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Abstract
What makes for a safe nuclear power reactor? One of school of thought (that has significant traction within the academic nuclear engineering community) calls for using
risk as a surrogate for safety. Safety then becomes a measurable quantity and can be
specified in probabilistic terms and treated quantitatively. But do reactor designers
in fact conceptualize safety in this way? I probe this question empirically through
a comparative study of contemporary French and American reactor design practices.
I examine the evolution of national nuclear safety regulators' conceptualizations of
safety, industry norms, pedagogical context, the manner in which reactor designers
make foundational early-stage design decisions, their use of formal models of risk and
local heuristics, and finally their response to crisis (in this case the Fukushima Daiichi accident). I find that designers broadly take two different approaches to the early
stages of design. Some designers draw on and emulate aspects of previous designs
on which they have worked and which have been developed within their companies.
For these designers, improvements in safety, measured in quantitative terms as risk
reductions, take the form of improvements to prior designs.
Another set of designers, while also drawing on previous reactor designs, typically
adopt a critical stance towards these designs. They frame the improvements in safety
they hope to achieve in qualitative terms, and explore a wider range of design choices
within what we might consider a wider design space. Taken together these findings
suggest that the reactor designers' conceptualizations of safety are deeply nuanced. To
the reactor designer, safety is not always conceptualized as risk and is often framed
qualitatively rather than quantitatively. It is a property that is contingent on the
designer's background and the design setting. Further, the designers' own accounts
of their work suggest that it is precisely these qualitative ways of thinking about the
design problem that led them toward novel design ideas, and ultimately to achieving
advances in safety. This suggests that designers should learn how to further draw on
these non-analytical ways of thinking about safety.
For the academic nuclear engineering community, these findings underscore the
importance of the early, ideational stages of design. Further study and conceptualization of these early stages of design may be a fruitful area of inquiry for improving

design outcomes. Finally, the varied and diverse accounts of safety held by the reactor designers studied in this work bear some similarities to the views of non-experts
reported in the literature on risk perceptions. Thus, for the design practitioner, these
findings suggest the possibility of a richer dialog with the public on nuclear safety,
going beyond the traditional emphasis on public education and securing public acceptance.
Thesis Supervisor: Richard K. Lester
Title: Japan Steel Industry Professor of Nuclear Science and Engineering
Associate Provost
Thesis Reader: Susan S. Silbey
Title: Leon and Anne Goldberg Professor of Humanities, Sociology and Anthropology
Professor of Behavioral and Policy Sciences, Sloan School of Management
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Chapter 1
Introduction
Questions about safety have concerned nuclear engineers since before the first power
reactors were built. Now, just as six decades ago when the first nuclear power plant
was connected to the grid, safety occupies the attention of the designers of this technology to a much greater extent than perhaps in any other industry. Accidents figure
prominently in the imagination and jargon of the nuclear engineer- large and small
losses of coolant, triggered internally and externally, within and outside the design
parameters of the plant -are but a few of the possible scenarios a nuclear engineer
imagines.
This intense focus on safety is not surprising. The earliest analyses of the consequences (measured as costs) of a 'maximum credible' nuclear accident yielded a
staggering answer : a worst case accident with large releases of radioactivity could
cause damages ranging from roughly $50 billion for a small reactor to over $100 billion
for a large reactor.'
After the Fukushima Daiichi nuclear accident, Japanese Ministry of Economics,
Trade and Industry estimated that the nuclear accident had caused damages in excess
of $50 billion (cost estimates in 2010 USD). In addition to the enormous costs from
the direct damages to the environment, property and possible loss of life, nuclear
accidents also incur reputational costs for the nuclear industry altering its future
when accidents have pushed public opinion against the industry. For example, the
'These estimates were developed in a report by the Brookhaven Laboratory, better known as the
Brookhaven Report and by the report number - WASH 740 [US AEC, 19571. This study was followed
by a second unreleased study of the consequences accidents for larger reactors. This unreleased
study (which, like its predecessor, did not account for the mitigating effects of safety systems)
further revised upwards the consequences of a nuclear accident and stimulated future studies that
attempted to develop more realistic estimates of the consequences reactor accidents [Wellock, 2017a].
These include the 1975 Reactor Safety Study (often referred to by the report number WASH 1400
[NRC, 19751), NUREG 1150 [NRC, 1990] and the SOARCA studies [NRC, 2012b].
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decisions to phase out national nuclear programs in Germany, Italy and Spain were
driven primarily by rises in anti-nuclear sentiment.

