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GREEN GROWTH AND
NUCLEAR ENERGY

HOLGER ROGNER*
Introduction

The issue

Since the 1986 Chernobyl accident, the sustainability
of nuclear energy technologies and fuel cycles has
understandably sparked intense debate at gatherings
addressing climate change mitigation, sustainable de-
velopment, and more recently, green economy and
green growth. Topical disputes include: concerns a-
bout operational plant safety; the lack of a demon-
strated solution to the disposal of high-level nuclear
waste; doubtful economics; public acceptance; and
the technology’s potential contribution to nuclear
weapons proliferation.

At the international level, energy and its role in sus-
tainable development was first addressed at the
ninth session of the Commission on Sustainable De-
velopment! in 2009 (CSD-9), where nuclear power
was also intensely debated. The international com-
munity agreed to disagree on the role of nuclear
power in sustainable development. CSD-9’s final
text observed that some countries view nuclear
power as an important contributor to sustainable
development while others do not, and summarized
briefly the logic of each perspective (UN 2001). The
community agreed that, “the choice of nuclear ener-
gy rests with countries” (UN 2001).

Ten years later, as the CSD process geared up for the
Rio+20 Earth Summit in 2012, the notions of green
economy and green growth were increasingly used
to emphasize socio-economic development aspects
(as the prime objective of developing countries), ra-
ther than environmental protection (the prime
objective of industrialized countries).

* IIASA Austria / KTH Sweden.

! The UN Commission on Sustainable Development (CSD) was
established to oversee the implementation of Agenda 21, the princi-
pal outcome document and action plan of the United Nations
Conference on Environment and Development (UNCED) held in
Rio de Janeiro, 1992.
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This article outlines nuclear energy’s potential con-
tribution as part of a green energy portfolio, as well
as its role in a green economy towards green growth.

Green economy and green growth

Green economy

A unique and universally accepted definition of the
“green economy” has yet to be developed. The term
itself underscores the significance of the economic
and social dimensions of sustainability. The United
Nations Environment Programme (UNEP) defines
the green economy as one that results in “improved
human well-being and social equity, while signifi-
cantly reducing environmental risks and ecological
scarcities” (UNEP 2010). Specifically, a green econo-
my is characterized by socially inclusive develop-
ment (including aspects of quality of life beyond in-
come), environmentally benign production and con-
sumption patterns and the efficient use of natural
resources.

Green growth

Green growth builds upon the green economy prin-
ciple by adding the explicit objective of advancing
economic growth and development towards the cri-
teria defined for a green economy, in the sense that
growth should reduce social inequity, mitigate cli-
mate change, and prevent environmental degrada-
tion and the unsustainable use of natural resources.
It represents a fundamental adjustment to the classi-
cal growth paradigm by recognizing the environment
as a factor in the production function. “Green
growth means fostering economic growth and devel-
opment, while ensuring that natural assets continue
to provide the resources and environmental services
on which our well-being relies” (OECD 2011).

Green growth and energy

“Green growth requires a green engine. Improving
the environmental performance of energy transfor-
mation and consumption is a cornerstone of any
attempt towards green growth” (OECD 2011).
Typical criteria for green energy include, inter alia:
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High security of energy supply

Low local/regional air pollution
Low greenhouse gas (GHG) emissions
Low threat to biodiversity & human
health/security

Competitive generating costs

Low material intensity

(3R= reduce, reuse, recycle)

Low resource depletion

Low waste volumes

Low noise/ visual pollution

Low land requirements

High innovation potential

According to these criteria, nuclear energy
could well qualify as a green energy tech-
nology. However, many oppose nuclear
energy because of its long-lived radioactive
waste, the risk of severe accidents with
long-term impacts, weapons proliferation
concerns, and its lack of public acceptance.
Table 1 summarizes the principal argu-
ments that have been brought forward in
past and on-going debates.

