is debatable. However, as Table D1 [1] shows, the 1990 OECD countries 
accounted for 57% of all energy use for 2000, and they dominate the current pattern of 
fuel sources. China is included as an important example of the very different pattern of 
developing economies. 

Table Dl. Energy Usage in 2000 (Mtoe/a) 
Oil Nat. Gas Coal Nuclear Hydro Total Percents 

World 3519 2158 2217 193 234 8322 
OECD 2194 1179 1110 166 119 4768 57.3% 
USA 898 582 565 59 24 2128 
Canada 88 70 29 5 31 224 2.7% 
China 230 22 494 1 21 768 9.2% 

Percentaj »es 
World 42.3% 25.9% 26.6% 2.3% 2.8% 
OECD 46.0% 24.7% 23.3% 3.5% 2.5% 
USA 42.2% 27.4% 26.6% 2.8% 1.1% 
Canada 39.4% 31.2% 13.2% 2.4% 13.8% 
China 29.9% 2.9% 64.3% 0.1% 2.7% 

Note: Consistent with IPCC-based modelling, the energy usage figures are presented as 
primary energy for oil, coal and natural gas and as electrical energy for nuclear 
and hydro. 

The share of energy coming from the combined usage of oil and gas is remarkably 
consistent throughout the OECD and between OECD and World averages—the latter not 
totally co-incidentally, since the OECD consumes almost two-thirds of the World's oil 
and over half its natural gas. Canada's coal usage is unusually low as a result of its 
relative abundance of hydro sources. So, despite these moderate differences, Canada is 
quite typical of the developed world as a whole. One can get a reasonably good initial 
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perspective by examining the details of the Canadian situation. On the other hand, the 
developing world tends to be more dependent on coal than the OECD as a whole. 

Table D2 summarises electricity generation in 1996 (United Nations figures [2]) for the 
World, the USA and Canada. 

Table D2. Sources of Electricity Generation (1997) 
TWh EJ 

Conventional 
thermal 

Hydro Nuclear Geothermal Total Total 

World 8249 2533 2268 48 13098 47.2 
USA 2346 308 673 18 3345 12.0 
Canada 114 331 92 0 537 1.93 

Percentages 
World 63.0% 19.3% 17.3% 0.4% 
USA 70.1% 9.2% 20.1% 0.5% 
Canada 21.2% 61.6% 17.1% 0.0% 

Table D3 shows Canadian energy distribution (1996) by end use [3]. 

Table D3. Canadian End Use of Energy in 1996 
Use (PJ) Use (TW h) % Total Use 

Residential/agricultural 1677 466 21.9 
Commercial/government 1166 324 15.2 
Industrial 2701 750 35.2 
Transportation 2130 591 27.8 
TOTAL 7674 2132 100.0 

of which is electricity 1972 548 25.7 
of which is carbon-based 
electricity 

385 107 5.0 

These figures are output energy figures, not inputs. There is good agreement with 
electricity in Table D1 (46 GJ = 1 toe), but the total at end use is only 73% of the input in 
Table Dl, reflecting conversion losses. 
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D.2 Scale of Substitution 
D.2.1 Canadian Energy Use 
Existing Canadian nuclear power capacity is just less than 14 GW (including reactors 
currently being refurbished). For the non-transport element of the off-carbon scenario, 
substituting 80% of the 114 TW'h/a of electricity generated in Canada from conventional 
thermal sources (1997, see Table B2) with electricity from non-carbon sources would 
require 17 GW operating at a 60% load factor, or the equivalent of seventeen 1000-MW 
NPPs—the low load factor is applied as an approximate allowance for the pattern of 
varying load demand. Assuming an actual 90% capacity factor for the new NPPs, this 
would leave the output equivalent of almost six NPPs or 45 TW'h/a (0.16 EJ/a) for new 
off-peak applications. One should note, however, that the presence of non-carbon sources 
other than nuclear within a mix of substitution technologies would likely reduce this off-
peak capability. 