An oft-repeated phrase in the

nuclear industry - "A nuclear accident anywhere is an accident everywhere" captures
this element of the reputational damages.

In recognition of this problem of "being

hostages of each other" [Rees, 2009] , the American owners and operators of nuclear
reactors acted collectively following the 1979 Three Mile Island accident to develop a
system of peer review. This approach was adopted on an international scale following
the Chernobyl accident in 1986, and is now extending its reach from peer assessments
of reactor operations to reactor design. These are just two elements of a complex web
of organizational and institutional arrangements established to secure nuclear safety
- on a national, regional and international scale sometimes referred to as the "nuclear
safety regime" [Meserve, 2009j.
Nuclear reactors are large, complex socio-technical systems. In additional to the
institutional advances described above, decades of research - experimental and analytical - have been devoted to understanding both the technical and social elements
of safety.

Over 100 prototype and test reactors have been built in the US 2 and

subjected to a battery of tests to build an understanding of accident phenomenology. This work filled important gaps in understanding of how reactor materials and
systems performed under adverse accident conditions, and more broadly what the
unfolding process of accidents looked like. 3 Following the 1979 Three Mile Island nuclear accident, the 'social' element of safety received renewed attention. Performance
of operators under accident conditions was studied, operator training improved and
reactor control rooms redesigned. These empirical understandings of both the technical and social aspects of nuclear safety have been further buttressed by analytical
techniques for modeling and predicting the physics of a reactor, the flow and heat
transfer in the core and secondary systems and the performance of materials in radiation environments.
Since the inception of the very first nuclear reactors and throughout periods of setbacks and advances in safety, reactor designers have constantly been asking themselves
what constitutes a 'safe' reactor and sought to make safety of these large, complex
systems, a tractable property.

However, both regulators and designers in different

countries frequently arrive at different answers to the question of what makes for a
safe nuclear power reactor.

If these practitioners unanimously agree on the impor-

2

Starting in 1949 and over a roughly forty year period at what is now the site of the Idaho
National Laboratory.
3
For an account of this period see Stacy [2000].
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tance of nuclear safety, why do they not agree on how to achieve it in reactor design
and regulation? Through a comparative study of contemporary French and American
reactor design choices, I probe this question in a number of ways. I examine the evolution of institutionally held conceptualizations of safety, industry norms, pedagogical
context, the manner in which reactor designers make foundational early stage design
decisions, their use of formal models of risk and personal heuristics, and finally their
response to crisis (in this case the Fukushima Daiichi accident).
Collectively these findings suggest that the reactor designers' conceptualizations of
safety are deeply nuanced and often can be just as complicated as the non-experts'. To
the reactor designer, safety is not always risk and often framed qualitatively rather
than quantitatively. It is a property that is contingent and affective, shaped by
industry norms and institutional epistemologies but not determined by them. Further,
the designers' own accounts of their work suggest that is is precisely these ways of
thinking that lead them to novel design ideas, and ultimately advances in safety.
Therefore designers should learn how to further draw on these non-analytical ways of
thinking about safety. Broadly these findings suggest that it might be worth revisiting
some of the underlying assumptions behind pedagogy, practice and policy.

