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Abstract: Nuclear energy currently accounts for a declining share of global electricity, but it is
possible that rising concerns about global climate change and China’s ambitious nuclear program could
reverse this trend. This review attempts to assess the global future of nuclear power, showing how the
optimistic forecasts in the early days of nuclear power have been replaced by far more modest forecasts.
The review first discusses the controversies surrounding nuclear power. It then briefly examines the
prospects for three proposed reactors of the future: Small Modular Reactors; Generation IV breeder
reactors; fusion reactors. It finally discusses the social and political context for nuclear power, both
today and in the future.

Keywords: climate change; energy forecasting; fusion reactors; nuclear energy; renewable energy;
breeder reactors; Small Modular Reactors

Abbreviations: AEC: Atomic Energy Agency (US); EJ: exajoule = 10'® joule; FF: fossil fuels; EROI:
energy return on energy invested; GHG: greenhouse gas; GW: gigawatt (10° watt); IAEA:
International Atomic Energy Agency; IPCC: Intergovernmental Panel on Climate Change; ITER:
International Thermonuclear Experimental Reactor; LWR: Light Water Reactor; MW: megawatt (10°
watt); OECD: Organization for Economic Cooperation and Development; ppm: parts per million; RE:
renewable energy; SMR: Small Modular Reactor; TWh: terawatt-hour (10'? watt-hour)

1. Introduction

The first nuclear power plant was connected to the electricity grid in 1956 in the UK. The 1960s
and 1970s were times of unbridled optimism for the future of nuclear power. In a 1976 publication,
the International Atomic Energy Agency (IAEA) [1] predicted a global nuclear installed capacity
of 2500 gigawatt (GW) for year 2000. Nor were the IAEA alone in forecasts of this type. For the US,
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Lane [2] in 1959 forecast 600 GW nuclear capacity, with over 30% coming from breeder reactors. Again,
for the US, the Atomic Energy Agency (AEC) and Energy Research and Development Agency (ERDA)
issued predictions for installed nuclear capacity for the year 2000. Predicted values for year 2000 rose
in the late-1960s before peaking in the early years of the 1970s at between 1200 and 1500 GW, before
falling steeply after around 1973 [3]. Joskow and Baughman [4] also forecast high penetration of
nuclear power in the US by 1995, with most scenario values in the 400—600 GW range.

The actual installed capacity in 2000 was only 348 GW globally, and around 95 GW for the US [5].
Global nuclear power output did rise quite rapidly until the late 1980s, but then the annual growth
rate fell, as shown in Figure 1. As a share of global electricity, nuclear power peaked at 17.5% as
early as 1996, but by 2017 had fallen to only 10.3% [6]. In absolute output, nuclear energy in 2019
and 2020 had not yet surpassed the 2006 value of 2804 terawatt-hours (TWh).

As shown in Figure 1, the OECD countries still produce most of the world’s nuclear power, but
their share is falling. The share of nuclear power in electricity production varies widely between
countries. For most countries it is zero. In France, however, it is over 70% and over 50% in the Slovak
Republic and Hungary. In India and China with ambitious nuclear plans, nuclear power’s share is still
only a few percent [7].

Why were the forecasts for nuclear energy futures so optimistic in the 1970s? One possible reason
is simple economics: nuclear proponents believed that the nuclear electricity option would be far
cheaper than electricity from fossil fuels. In the often-quoted words of the chairman of the US (AEC)
in 1954, nuclear electricity would be ‘too cheap to meter’ [8]. An important reason for this low
predicted cost was the small fuel load for reactors (and small size of reactors themselves) compared
with coal power stations of the same output. (Another possible reason was the reaction of many nuclear
physicists to the nuclear bombs dropped on Japan in 1945. Nuclear power offered the chance of turning
‘swords into plough shares’. Unfortunately, the record shows that some countries found ways of
turning the ploughshares back into nuclear weapons).
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Figure 1. Nuclear power output (in TWh) for the world overall, OECD and China, for
years 1965-2019. Source; [6].

