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Figure SPM.1. Atmospheric concentrations of carbon dioxide, 
methane and nitrous oxide over the last 10,000 years (large 
panels) and since 1750 (inset panels). Measurements are shown 
from ice cores (symbols with different colours for different studies) 
and atmospheric samples (red lines). The corresponding radiative 
forcings are shown on the right hand axes of the large panels. 
{Figure 6.4}

are estimated to be 1.6 [0.5 to 2.7] GtC (5.9 [1.8 to 
9.9] GtCO2) per year over the 1990s, although these 
estimates have a large uncertainty.  {7.3}

• The global atmospheric concentration of methane has 
increased from a pre-industrial value of about 715 ppb 
to 1732 ppb in the early 1990s, and was 1774 ppb in 
2005. The atmospheric concentration of methane 
in 2005 exceeds by far the natural range of the last 
650,000 years (320 to 790 ppb) as determined from ice 
cores. Growth rates have declined since the early 1990s, 
consistent with total emissions (sum of anthropogenic 
and natural sources) being nearly constant during this 
period. It is very likely6 that the observed increase 
in methane concentration is due to anthropogenic 
activities, predominantly agriculture and fossil fuel 
use, but relative contributions from different source 
types are not well determined.  {2.3, 7.4} 

• The global atmospheric nitrous oxide concentration 
increased from a pre-industrial value of about 270 
ppb to 319 ppb in 2005. The growth rate has been 
approximately constant since 1980. More than a third 
of all nitrous oxide emissions are anthropogenic and 
are primarily due to agriculture.  {2.3, 7.4}

The understanding of anthropogenic warming and 
cooling infl uences on climate has improved since 
the TAR, leading to very high confi dence7 that the 
global average net effect of human activities since 
1750 has been one of warming, with a radiative 
forcing of +1.6 [+0.6 to +2.4] W m–2 (see Figure 
SPM.2).  {2.3., 6.5, 2.9}

• The combined radiative forcing due to increases in 
carbon dioxide, methane, and nitrous oxide is +2.30 
[+2.07 to +2.53] W m–2, and its rate of increase 
during the industrial era is very likely to have been 
unprecedented in more than 10,000 years (see Figures 

CHANGES IN GREENHOUSE GASES FROM ICE CORE 
AND MODERN DATA

6 In this Summary for Policymakers, the following terms have been used to 
indicate the assessed likelihood, using expert judgement, of an outcome or 
a result: Virtually certain > 99% probability of occurrence, Extremely likely > 
95%, Very likely > 90%, Likely > 66%, More likely than not > 50%, Unlikely 
< 33%, Very unlikely < 10%, Extremely unlikely < 5% (see Box TS.1 for more 
details).

7 In this Summary for Policymakers the following levels of confi dence have 
been used to express expert judgements on the correctness of the underly-
ing science: very high confi dence represents at least a 9 out of 10 chance 
of being correct; high confi dence represents about an 8 out of 10 chance of 
being correct (see Box TS.1) 
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3.2.2 21st century regional changes

There is now higher confidence than in the TAR in projected
patterns of warming and other regional-scale features, in-
cluding changes in wind patterns, precipitation and some
aspects of extremes and sea ice. {WGI 8.2, 8.3, 8.4, 8.5, 9.4, 9.5,
10.3, 11.1}

Projected warming in the 21st century shows scenario-indepen-
dent geographical patterns similar to those observed over the past
several decades. Warming is expected to be greatest over land and
at most high northern latitudes, and least over the Southern Ocean
(near Antarctica) and northern North Atlantic, continuing recent
observed trends (Figure 3.2 right panels). {WGI 10.3, SPM}

Snow cover area is projected to contract. Widespread increases
in thaw depth are projected over most permafrost regions. Sea ice
is projected to shrink in both the Arctic and Antarctic under all
SRES scenarios. In some projections, Arctic late-summer sea ice
disappears almost entirely by the latter part of the 21st century. {WGI
10.3, 10.6, SPM; WGII 15.3.4}

It is very likely that hot extremes, heat waves and heavy pre-
cipitation events will become more frequent. {SYR Table 3.2; WGI
10.3, SPM}

Based on a range of models, it is likely that future tropical cy-
clones (typhoons and hurricanes) will become more intense, with
larger peak wind speeds and more heavy precipitation associated
with ongoing increases of tropical sea-surface temperatures. There
is less confidence in projections of a global decrease in numbers of
tropical cyclones. The apparent increase in the proportion of very

intense storms since 1970 in some regions is much larger than simu-
lated by current models for that period. {WGI 3.8, 9.5, 10.3, SPM}

Extra-tropical storm tracks are projected to move poleward, with
consequent changes in wind, precipitation and temperature patterns,
continuing the broad pattern of observed trends over the last half-
century. {WGI 3.6, 10.3, SPM}

Since the TAR there is an improving understanding of projected
patterns of precipitation. Increases in the amount of precipitation
are very likely in high-latitudes, while decreases are likely in most
subtropical land regions (by as much as about 20% in the A1B sce-
nario in 2100, Figure 3.3), continuing observed patterns in recent
trends. {WGI 3.3, 8.3, 9.5, 10.3, 11.2-11.9, SPM}

3.2.3 Changes beyond the 21st century

Anthropogenic warming and sea level rise would continue
for centuries due to the time scales associated with climate
processes and feedbacks, even if GHG concentrations were
to be stabilised. {WGI 10.4, 10.5, 10.7, SPM}

If radiative forcing were to be stabilised, keeping all the radia-
tive forcing agents constant at B1 or A1B levels in 2100, model
experiments show that a further increase in global average tem-
perature of about 0.5°C would still be expected by 2200. In addi-
tion, thermal expansion alone would lead to 0.3 to 0.8m of sea
level rise by 2300 (relative to 1980-1999). Thermal expansion would
continue for many centuries, due to the time required to transport
heat into the deep ocean. {WGI 10.7, SPM}

Atmosphere-Ocean General Circulation Model projections of surface warming

Figure 3.2. Left panel: Solid lines are multi-model global averages of surface warming (relative to 1980-1999) for the SRES scenarios A2, A1B and B1,
shown as continuations of the 20th century simulations. The orange line is for the experiment where concentrations were held constant at year 2000 values.
The bars in the middle of the figure indicate the best estimate (solid line within each bar) and the likely range assessed for the six SRES marker scenarios
at 2090-2099 relative to 1980-1999. The assessment of the best estimate and likely ranges in the bars includes the Atmosphere-Ocean General Circulation
Models (AOGCMs) in the left part of the figure, as well as results from a hierarchy of independent models and observational constraints.
Right panels: Projected surface temperature changes for the early and late 21st century relative to the period 1980-1999. The panels show the multi-AOGCM
average projections for the A2 (top), A1B (middle) and B1 (bottom) SRES scenarios averaged over decades 2020-2029 (left) and 2090-2099 (right). {WGI
10.4, 10.8, Figures 10.28, 10.29, SPM}