For the transport element of the off-carbon scenario, Canada's National Energy Board 
projects a 30% increase in the number of road vehicles (private and commercial) between 
2000 and 2025 [4]. Adjusting the increase to 35% for 2030, using the 50% conversion to 
hydrogen fuel postulated in the N+H2 scenarios, and assuming a factor of 2.5 
improvement in fuel efficiency (three for light vehicles but existing heavy-duty vehicles 
are rather less inefficient) between ICEs and fuel cells, the additional electricity 
requirement is 

591 x 1.35 x 0.4 x 0.5 = 160 TWh (0.58 EJ/a). 

Allowing that 0.16 EJ/a is already available as off-peak supply from nuclear reactors 
displacing coal-fired generation, a further 15 NPPs of 1000 MW are required. (In 
Canada, very little electricity is used in transportation, so the electrical and transportation 
components in Table B3 provide quite good estimates with very little double accounting.) 

Therefore, a total of 32 new 1000-MW reactors would need to come on-line in Canada 
between 2010 and 2030. To bring transportation to 80% nuclear-electric by 2040 would 
require a further 0.35 EJ/a (96 TW h), or 12 more reactors in the 2030-2040 decade. 
These rates of reactor construction are similar to the rate of commitment of nuclear 
generating capacity in the 1970s, largely in Ontario. This increase would be reduced to 
whatever extent other non-emitting technologies produce electricity. 

D.2.2 American Energy Use 
In most respects, American and Canadian patterns of energy generation and usage are 
similar. Thus, according to the OECD figures for 1997, total energy use was 2144 Mtoe 
in the USA compared to 227 Mtoe in Canada—fairly closely matching the size of the two 
economies. However, electrical usage in the USA was 3345 TW'h, a moderately lower 
proportion than Canada's usage of 550 TW h. 
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The one striking difference between the two countries is in the proportion of electricity 
generation based on carbon fuels: 70% in the USA, but 21% in Canada. This creates a 
considerably larger requirement in the USA for the proposed first element of substitution 
of existing carbon-based electricity generation: 80% of 2346 TWh/a is 1877 TW'h/a 
(6.76 EJ/a), or a power output equivalent to 357 NPPs of 1000 MW each operating at a 
60% load factor. If this were to be all nuclear—and some mix of nuclear and other non-
carbon sources should be anticipated—it would approach a five-fold increase in current 
American nuclear capacity (which is currently just over 100 GW). The off-peak 
generation of electricity from the new reactors (the difference between an assumed 90% 
capacity factor and 60% base-loading) is 3.38 EJ/a. If one approximates US 
transportation usage as ten times that in Canada, 9.3 EJ/a would be needed for 80% 
conversion. So there would be no difficulty in this sector absorbing the off-peak surplus 
from reactors displacing coal-fired plants. Indeed, an additional 5.9 EJ/a (with full 90% 
capacity factor) or just over 200 reactors would be needed to complete the 80% 
conversion of the American transport sector. 

Both the Canadian and American projections are likely at the high end, since they assume 
a business-as-usual expansion of transportation usage as well as no offsetting efficiencies 
in electrical energy consumption. 

D.2.3 Worldwide Energy Use 
While the American pattern of energy usage multiplied by a factor of four comes close to 
approximating current energy usage worldwide, the growing demand for energy in 
developing countries is expected to shrink the proportion of worldwide usage by the 
developed countries from around 50% in 2000 to 25-30% in 2040. (The 2000 figures 
depend somewhat on whether the energy is calculated as primary or end -use, and the 
IPCC scenarios are not precisely consistent.) 

A better way of projecting worldwide energy patterns is to take the IPCC projections (see 
Tables C1-C3). Focusing on scenario B2, worldwide carbon-based energy usage in 2040 
with B2+N+H2 would be almost identical to the actual figure for 2000. Worldwide 
deployment of nuclear has grown from 9 to 133 EJ/a (about 430 reactors to 4700, 
assuming an average size of 1 GW). 

As Figures 12a and 12b show, this is a less than satisfactory outcome, but it would avoid 
almost a 70% increase in carbon-fuel usage that is projected to occur without the 
aggressive expansion of nuclear (and other non-C02-emitting technologies) envisaged in 
scenario B2+N+H2. 
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