As Figure 1 shows, in the OECD countries, which still account for most nuclear energy, output is

in decline, the result of opposition to nuclear power and (probably related) escalating costs of
construction. China, and to a lesser extent other rapidly industrializing countries, are seen by the
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industry as providing the main hope for a nuclear power revival. Particularly in OECD countries,
nuclear reactors have taken many years to plan and build, partly because of their complexity, and partly
because of a lack of standardization. Further, as a result of the downturn in new reactor start-ups, the
world’s reactor fleet is ageing [9], and many are planned to be shut down in the next decade or so [10].
The result of long construction lead times is that forecasting the maximum possible nuclear output is
relatively simple over the next decade or so. After that period, the nuclear future is increasingly
uncertain.

Figure 2 plots the percentage of all articles on energy/fuel in the Elsevier Scopus database that
have the term ‘nuclear energy’ in the title, abstract or keywords. This percentage reached a peak of
over 60% in 1970, before falling rapidly in the early 1970s, and today is under 2%. Overall, articles
with either of the general terms, ‘energy’ or ‘fuel’ in the title, abstract or keywords have risen from
under 500 in 1970 to over 130,000 in 2020. The nuclear share of articles in 1970 has been steadily
replaced by articles on renewable energy sources, particularly solar, wind and bioenergy. This result
strongly suggests that research interest in nuclear energy is also losing momentum.

Although Figure 2 shows a relative decline in nuclear power’s share of energy papers of all
types, there were still over six thousand reviewed articles on nuclear power published in the three
years 2018-2020. Clearly, only some could be included for review. In general, more recent papers
were favoured, but because the history of nuclear power is also important, selected articles from several
decades ago were also included. Further, given the polarisation of views on nuclear power, papers
from both ‘sides’ of the debate were discussed, as shown in Table 1, discussed below. Finally, narrowly
technical papers were excluded; technical detail has only been supplied to the extent needed for
understanding the issues involved. What is also novel in this review is its global, future emphasis, and
the attempt to situate nuclear energy not only among competing energy sources, but also to discuss
this energy future in the changed world thrown up by climate change and the current pandemic.

The rest of this review is organised as follows. The next section looks at the host of controversies
that have surrounded nuclear power since its inception. Although all energy generation can produce
controversies and opposition, some are unique to nuclear energy. Section 3 ‘Future Nuclear Power:
Technology’ examines three technologies for future nuclear power: small modular reactors, breeder
reactors, and fusion energy. None are new proposals, and only fusion energy has no history of
commercial energy generation. The section ‘Future Nuclear Power: Social, Economic and Political’
discusses the non-technical aspects of nuclear energy, as these will have a vital role in the success or
failure of the nuclear enterprise. The section ‘Discussion’ offers an overview of the main findings and
a very tentative view of nuclear energy’s future prospects. A very brief ‘Conclusions’ section gives a
summary of the main points.

AIMS Energy Volume 9, Issue 5, 1027-1042.
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Figure 2. Elsevier Scopus articles on nuclear energy as % of all energy/fuel articles vs year.
2. Nuclear power controversies

Over the past four decades or so, nuclear energy has generated extraordinary controversy, both at
the popular level and in the published literature. As Machin [11] stated: °[...] nuclear power is
simultaneously regarded both as the best means of addressing climate change and as the worst’. All
energy sources, including fossil fuels (FFs) and renewable energy (RE) sources, have at least some
adverse effects, and all receive subsidies to some extent [12]. The adverse environmental effects for
large-scale hydroelectric projects, for example, are well-known. While some nuclear power countries
in the OECD are committed to closing all nuclear plants in view of nuclear power’s perceived adverse
effects, other nations, particularly China (see Figure 1), are pushing ahead with ambitious nuclear
programs.

Table 1 gives a small selection of mainly recently published papers from the vast literature on
both sides of the controversy for a number of different aspects of nuclear power. Most of the authors
listed in one or other entries in the ‘Optimistic’ column would also be optimistic on the other entries;
the same is true for ‘Pessimistic’ column authors. Understandably, articles from those working in the
nuclear industry or in nuclear engineering university departments tend to be optimistic about nuclear
energy. More generalist energy researchers are far more evenly divided in their support ‘for’ or ‘against’
nuclear power. Although there are more conflicting views on nuclear power than on other energy
sources, controversies and disagreements among experts do appear to be a feature of energy research
in general [13].