A2
A1B
B1
Year 2000 constant
concentrations
20   century

IPCC 07

Growth as Usual

Year 2000 Levels
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28 Peaking means that the emissions need to reach a maximum before they decline later.
29 For the lowest mitigation scenario category assessed, emissions would need to peak by 2015 and for the highest by 2090 (see Table 5.1). Scenarios that
use alternative emission pathways show substantial differences on the rate of global climate change. {WGII 19.4}

Efforts to mitigate GHG emissions to reduce the rate and
magnitude of climate change need to account for inertia in
the climate and socio-economic systems. {SYR 3.2; WGI 10.3,
10.4, 10.7, SPM; WGIII 2.3.4}

After GHG concentrations are stabilised, the rate at which the
global average temperature increases is expected to slow within a
few decades. Small increases in global average temperature could
still be expected for several centuries. Sea level rise from thermal
expansion would continue for many centuries at a rate that eventu-
ally decreases from that reached before stabilisation, due to ongo-
ing heat uptake by oceans. {SYR 3.2, WGI 10.3, 10.4, 10.7, SPM}

Delayed emission reductions significantly constrain the oppor-
tunities to achieve lower stabilisation levels and increase the risk
of more severe climate change impacts. Even though benefits of
mitigation measures in terms of avoided climate change would take
several decades to materialise, mitigation actions begun in the short
term would avoid locking in both long-lived carbon intensive in-
frastructure and development pathways, reduce the rate of climate
change and reduce the adaptation needs associated with higher lev-
els of warming. {WGII 18.4, 20.6, 20.7, SPM; WGIII 2.3.4, 3.4, 3.5, 3.6,
SPM}

5.4 Emission trajectories for stabilisation

In order to stabilise the concentration of GHGs in the atmo-
sphere, emissions would need to peak and decline thereaf-
ter.28  The lower the stabilisation level, the more quickly this
peak and decline would need to occur (Figure 5.1).29  {WGIII
3.3, 3.5, SPM}

Advances in modelling since the TAR permit the assessment of
multi-gas mitigation strategies for exploring the attainability and
costs for achieving stabilisation of GHG concentrations. These
scenarios explore a wider range of future scenarios, including
lower levels of stabilisation, than reported in the TAR. {WGIII 3.3,
3.5, SPM}

Mitigation efforts over the next two to three decades will
have a large impact on opportunities to achieve lower
stabilisation levels (Table 5.1 and Figure 5.1). {WGIII 3.5,
SPM}

Table 5.1 summarises the required emission levels for different
groups of stabilisation concentrations and the resulting equilibrium

CO
2
 emissions and equilibrium temperature increases for a range of stabilisation levels

Figure 5.1. Global CO2 emissions for 1940 to 2000 and emissions ranges for categories of stabilisation scenarios from 2000 to 2100 (left-hand panel); and
the corresponding relationship between the stabilisation target and the likely equilibrium global average temperature increase above pre-industrial (right-
hand panel). Approaching equilibrium can take several centuries, especially for scenarios with higher levels of stabilisation. Coloured shadings show
stabilisation scenarios grouped according to different targets (stabilisation category I to VI). The right-hand panel shows ranges of global average tempera-
ture change above pre-industrial, using (i) ‘best estimate’ climate sensitivity of 3°C (black line in middle of shaded area), (ii) upper bound of likely range of
climate sensitivity of 4.5°C (red line at top of shaded area) (iii) lower bound of likely range of climate sensitivity of 2°C (blue line at bottom of shaded area).
Black dashed lines in the left panel give the emissions range of recent baseline scenarios published since the SRES (2000). Emissions ranges of the
stabilisation scenarios comprise CO2-only and multigas scenarios and correspond to the 10th to 90th percentile of the full scenario distribution. Note: CO2

emissions in most models do not include emissions from decay of above ground biomass that remains after logging and deforestation, and from peat fires
and drained peat soils. {WGIII Figures SPM.7 and SPM.8}
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stabilization wedges

1 ‘wedge’ = 1 Gton 
of Carbon

1 Wedge: 
2 billion cars from 30 to 60 mpg

Replace 700 GW of coal by nuclear 



US Electricity Generation

U.S. Energy Information Administration | Annual Energy Outlook 2012 Early Release Overview2

AEO2012 Early Release Overview

8�6��SURGXFWLRQ�RI�QDWXUDO�JDV�LV�H[SHFWHG�WR�H[FHHG�FRQVXPSWLRQ�HDUO\�LQ�WKH�QH[W�GHFDGH
The United States is projected to become a net exporter of liquefied natural gas (LNG) in 2016, a net pipeline exporter in 2025, 
and an overall net exporter of natural gas in 2021. The outlook reflects increased use of LNG in markets outside of North America, 
strong domestic natural gas production, reduced pipeline imports and increased pipeline exports, and relatively low natural gas 
prices in the United States compared to other global markets.

8VH�RI�UHQHZDEOH�IXHOV�DQG�QDWXUDO�JDV�IRU�HOHFWULF�SRZHU�JHQHUDWLRQ�ULVHV
The natural gas share of electric power generation increases from 24 percent in 2010 to 27 percent in 2035, and the renewables 
share grows from 10 percent to 16 percent over the same period. In recent years, the U.S. electric power sector’s historical reliance 
on coal-fired power plants has begun to decline. Over the next 25 years, the projected coal share of overall electricity generation falls 
to 39 percent, well below the 49-percent share seen as recently as 2007 (Figure 3), because of slow growth in electricity demand, 
continued competition from natural gas and renewable plants, and the need to comply with new environmental regulations. 

7RWDO�8�6��HQHUJ\�UHODWHG�FDUERQ�GLR[LGH�HPLVVLRQV�UHPDLQ�EHORZ�WKHLU������OHYHO�WKURXJK�����
Energy-related carbon dioxide (CO2) emissions grow by 3 percent from 2010 to 2035, to a total of 5,806 million metric tons in 
2035. They are more than 7 percent below their 2005 level of 5,996 million metric tons in 2020 and are still below the 2005 level 
at the end of the projection period (Figure 4). Emissions per capita fall by an average of 1 percent per year from 2005 to 2035, 
as growth in demand for transportation fuels is moderated by higher energy prices and Federal corporate average fuel economy 
(CAFE) standards, and as electricity-related emissions are tempered by e!ciency standards, State renewable portfolio standard 
(RPS) requirements, competitive natural gas prices that dampen coal use by electricity generators, and the need to comply with 
new environmental regulations. Proposed fuel economy standards covering model years 2017 through 2025 that are not included 
in the Reference case would further reduce projected energy use and emissions.

Introduction
In preparing the AEO2012 Reference case, the U.S. Energy Information Administration (EIA) evaluated a wide range of trends 
and issues that could have major implications for U.S. energy markets. This overview presents the AEO2012 Reference case and 
compares it with the AEO2011 Reference case released in April 2011 (see Table 1 on pages 12-13). Because of the uncertainties 
inherent in any energy market projection, the Reference case results should not be viewed in isolation. Readers are encouraged to 
review the alternative cases when the complete AEO2012 publication is released, in order to gain perspective on how variations in 
key assumptions can lead to di"erent outlooks for energy markets.