Organization of chapters
The dissertation is organized in eight chapters:
Chapter 2, describes the research approach. I first describe the structure and
resource requirements of reactor design projects and lay out the universe of contemporary reactor design projects globally. I then describe the rationale behind studying
reactor design in the US and France; the construction of a sample of designers to
interview, the interview and data analysis approach as well as my use of additional
sources of data such as conference and journal articles describing reactor designs,
regulatory reports and documents, designer 'mission statements' (typically found on
company websites) and articles written in the trade press.
The American and French approaches to nuclear safety are often described as
respectively being 'risk-informed' and 'deterministic' (with probabilistic risk assessment and defense in depth being the underlying epistemologies of the respective approaches). Chapter 3, opens with a brief description of probabilistic risk assessment
and defense in depth, as well as the treatment of uncertainties within each epistemology. The remainder (and larger part) of this chapter compares the evolution and use
of these two epistemologies in the two countries. This comparative history reveals
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two displacements in the US : First, a displacement of defense in depth from a designers' concept to a regulators' ;and second, a substantial displacement of defense in
depth by a rival approach to safety- probabilistic risk assessments (PRA). In France
however, defense in depth remains the dominant epistemology of safety. (In Chapter 6 I will return to examine the extent to which contemporary designers use these
epistemologies within the context of design work.)
Chapter 4, serves two purposes: In the first part it presents a very brief history
of reactor design. Next, it contextualizes the contemporary reactor design projects
and describes how norms vary across design settings. Drawing on a combination of
anonymized interview as well as open-source data (conference and journal articles,
trade press, design descriptions and 'mission statements' posted on company websites)
, I describe the ways in which contemporary American and French reactor designers
frame their work. Designers based in large companies (both American and French)
describe their expertise as being rooted in long traditions of reactor design and emphasize their contributions to the development of national nuclear industries. They
describe the designs they are developing (and have developed) as being the 'safest'
because they are based on an extensive base of already designed, built and operated
reactors. Elsewhere, designers based in American startup companies attribute greater
agency to themselves (than to the design organization). They frame the problems
that their reactor designs will solve more abstractly (than do the incumbent designers), and describe their design and development processes as flexible and agile (as a
pointed critique of the approaches taken by designers in larger organizations). They
further describe how they often find themselves in a position of designing for a constructed rather than real customer and the novel commercialization approaches they
have to adopt to deal with uncertain markets for their reactor designs. Finally, unlike
the designers based in the larger companies who describe their designs as unequivocally being the safest, the startup designers emphasize the specific ways in which
their designs are safe (in order to not position their own designs in opposition to the
more traditional large light water reactors). These descriptions of the backgrounds
of the designers and the meanings that they attach to their work are meant to serve
as the context for the chapters that follow.
In their descriptions of how they made decisions about the safety of their reactor
designs, the designers emphasized the early stage of design decisions, the analytical
tools (PRA) and heuristics (defense in depth or other local concepts) with which
they made these decisions, and their reactions to the Fukushima Daiichi accident , I
examine each of these in the subsequent three chapters that follow.
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Chapter 5, examines how reactor designers navigate the early stages of design. I
open with a brief review of what design researchers have learned about the structure of
the design process. Although initially viewing analytical and reflective approaches to
design as competing paradigms, design researchers have since acknowledged that design contains elements of both. Further, while domain independent theories of design
have remained elusive, researchers have found similarities in the ways in which experts
vs novice designers approach the design task. Next, drawing on American and French
textbooks, I then briefly describe how reactor design is viewed (and taught) within
academic nuclear engineering. I show that authors of textbooks generally treat design
as an analytical process, teach from example and emphasize the study of tools for
simulating and predicting the functioning of the reactor and its surrounding systems.
Unlike design researchers, nuclear engineers do not emphasize design as a distinct
form of expertise or acknowledge the role of context (the design organization and the
background of the designer) as an important influence on design outcomes. I then
turn to how designers actually do design. I show how the approaches that designers
take for selecting a reactor technology and designing the core and the surrounding
safety systems depend both on the expertise (or more precisely, the experience) of the
designer as well as the design context. Experienced designers working in large companies (American and French), typically do not explicitly reconsider the technology
selection decision. They embark on a new design project with a technology in mind
and often borrow designs of sub-systems from prior designs. Unlike the experienced
designers who are more likely to emulate their own designs or those developed within
their company, newer , less experienced designers adopt a position of critique toward
prior designs, often looking for new ways in which to make reactors safe and consequently arriving at designs of new kinds of safety systems. 4 (This particular finding
appears to problematize the notion of 'expertise' in reactor design and who is the better designer - the seasoned veteran of many a design project or the novice designer.)
Chapter 6, examines the extent to which designers use the previously described
epistemologies or design philosophies (defense in depth and PRA) as part of their
own work. While defense in depth continues to be important to French designers, few
American designers refer to it explicitly in their design work. PRA too is not a useful
tool in the early conceptual stages of design except in the rare cases where a PRA
model from an earlier, similar design guides the designers' intuition about which
design choices to make. I then show that in addition to these two epistemologies,
4 Several of these decisions made from a position of critique were made in response to the