One overarching problem facing nuclear power is that for success, nuclear power must score
positively on most of the controversies listed in Table 1, whereas it might only take one negative entry
to doom this energy source. If the risk of serious nuclear accidents is too great, if uranium reserves are
not adequate, or if costs are much greater than alternative energy sources (such as renewable energy),
then nuclear power’s future is in doubt.

Possibly the most important argument in favour of expanding nuclear power is that nuclear power
is essential for climate change mitigation [14—17]. At present, despite the rhetoric, climate change is
not taken seriously enough to affect emissions; fossil fuel CO2 emissions and resulting atmospheric
CO:z levels are still growing strongly [6,17]. But such neglect cannot continue for much longer, so
that many researchers think that all alternatives to fossil fuels must be considered. Further, massive
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and rapid expansion of the other non-carbon energy source, renewable energy, has its own
problems [18,19]. Nuclear power may not be a renewable energy source, but is certainly a low-
carbon energy source: this much is acknowledged by nearly all energy researchers. A number of
researchers [e.g., 20] have argued that nuclear and renewable energy can complement each other to
produce all energy needs, not just electricity.

Table 1. Nuclear power controversies.

Nuclear Energy controversy ‘Optimistic’ papers ‘Pessimistic’ papers
Nuclear power’s future [1-4] [13,21-25]
Nuclear energy essential for climate [14-17,26] [25,27,28]
change mitigation

Energy return on energy invested [29,30] [5,31]
(EROI) for nuclear energy

Future costs for nuclear energy [32] [10,33]
Size and cost of uranium reserves [34,35] [36]
Environmental benefits of nuclear power [16] [37]
Dangers of nuclear weapons [38] [5,23]
proliferation

Risk from serious nuclear accidents [34] [39,40]
Health effects of low-level radiation [41] [42]
Successful introduction of fusion power  [15,43,44] [45-47]

3. Future nuclear power: technology

One of the difficulties facing nuclear power is the lack of standardisation for reactor designs.
Unlike, for example, hydroelectric power stations, which must be adapted to the characteristics of the
site, there is little reason why reactor designs should vary so widely. Most nuclear plants today—for
example, the common light water reactors (LWRs)—are thermal reactors. Such reactors use so-called
slow or thermal neutrons. ‘A thermal moderator is used to slow the neutrons emitted by fission to make
them more likely to be captured by the fuel’ [48]. The majority of reactors operating today use uranium
enriched to 2—4% of the uranium-235 isotope (U-235), which, unlike the far more naturally more
abundant U-238, is fissile. Today the gas centrifuge method is preferred for enrichment, because of its
much lower energy needs compared with the earlier gas diffusion method.

Most reactors today also use water as coolant and moderator. Others, like the UK Magnox reactors,
use unenriched uranium, which only contains 0.7% of the U-235 isotope, as well as graphite as
moderator and COz as coolant. The Canadian CANDU reactors also use unenriched uranium, but then
use heavy water (made from the deuterium hydrogen isotope) for moderator and coolant. CANDU
reactors can also be refuelled online, but most thermal reactors, reflecting their naval reactor origins,
must be shut down for refuelling. The common use of water for coolant, and compact, high energy
density design, also reflects their naval reactor origin.

The reactors being built today are so-called ‘Generation III or III+’ reactors, which are
essentially improved and potentially safer versions of existing LWRs [48], which still have many
safety problems [49]. Generation IV reactors are under development, but not expected to be deployed
until after 2030, with several of them breeder reactors, discussed below. In this section, three reactors
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of the future are discussed, but both Small Modular Reactors (SMRs) and breeder reactors have been
around for many decades, and have even seen commercial operation. Fusion energy has also been
discussed and researched for many decades, but no commercial, or even demonstration plant, is yet in
operation.