Figure 4. U.S. energy-related carbon dioxide 
emissions, 1990-2035 (billion metric tons)
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Expected changes in the AEO2012 complete release

The Reference case results shown in the AEO2012 Early Release will vary somewhat from those included in the complete Annual 
Energy Outlook (AEO) that will be released in spring 2012, because some data and model updates were not available for inclusion 
in the Early Release. In particular, the complete AEO2012 will include the Mercury and Air Toxics Standards issued by the U.S. 
Environmental Protection Agency (EPA) in December 2011; updated historical data and equations in the transportation sector, 
based on revised data from the National Highway Tra!c Safety Administration (NHTSA) and the Federal Highway Administration; 
a new model for cement production in the industrial sector; a revised long-term macroeconomic projection based on an updated 
long-term projection from IHS Global Insight, Inc.; and an updated representation of biomass supply.
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• 45% of all fuel sources for electricity

• 81% of CO2 emissions

Coal



Nuclear

• 20% of US electricity generation (104 reactors).

• ≈0 carbon, base load source.
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Southern Company subsidiary receives historic license approval for new Vogtle units,  
full construction set to begin 

 
ATLANTA – Construction  is  set  to  begin  on  the  nation’s  first  two  new  nuclear  units  in  30  years  at  Southern 
Company (NYSE: SO) subsidiary Georgia  Power’s  Plant  Vogtle,  near  Waynesboro,  Ga.   

The Nuclear Regulatory Commission (NRC) voted today to approve the issuance of the Combined Construction 
and Operating License (COL) for Plant Vogtle units 3 and 4, the first such license ever approved for a U.S. 
nuclear plant. Receipt of the COL signifies that full construction can begin. 

“This is a monumental accomplishment for Southern Company, Georgia Power, our partners and the nuclear 
industry,”  said  Southern  Company  Chairman,  President  and  CEO  Thomas  A.  Fanning.  “We  are  committed  to  
bringing these units online to deliver clean, safe and reliable energy to our customers. The project is on track, 
and  our  targets  related  to  cost  and  schedule  are  achievable.” 

The company expects to deliver to customers more than $1 billion in benefits from the Department of Energy 
loan guarantees, production tax credits and recovering financing costs during construction.     

Georgia Power expects Unit 3 to begin operating in 2016 and Unit 4 in 2017. 

“The governor and lieutenant governor of Georgia, the Public Service Commission and  members  of  Georgia’s  
General Assembly had the vision and foresight to make bold decisions to help ensure a secure energy and 
economic  future  for  the  state,”  said  Georgia  Power  President  and  CEO Paul  Bowers.  “The  new  Vogtle  units  will  
provide our customers and the communities we serve with clean, affordable, reliable energy.  

“Our communities and our country will benefit from this more than $14 billion investment, representing 4,000 
to 5,000 jobs on site during peak construction, and in the process creating over 25,000 direct and indirect jobs 
by this project alone,”  Bowers  added.   

The approval of the Vogtle COL was a joint effort with NuStart Energy Development, a partnership of 10 
power companies created in 2004 to obtain a COL using the new streamlined licensing process and complete 
the design engineering for the selected reactor technologies. In 2009, NuStart named Vogtle the reference plant 
for the Westinghouse AP1000® technology. 

“The  efforts  of  NuStart  and  the  Department  of  Energy  were  vital  to  achieving  this  license,”  Fanning  said.  “In  
addition,  the  NRC’s  technical  staff  conducted  a  thorough  evaluation  and  determined  the  Vogtle  design  is  safe  
and  meets  all  regulatory  requirements.” 

Southern Nuclear, a subsidiary of Southern Company, is overseeing construction and will operate the two new 
1,100-megawatt AP1000 units for Georgia Power and co-owners Oglethorpe Power Corporation, the Municipal 



Perspectives
China has about 28 plants either permitted or under construction. ... This is the largest nuclear 
power production program of any country in the world, equaling the rapid expansion of nuclear 
in the U.S. just prior to Three Mile Island.
 
By 2015, China could be constructing more than 50 nuclear plants simultaneously.

Under Construction
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 Problems

7C h a p t e r  1  —  T h e  F u t u r e  o f  N u c l e a r  P o w e r  —  O v e r v i e w  a n d  C o n c l u s i o n s

ECONOMICS

Nuclear power will succeed in the long run only if it has a lower cost than
competing technologies. This is especially true as electricity markets become
progressively less subject to economic regulation in many parts of the world.
We constructed a model to evaluate the real cost of electricity from nuclear
power versus pulverized coal plants and natural gas combined cycle plants (at
various projected levels of real lifetime prices for natural gas), over their eco-
nomic lives. These technologies are most widely used today and, absent a car-
bon tax or its equivalent, are less expensive than many
renewable technologies. Our “merchant” cost model uses
assumptions that commercial investors would be expected
to use today, with parameters based on actual experience
rather than engineering estimates of what might be achieved
under ideal conditions; it compares the constant or “lev-
elized” price of electricity over the life of a power plant that
would be necessary to cover all operating expenses and taxes
and provide an acceptable return to investors. The compara-
tive figures given below assume 85% capacity factor and a
40-year economic life for the nuclear plant, reflect economic
conditions in the U.S, and consider a range of projected
improvements in nuclear cost factors. (See Table.)

We judge the indicated cost improvements for nuclear power to be plausible,
but not proven. The model results make clear why electricity produced from
new nuclear power plants today is not competitive with electricity produced
from coal or natural gas-fueled CCGT plants with low or moderate gas prices,
unless all cost improvements for nuclear power are realized. The cost compar-
ison becomes worse for nuclear if the capacity factor falls. It is also important
to emphasize that the nuclear cost structure is driven by high up-front capital
costs, while the natural gas cost driver is the fuel cost; coal lies in between
nuclear and natural gas with respect to both fuel and capital costs.

Nuclear does become more competitive by comparison if
the social cost of carbon emissions is internalized, for exam-
ple through a carbon tax or an equivalent “cap and trade”
system. Under the assumption that the costs of carbon
emissions are imposed, the accompanying table illustrates
the impact on the competitive costs for different power
sources, for emission costs in the range of $50 to $200/tonne
carbon. (See Table.) The ultimate cost will depend on both
societal choices (such as how much carbon dioxide emission

REAL LEVELIZED COST
Cents/kWe-hr

Nuclear (LWR)
   + Reduce construction cost 25%
   + Reduce construction time 5 to 4 years
   + Further reduce O&M to 13 mills/kWe-hr
   + Reduce cost of capital to gas/coal
Pulverized Coal
CCGTa (low gas prices, $3.77/MCF)
CCGT (moderate gas prices, $4.42/MCF)
CCGT (high gas prices, $6.72/MCF)

 

6.7
5.5
5.3
5.1
4.2
4.2
3.8
4.1
5.6

CASE 
(Year 2002 $)

a. Gas costs reflect real, levelized acquisition cost per thousand cubic feet (MCF) over 
the economic life of the project.

