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Foreword:
Failures?

“Try again. Fail again. Fail better.” Samuel Beckett’s words
are now legendary. There seems to be no crisis, setback or
adversity from which it is impossible to learn. Failure car-
ries its counterpart — success — within. Listen to the count-
less biographical radio programmes about fiascos that
turn to triumphs, Google for failures, see how self-help
books are structured. Perhaps it has always been this way
- or is this a consequence of our era’s accelerating de-
mands for success, growth, advancement and evolution?

The American historian Scott A. Sandage, who resear-
ched the cultural history of failure in the US, claims that
failure has become personal since the mid-nineteenth
century — you don’t just fail, you are a failure. He even
talks of a nation of winners and losers, in which everyone
is either the one or the other. Failure is thus a constant
and shadowy companion to the American dream, an
ever-present component of the American experience.
Sandage links this to several factors, including modern
society’s perpetual evaluation and our time’s statistical
exposure of private lives. In the nineteenth century, the
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innovation of statistics collection seemed to reveal in real
time previously hidden - or at least obscured - connec-
tions relating to the population and society. In the US,
this also coincided with the credit institutes’ division of
the populace into those who were creditworthy and others
— which is to say, losers. In addition, Sandage sees a link
with the rise of meritocracy. The statistics demonstrated,
incontrovertibly, that the masses were nothing other than
mediocre.!

Sweden is also a nation of mediocrity, just like every
other nation, and here too - even if we are not as in-
fluenced by the idea of an American dream - mediocrity
is associated with a lack of success, rather than a normal
distribution. There are people who believe that we are
now living in an age of perfectionism, placing sky-high
expectations on ourselves. Nothing other than flawless
will do, and everything that doesn’t make it is pretty
much a failure. These growing demands for ultimate
excellence are regarded by the Public Health Agency of
Sweden as one reason for the current rise in mental ill-
ness.? The same trend seems to be occurring in the rest of
the West, and perfectionism is said to have increased since
the 1980s. In his most recent book, the British psycholo-
gist and researcher Thomas Curran writes of a hidden
epidemic that is haunting the modern, capitalist Western
world, where the tougher demands we wrestle with mean
that we are increasingly likely to fail - and are particularly
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likely to dread this failure.* That fear inhibits us, Curran
claims.

Our contemporary individualism, enthusiasm for eval-
uation and constant searching for something that is occa-
sionally vague but better - yes, “more perfect” - makes us
ever-more vulnerable to failure. However, in itself, of
course, failure is nothing new. Quite the opposite, set-
backs and adversity are part and parcel of being human.

Mistakes, errors and a lack of success have, for centuries,
comprised the very foundation of science and research as
we know it. Trial and error. We could even claim that,
fundamentally, science is about daring to get things
wrong and then learning from your mistakes. A researcher
makes predictions and finds regularities, patterns and
laws in what appears to be chaos. The periodic table and
the discoveries of Newton, Linnaeus and Einstein are just
a few examples; new theories replace old ones, errors are
found, and systems improved or discarded. Faults and
troubleshooting are part of the process, and what the
Enlightenment, modernity, progress, was all about was
this: taming and mastery through rules, predictions and
- yes — finding mistakes.

We are now seeing indications that fewer scientific
breakthroughs are occurring - at least if by breakthrough
we mean scientific achievements that move our knowledge
in a completely new direction. This is happening despite
our faith in research and all the global resources invested
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in it.’ Is the lack of breakthroughs a failure of our times?
And, if so, is it our fear of failure that makes us less bold
and thus less likely to explore new directions?

We could ask ourselves whether anyone now believes in
progress and the future in the way that people did in the
1960s. In this way, we live in a darker world - or are we
just less naive? And there are fiascos, for individuals and
for societies, that are difficult to learn from, and where the
lesson is perhaps just to put it all behind you and move on.

Still, if we swept all those fiascos under the rug, if all
our setbacks were hidden and forgotten, we would not
have made any progress. We are somewhere between
these extremities, daring to see the mistake for the sham-
bles it is, sometimes with no lesson to be learned, and to
use it. In this essay collection, six researchers from the
humanities and social sciences take a closer look at failure
and the unintended consequences of success.

They range from what the constant evaluations of mo-
dern life do to us, to medical advances that inadvertently
change the perception of the body and create illegal
markets. In this essay, the historian of technology Per
Hogselius writes about nuclear power - a technology that
promised a great deal and rarely lived up to expectations.
But does this mean it is a failure?

Almost everything we do has unintended consequences,
and it is far from obvious what constitutes a failure — par-
ticularly when little time has passed. According to Walter
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Benjamin, the angel of history sees the past as a long chain
of catastrophes, while being propelled back-first into the
future on a storm called progress.