Economics

The economics of nuclear power are char-
acterised by large up-front capital costs, but
low and stable fuel and operating costs. The invest-
ment in a nuclear power plant can amount to several

Table 1

CSP (125 MW) |

Wind (25 MW)
Hydro (100 MW) |
Gas (200 MW) |
Nuclear (1000 MW) |
Coal CCS (400 MW) |
Coal (400 MW) |

Figure 1

OVERNIGHT INVESTMENT AND CAPITAL COSTS

a) Overnight investment costs for 1,000 MW of different
electricity generating technologies
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Source: IEA/NEA (2010).

billion dollars (USD two - eight billion depending on
its design, location, finance, etc.) for atypical 1,000 MW

Pros and cons of nuclear power as a technology to support green growth

Arguments against nuclear power

Arguments in favour of nuclear power

Nuclear power is unsafe and its risks are excessive —
it can never be made safe enough

Nuclear power on a life cycle basis has an excellent
safety record compared with the alternatives

Diverts attention from energy efficiency and renewables

Expands electricity supplies
(“connecting the unconnected”)

No solution for climate change mitigation,
especially in the short run

Reduces harmful emissions, including greenhouse gases

Trans-boundary consequences and issues
related to transport of spent fuel

Enhances energy security

Lacks economic basis — too expensive and always
depends on subsidies

Competitive supplier of base-load electricity at stable
and predictable generating cost

Nuclear weapons proliferation

Increases human and technological capital

High externalities

Ahead in internalising externalities

Uranium resources last only a few decades

Nuclear power decoupled from any resources
constraints — no alternative uses for uranium

No long-term solution to high level nuclear waste

Wastes are manageable

Lacks public acceptance

Keeps options open for future generations

Source: The author.
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Figure 2

LCOE OF DIFFERENT GENERATION OPTIONS

a) For 5% discount rate

cially available designs of 1,000 MW or
more per unit. In the future, the commer-
cialization of small and medium sized
nuclear power plants of 100 to 600 MW per

unit might ease financing and their integra-

ek | ___ I ISR .
PV tion into national power grids.
Bio | ‘
Geo | Long-run marginal generating costs
:;I ;n: accounting for OC, interest during con-
Gas | struction (IDC), fuel, operating and main-
Nuclear tenance costs, as well as waste management
el ©es | and decommissioning costs are often used
Coal | : : to rank investment alternatives. Figure 2
0 %0 100 150 200 250 300 350 400 450 shows the ranges of the levelized costs of
L electricity (LCOE) generation for real
b) For 10% discount rate discount rates of five and ten percent
cse | ‘ ﬁ ‘ ‘ ‘ per year.2
PV
Bio: ‘ The LCOE range for nuclear power coin-
o] cides with that of most competing tech-
Wind .
| nologies. Furthermore, any greenhouse gas
Gas| [ ] emission policy, e.g., carbon taxes or emis-
Nuclear sions caps, further improves the competi-
Coal CCS | tiveness of nuclear power. Nuclear power
Coal | | offers stable and predictable generating
0 100200 300 400 500 620 MW7:° costs. Uranium accounts for about five per-
per

Source: IEA/NEA (2010).

nuclear power plant, which accounts for some 60-75
percent of total generation costs.

Figure 1 summarizes the overnight investment cost
(OCQ) data, i.e., without interest during construction
(IDC), of the OECD study “Projected Costs of
Generating Electricity — 2010 Update” (IEA/NEA
2010).

Figure 1a shows a large overlap and spread of spe-
cific investment costs for different energy supply
technologies, typically explained by varying local
conditions, technology designs, as well as regulatory
and environmental constraints. The lower boundary
represents the conditions in large developing coun-
tries such as China and India, while higher prices
reflect particularly challenging site conditions in
OECD countries.