Comparative Power Costs

$50/tonne C

Coal
Gas (low)
Gas (moderate)
Gas (high)

 
5.4
4.3
4.7
6.1

CARBON TAX CASES 
LEVELIZED ELECTRICITY 
COST 
cents/kWe-hr $100/tonne C

6.6
4.8
5.2
6.7

$200/tonne C 

9.0
5.9
6.2
7.7

Power Costs with Carbon Taxes

MIT_ch01_1-16.qxd  7/16/2003  1:09 PM  Page 7

Cost
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Core Damage Frequency for Internal Events 
Significantly Reduced 

Introduction to NuScale Power 

Source: NRC 
White Paper, D. 
Dube; basis for 
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2/18/09 public 
meeting –on 
implementation 
of risk matrices 
for new nuclear 
reactors 
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Love it or hate it, we have it

60K

210K

Current Worldwide SNF (metric tons)

Non-US US

Annual Production:
12K Tons Worldwide

2k Tons US
27 Tons per reactor  ≈ 25 m3



SNF Composition
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Figure 1 shows the composition of spent nuclear fuel. 

Figure 1: Composition of Spent Nuclear Fuel 

Spent nuclear fuel includes only the fuel components and not the 
assemblies used to contain these components. As shown in the figure, 
the fuel components of the spent fuel are uranium, plutonium, minor 
actinides, and fission products. Minor actinides are a group of transuranic 
by-products produced in nuclear reactor operation that are major 
contributors to the long-lived hazards of radioactive waste. The term 
transuranic generally applies to radioactive material containing 
radionuclides (radioactive elements) with atomic numbers higher than 92 
(uranium’s atomic number) and half-lives longer than 20 years in 
concentrations exceeding 100 nanocuries (a measure of radioactivity) per 
gram. Some fission products, such as cesium, strontium, iodine, 
technetium, and other fission products are radioactive and can remain 
dangerous for hundreds to hundreds of thousands or millions of years. 
Stable fission products do not emit radiation. 

As the figure shows, uranium is the primary component in spent nuclear 
fuel. Uranium and plutonium are part of a group of elements known as 
actinides—the 15 chemical elements on the periodic table with atomic 
numbers from 89 to 103, actinium through lawrencium—and are also 

Composition of Spent 
Nuclear Fuel 

Stable fission
products

0.1%
Iodine and
technetium 

0.1%
Other fission
products
 

Source: GAO analysis of DOE data.

Uranium
95.6% 2.9%Other

0.9%
Plutonium

0.1%
Minor actinides

0.3%
Cesium and
strontium 
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for ~100 years
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Fig. 1. Spent nuclear fuel composition (PWR-UOX, BU = 33 Gigawatt days per ton, GWd/ton, 10 y cooling).
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Fig. 2. Spent PWR fuel radiotoxicity and its components.

even below the radiotoxicity of natural ore materials used to fabricate enriched uranium. The total radiotoxicity of FPs is
about 1.4 ⇥ 107 Sv/ton U (enriched) 100 years after discharge, but decreases to 875 Sv/ton U (enriched) after 1000 years.
Thereafter, it is stabilized at that level for a long time (⇠100,000 years) at a level much lower than our reference level for
natural ore.

Many fuel cycle options have been discussed and presented in the literature, mainly using an open or closed fuel cycle
as well as the so-called P&T strategy that will be described in the next section.

No sustainability is guaranteed with the open-cycle approach due to uranium availability and cost issues. Historically,
this option has been associated with LWRs, which effectively use only ⇠1% of the mined uranium.

The closed fuel cycle approach has historically been associatedwith enhanced resource utilization, fuel reprocessing, and
Pu recovery, while P&T has been associated with the waste minimization goal and has been discussedmostly in the last two
decades as another option.

Recently, the Generation-IV (Gen-IV) initiative [2] defined a set of general goals for future systems in four broad areas:
(1) sustainability (more efficient use of the available U resources and waste minimization), (2) enhanced economics,
(3) safety and reliability, and (4) proliferation resistance and physical protection. Gen-IV objectives include P&T (waste
minimization activities). P&T is seen as consistent with sustainability and non-proliferation objectives (i.e., as an integrated
part of ‘‘advanced fuel cycles’’).

Radioactive waste partitioning and transmutation within advanced fuel cycles: Achievements and challenges
M. Salvatores a,b,∗, G. Palmiotti b



Current US Policy:



“The Department of Energy's failure to begin disposing of waste on January 31, 1998 has 
created a liability, based on the Standard Contracts signed by the Department and each utility 
operating a nuclear reactor. This liability is expected to exceed $20,000,000,000 by 2020, and 
accruing an additional $500,000,000 for each year after 2020 that the Department has not 
accepted spent nuclear fuel. 

- SENATE ENERGY AND WATER DEVELOPMENT APPROPRIATIONS BILL - 2013



What will we do?

Bury It



How Much?
How Long?

A lot
Long Time

A little
Short Time

Burial

Transmutation

Separation
Reprocessing

Burial +
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Burial +

Reprocessing +
Separation +

Burial +

How Much?
How Long?



 Transmutation, Fission

Keff  = Ratio of neutrons 
between generations.

Keff = 1
< 1
> 1

Critical
Subcritical
Supercritical



Fast Neutrons
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For 50 years, and even today, people argue for fast-spectrum systems. 

Why?

Faster burn-up of heavy actinides.

Green Energy-Multiplier Sub-critical, Thermal-spectrum,
Accelerator-driven, Recycling Reactor
R. Bruce Vogelaar



Wastes Management Through Transmutation in an ADS Reactor
Science and Technology of Nuclear Installations Volume 2008,

Years out from the reactor
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Fast Neutrons
2 Options

Fast Reactors: Yet to catch on-
Uneconomic

Technical Hurdles

Accelerators: Buy fast neutrons 
from particle 

physicists



Accelerator Driven System

Subcritical core (Keff < 1)
Passively Safe

Proton Accelerator
Beam

Generator
Spallation 
Neutrons

‘Energy Amplifier’
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(1 GeV)

Externally driven process: 
k < 1 (k = 0.98)Self-sustained process: 

k = 1  
(if k < 1 the Reactor stops 
if k > 1 the Reactor is supercritical) 
 

Beam EnergyEnergy Produced

Etot = G × Ep

EnergyCritical 
Reactor Amplifier

Chain Reaction Nuclear Cascade

k= Production
Absorption + Losses

Effective neutron multiplication factor

n n
Losses Capture

(200 MeV/fission 
~ 2.5 n/fission) 
 

(200 MeV/fission 
~ 2.5 n/fission) 
 Fission

Losses Capture
Fission

⇒ The time derivative of the power  
kept equal to zero by control

⇒ Constant Energy Gain

 
 

Figure 11: Illustration of the nuclear cascade that drives an ADS as opposed to the self 
sustained chain reaction driving a critical fission reactor. 