Someone who continues to read Samuel Beckett’s
famous lines on having another go, soon realises that he
is not delivering an optimistic call for success, but rather
a pitch-black description of failure:

Try again. Fail again. Better again. Or better worse. Fail
worse again. Still worse again. Till sick for good. Throw
up for good. Go for good. Where neither for good. Good
and all.¢

Jenny Bjorkman
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A failed technology?

We all know that science and technology play important
roles in contemporary society - for better or worse. At its
best, technology solves problems, simplifies our lives and
fuels dreams of a better world. We utilise it constantly,
every day, in its many different incarnations — but things
do not always go to plan. Many inventions, perhaps most
of them, never have a major impact, while others cause
accidents and disasters, or are used for the ‘wrong’ purpo-
ses and by the ‘wrong’ people. The history of technology
is full of artefacts and systems that have not behaved as
intended in their societal context; the historical drama of
technology not only includes successes. History would
not be complete without the other stories: those of inven-
tors and engineers who have seen their careers - and for-
tunes — go to waste, of governments held accountable for
extravagant and failed investments, and of large corpora-
tions that have gone under due to disasters in which their
technology has, at worst, claimed human lives.

This duality can hardly be better illustrated than by
nuclear power. The Janus face of nuclear power — half
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destructive and dangerous, half productive and helpful -
sparked a heated debate from the outset, eventually
leading to the now familiar controversies of the 1970s and
1980s. Today, nuclear power is once again the topic of
intense debate. Almost everyone has an opinion about
whether nuclear power is a good or bad technology,
whether it is hazardous or safe, and whether power com-
panies should build more nuclear power plants or, on the
contrary, decommission the ones already in operation.
One underlying question is whether nuclear power should
be considered a ‘successful’ or ‘unsuccessful’ technology,
and how we should deal with the many unforeseen con-
sequences that investments in this power source have
resulted in over the years. Here, an historical perspective
can help us to nuance the picture, letting us see how grand
visions of the future, high-tech triumphs and unexpected
shortcomings have shaped - and been shaped by - the
interaction of technology and society.



Nuclear power as it was and is

Nuclear power dates back to the late nineteenth century,
when Henri Becquerel and Marie and Pierre Curie dis-
covered and began to study the phenomenon of radio-
activity. The first decades of the twentieth century saw a
series of findings in physics and chemistry which eventu-
ally, around the turn of 1938/1939, led to German and
Austrian scientists being able to demonstrate fission - the
splitting of atomic nuclei. Researchers from several
countries contributed to the scientific progress in this
area, but much of this transnational knowledge exchange
ceased after the outbreak of World War Two, because
nuclear research was considered of strategic military im-
portance. What had until this point primarily been pure-
ly scientific research laid the basis — in the United States,
the United Kingdom and eventually the Soviet Union -
for practically focused experimental activities that aimed
to build an atomic bomb.!

After the bombing of Hiroshima and Nagasaki, civilian
nuclear technology developed as a spin-off from the work
on nuclear weapons. The period from 1950 to 1965 was a
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dynamic time of experimentation with many different
reactor types, most of which were inspired by military
experience with uranium enrichment and plutonium
production. These reactors initially competed with each
other but, in the second half of the 1960s, near consensus
emerged that the light-water reactor was the most suit-
able for large-scale civilian nuclear power.? Today, this
reactor type still dominates nuclear power around the
world, including in Sweden. Light-water technology be-
came the basis of civilian nuclear power’s commercial
breakthrough and paved the way for what can be de-
scribed as the golden age of nuclear power, from the mid-
1960s to the mid-198os. Virtually all nuclear power plants
now in operation were built during this period, with the
exception of a few countries — primarily South Korea and
China - whose expansion in this area is more recent.?

However, if we look at statistical data for the historical
growth of nuclear power, we see that the number of new
nuclear power plants being constructed has been in de-
cline since 1976, as shown in the figure on the next page.
The underlying reasons for this turn are not easy to
unravel; they include technical problems in getting them
to work as intended, but also stricter demands from
regulatory authorities, growing anti-nuclear sentiments
among the public and a slowdown in the demand for
electricity following the 1973 oil crisis.

Nuclear power’s expansion further stagnated in the
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1980s and 199o0s, following the Three Mile Island accident
in 1979 and the Chernobyl disaster in 1986 - but it had
begun prior to this. There is a common misconception,
even among respected scholars, that nuclear power only
stopped expanding after the Three Mile Island accident.*

If we look at the atomic age in Europe specifically, we
see that nuclear power’s contribution to overall energy
supply grew rapidly, sometimes exponentially, for 25
years. By the end of the 1980s, no fewer than 182 reactors
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were operating in Europe. However, almost no new ones
were built after this and increasing numbers of nuclear
power plants were decommissioned. European nuclear
power thus entered its stagnation and decommissioning
phase. At present, only around 120 European reactors are
still operating, and the number continues to decline from
year to year.’ Still, in some countries — not least Sweden
- hope of a nuclear power comeback remains high. For
example, alongside interest in conventional nuclear power
plants, we have seen a growing interest in ‘small modular
reactors’ (SMRs). These are, or so their proponents claim,
cheaper, safer and more flexible than the large-scale, tra-
ditional reactors of the ‘golden age’. The extent to which
such visions can be put into practice will become apparent
in the coming years.