3.1. Small modular reactors

One response to the long lead times and high costs of conventional reactors is to develop Small
Modular Reactors (SMRs), defined as reactors with a rated output of 300 GW or less. They are not
really a new idea—interest in them goes back to the 1950s, with a ‘second wave of enthusiasm’ [50]
in the 1980s, but no designs were carried through to the commercial stage. According to Mignacca et
al. [51], some 50 different SMR designs are now under development in several countries. The proposed
new reactors would be largely factory-made and delivered to site, unlike present large reactors, which
can have an output of 1000 megawatt (MW) or more. These SMRs, typically sized 10-100 MW, could
be used in remote locations, or in countries or regions with electricity demand too small to support a
large conventional reactor [52]. Unlike present large reactors, which are individually designed, the
small reactors could potentially be mass-produced. Construction times at the site would be greatly
reduced, as the module components would be shipped to the reactor site.

Extravagant claims have been made for these proposed reactors in terms of their safety and utility.
SMREs, their advocates argue, could be used for saltwater desalination, and for space exploration [50].
To justify the shift away from conventional large reactors, their proponents acknowledge that present
conventional reactors carry significant accident risks and waste disposal problems, but claim that
SMRs can overcome these challenges. Cost of electricity might be expected to be higher than that for
large reactors, because of loss of economies of scale. For industrial plant in general, construction costs
per unit of output rise much more slowly with larger plant size [33]. However, modelled results [53]
indicate that costs per MW would be similar to conventional reactors, even considering the cost
overruns these have often experienced.

A proposed variant of SMRs is the micro-reactor or ‘nuclear battery’, with an output of 1-20 MW.
Once the battery is exhausted it would be sent back to the manufacturing plant (by truck or shipping
container) for refuelling and maintenance [54]. Testoni et al. [55] reported that for such microreactors:
‘The main advantages are the small size, the simple plant layout and the fast, on-site installation. The
main challenges are the limited fuel availability, the security and proliferation risk and the licensing
process’. They also argued that such reactors, while not cost competitive with large conventional
reactors, can compete with alternatives such as diesel generators for small-scale applications.

3.2. Breeder reactors

It was realised very early on that thermal reactors using enriched uranium without recycling could
not provide for unlimited energy, because of eventual depletion of uranium reserves. For that breeder
reactors—or fusion energy, discussed below—were needed [56]. In breeder (or fast) reactors some of
the fertile (and abundant) U-238 isotope is converted to plutonium-239 (Pu-239), which like U-235, is
also fissile. The difficulty is that to extract this fissile material, the spent fuel must be reprocessed, a
complex and expensive process. Since Pu-239 is a weapons grade material, widespread reprocessing
under cover of a civilian breeder reactor program would raise the risk of nuclear weapons proliferation
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in an already deeply-divided world. Nor are countries aspiring to nuclear power likely to accede to
proposals to confine spent nuclear fuel reprocessing to a handful of countries such as France, Japan
and the US.

One of the proposed Generation IV reactor designs is the sodium-cooled fast breeder reactor. As
with SMRs, this type of nuclear reactor has been around for decades, and several have operated
commercially. As Locatelli et al. [57] state in their review of Generation IV designs: ‘The main
advantage of this technology is that the fast spectrum is able to convert fertile material into fissile,
increasing the efficiency of usage of the nuclear fuel by about 50 times’. However, water can no longer
be used as a coolant. Instead, molten metal is often used as coolant, particularly sodium. Sodium is an
excellent coolant, having both a low melting point and a high specific heat. Molten salts have also been
employed as coolants. Like nuclear reactor design in general, there is no consensus as to what would
be the best breeder reactor design. This lack of consensus stands in marked contrast to wind turbines
for example, where the two or three blade horizontal axis design is nearly universal. In recognition of
this problem, Generation IV has concentrated on only a handful of the more promising reactor designs.
Nevertheless, there has been a series of closures of existing breeder reactors over the last decade or
two [58].

3.3. Fusion reactors

Fusion reactors, like SMRs, are advocated by their supporters as overcoming the acknowledged
problems facing conventional reactors. Since no fusion reactors are in operation, they can claim a
spotless operating and safety record! Half a century ago, Post [44] predicted that fusion energy could
see commercial application as early as the mid-1980s. Today, even fusion supporters do not see
technical feasibility established before 2035, or its widespread commercial use until at best until much
later in the century. If the world is to avoid the worst effects of climate change, decisive action cannot
wait until late in the 21% century [17,59].