 
• The neutron multiplication factor.   The main parameter characterizing the 
neutron economy of an accelerator driven sub-critical fission device is the factor 
M by which the "source" spallation neutrons are multiplied by the fission 
dominated cascade. A related quantity is the multiplication coefficient ksrc = (M-
1)/M, that is the average ratio of the neutron population in two subsequent 
generations of the source-initiated cascade. 
 

Such a factor ksrc, depending on both the properties of the source and of the 
medium, is in general conceptually and numerically different from the effective 
criticality factor keff, commonly used in reactor theory, which is in fact only 
relevant to the fundamental mode of the neutron flux distribution, and is 
independent on the source. 

The effective criticality factor keff is however a meaningful measure of the 
actual safety characteristics of the device, that is 1- keff is a proper gauge of the 
distance from criticality. 
 
 

LWR vs. ADS

Design of an Accelerator-Driven System for the Destruction of Nuclear Waste
Y. Kadi ∗ and J.P. Revol
European Organization for Nuclear Research, CERN, Geneva, Switzerland



Keff

ADS Design

Keff is: 
A design parameter (core composition/geometry)
A safety margin

Accelerator and Target Technology for Accelerator Driven 
Transmutation and Energy Production



Y. Kadi and  J.P. Revol 
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In addition, the effective fraction of delayed neutrons (βeff) of 233U is less than half 
of that of 235U, leading to a smaller safety margin. While this factor is vital to the 
design of a critical assembly, it is completely unimportant to the design or 
operation of a driven sub-critical assembly. In a critical system, the effective 
neutron multiplication coefficient (keff) is maintained equal to one by active 
control and feedback. The resulting safety of the system is then defined in terms 
of the probability for the system to become (or not to become) supercritical (keff 
>1), as happened in Chernobyl in 1986. The probability of such an accident 
occurring may be very small, but is not zero. In a sub-critical system, the effective 
neutron multiplication coefficient is smaller than one by construction. Therefore, 
the resulting safety aspect is a deterministic one. The system is and remains sub-
critical at all times and Chernobyl type accidents are simply impossible. 
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Figure 28: Comparison of the maximum allowable safety margins for minor actinide 
burning in critical reactors and in ADS. 

Keff



Neutron Yield as a Function of the Proton Energy
ADS Design

Near-Term Spent Nuclear Fuel Disposal Using Accelerator Drive System
Rod Gerig
Argonne National Laboratory



Accelerators



Reliability Problem

Goal



Window / Spallation Target

• Target: Solid or Liquid

• Beam-Core: window or windowless

From MYRRHA

Issue List:
-Cooing
-Lifetime
-Replaceability
-Radiochemical issues

December 21

2006

At 8:00 in the morning, after 4 months of operation, the beam on the MEGAPIE 
target has been stopped according to plan. The target has performed almost 
perfectly over the period and is still in good shape. We have accumulated about 2.8 
Ah of charge.
The experiment therefore can be considered as full success.

Many Successful Target Experiments
Ex: Megapie - 1 MW LBE target
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These findings are summarized in the following Technology Readiness Assessment table, in which green 
color-coding indicates “ready”, yellow indicates “may be ready, but demonstration or further analysis is 
required”, and red indicates “more development is required”.  For meeting near-term needs of a 
Transmutation Demonstration facility, the basic technology is already in-hand; development is required 
for increasing overall system reliability.  For Industrial-Scale Transmutation, many of the key 
technologies are in-hand, including front-end systems and accelerating systems, but demonstration of 
other components, improved beam quality and halo control, and demonstration of highly-reliable sub-
systems is required.  For power production, the lessons learned of the previous generation of ADS 
facilities is required to further improve the reliability at the component, sub-system and overall system 
level. 
 
Table 3: ADS technology readiness assessment.  The color-coding is explained in the text. 

  Transmutation 
Demonstration 

Industrial-Scale 
Transmutation 

Power 
Generation 

Front-End System Performance    
 Reliability    
Accelerating 
System 

RF Structure Development 
and Performance 

   

 Linac Cost Optimization     
 Reliability    
RF Plant Performance    
 Cost Optimization     
 Reliability    
Beam Delivery Performance    
Target Systems Performance    
 Reliability    
Instrumentation 
and Control 

Performance    

Beam Dynamics Emittance/halo 
growth/beamloss 

   

 Lattice design    
Reliability Rapid SCL Fault Recovery    
 System Reliability 

Engineering Analysis 
   

 
Finding #14: Technology is sufficiently well developed to meet the requirements of an ADS 

demonstration facility; some development is required for demonstrating and increasing overall 

system reliability. 

 
Finding #15: For Industrial-Scale Transmutation requiring tens of MW of beam power many of the key 

technologies have been demonstrated, including front-end systems and accelerating systems, but 

demonstration of other components, improved beam quality and halo control, and demonstration of 

highly-reliable sub-systems is required. 
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Accelerator and Target Technology for Accelerator Driven 
Transmutation and Energy Production 
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1. Accelerator Driven Systems and Their Applications 

1.1 History of Accelerator Driven System Activities 
Since the early 1990’s, accelerator driven systems (ADS) – subcritical assemblies driven by high power 
proton accelerators through a spallation target which is neutronically coupled to the core – have been 
proposed for addressing certain missions in advanced nuclear fuel cycles.  Institutes throughout the 
world have conducted numerous programs evaluating the role of ADS in nuclear waste transmutation 
and energy production. In 1995, the National Research Council (NRC) issued a report on transmutation 
technologies [1], which included an evaluation of one ADS concept that was under study at that time: a 
large-scale system that proposed using a ~100-MW accelerator to drive a thermal, molten salt 
subcritical core.  The NRC recognized the numerous complexities associated with the system, including 
the fact that, at that time, much of the high-power accelerator technology required for that ADS system 
had yet to be demonstrated. Consequently, the NRC report did not look favorably upon ADS. 
 
In 1999 the US Congress directed the DOE to evaluate Accelerator Transmutation of Waste (ATW) 
concepts and prepare a “roadmap” to develop the technology.  This roadmap [2] identified the technical 
issues to be resolved, assessed the impact of ATW on high-level waste disposition, and estimated the 
scale and cost of deploying ATW to close the fuel cycle. It also recommended that Congress fund a 
$281M six-year program of trade studies and R&D on key technology issues that would support a future 
decision on technology demonstration. 
 
From 2000 to 2002, the DOE sponsored the Advanced Accelerator Applications (AAA) program to 
investigate the use of ADS in “closed” nuclear fuel cycles. In 2003 the AAA program transitioned into the 
Advanced Fuel Cycle Initiative, and DOE-sponsored ADS research ceased, except for the continuation on 
a few international collaborative efforts.  A number of factors contributed to this decision, primarily the 
small expected growth in commercial nuclear power which “negated” the principal driver for ATW/AAA, 
i.e., destruction of transuranics and problematic fission products assuming that there would be 
essentially no new construction of commercial reactors.  
 