A generic technology?

There are several ways to approach the question of
whether nuclear power, as it has taken shape in society,
should be considered a success or a failure. One particu-
larly appealing way is to examine what was expected of
nuclear technology at different points in time, and then
compare this with the actual outcome. In other words,
how has nuclear power succeeded in delivering on the
comprehensive promises with which it was associated?
From the very start, there were many ideas about the
future of nuclear power. Early twentieth-century science
fiction expressed the dream of a new, nuclear-powered
energy source, and this also found its way into that era’s
radical political movements. Bolshevik leader Lev Trotsky
was one of many people who saw radioactivity as a pos-
sible ally in the struggle against old, outmoded social
orders.® These visions faded somewhat with the militari-
sation of nuclear technology, but were immediately and
forcefully revived following the destruction of Hiroshima
and Nagasaki. The most far-reaching ideas about how nu-
clear power could contribute to a better, richer and fairer
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world took shape in the 1950s, when the United States,
led by President Dwight Eisenhower, relaxed the secrecy
around civilian applications for nuclear technology and
invited international cooperation on “peaceful atoms”.”
In 1955, the US took the lead in organising a major
international conference on civilian nuclear technology
in Geneva. Enthusiasm was further boosted by the Suez
crisis of 1956-1957, which exposed the vulnerability of
Western oil supplies, along with a parallel crisis in Euro-
pean coal mining that led to sharp increases in energy
prices and intense debate about impending fuel shortag-
es.® Nuclear power was framed as an attractive alternative
energy source, particularly in countries and regions that
were poor in fossil fuels — such as Sweden. Fantastic ideas
about how nuclear technology could revolutionise modern
society made their way into the popular science contexts
of the 1950s. On the whole, nuclear technology was con-
sidered a generic technology, one whose enormous socie-
tal potential was comparable only to previous pioneering
innovations, such as the steam engine in the early stages
of industrialisation, or the internal combustion engine
and electricity in what is commonly referred to as the
second industrial revolution. There was a belief that, in
the future, nuclear power plants would supply vast
amounts of electricity, as well as heat, which could be used
for domestic heating, producing hot water, in industrial
processes and agriculture. And, just as steam engines and
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internal combustion engines had once been mounted on
vehicles, mobile nuclear power plants were expected to
have a huge impact on railways and shipping, as well as in
the expanding aviation industry. Another radical vision
concerned the potential of nuclear energy for powering
large-scale seawater desalination plants, a technology that
was notorious for its extreme requirements for fossil fuel.
Nuclear technology would thus solve the world’s growing
problem with water supplies. There were also high hopes
that radioactive isotopes could be utilised in agriculture
(in plant breeding, for example) and in the food industry
(for preservation), as well as in medicine, so eradicating
famine and disease.’

Nuclear power failed to live up to most of these very
high expectations and never became a generic or universal
technology used throughout our lives; instead, it has had
to settle for a niche role in the field of electricity produc-
tion, although this is complemented by the importance
that radioactive isotopes now have in healthcare (particu-
larly for cancer treatments and in diagnostics).

Why did nuclear power never become more vital to
modernity than this? And does that make it a failed tech-
nology?

If we focus on the transport sector, we can see that it
did appear, initially, as if reactor-powered ships would make
a breakthrough. As early as 1954, the US Navy launched a
nuclear-powered submarine that exceeded expectations.
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More submarines were introduced and other countries
followed in the United States’ footsteps. A few years later,
the Soviet Union expanded nuclear-powered transporta-
tion with icebreakers driven by nuclear reactors. For its
part, West Germany constructed the Otto Hahn research
vessel, a pilot project for the nuclear-powered merchant
ships of the future, and there was also a great deal of opti-
mism regarding the future of nuclear-powered air and
space transportation."” However, development in the
maritime sector appears to have stalled due to high costs
and safety concerns, particularly at the end of the 1950s,
when an abundance of cheap oil eradicated the fear of a
coming fossil fuel crisis and made a technically and eco-
nomically risky transition to nuclear-powered transporta-
tion anything but compelling. Even after fossil fuel prices
skyrocketed in the wake of the oil crises in the 1970s,
nuclear-powered transport did not become sufhiciently
attractive to follow up those early investments with up-
scaling and expansion into the market. However, nuclear-
powered submarines remained strategically important for
the naval forces of the major powers, where cost was less
of an issue; the submarines were expensive, but this was
offset by greatly improved functionality because they did
not need to be regularly refuelled." Similar arguments
could have paved the way for reactors in space, but the
world’s space agencies chose to rely on more convention-
al fossil and synthetic fuels combined with early attempts
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to utilise solar cells. For rail and air travel, the risk of
collisions and accidents seems ultimately to have been
assessed as being too high. Some engineers believed that
solutions to these problems existed, but as fossil fuels re-
mained affordable they found asserting themselves difh-
cult. It will be interesting to see whether enthusiasm for
reactor-powered aeroplanes will resurface in the coming
decades, as alternative technologies are now in demand
due to the efforts to eliminate aviation’s high carbon
emissions.