On a per unit size, nuclear power investment exceeds
that in its alternatives considerably. Smaller unit pro-
jects are easier to finance, especially for utilities with
low capitalization. Small grid sizes in developing
countries limit the integration of presently commer-
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cent3 of nuclear generating costs (Figure 3),
and unlike coal and natural gas fired elec-
tricity generation, a doubling of resource
prices hardly affects the total generating costs of
nuclear power (Rogner 2010). The decommissioning
costs in Figure 3 are not discernible either because
they are very low in actual terms (as in the case of
wind), or are incurred so far in the future (e.g., 80 or
more years for nuclear power) that discounting
makes them quasi invisible.

Energy security

Nuclear energy enhances energy security. Its low fuel
volumes allow for easy stock-piling, i.e., the on-site
storage of uranium for the entire life time of the
plant. Long-refuelling cycles of 18 to 24 months plus
the practice of on-site storage of fuel elements for
one refuelling event provides sufficient time to seek
alternate suppliers in case the original supplier
defaults on contractual arrangements.

2 The OECD study uses harmonized technology performance
assumptions and boundaries, as well as clearly specified fuel prices,
decommissioning and waste management costs for the LCOE cal-
culations.

3 The full nuclear fuel cycle costs include enrichment, fuel element
fabrication and spent fuel management (in addition to the uranium
costs).
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Figure 3

Nuclear power and fuel cycle fa-
cilities contribute an estimated

SHARES OF COST COMPONENTS IN TOTAL GENERATING COSTS

at a 10% discount rate

100% A

80% A

60% -

40%

20% A

0% -

Nuclear Coal Coal CCS  Gas CCGT Wind

Source: Adapted from IEA/NEA 2010 and NEA 2003.

Uranium reserves and resources are abundant and
available. Figure 4 shows the recent development of
identified uranium resources and the geographical
distribution for 2011. Present uranium resources are
sufficient to fuel existing reactors for more than 90
years, and if all conventional uranium occurrences
are considered, for almost 200 years. The reprocess-
ing of spent fuel and the recycling of unspent urani-
um and plutonium doubles the reach of each catego-
ry (see next section on ‘Making nuclear energy even
more compatible with green growth’). Fast breeder
reactor technology can further increase uranium uti-
lization 50-fold or even more.

In addition to conventional uranium occurrences,
enormous low and lowest concentration (unconven-
tional) occurrences also exist. Phosphates, carbonite,
non-ferrous ores, lignite and black schists contain an
estimated 17 million tonnes uranium (tU). Low con-
centration occurrences are widespread in many
rocks and in seawater. The total mass of uranium in
seawater is enormous and amounts to about 4,500
million tU.

Nuclear operating safety

The essence of nuclear operating safety is the pro-
tection of the population, workforce and the en-
vironment from ionized radiation. Operating safety
is thus the highest priority for nuclear power plant
design and operation. As a result, the radiation from
normal operation of nuclear power plants are
insignificant compared with the average radiation
exposure from natural and other anthropogenic
sources (UNSCEAR 2010).
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two uSv per person per year to
the average global radiation ex-
posure of 2,420 uSv per year —

M Uranium share

in fuel costs
between 1,000 and 13,000 pSv de-
plellcast pending on location (UNSCE-
AR 2010; WHO 2012). Diagnos-

C1O&M costs

tic medical examinations (X-rays)
contribute some 400 uSv per year.
M Decommissioning

In the event of a severe nuclear
W Gapital costs accident, however, surface ra-
dioactive concentrations in the
plant vicinity can be high and
can last for years or decades. In
areas further away, agricultural
production and fishing may need to be temporarily
suspended. However, non-radiation impacts can be
significantly larger than radiation impacts. For exam-
ple, the severest consequences of the Chernobyl
accident were social in nature and are not directly
radiation related (Gerasimova 2008). Most of the
335,000 evacuees from villages around Chernobyl

Figure 4

TOTAL IDENTIFIED URANIUM RESOURCES

a) Recent development at extraction costs of <$130/kgU (until 2001)
and < $260/kgU after 2007

s Million tonnes U

$ 260/kgU

$ 130/kgU

1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011

b) Geographical distribution of the resources, 2011
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Source: NEA/IAEA (2010,

2012).