Ready

‘demonstration or 
further analysis is 

required’

‘more development 
is required’



Fuel Design
• Solid v. Liquid Fuel

• MA Fuels, Liquid Fuels are exotic

• Optimization for stability (%Pu) vs. efficiency (%MA)

Solid Fuels:
-Fission product poisoning
-Thermal shock on cladding
-Non-uniform burnup:

Liquid Fuels:
-Little experience
-Years (decades?) to 
validate novel fuel.

ADS Design 
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where 

kn =
k∞

1 + Bn
2L2

 
As anticipated in the introduction, we see that if all kn's are smaller then unity, 
then the flux is given by a linear superposition of eigenmodes; as soon as k1=1 the 
system becomes critical; the source is no more needed to sustain the system, and 
the only surviving mode is the fundamental one. 
 

If 
k∞ −1

L2 > 0, the solutions are of sinus form: 

Ψlmn =
8

abc
sinπ

lx
a
⋅sinπ

my
b
⋅sinπ

nz
c

; 

 

If 
k∞ −1

L2 = −γ 2 , the solutions are of exponential form: 

Ψ(x) = A1e
− γx + B1e

γx

Ψ(y) = A2e
−γy + B2e

γy

Ψ(z) = A3e
−γz + B3e

γz
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Figure 14: Spatial distribution of the neutron flux depending on the value of k. 



Core Design
• Choice of coolant (low σ, high heat capacity)

• Metal or Salt Coolant 

• Geometry

• Safety Issues

• Fast neutronics  
– destroys long-lived actinides 

• The ADS core can use spent 
nuclear fuel as starting inventory 
– turn a liability into an asset 

• ADS fast neutronics is not 
poisoned by fission products 
– deep burnup of fuel 

• The molten salt core is walk-
away safe – total loss of power 
and coolant cannot melt core 

ADS in a Molten Salt Core 

Salt Core



MYRRHA: Multi-purpose 
hybrid research reactor for 
high-tech applications

Design Choices:
Linear Accelerator
MOX Solid Fuel Core
LBE Coolant
Keff = 0.95

Online: 2024



Accelerator

First accelerator built for reliability

 Image: Jean-Luc Biarrotte.

 Image: Jean-Luc Biarrotte.

 Image: Jean-Luc Biarrotte.



Accelerator

meaning that an individual cavity failure can be handled 
at all stages without loss of the beam. This characteristic 
relies on the use of highly ìde-ratedî and independently 
powered accelerating components, associated to a fast 
digital feedback system and adequate diagnostics. 

In the following, the fault-tolerance principle of this 
modular SC linac will be analysed by means of beam 
dynamics simulations. The calculations are performed 
using the TraceWin & Partran codes developed in Saclay 
[4], and on the basis of a 5 MeV - 600 MeV XADS 
reference linac (see Table 1). In all cases, a 10 mA proton 
beam is considered, and the normalized rms emittances 
values at the input are assumed to be 0.27 π.mm.mrad in 
the transverse planes, and 0.39 π.mm.mrad in the 
longitudinal plane. Multiparticle calculations are 
performed using at least 10 000 particules with a gaussian 
(truncated at 4σ) phase-space distribution. 
Table 1: Lay-out of the linac used for the simulations; 
focusing is ensured by warm quadrupole doublets. 

SC linac sections Energy range Nb of cavities 
Spoke 2-gap  
352.2 MHz, β=0.15 5 ñ 17 MeV 36 

(2 per lattice) 
Spoke 2-gap  
352.2 MHz, β=0.35 17 ñ 91 MeV 63  

(3 per lattice) 
Elliptical 5-gap 
704.4 MHz, β=0.47 91 ñ 192 MeV 28  

(2 per lattice) 
Elliptical 5-gap 
704.4 MHz, β=0.65 192 ñ 498 MeV 51  

(3 per lattice) 
Elliptical 6-gap 
704.4 MHz, β=0.85 498 ñ 615 MeV 12 

 (4 per lattice) 

TOLERANCE TO A RF CAVITY FAULT 
Consequences of the failure of a RF cavity 

Let us assume in this section that the RF system fails to 
power a cavity somewhere in the superconducting linac, 
and that this cavity is immediately detuned to avoid the 
beam loading effect. This results in a loss of the energy 
gain provided by the failed cavity, and then in a beam 
longitudinal (phase-energy) mismatch at the entrance of 
the following cavity. Because we deal with a non-
relativistic proton beam, this energy loss will imply a 
phase slip along the linac equal to  δφ ≈ 2π (δz/λ) (δβ/β), 
increasing with the distance δz from the faulty cavity 
[5]; β is the beam velocity (normalized to c), λ the RF 
wavelength and δβ the velocity loss (compared to the 
reference beam velocity) at δz. 

Of course, the consequences of such a failure strongly 
depend on the position of the cavity in the linac, and on 
its operating conditions. The problem is more serious 
when the velocity of the particle is low, but also when the 
accelerating field and the operating frequency of the 
cavity are high. Another important parameter to be taken 
into account in the analysis is the longitudinal acceptance 
of the linac. The lower is this acceptance (i.e. the higher is 
the synchronous phase compared with the longitudinal 

size of the beam), the faster the fault-induced phase slip 
will off-set the beam towards the phase instability region. 
One way to avoid the problem could thus be to lower both 
the synchronous phase (near the -90 bunching value) and 
the accelerating fields along all the linac, but this would 
lead to an unacceptable increase in length and cost.  

In our XADS reference linac, where conservative but 
realistic synchronous phase and accelerating gradient 
values are used, simulations show that the fault of a cavity 
induces a sufficient phase slip to rapidly drop the beam 
out of the phase stability region. The beam can then not 
be correctly handled longitudinally in the subsequent 
cavities, and it is finally completely lost later in the linac. 
This kind of behaviour with a final 100% beam loss is 
encountered for almost any cavity fault in the linac. 

Retuning using the local compensation method 
From this first analysis, it is clear that in case of a 

cavity failure, some kind of retuning has to be performed. 
The aim of this retuning is to recover the nominal beam 
characteristics at the end of the linac, and in particular its 
energy, while ensuring the same level of beam 
transmission (and of emittance growth) than in the 
reference linac case.  

One simple way to achieve such a retuning is to make a 
local compensation by using the accelerating cavities 
neighbouring the failing one. This method has especially 
the advantage of involving a small number of elements, 
simplifying the retuning procedures and limiting the 
possible induced errors. It is illustrated on Figure 1: if 
cavity #n is faulty, the 4 surrounding cavities (#n-2, #n-1, 
#n+1, #n+2) are retuned to recover the nominal beam 
energy and phase at the end of the following lattice (point 
M). It can of course be done with more cavities if 
necessary. Practically, the retuning of the cavities is made 
only acting on their accelerating field amplitude and/or 
phase. On the transverse beam dynamics side, the 
gradients of the 4 focusing quadrupoles located inside the 
retuned lattices can also be adjustedm if needed. Here 
again, more quadrupoles can be used if necessary. 