More surprisingly, nuclear power never played more
than a marginal role in the world’s heat supply, despite
early expectations that this would become one of nuclear
technology’s great successes. It was not by chance that
Sweden’s first nuclear power plant primarily supplied
heat, not electricity. The Agesta nuclear plant, as it was
called, was built on the edge of Stockholm, next to the
Modernist suburb of Farsta, and was expected to be the
first in an envisioned series of urban nuclear thermal
power plants.” After Agesta started operating, in 1964,
Swedish engineers began to design the next heating plant,
intended for construction in a rock cavern in Virtan.
However, shortly afterwards, when nuclear technology
began to scale up dramatically, these small-scale urban
reactors were sidelined and eventually disappeared from
the agenda. For a while, many visionaries believed that
large-scale nuclear power plants could also supply heating
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as a complement to electricity generation. In Sweden,
Sydkraft planned for the Barsebick plant to supply both
Malmé and Copenhagen with district heating, while
Vattenfall wanted Forsmark to supply Stockholm via long
heat tunnels.”® This was technically possible, but advo-
cates ultimately failed to garner support for their ideas
and their sketches remained in the desk drawer. A few
large-scale reactors in Switzerland, East Germany and
the Soviet Union, among others, did supply district heat-
ing as a by-product of nuclear power, but these were the
exceptions that proved the rule.™* In the 1980s, the Soviet
Union had comprehensive plans for replacing coal and oil
with nuclear heat in urban areas using a unique reactor
design, but these were shelved following the Chernobyl
accident and the subsequent collapse of the Soviet Union.”

But is it reasonable to interpret nuclear power’s failure
to become a generic technology as the failure of nuclear
technology as such? This is not entirely clear. In particular,
it could be argued that it is only natural for inventors and
engineers, especially in the early stages of a technology’s
life, to explore its potential — practically and discursively
- by widening the scope onto the full range of potential
applications. That most of these ideas eventually prove
unfeasible is not necessarily surprising or unexpected.
The same pattern can be seen in many other, indeed most,
areas of technology. Innovation theorists have shown that
the majority of what engineers and entrepreneurs devote
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time to is abandoned after an experimental and pilot
phase; only the most promising leads can justify investing
in the large-scale completion of the original visions."






Importance for the electricity supply

Having discussed the vision of nuclear power as a generic
technology, let us now examine its importance for the
world’s electricity supply. What were the expectations
and to what extent was nuclear power able to meet socie-
ty’s rapidly growing demand?

After Hiroshima and Nagasaki were bombed, there was
soon a consensus that nuclear technology was destined to
be beneficial in the field of electricity, but opinion was
divided on how quickly the military plutonium-produc-
ing reactors could be upgraded to power-generating reac-
tors and how difficult — and expensive - this would be.
There was initial uncertainty and then growing optimism
after 1953. In 1954 and 1956, respectively, the Soviet
Union and the United Kingdom led the way by starting
to use nuclear reactors that fed electricity into public
grids.”

This fuelled expectations for the future. In a much-cited
1954 speech, the chairman of the US Atomic Energy
Commission, Lewis Strauss, prophesised that nuclear
power would become “too cheap to meter” —a phrase that
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has gone down in history. Strauss drew parallels with
water supplies in the world’s cities; charging for these was
often considered unnecessary as managing the resulting
bureaucracy cost more than the water did.”® His statement
quickly became controversial. Strauss’ optimistic forecast
was not shared by his colleagues and was never accepted
by nuclear professionals. However, it gained enormous
traction in popular science and cultural contexts, and has
been used by the anti-nuclear movement to ridicule the
visionaries of nuclear power.?”

Leading scientists and engineers hoped that nuclear
power would at least be cheap enough to compete with
coal, but the uncertainties were significant. The big power
companies, which were expected to build and operate the
nuclear power plants, were initially sceptical. In general,
they were cautious and rarely demonstrated any tendency
to assume leadership of what they perceived to be a finan-
cially and technologically risky development. In countries
such as Sweden and West Germany, state actors had great
difficulty in getting power companies on board, and when
these eventually showed greater enthusiasm they chose
to invest in variants of nuclear technology that differed
radically from those that featured most prominently in
the state’s visions.?

However, for these early nuclear power ventures, we
must remember that it was in commercial actors’ self-
interest to highlight - and exaggerate - technical and eco-
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nomic difficulties, as these could be used to justify public
funding for research and development.