The tokamak magnetic confinement system is the leading design for commercial fusion power,
as used in the International Thermonuclear Experimental Reactor (ITER) plant presently under
construction in France. Hirsch [60] has argued that such designs fail on the three criteria for practical
fusion power: ‘attractive economics, regulatory simplicity, and public acceptance’. For example, the
ITER plant has exceeded initial cost estimates by an order of magnitude [61]. Jassby [47], a retired
fusion researcher, even entitled his article ‘/TER is a showcase ... for the drawbacks of fusion energy’.
He summarizes the difficulties facing nuclear energy as follows: ‘The underlying problem is that all
nuclear energy facilities—whether fission or fusion—are extraordinarily complex and exorbitantly
expensive’.

Can fusion energy, the universe’s fundamental energy source, be considered a truly renewable
energy source? Although, unlike U-235, one of its input fuels—the hydrogen isotope deuterium (D) is
plentiful. The other input fuel is the hydrogen isotope tritium (T), which has a short half-life, can be
bred from lithium. In contrast, the specialist materials needed to contain the hot plasma (at 100 million
K) may be in short supply. The confinement materials will become heavily radioactive under the
barrage of neutrons produced by the D-T reactions [60]. Hassanein and Sizyuk [61] have pointed out
design flaws in ITER-type devices under instabilities and loss of confinement of the hot plasma. This
possible loss of confinement will necessitate a strong containment around the reactor core to protect
plant workers and the public from radiation releases [60].

AIMS Energy Volume 9, Issue 5, 1027-1042.
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4. Future nuclear power: social, economic and political

This review is about the future of nuclear power. It may be that, given the impacts brought about
by climate change (along with the Covid-19 pandemic), the past will be a poor guide to our energy future.
The latest Intergovernmental Panel on Climate Change (IPCC) report, released in August 2021 [17] is
unequivocal about the urgent need to tackle climate change if we are to avoid disaster. Proposed energy
solutions available only in two decades or more, are not useful in avoiding further shifts to extreme
weather events even more catastrophic than the wildfires, floods and heatwaves experienced in 2021.
Certainly, as discussed in the Introduction, historical nuclear forecasts were wildly optimistic. In this
section, the heavily interconnected social, economic and political aspects of nuclear energy are
discussed. In this section, four key factors affecting the global future of nuclear power are discussed
in the following three sub-sections.

In a general paper on energy futures, Sovacool et al. [62] call for a social science perspective in
future energy research. They argue for the need to focus on pressing problems, and for research projects
to include authors from a variety of disciplines and geographical backgrounds. They also urge energy
researchers to reflect on their own biases and limitations.

4.1. Nuclear costs

Nuclear power must compete economically with alternative methods of power generation. One
problem that arises is that all energy sources, not only FFs, but also RE and nuclear power, receive
significant subsidies in several forms [63]. Energy policy today is being pulled in two opposite
directions. Utility companies and governments favour using the cheapest power generation sources.
Since they can presently largely ignore the climate change costs of fossil fuels, such fuels are still
favoured, especially outside the OECD countries. However, after decades of inaction on climate
change, many countries, especially in the OECD, plan to reduce their CO2 emissions. If substantial
carbon taxes are levied to achieve this, costs of fossil fuel power will rise and all low-carbon sources,
including nuclear, should benefit.

The cost of nuclear energy may seem a purely technical issue, but in fact this topic cannot be
separated from the politics of nuclear power. Political pressures to improve reactor safety (and the
safety of the entire nuclear energy cycle, from mining through to radioactive waste disposal), and to
minimise the risk of weapons proliferation, have driven up the costs of nuclear power, in OECD
countries, at least. The result is that electricity utilities in these countries, even those without a formal
commitment to phase out nuclear power, increasingly view new reactors as a financially risky
investment. As the IEA [7] have reported for new reactors: ‘The main obstacles relate to the sheer
scale of investment and long lead times; the risk of construction problems, delays and cost overruns;
and the possibility of future changes in policy or the electricity system itself. There have been long
delays in completing advanced reactors that are still being built in Finland, France and the United
States’. Wealer et al. [64], in a recent paper, report on modelling costs for Generation III reactors, and
simply concluded that ‘the economics of nuclear power plants are not favourable to future investments,
even though additional costs (decommissioning, long-term storage) and the social costs of accidents
are not even considered’.