Fukushima Daiichi accident and I examine these design decisions more closely in Chapter 7.
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experienced designers who have worked on multiple projects have developed their own
particular approaches for navigating the early stages of design that are shaped by their
previous professional experiences or constrained by the organizations they work in.
Design scholars have recently taken an interest in understanding the conceptual tools
or 'design principles' that designers use. This chapter makes a contribution to that
line of work by showing how experienced vs newer designers take different approaches
to design a complex system. Experienced designers, through their work on previous
projects, are more likely to have developed (and named) their own principles for
design. Less experienced or first-time designers are more cautious in their exploration
of the 'design space'.
Collectively Chapters 5 and 6 show that formative decisions made in the early
stages of design are neither strictly constrained by technical considerations nor determined by deterministic nor probabilistic logics. Instead these critical early stage
design decisions are shaped by the experiences and preferences of the designers and
the priorities of the organizations in which they work.
More than half of the design projects covered in my sample of interviews were
underway at the time of the Fukushima accident. Chapter 7 examines how designers
interpreted that accident and used it to inform their design activities (or not). I
compare the designers' interpretations of and responses to the accident with those
of regulators and operators in each country. Although regulators and operators in
each country envisioned a range of possible responses to the accident and disagreed
internally, they ultimately forged a shared interpretation of the accident and how best
to respond to it. French designers, working closely with the regulators and operators,
adopted this shared narrative. American designers, on the other hand, appeared to
be working in relative isolation. They did not participate in the shared process of
meaning making on which the regulators and operators embarked. Nor were they in
conversation with their colleagues working on new reactor designs in other organizations. As a result, the American designers had unique interpretations of the accident
that made different sets of design flaws salient to each designer, and differently affected their views on what it meant for a reactor to be safe. The designers embodied
their altered perceptions of safety in the designs on which they were working, which
led to new reactor designs being safer but with safety being achieved in different
ways. This chapter contributes to the literature on the sociological studies of science
and technology by demonstrating how shared worldviews or 'analytical cultures' of
experts can slow technological progress while localized cultures - more likely to be
critical of existing practice - can give rise to innovation.
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In the concluding chapter 8 , I recapitulate the contributions of this dissertation
and interpret what these findings mean for policy, practice and pedagogy.
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Chapter 2
Research Approach

Why do conceptualizations of nuclear safety vary across countries? This was the em-

pirical puzzle that motivated the work described in this dissertation. In this chapter
I describe the research approach. I first describe the initial work in which I explored
several instances of regional and international nuclear safety standard setting as a way
to understand why conceptualizations of safety varied from place to place. While an
examination of these initiatives revealed the conditions under which it was possible
to create a set of standards and when it was not, little could be learned from such
a study about where the underlying differences in the conceptualizations of safety
came from. This led to a shift in the research approach from studying standard setting to studying reactor design. The next, and larger part of this chapter, describes
the design of the comparative study through which I studied American and French
reactor design projects and the collection and analysis of data on reactor design. I
conclude the chapter with reflections on the limitations of the research approach and
the validity of the findings.