In terms of future expectations, the years around 1960
were a pessimistic period. There was talk of an ‘atomic ice
age’, marked by frustration at the lack of a commercial
breakthrough, one many people had expected after the
optimism of the 1950s. Observers instead designated
nuclear power a failed technology; “What has gone wrong
with nuclear power?” asked the Financial Times in a wide-
ly circulated article in 1962.2 The very next year, however,
hopes for the future were revived when Jersey Central
Power & Light, a US power company, announced that it
had ordered a complete, large-scale nuclear power plant
from General Electric at the surprisingly low price of $66
million. Shortly afterwards, a competitor, Westinghouse,
sold a nuclear power plant of the same size at a similarly
low price.?? Word was spreading that nuclear power had
become competitive with coal and oil.

This breakthrough had a profound impact on further
global development, particularly regarding the power
companies’ technological choices. Both American manu-
facturers’ reactor models were based on light-water tech-
nology and, as we have already seen, this type of reactor
became completely dominant in the years that followed.
One effect of this was that other reactor types came to
be seen as failures, including the Swedish heavy-water re-
actors, which had formed the backbone of the Swedish
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nuclear power programme since the late 1940s. In 1969,
the Swedish government decided that the heavy-water
plant in Marviken, which had already been completed,
should not start operations. The reactor was considered
less economical and less safe than light-water reactors.
Abandoning it meant a huge loss of prestige for the
‘Swedish line” and was naturally interpreted as an excep-
tional waste of taxpayers’ money. At that time, a consid-
erable proportion of the total Swedish research budget
was ploughed into nuclear research, most of which went
to the development of heavy-water technology. Mar-
viken’s fate was therefore a trauma that foreshadowed the
hard-drawn politicisation of nuclear power in Sweden in
the 1970s.2 Nevertheless, Sweden became one of the
countries that made the biggest investments in the ex-
pansion of large-scale nuclear power. Both state-owned
Vattenfall and regional actors were caught up in an expan-
sive international trend. When they found that light-
water technology worked and construction costs were
affordable, they concluded that even more reactors could
be built, boosting optimism about the future. In many
countries, governments and power companies predicted
exponential growth for nuclear power at a time of steadi-
ly increasing electricity consumption. The US Atomic
Energy Commission predicted that the United States
would have no fewer than a thousand reactors operating
by the year 2000.2*
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The West German government expected nuclear power
to provide around 85 per cent of the country’s total energy
needs in the long term.” And, in Sweden, a total of 24
large reactors were planned in the early 1970s. Energy ex-
perts increasingly envisioned a future in which nuclear
power would be completely dominant.

In Sweden, that vision was to some extent realised, with
twelve large reactors commissioned between 1972 and
1985. Nuclear power accounted for around half of the
country’s total electricity production. France became the
most nuclear-dependent country of all, following massive
government investment in the wake of the 1973 oil crisis;
by the end of the century, no less than 75 per cent of the
French electricity supply was nuclear. However, from a
global perspective, Sweden and France were the excep-
tions. In most countries, nuclear power was never any-
where near to becoming dominant, and many countries
chose not to invest in nuclear technology at all. In West-
ern Europe, this included Denmark and Norway, as well
as Austria, Portugal, Greece and the Republic of Ireland.

Most strikingly, nuclear power did not spread at all, or
at least only marginally, in the Global South. In the 1950s
and 1960s, in parallel with the decolonisation of Africa
and Asia, there were high hopes that nuclear power would
help the rapid transformation of former colonies into
modern industrial nations.? By the 1970s, countries such
as South Korea, Taiwan, Brazil, Argentina, Mexico, South
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Africa and Iran had built or begun to build their first
large-scale nuclear power plants, and nuclear visionaries
anticipated that these pioneering projects would be fol-
lowed by others.

This never happened. In 1976, the International Atomic
Energy Agency (IAEA), predicted that after “a relatively
slow start”, nuclear power would “go ahead fast in the
Latin American region in the 1980’s and 1990’s”.” How-
ever, in reality, neither Latin America nor other countries
in the poorer regions of the world - except East Asia —
came to base their energy provision on nuclear power to
any great extent. Nuclear power now provides around 10
per cent of the world’s electricity needs, and this share is
falling. In the world’s two largest countries, India and
China, it stands at 2 and § per cent respectively. If
we calculate nuclear power’s contribution to the primary
energy supply, including all forms of energy and not just
electricity, its share remains 4 per cent.?® For the analysts
and visionaries who once predicted that nuclear power
would become a globally dominant energy source, this is
a disappointing outcome.



Combining the exceptional
with the banal

So, why did nuclear power not become a globally domi-
nant source of energy? To understand this, we need to
examine not only the now well-known political contro-
versies surrounding it, but also its internal technical
dilemmas.