According to M.V. Ramana, cited in Anderson [65], nuclear power is ‘the one tech where the
costs have gone up, not down, with experience’. Ramana add that: ‘The way to think about it is that
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the more experience we have with nuclear power, the more we learn about potential vulnerabilities
that can lead to catastrophic accidents’. Cost overruns are the norm. In the US, spurred on by the
Energy Policy Act of 2005, construction started on two new nuclear power plants in Georgia and South
Carolina, using the Advanced Passive 1000 design. The South Carolina plant was abandoned in 2017 after
$9 billion expenditure. The initial cost estimate for the Georgia plant was $14 billion with a 2016-2017
start-up date, but a recent cost estimate is $29 billion, and is still under construction in 2021 [33].

One approach advocated by the IEA and others to improve the prospects for nuclear energy is to
extend the life of existing reactors. As already noted, many reactors are approaching the end of their
service lives. Refurbishing these reactors to extend their lives by two decades or more is far cheaper
than replacing them with new reactors. It also postpones the decommissioning of old reactors, which
is an expensive process. Lifetime extensions by replacing key reactor components still entail
investment, but are better able to compete with RE or natural gas generated electricity on cost [7].
However, already in the US, over 90% of nuclear plants have had their operating licenses extended
from the usual 40 years, to 60 years [9].

4.2. Nuclear waste disposal and reactor decommissioning

Nuclear power shares a vital property with fossil fuels: its continued use could mortgage the future,
placing unfair burdens on future generations. CO:z is a long-lived greenhouse gas (GHG) in the
atmosphere, which means that high atmospheric concentrations will persist, even if we stopped
emitting CO2 now. Atmospheric CO2 concentrations have now reached 410 ppm—the highest level
for millennia—and the world is already experiencing an increase in the frequency and intensity of
extreme weather events such as floods and heat waves [16,17,59]. Since further rises in atmospheric
CO:2 ppm seem inevitable, our legacy to future generations will be an increasingly hostile environment.

However, nuclear wastes are similarly long lived. Plutonium has a half-life of 22,400 years, which
means that a roughly 1000-fold decay needed to render wastes harmless to humans will take 10 half-
lives or 224,000 years [5]. For comparison, remember that the nuclear era—including nuclear
weapons—is only 7-8 decades old. Like CO2, which also has a long (atmospheric) half-life,
radioactive wastes from reactors will continue to accumulate, and no permanent waste disposal
repositories are operational anywhere on the planet. The problem of waste disposal has been an
important part of the political opposition to nuclear plants.

One proposed technical solution to this problem is ‘partitioning and transmutation’ (P&T).
Kooyman [58] defines P&T as ‘the process of separating the minor actinides from nuclear spent fuel
and irradiating those using neutrons or other high-energy particles in order to trigger fission and obtain
fission products with reduced half-lives’. Advantages would be reduced toxicity of wastes, and near-
total burn-up of the uranium fuel. However, this complex process requires breeder reactors, and given
the dwindling support for such reactors, is not likely to happen for decades, if at all.

A related problem is decommissioning reactors at the end of their operating life. The 4-unit
Fukushima Daiichi nuclear power plant can serve as an example, although the melted fuel and other
damage undoubtedly increased costs. The 4-unit plant cost $2.2 billion and 10 years to construct, but,
according to Normile [66]: ‘It’s going to take roughly 30 more years and $76 billion to remove intact
nuclear fuel, recover resolidified melted fuel debris, dismantle the reactors, and dispose of
contaminated water’. Clearly, nuclear waste disposal and plant decommissioning are also economic
problems. The radioactive nature of nuclear plant materials means that nuclear power can never really
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be part of the circular economy [67]; unlike former solar plants or wind turbines, the materials used
for reactor construction cannot be recycled.