 
Figure 1: The ìlocal compensationî method. 

This retuning has of course to be done properly in order 
to reach a reasonable compromise between the three 
following goals: 1. reach the nominal energy and phase at 
point M, and consequently at the target; 2. limit the 
induced beam mismatch to ensure a 100 % transmission 
and keep the emittance growth as low as possible; 3. 
ensure that we do not exceed a + 30 % accelerating field 
increase in the cavities as compared with their nominal 
ìderatedî operation point (i.e. in our case Epk = 33 MV/m 
instead of 25 MV/m in the spoke sections, and Bpk = 
65 mT instead of 50 mT in the elliptical sections). 

Proceedings of EPAC 2004, Lucerne, Switzerland
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Fault Tolerance “Local Compensation”
BEAM DYNAMICS STUDIES FOR THE FAULT TOLERANCE ASSESSMENT OF 
THE PDS-XADS LINAC DESIGN
Proceedings of EPAC 2004,

General layout of the superconducting linac

SPOKE CavitySPOKE Cavity

Cold box for heliumCold box for helium
and nitrogenand nitrogen

CM0 cryostatCM0 cryostat

Power CouplerPower Coupler

SPOKE CavitySPOKE CavitySPOKE CavitySPOKE Cavity

Cold box for heliumCold box for helium
and nitrogenand nitrogen

CM0 cryostatCM0 cryostat

Power CouplerPower CouplerPower CouplerPower Coupler

RFQ element Copper CH RF cavity Superconducting CH cavity design

Earth level

level 5 m)

target level

Beam dump 
casemate

704 MHz ELLIPTICAL LINAC E=0.5 704 MHz ELLIPTICAL LINAC E=0.65

90 MeV 200 MeV

Linac 
Beam dump 
casemate

Beam dump 
casemate

5 element elliptical cavity

Elliptical cavity envelope Cryomodule for the elliptical cavities 

[28 cavities, 58.5 m] [63 cavities, 124.5 m] 600 MeV

(about -

The design of the accelerator is a European collaboration, started in FP5 (PDS-XADS) and pursued in FP6 (EUROTRANS).

� The main partners are CNRS (France), CEA (France), INFN (Italy), U. Frankfurt (Germany). 
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MYRRHA reactor

High β Cavities



Spallation Target

The core coolant, 
LBE, is the target.

Target Must:
-Sit in the core - radiation rich environment
-Absorb ~65% of the beam power as heat
-Maintain cooling and a reasonable lifetime

Undecided

From MYRRHA



Fuel
MOX (Mixed Oxide) Pu (35%) & U 

“The design and licensing of new fuels does not 
comply with MYRRHA's time frame.”

-MOX is understood



Core

90 Day reshuffling Scheme:
1. Keff  = 0.955 
2. 90 Days, Keff drops to 0.94
3. turn off, reshuffle fuel rods
4. Turn on

Spallation Target

Void Slots for 
Experiments



Coolant
Lead Bismuth Coolant

Low melting point, high boiling point (no need to 
pressurize)
self shielding
good spallation source
does not react with water or air
transparent to neutron radiation opaque to gamma 
radiation.

Advantages:

Disadvantages:

reactive to metals
not understood over long time frames 

Needs extensive study

Oxidation behaviour of P122 and a 9Cr–2W ODS steel at 

550 °C in oxygen-containing flowing lead–bismuth eutectic



R&D ProgramMYRRHA materials R&D program 

z Identification of key material issues
z Collaboration with designers, fuel, safety and coolant chemistry groups
z Assistance in design

x Material choice justification
x Various scenarios related to material failure
x Preliminary assessment of material damage mechanisms

z Assessment of material properties
z Development of testing procedures (FP7 MATTER)
z Identified material issues and our related R&D program

x Liquid Metal Corrosion (LMC)
x Liquid Metal Embrittlement (LME)
x Irradiation effects

z Development of testing infrastructure

18 © SCK•CEN

Effects of Corrosion on Reactor Operation

z Material loss (dissolution, erosion) ĺ�FRPSURPLVH�RI�FRPSRQHQW�LQWHJULW\
z Change in thermal conductivity (oxidation) ĺ�FKDQJH�RI�KHDW�WUDQVIHU�FKDUDFWHULVWLFV
z Plugging due to deposition of corrosion products ĺ�IORZ�REVWUXFWLRQ

23 © SCK•CEN

z Prediction of max corrosion depth (deterministicļHPSLULF approach)
z Boundary operating conditions and a little bit beyond

z For oxidation ([O]Ĺ��7Ĺ��YĹ�
z For dissolution ([O]Ļ��7Ĺ��YĹ�

z Investigation of oxide layer properties
z Maximum and average thicknesses 
z Thermal conductivity

z Assessment of corrosion products release to the coolant and oxygen 
consumption

Effects of Corrosion on Reactor Operation

Principal directions of corrosion program

Material issues for design and licensing of MYRRHA ADS system
S. Gavrilov, R. Fernandez, M. Schyns, H. Aït Abderrahim
Copyright © 2011 SCK•CEN
SCK•CEN

Pool type experiments

Heat exchangers

Lead-Bismuth Eutectic (LBE) pumps

LIDAR: LIght Detection And Ranging

Ultrasound imaging

Robotics

...



• Accelerator unproven (reliability)

• Throughput very low

• Fuel Rod reshuffling, MA buildup

• Unstable power output

• Lead underdeveloped

Criticisms



Home  >  Press  >  Press releases  >  SCK-PR-0201
GUINEVERE: a new world premiere at the Belgian Nuclear Research Centre
2012-01-11

The Belgian Nuclear Research Centre (SCK•CEN) in Mol, successfully coupled a reactor to a particle 
accelerator. For the first time in the history of nuclear science, a demonstration model of a reactor, 
with a lead core and a particle accelerator, is in operation. The installation is subcritical because the reactor stops when the 
accelerator is turned off. This world premiere is part of the GUINEVERE project, initiated in collaboration with the French Centre 
National de la Recherche Scientifique (CNRS), the Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA), a 
dozen other European laboratories and the European Commission.

Guinevere is a demonstration model of an accelerator driven system or ADS. The accelerator was built by the CNRS. The CEA 
assisted in developing the concept and provided the fuel for the reactor. The inauguration of GUINEVERE took place in March 
2010 at SCK•CEN in Mol. During the first year the accelerator, as well as the ventilation and monitoring of the installation, were 
tested exhaustively. In February 2011, the reactor was started in the classic critical mode and was subjected to a long series of 
tests.

Today, SCK•CEN and its research partners are pleased to announce that the accelerator and the reactor have been successfully 
connected, making the system now subcritical.

GUINEVERE, designed to support the MYRRHA project, is a test installation with a limited power. It is very important for the fine-
tuning of the operation and control of future subcritical reactors, such as MYRRHA. This type of reactor is very safe because the 
reactor section of an ADS system depends for its operation on a particle accelerator: when it is turned off, the reactor will stop 
immediately.