2.1

An initial study of attempts to set nuclear safety
standards

At the outset of my dissertation work, I examined several initiatives through which
representatives of national nuclear industries attempted to set safety standards with
the expectation that an examination of these initiatives, through which competing
conceptualizations of safety confronted each other, might reveal something both about
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their origins and the extent to which they could be reconciled. The start of this work
coincided with a period over which several countries were considering building and
operating nuclear plants for the first time. Thus the early work was motivated by
an policy assumption that given the possible emergence of a large number of new
entrants, it might be desirable to create a single set of global safety standards.
In this initial study I specifically examined five different initiatives for creating
nuclear safety standards. These included the Convention on Nuclear Safety, an EUwide set of binding safety standards promulgated through the European Commission's
Nuclear Safety Directives, a second set of EU standards created by a group of European nuclear safety regulators (which later came to be known as the Safety Reference
Levels) as well as the systems of peer review for operating reactors created by the
American Institute of Nuclear Power Operations and the World Association of Nuclear
Operators. I interviewed individuals from a range of organizations that participated
in these different 'harmonizing'1 initiatives. These include the International Atomic
Energy Agency, the Energy Directorate of the European Commission, the Institute of
Nuclear Power Operations, the World Association of Nuclear Operators, the OECD
Nuclear Energy Agency and national nuclear safety regulators (particularly those in
the US and in France). Table 2.1 shows a summary of these interviews. Through
these interviews I inquired about the process through which each set of standards were
created, the positions taken by the different participating organizations - particularly
those positions that were contradictory, as well as the origins of these positions.
These interviews were all conducted in person between Summer 2014 and Fall
2015, typically at the organizations where these individuals worked. 2 Unlike the
designer interviews described later in the chapter, I did not record these interviews.
Instead I took notes during each interview and wrote them up as detailed memos
immediately afterwards.
Several of these interviewees pointed me to additional sources of organizational
data (book length histories commissioned by the organization that are not in public
circulation, internal memos, technical reports and proceedings of diplomatic confer'The term is often used within the context of creating industry industry standards (for product
or system specification or performance) to refer to a process through which many (sometimes conflicting) standards are replaced with with a few (for which agreement has been secured from key
actors - including designers or producers, buyers and regulators).
2
Additionally I also attended the NRC's annual Regulatory Information Conference in 2014 and
2015 at which representatives of several of these organizations were present. I wrote my observations on the proceedings of the conferences as notes, and later longer memos. In particular, my
conversations with and the presentations by national nuclear safety regulators at these conferences
helped me identify several regulatory reports that I have used in Chapter 3 to reconstruct a history
of defense in depth in both countries.
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ences). Often these individuals advised me to read between the lines and offered
their own interpretations of the documents (why they contained what they did and
what was left out or missing). This initial work suggested that agreeing on a single
common set of safety standards - for future reactor designs as well as operating reactors - was possible so long as the impetus to create a standard came from within
the participating expert organization (typically the national nuclear safety regulator)
and preserved expert discretion. However, this initial work also suggested that while
those who had attempted to 'harmonize' epistemologies of safety debated the superiority of each paradigm and how to enforce it, the underlying (and more interesting)
questions about where these different epistemologies came from , why they persisted,
whether they were homogenous even within the countries where they had emerged,
and what they meant to their originators went entirely unexplored. This informed
my shift in focus away from studying attempts to create safety standards and thus
harmonize conceptualizations of safety towards a study of reactor design projects
the sites where these different conceptualizations had emerged and were emerging.
While the majority of the dissertation focuses on contemporary reactor designers,
I use the interviews and materials from this initial work in Chapter 3 to reconstruct
histories of the epistemologies of nuclear safety used within the regulatory organizations (in the two countries whose design practices I study). In this chapter, I also
revisit the harmonization initiatives in a limited sense.
In reconstructing these histories, I have avoided the single narrative or the 'hegemonic tales' [Ewick and Silbey, 1995] (that my interlocutors - the standard-setters
- might have preferred I tell ), in large part because they were often on opposite
sides of the same debates within and across countries. For example American and
French regulators disagree on how nuclear safety (particularly reactor design) should
be regulated - in the content, scope and enforcement of the regulations as well as
their underlying epistemologies. The Nuclear Regulatory Commission (the American
nuclear safety regulator) and the Institute of Nuclear Power Operations (widely regarded as an industry 'self-regualtor') tell different stories about the origins of 'safety
culture'. The American and French nuclear safety regulators (as well as operators)
differ on their views on whether 'culture' can be controlled (the American view) or
whether it is emergent and at best a diagnostic tool (the French view). American
and French nuclear safety regulators have also found themselves on opposite sides of
the harmonization debates. Finally, French nuclear safety regulators have disagreed
with European Commission officials about the content and enforcement mechanisms
for nuclear safety standards.
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Table 2.1: Initial interviews
Interviewee's organization
Institute for Nuclear Power Operations (INPO)
World Association for Nuclear Operators (WANO)
Western European Nuclear Regulators Association
Autorit6 de Sfret6 Nucleaire (ASN)

Reactor Safety Commission (RSK)
Nuclear Regulatory Commission (NRC)
Nuclear Energy Agency (NEA)
International Atomic Energy Agency (IAEA)
International Nuclear Safety Advisory Group (INSAG)
European Commission Energy Directorate
Carnegie Endowment Principles of Conduct for Nuclear
Total

Number of interviews

3
2
1
2
5
6
2
1
1
4
1
28

In the remainder and larger part of this chapter, I describe how I studied reactor
design projects.