The climate is changing and will continue to change in likely unpredictable ways—we are moving
toward a ‘no-analogue’ climate future [68]. Extreme weather events are rising globally [69]. Already,
drought-induced shortage of cooling water has led to thermal power plants—including nuclear
reactors—shutdowns [70]. On the other hand, too much water can also be a problem: Jenkins et al. [71]
have argued that rising sea levels could lead to flooding for several coastal US spent fuel storage sites.
Further, it was tsunami-induced flooding that severely damaged the reactors at Fukushima.

We have no real idea of what human settlement patterns will be over the next 250 years, let
alone 250 millennia. Nor do we know—mnor can we ever know—the future hydrological regimes of
proposed waste repositories. Further, the history of temporary above-ground storage does not give
confidence that an ever-rising volume of waste will be safely dealt with [72,73]. Waste disposal is a
cost which nuclear operators—or their successors many centuries in the future—will inevitably
attempt to minimise. The frequent failures of tailings dams in general mining should serve as a warning
here [74].

4.3. Nuclear proliferation and reactor safety

Today we have many examples of near-failed states and on-going civil wars. What if nuclear
power spreads to most countries, and the governance standards of a nuclear power country deteriorates?
What will that mean for reactor safety, and proper and continued waste disposal and monitoring? Most
discussions on nuclear safety assume that all parties are well-intentioned. Even Charles Perrow’s noted
book on ‘Normal Accidents’ [75] implicitly assumes that any likely serious nuclear events are
accidents, not deliberate acts of sabotage or terrorism. Yet at least one case of a rocket attack on a
nuclear installation—the Superphenix nuclear power plant in France—has been documented [76].
Even if reactors continue to be built with a concrete containment vessel, the cooling ponds, in which
the intensely radioactive spent fuel rods are temporarily stored, are still vulnerable to attack. Such an
attack could disperse radioactive material over a wide area, and lead to widespread panic. Additionally,
as has already occurred, more countries with nuclear power programs could be expected to attempt
nuclear weapons development. A number of countries have yet to ratify the UN Treaty on the non-
proliferation of nuclear weapons [77].

4.4. Nuclear reliability and fuel availability

Dittmar [36], in his paper ‘The end of cheap uranium’ made the case for uranium supply being a
critical issue for the future of nuclear power. If nuclear power output had fulfilled its early promise,
uranium reserves could indeed have been a problem today. Declining ore grades would also have
increased the costs (monetary, environmental and energetic) of mining and refining uranium ores. But
the stagnation in nuclear output, and the availability of enriched uranium from decommissioned
nuclear warheads, have enhanced availability of fuel.

A very different problem is illustrated by the nuclear accident at Fukushima in Japan in 2011 [Kosai 78].
Not only was nuclear output lost from the damaged reactors, but many others were closed as a safety
precaution, so that nuclear electricity output in Japan went from 292.4 TWh in 2010 to 162.9 TWh and
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then to 18.0 TWh in 2012 [6]. Although reactors normally have high availability, they are clearly
vulnerable to natural and other disasters.

5. Discussion

Markard et al. [79] concluded that the nuclear industry is in global decline, for a variety of reasons
including public opposition, market liberalization and competition from renewables. Nuclear energy
growth faces a combination of high costs—and financial risks—compared with other energy options,
declining output in several OECD countries (and lack of interest in the nuclear option in a number of
others) and long lead times for construction. It follows that nuclear power cannot be a realistic option
for tackling climate change in the very limited time we have for avoiding climate catastrophe [80].
Many researchers [eg, 81-83], believe that declining costs for RE, especially wind and solar power,
will render the nuclear option irrelevant.

Table 2 compares the three energy groups on the four criteria discussed in Section 4, plus two
others: public health and safety and opposition to construction. The various criteria are not really
independent of each other. Nuclear costs vary with the strength of opposition to nuclear power, and
citizen concerns over routine emissions, reactor safety, waste repository permanence, and so on. On
all criteria, all three energy groups face challenges to a greater or lesser extent. Only on the issue of
weapons proliferation is nuclear energy unique. Further, the relative merits of the three energy groups
could change over time, caused by technological breakthroughs, and even social and political changes.
Rising future uncertainty could favour the RE sources wind and PV solar, with their very short lead
times for installation.