Table 2
Total life cycle material requirements for selected materials
Iron Copper Bauxite Concrete
kg per GWh kg per GWh kg per GWh m® per GWh
Hard coal 2,700 8 30 22.8
Lignite 2,314 8 19 na
Gas combined cycle 1,239 1 2 39
Nuclear (PWR) 457 6 27 17.2
Wood CHP 934 4 18 na
PV 5 kW poly 4,969 281 2,189
Wind 1.5 MW at 5.5 m/s 2,066 52 35 99.3
Wind 1.5 MW at 4.5 m/s 4,471 75 51 na
Hydro 3 MW 2,700 8 30 na

Source: Peterson, Zhao and Petroski (2005); Voss (2009).

did not return to their original homes and suffered
from depression and stress related difficulties
(Simmons 2012).

The Three Mile Island accident resulted in the re-
lease of minute amounts of radioactive gases with
inconsequential health and environmental impacts
(UNSCEAR 2011). In contrast, the Chernobyl and
Fukushima Daiichi accidents released large amounts
radioactive materials with significant social, econom-
ic and environmental consequences. However, there
have been no radiation related fatalities in the
Fukushima Daiichi accident (UNSCEAR 2012). The
latest analyses estimate the long-term fatalities asso-
ciated with the Chernobyl accident at cumulative
4,000 to 10,000 late life cancer deaths.* More fatali-
ties per year are recorded in other industries like,
mining, coal, oil and hydro power (Burgherr, Eckle
and Hirschberg 2011).

Nuclear energy and the environment

Resource utilization

The rational use of resources is closely related to the
3R (reduce, reuse, recycle) principles. An important
aspect of resource utilization is the high energy den-
sity of uranium relative to fossil fuels. High density
means low resources and waste volumes. Resource
utilization can be maximized (and volumes of high

4 Today, uncertainty remains about future mortalities due to the
long latency periods for many cancers; however cancer deaths in
Chernobyl affected regions are expected to be similar to non-
Chernobyl controls (Simmons 2012).

K]

level radioactive waste minimized) through the
reprocessing of spent nuclear fuel — a first step
towards a 3R compatible resource utilization strate-
gy. Unlike the once through fuel cycle (OTC) where
all of the spent fuel is eventually disposed of in a
geological repository, the reprocessing fuel cycle
(RFC) extracts the plutonium generated during
operation and unused uranium from the spent fuel.
The reprocessed fissile material is recycled into new
fuel, which reduces fresh uranium requirements.
RFC reduces the volume of high level radioactive
waste (HLW) requiring geological disposal drastical-
ly (i.e., by > 90 percent) compared to the OTC and
improves the rate of resource utilization by a factor
of two to over 60 depending on the reactor tech-
nologies involved (see next section).

Materials requirement

Power plant construction is material intensive and
the evaluation of construction material inputs is cen-
tral to the lifecycle assessments of nuclear and other
non-fossil energy systems. Table 2 shows the total life
cycle requirements for selected materials. The mate-
rial quantities per technology are location depen-
dent, especially for concrete requirements. Except
for natural gas combined cycle plants, nuclear power
has the lowest material intensity.

Interaction with the environment

Greenhouse gas emissions

The full technology chain for nuclear energy includes
uranium mining (open pit or underground), milling,
conversion, enrichment (diffusion or centrifuge),
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fuel fabrication, power plant construction
and operation, reprocessing, conditioning
of spent fuel, interim storage of radioactive
waste, and construction of the final reposi-
tories. On a life cycle basis, the nuclear