2.2

Studying design

While designing is recognized as a form of expertise within academic nuclear engineering, reactor design itself as an activity has not been studied to identify the conditions
that lead to desirable (or undesirable) design outcomes. Thus the methodological approach and theoretical resources used in this dissertation work are drawn from outside
nuclear engineering as described in the sections that follow.
Design researchers have taken a range of different approaches for studying design. Table 2.2 summarizes these approaches with selected examples of such studies.
Studies of design can be thought of as having occurred in four phases [Wallace and
Blessing, 2000, Blessing, 20031. These are the experiential, intellectual, experimental
and theoretical phases respectively.
In the first, experiential phase, design practitioners reflected on their own ways
of designing and self-reported this otherwise tacit form of knowledge. In the second
intellectual phase design became an object of study and intervention and researchers,
through their studies of design, began to propose design methodologies, principles and
methods for use by practitioners. In the third experimental phase, researchers have
been studying designs in more controlled settings. For example, a large body of work
has been based on studies of expert and student student designers working on both
real-world problems as well as carefully designed design prompts having pedagogical
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Table 2.2: Approaches for studying design
Methodological approaches in

Designers studied

Data collected

Example (exemplary)

expert designers

Audio and video recordings,
design sketches, field notes

(Schon, 1983; Simon,

design research
Observation and participant

observation

1996)

Design logs or journals,
Studies of student design
courses and competitions

student designers

sketches, course evaluations by
peers, instructors and judges, selfassessments

Protocol studies, experiments typically student designers;
sometimes expert designers

Oral histories, Interviews, self
reports (itn)
typically expert designers

(Yang,2009)

Audio and video recordings,
design sketches and prototypes

(Goldschmidt, 1995;
Dong, 2005)

interview notes and transcripts,
details of designed artefact and

(Hecht, 1998;
Schiid, 2015)

decision making processes

value. 3 In the latter set of studies the subjects have been student designers working
on design projects over a semester-long design course or design competition. Here
the researcher ,often also the course instructor or teaching assistant, collects and analyzes several pieces of data - design logs and journals, sketches (physical and digital),
design prototypes and self. peer, judge and instructor evaluations. Another example
of a controlled empirical design study is the design 'experiment'. Designers recruited
to participate in such a study are given a typically brief design task crafted by the
researcher to refine the understanding of a specific element of design. Such design
experiments have been used to study the impact of problem formulation, team structure, tools used, prototyping approaches on the design outcome.4 These studies have
yielded consequential and interesting insights into the nature of the design process.
However, researchers have also found that a limitation of experimental design studies
involving students is that student designers working in controlled settings differ in
their patterns of decision making from the expert designer working on a 'real world'
problem. These differences in approaches have been attributed to differences in designer expertise, socialization and the design environment [Ahmed et al., 2003, Cross,
2004]. I will return to these themes in Chapter 5. During this third phase of design,
design researchers observed a rapid emergence of new strands of loosely coupled and
diverging studies of design research, the creation of 'referencing islands' and a lack
of agreement on taxonomies for frequently used concepts [Blessing, 2003].5 In order
3