Table 2. Comparison of energy sources on various criteria.

Criterion Nuclear Renewable energy Fossil fuels
Costs High, but difficult to separate Costs contested, as Low at present, but will
from safety, waste disposal, and environmental costs not greatlyincrease if climate
proliferation issues, etc. usually included. Energy change costs included.
storage will further raise costs.
Waste Not yet attempted at scale, but Moderate: mine tailings from  Moderate: combustion air
disposal costs probably very high. ores; toxic wastes from PV pollution; mine tailings
manufacture. disposal.
Weapons Weapons programs can occur Not a problem. Not a problem.
proliferation  under cover of civilian program.
Energy Fuel supply a minor problem at Not a problem, unless RE Can occur, as 1970s oil
security present. electricity or bioenergy pellets embargoes showed. Eventual
imported. depletion.
Health and Strongly contested: debate highly =~ Minor problem only. Air pollution kills millions
safety polarised. worldwide annually.
Opposition Opposition on location, Location opposition, on noise ~ Location and general

environmental, health and safety

grounds, etc.

general opposition on bird/bat
deaths.

environmental opposition.

AIMS Energy

Volume 9, Issue 5, 1027-1042.



1038

In the welcome but unlikely event that unlimited supplies of cheap RE could be rapidly
implemented, the controversies would melt away. Given that the environmental costs of RE have been
under-estimated—or even ignored—RE costs, technical potential, and potential for rapid displacement
of FFs, have likely been greatly overestimated [18, 84—89]. It is thus likely that there is no replacement
for fossil fuels which is both cheap and capable of being rapidly implemented. Further, if RE is to
completely replace FFs, energy storage would be needed, since the only RE sources with large
technical potential are wind and solar, both intermittent sources [18]. Research on nuclear energy has
pioneered the use of the full fuel cycle in analysing the impacts of nuclear energy, from the health
effects of mining uranium to the environmental effects of the ultimate disposal of high-level wastes
from reactors. For valid comparison, a similar approach must also be used for competing energy
sources, as illustrated in Table 2. The arguments concerning nuclear vs RE are thus likely to continue.
It may well be that, given the extremely uncertain times we are experiencing, reductions in energy use
are the safest and fastest course of action, as are already happening in core OECD countries [6]. If so,
no new OECD electrical capacity would be needed. The rise of extreme weather events, together with
the social changes caused by the global pandemic, could render these reductions more feasible.

Unfortunately, the controversies might also vanish if further serious nuclear accidents or nuclear
terrorism were to occur. The lessons of spectacular and widely publicised failures at Chernobyl and
Fukushima resulted in major setbacks for nuclear power globally. The major failures to date have all
occurred in technologically sophisticated nations. If reactor numbers increase greatly, and become
widespread in countries with lower levels of either technological expertise or regulatory oversight, the
chances of further major nuclear accidents will likely increase. And it is just these countries which are
most in need of increased electric power capacity [90]. However, a new serious failure anywhere will
further damage the prospects for nuclear power globally.

6. Conclusions

As Table 1 showed, there is no agreement on any of the key aspects of nuclear energy. Indeed,
judging from the long history of these disputes, these controversies are unlikely to be satisfactorily
settled any time soon. Proponents of nuclear power often point to the urgent need to respond seriously
to climate change, and so argue that the current decline in nuclear power’s fortunes will (or must) be
revived soon. Further, the evident problems with present reactors will be solved, they argue, with new
reactor types—Generation IV breeder reactors, SMRs, and even fusion reactors. Opponents can point
out unresolved safety, waste disposal and weapons proliferation problems. They can also ask why
these technologies have not already been adopted at scale, given their long history of development. In
any case, nuclear power cannot help us solve the immediate challenge of climate change: given the
long lead times for a major rise in nuclear output, it is no longer an option.
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