The first and biggest challenge for designers of nuclear
power plants was bringing together two very different
technological traditions: working with atomic bombs on
the one hand, and conventional power plant technology
on the other. The atomic bomb had been created under
exceptional circumstances and was unlike anything huma-
nity had previously achieved; accelerated research in phy-
sics and chemistry had been combined with tough military
leadership. For its part, conventional power plant techno-
logy was ubiquitous in Western industrial societies -
commonplace engineering rooted in James Watt’s eighte-
enth-century steam engine. The challenge was finding a
viable way of merging these very different technologies.
Nowadays, nuclear engineers jokingly, but not entirely in-
correctly, refer to nuclear power plants as a type of nuclear-
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powered steam engine; the difference between a fossil-fu-
el power plant and a nuclear power plant is ‘just’ that the
latter utilises uranium to generate heat and steam, while
coal, oil and gas power plants are based on the combus-
tion of fossil fuels.? This analogy is strengthened by the
now established concept of ‘nuclear fuel’, which mis-
leadingly conveys the idea that uranium is a material that
can be burnt.

In reality, combining the experiences of producing
nuclear weapons with those from the established art of
building coal-fired power plants presented considerable
difficulties, which explains why two decades passed be-
tween the dropping of the first atomic bomb and the com-
mercial breakthrough of nuclear power. These fields of
knowledge — nuclear physics and power plant construc-
tion — had their own professional communities, and they
were radically different, particularly in countries where
nuclear weapons’ development took priority over civilian
nuclear power. The two communities found it difficult to
interact at all, as the military technology was subject to
the highest level of secrecy. For nuclear physicists, the
challenges of power plant technology were generally of
secondary interest or, quite simply, of no interest at all
due to their apparent banality, which resulted in them
being underestimated. Power companies that showed
an early interest in nuclear power downplayed the differ-
ences between a nuclear reactor as a heat source and a
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traditional steam boiler. In the 1950s, companies with
experience in fossil fuel power plant construction often
undertook the construction of the ‘conventional’ part
of a nuclear power plant without making more than
marginal adjustments to the drawings. Eventually, both
professional communities came to recognise that the
synthesis of atoms and coal posed unique problems and
unexpected phenomena, and so required a new form of
engineering.

The most important insight concerned what came to
be called ‘decay heat’. A nuclear reactor generates most of
its heat through fission, which is the splitting of atomic
nuclei. Fission products, such as caesium-137 and stron-
tium-9o, are unstable and decay into more stable states.
This process generates heat which, in normal operations,
can be converted into steam and thus contribute to
the nuclear power plant’s functioning. The problem
is that the decay heat cannot be fully controlled; it is
unstoppable, so heat continues developing for a long
time, even after a reactor has been shut down. If, in such
situations, the heat is not removed, the reactor may suffer
a meltdown. The engineers concluded that the cooling
water pumps must remain functional in every possible
circumstance, including under severe earthquake condi-
tions, floods or aeroplane accidents. In other words, the
flow of cooling water must never stop. This insight result-
ed in additional systems being designed, ones with no
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real counterpart in fossil-fuel power generation, and for
which the need was not initially foreseen. An emergency
cooling system was needed as it was thought that this
could come to the rescue if the regular cooling water
pumps stopped working. A secure power supply also
became imperative in all possible situations, and this
usually led to the installation of diesel generators that
could run the water pumps in the event of an external
power outage. The origin of the Chernobyl disaster was
an experiment that, ironically, was intended to improve
safety along these lines.*

Moreover, the realisation that a nuclear accident could
have enormous consequences resulted in requirements for
materials and components that were as perfect as possible.
Nuclear power needed to be protected from contaminants
in the cooling water and in the alloys used to make fuel
elements, pipes and valves. One undesirable consequence
of this was a significant increase in the cost of nuclear
power plant construction, compared to constructing fossil
fuel power plants that did not require such a high level of
purity. For example, a valve in a nuclear power plant’s
cooling system could be four times as expensive as the
equivalent valve in a coal-fired power plant.™

We are now seeing the results of nuclear power’s in-
creased price tag, as many of the nuclear power plants
being built are on the list of the world’s most expensive
buildings. This is as far as we can get from the hopes that
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nuclear power would be “too cheap to meter”, reflecting
the atom’s failure to live up to the high expectations
placed upon it.






Useful accidents

Despite emergency cooling systems, sophisticated safety
components and exclusive material choices, many nuclear
power plants have suffered incidents, accidents and, in the
cases of Chernobyl and Fukushima, full-scale disasters. It
is tempting to interpret such events as evidence that nuc-
lear power is a failed technology. The most serious acci-
dents which, more than anything else, exemplify nuclear
technology’s undesirable consequences, have undoubtedly
strengthened the anti-nuclear movement and, in many
countries, contributed to a critical attitude towards nuclear
technology.

However, if we examine how engineers approached
nuclear technology in its infancy, in the 1950s and 1960s,
we see how nuclear accidents were not only regarded as
problems. Quite the opposite, many observers interpreted
them as natural elements of a longer historical develop-
ment process, in which unforeseen and unwanted events
created opportunities for improving the technology. In
this respect, nuclear technology is not very different from
other technological fields: its engineers are simply work-
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ing in the tradition of trial and error. Things going wrong
along the way thus turn into something positive.