Figure 5

LIFE CYCLE GHG EMISSIONS OF DIFFERENT ELECTRICITY

GENERATION OPTIONS

Fossile electricity generation

gCO,-eq per kWh

chain emits between 2.8 and 24g CO,- 1800 )
equivalent/kWh (Weisser 2007). The bulk 1600 -
of greenhouse gas emissions arise from 1689 (12) (10)
plant construction (emissions from cement 1 igg |
and material production and component 800 * (16)
manufacturing). Figure 5 shows that nu- aoon! I:iI:I
clear power, together with hydropower and 400 - ®)
wind based electricity, is one of the lowest 200 A :§:]
emitters of GHGs in terms of g CO,-eq. per 0 g g g g
. .. . Lignite Coal Qil Gas CCs
unit of electricity generated on a life cycle
basis (IPCC 2007, 2011) Non-fossile electricity generation
gCO,-eq per kWh
180 @
160
Other pollutant emissions 140
Nuclear power plants can also avoid emis- 120 + ®
sions of other non-GHG air pollutants e )
associated with negative health and envi- :g:
ronmental impacts on local and regional w0l 8 (15) (15)
scales. Nuclear power plants (as well as 20 - % :l:
renewable technologies) emit virtually no 0 . . . . :
air pollutants like nitrogen oxides (NOy), e e e ey
sulphur dioxide (SO,) or particulate balks: Standard deviation < Mean I Min - Max () sample size

(PM10) emissions during operation
(Figure 6). By contrast, fossil-based power
plants are major contributors to air pollution, and
result in local poor air quality, haze, limited visibility
and reduced sunlight. The World Health Orga-
nization (WHO) has estimated that air pollution
causes approximately two million premature deaths

worldwide each year (WHO 2008).

Figure 6

AIR POLLUTANTS FROM SELECTED ENERGY CHAINS

kg (SO,,NOx, PM10)/kWh in thousands
30

Source: Weisser (2007).

Solid waste

All electricity generation technologies generate
waste — fuel and material extraction, fuel prepara-
tion, equipment manufacturing, plant construction,
plant operation and decommissioning in one way or
another generate by-products and wastes. These
wastes can vary widely for dif-
ferent electricity chains in terms
of volumes per kWh, toxicity
and longevity.

Lignite Hard Qil Natural | Natural | Cogen Nuclear | Hydro Wind Wind PV
coal gas CC onshore |offshore
2 The nuclear chain produces
waste of varying levels of radio-
0] toxicity. Low (LLW) and inter-
mediate level wastes (ILW)
15 4 account for some 97-98 percent
of the total volume, but only
10 1 approximately eight percent of
total radioactivity. LLW and
97 I ILW arise mainly from routine
I I I - i = facility maintenance and opera-
0- = . ..
N X O N X ON X O N X O N X O N X O N X O N X O N X O N X O N X O -
5653925285 5288:55¢:3¢8z2848¢89¢g5858¢  tonsaswellas fuel cycle activi
o o o o o o o o o o o . .
ties and range from just above
Source: Adapted from NEA (2007). nature’s background level to
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slightly elevated levels. Disposal of LLW and ILW
has been practiced safely for decades in many coun-
tries using engineered surface facilities, shallow and
intermediate depth facilities (IAEA 2009a).

It is the high level waste (HLW) that is the topic of
debate. HLW is either spent nuclear fuel or separat-
ed waste from reprocessing spent fuel. Globally,
nuclear power plants combined produce approxi-
mately 10,000 m3> HLW per year. This would cover
the size of a soccer field to a depth of 1.5 meters
(Commonwealth of Australia 2006). HLW accounts
for two to three percent of total nuclear radioactive
waste, but presents particular challenges due to its
radiotoxicity and longevity (IAEA 2004).

Although to date no repository accepting civilian
nuclear HLW is in operation, the nuclear industry
has practiced the safe temporary surface storage of
spent fuel for more than half a century. Over the last
two decades, however, major advances towards the
first operating disposal facility have been accom-
plished. Sweden and Finland have the most
advanced spent fuel management programmes with
sites selected with full participation of the
surrounding communities. Other countries
(e.g. France, Canada) have set out timeta-
bles for developing geological disposal
facilities.