Unlike conventional reactors systems, GUINEVERE and MYRRHA produce fast neutrons that can be used for the transmutation of 
high level radioactive waste. Transmutation is the fission of long-lived radioactive waste into products that are much less radio-
toxic. This research complements the decision in favor of the geological disposal of this type of waste.

The successful launch of GUINEVERE is another important step towards the realization of MYRRHA, SCK•CEN's multipurpose 
research facility, which will be operational in 2023.

http://sckcen.be/en
http://sckcen.be/en
http://sckcen.be/en/Press
http://sckcen.be/en/Press
http://sckcen.be/en/Press/Press-releases
http://sckcen.be/en/Press/Press-releases
http://sckcen.be/en/Press/Press-releases/SCK-PR-0201
http://sckcen.be/en/Press/Press-releases/SCK-PR-0201


ADS Issues

• Separations

• Not just R&D - RDDD (research, development, 
demonstration, deployment)

• Gulf between feasibility and reality

• Cost/Benefit



Policy Questions
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Thank You
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Non-OECD economies drive energy consumption growth…
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Strong growth in power generation continues…
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By Carbon



By Deaths
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Composition of Spent Nuclear Fuel (Standard PWR 33GW/t, 10 yr. cooling)

1 tonne of SNF contains:

955.4 kg U
8,5 kg Pu

Minor Actinides (MAs)
0,5 kg 237Np
0,6 kg Am
0,02 kg Cm

Long-Lived fission 
Products (LLFPs)
0,2 kg 129I
0,8 kg 99Tc
0,7 kg 93Zr
0,3 kg 135Cs

Short-Lived fission 
products (SLFPs)
1 kg 137Cs
0,7 kg 90Sr

Stable Isotopes
10,1 kg Lanthanides
21,8 kg other stable

Spent fuel and radiotoxicity 1/3

Most of the hazard stems from Pu, MA and some 
LLFP when released into the environment, and 
their disposal requires isolation in stable deep 
geological formations.

A measure of the hazard is provided by the 
radiotoxicity arising from their radioactive 
nature.
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Report to the 
Secretary of Energy
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M. Salvatores, G. Palmiotti / Progress in Particle and Nuclear Physics 66 (2011) 144–166 149

Fig. 4. Actinide transmutation chain and nuclei time-evolution equations.

Fig. 5. Comparison of fission/absorption ratio for PWR and SFR [5].

It is useful to look closely at the ratios↵ = � c/� f of the average capture and fission cross section of the different isotopes.
The neutron fission/absorption cross-section ratio for dominant actinides in PWR and sodium fast reactor (SFR) spectra
is illustrated in Fig. 5. The fission/absorption ratios are consistently higher for the fast-spectrum SFR. For fissile isotopes
(235U, 239Pu, and 241Pu), over 80% of fast neutron absorptions result in fission, as compared to 60–80% in the PWR spectrum. In
addition, the fast-spectrum fission fraction can rise to 50% for fertile isotopes as observed for 240Pu in Fig. 5, while remaining
low (<5%) in a thermal spectrum. Thus, in a fast spectrum, actinides are preferentially fissioned, not transmuted into higher
actinides.

This implies that fast systems are more ‘‘efficient’’ (from the point of view of neutron economy) in destroying actinides
because fewer neutrons are lost to capture reactions before eventual fission. Furthermore, higher actinides (americium,
curium, etc.) continue to build up with LWR recycle. These higher actinides tend to be more radioactive and can be
problematic for fuel handling and fabrication in a closed fuel cycle, as will be discussed later.

The hardest spectra are the most suitable, if, as we have indicated, fission is preferred. In fact, the fission cross sections
of most of the isotopes of Am and Cm are of the threshold type.

2.1.2. The neutron consumption per fission
For a full understanding of the transmutation potential of different neutron fields, the notion of neutron

consumption/fission of an isotope J, DJ, has been introduced [6]. In fact, the total number of neutrons DJ consumed by
the given J-family can serve as an indicator of the capability of a core to achieve destruction of a given J-feed if neither
‘‘parasitic’’ neutron consumption nor neutron leakage exists. In the case of a negative D (i.e., when the J-family produces
more neutrons than it consumes), the core fed by J-nuclides produces enough neutrons to destroy the source material at
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Potential increase in drift loading 
on an energy-generated basis

• The figure shows the potential 
increase in drift loading as a 
function of the inventory of 
actinides and fission products in 
the waste stream
– Removal of Pu/Am/Cm (decay heat) 

and U (volume) would permit the waste 
from about 5.7 times as much spent fuel 
to be placed in the space that spent fuel 
would require

– Removal of Cs & Sr only would have no 
impact

– Removal of the U/Pu/Am/Cm and Cs & 
Sr would permit the waste from up to 
about 225 times as much spent fuel to 
be placed in the space that the spent 
fuel would require 

• Suitable waste forms would need to be 
available to fully realize such benefits

• Other repository environments could 
respond differently

M. Salvatores



Radiotoxicity goal cannot be achieved if loss fraction increases 
beyond 0.2%, and extends to 10,000 years at 1% losses

Importance of Processing Loss Fraction

Impact of Loss Fraction
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Fuel Design



High-power operational experience at the Spallation 
Neutron Source (SNS)

HIGH-POWER OPERATIONAL EXPERIENCE AT THE SPALLATION NEUTRON SOURCE (SNS) 

246 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, ISBN 978-92-64-11727-3, © OECD 2011 

Figure 3: SNS availability goals and performance by FY 

Note FY10 performance is year-to-date through January 2010 

 

Figure 4 shows the down time broken down by equipment type and year. The largest down 
time components are the high voltage convertor modulators which are the high voltage power 
supply and pulse forming network for the RF klystrons. These components use a new solid-state 
IGBT technology, and have had a number of issues. 

Figure 4: Downtime vs. equipment type and year 

 

As the duty factor was increased component shortcomings became evident and are being 
addressed. The RF down time category was largely from rebuncher cavities in the front end of 
the accelerator; this is no longer an issue. The large collections of high power RF systems 
(klystrons and transmitters) and low-level RF systems for the superconducting linac have been 
quite reliable compared to other components. Other major down time contributors are the ion 
source and other power supplies. The power supply failures are generally pulsed systems 
associated with our ring. 
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Spent Nuclear Fuel and 
Accelerator Driven 

Systems

One of the most pressing issues of our time is our global growing need for energy in the context of climate change. Of all 
realistic sources that may contribute to the solution, one of the more contentious is nuclear energy. Issues of safety, 
security, cost and spent fuel must be addressed if nuclear energy is to contribute to our energy future. In this talk I will 
motivate the need to address the issue of spent fuel, specifically the role accelerator driven transmutation may play to 
mitigate long term geologic storage. I will describe the basics of designing accelerator driven systems (ADS) as well as some 
of the important technical problems that have yet to be solved.  As an example, the MYRRHA experiment at SCK•CEN in  
Mol, Belgum is one possible ADS design choice that will be mentioned as well as some alternative design ideas gaining 
momentum in the US National Labs.