One interesting example is the US National Reactor
Testing Station, founded in 1950 by the Atomic Energy
Commission for testing different types of reactors. The
station was located in a sparsely populated area of Idaho,
because it was believed there could well be a major acci-
dent. Over the years, several of the test station’s reactors
did indeed suffer a number of accidents, but this was not
considered problematic. On the contrary, the scientists
and engineers involved in the tests were very happy with
the way these accidents contributed to knowledge devel-
opment. In extreme cases, they even tested the reactors’
resilience by deliberately placing so much stress on them
that they were eventually destroyed. This was seen as a
creative way to improve the understanding of the technol-
ogy, allowing completely safe and efficient nuclear power
plants to be built in the future.®

Similarly, the nuclear accidents at Three Mile Island,
Chernobyl and Fukushima have aroused a kind of para-
doxical enthusiasm among nuclear professionals, because
they exposed shortcomings that they were able to address
in inventive ways, precisely because of these accidents. By
extension, this has created a consensus within the nuclear
industry that the accidents and the lessons learned from
them have made nuclear power safer. The flip side of this
development is, once again, that the technical solutions
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have often proved costly, so helping make nuclear power
increasingly expensive and less competitive than other
energy sources. They have also made nuclear power in-
creasingly complex, with new safety systems gradually
being added to old ones, which can be interpreted as a
problem in its own right.






Generations of nuclear power

A favourite topic when researching nuclear history has
long been the fierce competition between different reactor
types. In Sweden, as we have seen, the heavy-water reactor
was outcompeted by the light-water reactor. West Germa-
ny saw a similar trend. In France, the state nuclear agency
CEA’s investments in graphite-moderated and gas-cooled
reactors did not survive the competition with US-style
light-water reactors, which were favoured by the state
electricity company, Electricité de France (EDF). In the
UK, on the other hand, the domestically designed gas-
graphite reactors managed to hold their own against the
light-water reactor for a long time.

Historically, all these reactor types — the light-water
reactor, the heavy-water reactor and the gas-graphite
reactor — have been considered relatively similar in their
operation, as they are all based on the utilisation of a
‘thermal’ neutron flux. The neutrons are slowed down by
a moderator — the water or graphite in the reactor - which
is the easiest way of achieving a chain reaction. However,
this has some fundamental disadvantages. Just a small
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part of the uranium in the nuclear fuel can be used for
fission; only the directly fissile isotope U-235 is utilised,
while the much more common isotope U-238, which
comprises 99 per cent of all naturally occurring uranium,
is unusable. Leading physicists and nuclear engineers
were unhappy about this and, even in the 1950s, dispar-
aged thermal reactors for being ‘primitive’.®

The first reactor constructed in the US reactor park in
Idaho was radically different. An AEC nuclear physicist,
Walter Zinn, had decided to demonstrate how a more ad-
vanced type of reactor could convert non-fissile U-238
into fissile plutonium-239, using a process that has come
to be known as breeding.** The plutonium is the basis for
the production of new nuclear fuel, so the ‘breeder reac-
tor’ could, in theory, utilise the uranium up to a hundred
times better than thermal reactors. This vision quickly
spread to other countries, including Sweden, whose
breeder reactor history is analysed in detail in Maja
Fjaestad’s excellent doctoral thesis.* Internationally, con-
sensus grew that it was only a matter of time before ther-
mal reactors would be replaced by breeder reactors. In this
context, the visionaries started to refer to the ‘primitive’
thermal reactors as the ‘“first generation’ of nuclear power,
while the future breeder reactors were classified as the
‘second generation’.

In parallel, research was underway into nuclear fusion,
and hopes were high — most people were convinced that
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fusion reactors would be built in the not-too-distant
future, albeit at a later stage than breeder reactors. In
these projected futures, fusion reactors were therefore
categorised as nuclear power’s ‘third generation’.?

However, 70 years later, breeder reactors represent only
about 1 per cent of the nearly 500 large-scale reactors to
have been built. No fusion reactors have started operat-
ing. The breeder reactors that were built proved to be dif-
ficult to manage, with several suffering serious accidents.
From the 1970s, more and more countries abandoned
their breeder projects. As a result, the nuclear industry
remained focused on the ‘primitive’ reactors of the first
generation. Nuclear power operators have not managed
to progress, in the way once taken for granted, from first
to second and third generation nuclear power.