It should be noted that long-lived toxicity
is not unique to radioactive waste; other
forms of hazardous waste, such as mercury,
will retain their toxicity forever and will
thus require indefinite isolation. Although
small in comparisons to its total waste, PV
cell manufacturing generates some
amounts of toxic and hazardous wastes
with necessary confinement of thousands

of years (ENEF 2010).

Hard coal condensing power plant :

Internalizing external costs

Externalities arise when an economic
agent enjoys benefits or imposes costs
without having to make a payment for
doing so. The adverse health and environ-
mental damages (hidden costs) caused by
fossil sourced electricity generation or
damage costs by severe nuclear accidents
and that are not compensated by the pro-
ducer are negative externalities. Factoring

Figure 7

Biomass (woodchips) CHP | Il
Biomass (straw) CHP |
Solar thermal, parabolic trough _]

Hydropower, pump storage
Hydropower, dam (reservoir) :

Hydropower, run of river >100 MW
Hydropower, run of river <100 MW i
Hydropower, run of river 10 MW :

Natural gas combined cycle |

Lignite condensing power plant 1

Heavy oil condensing power plant |

external costs into the market price of electricity
(“internalization”) would necessarily result in higher
prices (imposing a carbon tax per tonne of CO2 emit-
ted as a proxy for damages caused by climate change
would, for example, reduce the attractiveness of fos-
sil-fuelled generating technologies). It would send
correct pricing signals to the market place, thus
changing the merit order of investment and operat-
ing decisions, as well as reducing demand and emis-
sions with subsequent lower externalities.

Several studies have attempted to quantify external-
ities, most of which focus on electricity generation
(EU 2003; NRC 2009; Ricci 2010). The latest system-
atic analysis of external costs of various electricity
supply technologies and their associated chains is
available from European Commission’s CASES>
project (Markandya, Bigano and Porchia 2011). The
CASES project estimated monetized externalities
due to: (1) climate change; (2) human health impacts,
biodiversity loss, crops, and materials of familiar air
pollutants; (3) health impacts of heavy metals; and
(4) health impacts of radionuclides.

5 Cost Assessment for Sustainable Energy System (CASES).

AVERAGE EXTERNAL COSTS FOR THE EUROPEAN UNION

(EU27)

Solar PV, open space |

I
Solar PV, roof _:[

[l

I

I

I

Wind off-shore |
Wind on-shore |

Natural gas turbine |

Lignite IGCC
Hard coal IGCC |

Light oil gas turbine |

Nuclear power plant

30 40
Euro per MWh
[ Human Health
M Loss of Biodiversity
Crop N deposition & crops O3
M Crops SO,
[JMaterials: SO, & Nox
[0 Other pollutants - human health
W Radionuclides - generic
Climate Change - generic

Source: EU CASES Project (Markandya et al. 2011).
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Figure 7 shows the estimated average monetized ex-
ternal costs (on a life-cycle basis) in the EU over the
period 2005-2010 for a range of electricity genera-
tion technologies.

Human health impacts due to classic air pollutant
emissions and the adverse consequences from green-
house gas emissions dominate the external costs
across all technologies. Through safety and environ-
mental regulations, the nuclear industry is ahead in
internalizing costs and thus compares well with its
alternatives.

Making nuclear energy
even more compatible with green growth

The future development of new generation nuclear
energy systems is influenced by economics, safety,
proliferation resistance and environmental protec-
tion, including improved resource utilization and
reduced waste generation (while drastically shorten-
ing the time span until radiation levels reach natural
background levels).

Increased safety

Enhancing by design the defence-in-depth of future
nuclear reactors through a combination of active and
passive safety systems mitigates the risk of severe
accidents by at least an order of magnitude as com-
pared to existing designs. The ultimate target is to
limit relocation or evacuation measures to within the
plant perimeter in the case of a severe accident.