However, developments over the past 25 years demon-
strate how the concept of generations in nuclear energy is
flexible. In 1998, the US initiated a revitalisation of nucle-
ar power, secking cooperation with other pro-nuclear
countries.” After a lull in the wake of the 1979 and 1986
disasters, nuclear power was predicted to undergo a re-
naissance in the twenty-first century. In this context,
there was a revival of interest in the advanced reactor types
that had featured prominently in the nuclear visions of the
1950s and 1960s, including several variants on the breed-
er reactor. The most enthusiastic countries came together
in 2000, in what became known as the Generation IV
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Forum, which launched a new approach to nuclear power’s
generations. The thermal reactors that still dominated the
world, and were previously considered the first genera-
tion of nuclear power, were split into three ‘new’ genera-
tions: the pilot projects of the 1950s became Generation
I, the larger-scale projects that followed from the mid-
1960s became Generation II, and the newest and most
modern thermal reactors were grouped into Generation
III. The breeder reactors, which previously constituted
second-generation nuclear power, were upgraded (along
with several other reactor types) to Generation IV. This
allowed the visionaries to free themselves from the
gloomy conclusion that they were still stuck with nuclear
power’s first generation. The aim was to avoid a sense of
failure, which could have inhibited enthusiasm about the
future.’® In the 2020s, however, the concept of ‘fourth
generation nuclear power’ has been overshadowed by the
focus on small modular reactors, including innumerable
tentative models for reactors of both the well-known
thermal type and more untested variants, such as the
Swedish-developed SEALER reactor, which is non-ther-
mal and lead-cooled.*



The rise and fall
of the nuclear fuel cycle

Breeder reactors are closely linked to another important
theme in nuclear energy history: the nuclear fuel cycle.
This is a utopian concept inspired by nineteenth-century
visions of a circular economy, championed by leading
scientists like the German chemist Justus von Liebig.* A
closer source of inspiration was the modern chemical in-
dustry, with its astonishing ability to recycle residues and
turn them into valuable resources in an almost-closed sys-
tem.” In the early days of nuclear technology, when the
world’s uranium resources were believed to be limited,
the temptation was to develop technologies that would
allow spent nuclear fuel to be reused. In breeder reactors,
the depleted uranium, consisting of the non-fissile iso-
tope U-238, which was available in large quantities as
waste from enrichment plants (both military and civilian),
would be used for energy production. Breeder reactors
were also designed to ‘burn’ the plutonium that formed
in thermal reactors.” However, to remove the plutonium
and the remaining non-fissile uranium from the thermal
reactors’ spent fuel, the fuel elements must be reprocessed
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- a complex radiochemical process in which the spent fuel
is dissolved in large acid baths, after which the various
elements are separated out.

In the early stages of nuclear power, it was generally
taken for granted that all spent nuclear fuel would under-
go reprocessing. Overall, thermal nuclear power plants
were regarded as just one component among many, in an
advanced system through which nuclear fuel circulated in
a variety of forms. All the nations with nuclear ambitions
planned to build reprocessing plants, including Sweden,
where the intention was to build one on the west coast.
However, similarly to breeder reactors, these reprocessing
visions proved difficult to implement in practice. Unfore-
seen problems arose, not least in terms of waste manage-
ment, as the reprocessing created huge quantities of liquid
radioactive waste. Initially, attempts were made to deal
with this by dumping the waste at sea; it is no coincidence
that both the British and French reprocessing plants were
constructed on the coast, where special pipelines carried
waste out to the ocean currents. But, over time, the public
and regulators alike became increasingly concerned about
the safety of such arrangements and about their impact
on the environment. By the 1970s, releasing radioactive
waste into the environment had become unacceptable. In
parallel, the world’s uranium reserves turned out to be
larger than expected, questioning the very idea of the
need for reprocessing and a circular nuclear economy.
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Concerns that plutonium from reprocessing plants would
fall into the wrong hands and be used for military purpos-
es also made this technology appear risky. In 1977, the
United States decided that its spent nuclear fuel would no
longer be reprocessed but would instead be disposed of
directly - buried in the ground without undergoing any
reprocessing, although it remained unclear where such a
disposal site could be located. Other countries, such as
Sweden and Finland, followed suit, although it was pain-
ful for nuclear power enthusiasts to abandon their appar-
ently elegant vision of a closed nuclear fuel cycle.” Today,
only a few countries continue to reprocess their spent nu-
clear fuel. Overall, we can conclude that the attempts to
achieve a circular economy for nuclear power have failed.






Epilogue

So, is nuclear power a failed technology? There are many
possible ways to answer this question. It may seem counter-
intuitive to point to nuclear power as a failure in countries
like Sweden and France, where it accounts for a very large
- in France, a completely dominant - share of electricity
generation. And the nuclear industry remains proud of its
achievements; from its perspective, nuclear power is by
no means a failed technology, rather a misunderstood
one. On the other hand, if we look back at the grandiose
original visions of nuclear power’s role in energy provi-
sion and the wider development of society, and compare
them with the outcome, we find that development was
unequivocally bleak. What emerges are broken dreams,
repeated disappointments and frustration with the un-
foreseen consequences of nuclear technology. The question
is whether nuclear power, in the future, can turn this
trend around.
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