Addressing 3R principles in long-term reactor
and fuel cycle strategies

Currently, nuclear reactors use some 67,000 tU annu-
ally and generate some 11,000 t of heavy metal as
spent fuel. It is the six percent of non-uranium con-
stituents that constitutes HLW and requires long-
term isolation from the biosphere. HLW accounts for
over 90 percent of the radiotoxicity of spent fuel. It
also needs cooling because fission products generate
a significant amount of heat during the initial sever-
al hundred years. Short-term risks are due to the
mobility of spent fuel in the geosphere and the pos-
sibility of it entering the biosphere, while the long-
term hazard of spent fuel and HLW is the longevity
of actinides (TAEA 2004).
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Great progress has been made in terms of under-
standing and delineating suitable underground re-
positories. These engineered or natural barriers pro-
vide for the isolation and containment of radioactive
waste, allowing time for radioactive decay such that
any eventual release of radioactivity back to the sur-
face environment will be comparable to releases
from natural rock formations and insignificant to
adverse effects on health and the environment
(NEA 2008). However, the total confinement of
radiotoxic materials in human-made structures
beyond 10,000 years cannot be guaranteed (IAEA
2004). Reducing or eliminating long lived radionu-
clides, therefore, has been an area of intensive R&D,
especially as waste management remains one of the
biggest challenges to public acceptance.

Reprocessing spent fuel is a first step towards a 3R
waste management strategy. Unlike once through
fuel cycles (OTC), where all spent fuel is eventually
disposed of in a geological repository, the reprocess-
ing fuel cycle (RFC) extracts plutonium and unused
uranium from spent fuel. RFC reduces the volume of
HLW requiring geological disposal drastically by
> 90 percent compared to OTC¢. 99.9 percent of the
uranium and plutonium is recovered. The HLW then
contains only fission products and minor actinides,
including a very minor fraction of the unrecovered
major actinides. When plutonium and uranium are
removed, the radiotoxicity falls below that of natur-
al uranium ore within approximately 9,000 years
(Figure 8).

Recovered uranium and plutonium can be fabricat-
ed into new reactor fuel (e.g., mixed oxide fuel
(MOX) - fuel consisting of recycled uranium and
plutonium, as well as of fresh uranium) for use in
conventional light water reactors. As a co-benefit,
the 3R waste management strategy would reduce
fresh uranium requirements, further reducing mining
and its associated impacts. The use of MOX fuel in
thermal reactors doubles increases the uranium uti-
lization efficiency by a factor of two (IAEA 2009b).

Compared with OTC, reprocessing in combination
with advanced breeder technology and closed

6 Reprocessing increases the amounts of low level wastes (LLW)
and intermediate level wastes (ILW). LLW and ILW have been
stored safely for more than half a century in many countries around
the world. Usually LLW is packaged in steel drums and stored in
near surface facilities. ILW is typically packaged for disposal by
encapsulation in highly-engineered steel or concrete containers
and deposited in intermediate depth facilities such as abandoned
mines or intentionally excavated facilities.




nuclear fuel cycles (CNFC) would Figure 8
boost overall resource utilization by
a factor of 60-70 with correspond-

ing reductions in HLW generation
10,000

RELATIVE RADIOACTIVE DECAY

Relative radiotoxicitv

(and disposal requirements). The
fast breeder reactor (FBR) gener-
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safeguards would be further simpli-
fied if fissile material and actinides
could not only be removed from
spent fuel (as in CNFC), but also destroyed through
‘partition and transmutation’ (P&T) technologies
(Royal Society 2011), i.e., by separating the long
lived elements plutonium, uranium, minor actinides
and long-lived fission products from the spent fuel
(partitioning) and converting (transmutation) them
into shorter-lived or stable and harmless isotopes. In
essence, partitioning is an extension to other
radionuclides of the current reprocessing techniques,
a kind of ‘super reprocessing’ or individual isotopic
separation.

Transmutation is the conversion of one chemical ele-
ment or isotope to another. Natural transmutation
occurs when radioactive elements decay over a peri-
od of time, transforming into eventually stable ele-
ments. Artificial transmutation involves irradiating
actinides in nuclear reactors with fast neutrons,
which decreases their intrinsic radiotoxicity by a fac-
tor of 100-1,000 (IAEA 2004). The radiotoxicity of
the remaining waste then declines substantially over
only a few hundred years (Figure 8), almost allaying
concerns about radioactive leaching into the bios-
phere. P&T is at a very early stage of development
and not expected to be deployable on an industrial
scale for several decades.

Nevertheless, even with integrated P&T, some
radioactive isotopes will always accompany the bulk
of the fission products. Whichever strategy is fol-
lowed, a repository for radioactive waste will need to
be established, whether through direct disposal,
reprocessing or P&T (Widder 2010; IAEA 2009a).
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Source: Royal Society (2011).

Concluding remarks

Energy is an essential component of green growth —
there is no growth without energy, green or other-
wise. Energy in the context of green growth must sat-
isfy several criteria including but not limited to: the
efficient use of natural resources, affordability,
access, the prevention of environmental degradation,
low health impacts and high energy security.
Although nuclear energy appears to be largely com-
patible with most criteria for green energy, percep-
tions differ widely concerning its benefits and risks
for green growth.

Nuclear power can be competitive in some markets
and existing nuclear plants are often the lowest cost
base-load generators on the grid. Its long-run mar-
ginal competiveness depends on investors’ time hori-
zons and risk averseness. Liberalized markets char-
acterized by short-run shareholder value maximiza-
tion are less likely to adopt a technology with high
upfront capital costs and long amortization periods
than in markets where investors take a longer-term
perspective; where energy security concerns allow
for an insurance premium; where investors value
predictable and stable generating costs; or where
nuclear energy’s climate and environmental benefits
are visible to investors.

7 Development that "meets the needs of the present without com-
promising the ability of future generations to meet their own
needs” (UN 1987).
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Nuclear power expands the supply options for pre-
sent and future generations and is consistent with
the Brundtland definition of sustainable develop-
ment’. Future generations should have the right to
decide for themselves about the suitability of the
technology to meet their needs. From a resource per-
spective, nuclear power holds the potential to decou-
ple itself from long-term resource limitations. On a
life cycle basis, nuclear power has low externalities,
lower than those of fossil fuel chains, and compara-
ble with the electricity chains of many renewables.

Today’s technology is not tomorrow’s. As with all
technologies, innovation and R&D in the nuclear
field will lead to progressively higher safety margins
and improved economics in new reactors. However,
absolute safety is a myth — accidents will happen,
which is one profound lesson learned from the
Fukushima Daiichi accident. While the social, psy-
chological and economic damages of the accidents
are enormous, not a single person has died from radi-
ation caused by the Fukushima Daiichi plant and
long-term radiation-related health effects from the
accident will not be statistically notable.

If the Chernobyl accident is any indication, the
Fukushima Daiichi accident will certainly lead to the
further strengthening of stringent safety measures
and regulatory schemes. It can also be expected that
probabilistic safety assessments will increasingly be
complemented by beyond-design based determinis-
tic approaches.

When judging nuclear power on its green growth
merits, one should be aware that there is no technol-
ogy without risks and interaction with the environ-
ment. Fossil fuel chains cause tens of thousands of
deaths every year and contribute to climate change.
While wind, solar and nuclear energy have quasi no
interaction with the environment at the point of el-
ectricity generation, there are emissions and wastes
associated with material extraction, manufacturing
and construction and, in the case of nuclear, with the
front and back-end of the fuel cycle. It is therefore
imperative to compare all options on a level playing
field. Some societies may well view the risks as exces-
sive and shy away from nuclear energy. Other soci-
eties will continue to adopt or expand its use as an
integral part of their national green growth strategies.
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