See for example Purcell and Gero [1996], Valkenburg and Dorst [19981, Adams et al. [2003], Yang
[2009], Paton and Dorst [2011], Yilmaz and Seifert [2011], Oak [2011]
4
See for example Dorst and Cross [2001b], Goldschmidt [1995b], Goldschmidt and Sever [2011]
5
For example a number of overlapping terms such as design 'philosophy', 'axiom', 'language',
'heuristic', 'principle' have been proposed to describe the conceptual tools used by the designer. See
Fu et al. [2016] for a typology for reconciling these overlapping terms.
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for design studies to continue to generate actionable insights for design practice, a
shared methodological and theoretical base was needed. Blessing [2003] refers to this
fourth phase, which design research has now entered, as the theoretical phase. In this
current phase of work, design researchers have increasingly been thinking about how
to test exploratory theories of design and translate research findings into actionable
insights for design practitioners. For example Blessing and Chakrabarti [2009] propose carrying out design studies in iterative descriptive and prescriptive studies to aid
theory building. Vermaas [2014] proposes using falsification to test design theories.
More on this in Section 2.8.
At the other end of the spectrum, historians of technology have taken a more
longue dur6e view for studying technological artifacts and systems designed long ago.
These researchers have relied on strategies of triangulation - drawing on oral histories,
technical reports, memos, documents and personal papers to construct retrospectively
a historiography of design. Unlike the researchers studying contemporary design work,
historians of technology have typically eschewed theories of design.iThis may be due
in part to the timing of the design work and the study of it as well as the focus on a
single deep case study. Likening the design and evolution of a technological artifact to
the evolution of scientific knowledge, historians argue that the early stages of design
are characterized by a great deal of interpretive flexibility [Pinch and Bijker, 1987].
Designers see a range of possible choices available to them but as time goes on, design
is done, the scope of decisions narrows, and the unexplored and explored but discarded
(and often undocumented) choices are forgotten. Interpretive flexibility starts to
vanish until the designers sometimes are left only with a rationalized history of that
which they have created. Historians who then work to resurrect this interpretive
flexibility have typically limited their observations on the nature of design to say that
design is highly contingent [Hecht, 2009, Schmid, 2015]. According to the historians
of technology no grand theory of technology or design is possible. Design outcomes
cannot be predicted or even broadly sensed a priori.
In this work I take an intermediate approach. While designers of any kind rarely
design from a truly blank sheet of paper, this is especially true of reactor design. As
I show in the chapters that follow, technological and epistemological choices made in
the past turn into more durable norms and no meaningful study of reactor design can
treat design as ahistorical. For example, in Chapter 3 I show how defense in depth
(which nuclear engineers refer to as a 'design philosophy') emerged in the 1950s and
evolved over time (though differently in France and the U.S.), often in competition
6

There are some notable exceptions. See for example Mumford [2010], Basalla 11988]
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with a rival epistemology offered by the probabilistic risk assessment methodology.
In Chapter 4, I show how the technological and design choices made in both countries
in the 1980s - specifically the decision to persist with light water reactor technology
- have shaped the identities of the contemporary designers and the 'missions' of the
companies in which they work.
On the other hand, the large and varying set of design projects unfolding in real
time in both countries makes it possible to draw on some of the methodological
approaches and theoretical resources from design studies to examine the choices that
reactor designers are making. For the designers working on these projects who have
(by and large) only recently passed the conceptual design phase, the pivotal design
decisions (and counterfactuals) remain in living memory. For example, in Chapter
5, I examine how expert vs novice reactors designers approach the earliest stages of
design and think about what kinds of reactor technologies to develop and then develop
initial architectures for the new design. In Chapter 6, I explore the extent to which
designers have developed their own conceptual categories for generating and parsing
early stage design decisions. And in Chapter 7, I examine how designers experienced
the Fukushima Daiichi nuclear accident and how their interpretations of the causes
and consequences of the accident influenced their design decisions.

2.3

Reactor design projects globally

The prolonged nature of the design process and the fact that different designs were
in different stages of development made interviewing designers the preferred choice of
method for data collection. 7 To identify prospective interviewees, a list of all recently
active design projects was compiled.8 This list includes designs that could potentially
be built in the future that were carried out concurrently with or since the Advanced
Light Water reactor project was initiated in the U.S. in the mid 1980s. Since no
such list existed I drew on several sources of information to compile one.' The list
was reviewed for completeness by two faculty members in the MIT Nuclear Science
and Engineering Department (not part of my dissertation committee), as well as two
'An alternative approach would have been direct or participant observation.
8
Although focussing on the US and France, I compiled a list of all recently active reactor design
projects globally to discern whether there was a significant difference in the volume of design projects
and choices made about the reactor technology to be developed in the US and France relative to
other countries.
9
These included the IAEA Advanced Reactor Information System, the UxC SMR list, a list
of North American reactor projects published by Third Way, and national nuclear energy profiles
published by the World Nuclear Association [JIAEA, 2016, UxC, 2018, Brinton, 2015, WNA, 2018].
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members of two different international nuclear energy organizations. The initial list
was compiled in the Summer of 2015 and has been updated several times since with
the most recent update in June 2018 to reflect the emergence of new design projects.
As shown in Figure 2-1, 133 reactor design projects were identified worldwide.
The US has the largest number of design projects (thirty-seven). Seven are based in
France.
Around the world, new reactors are being developed in a variety of settings
startups, large companies, government-funded national laboratories and universities.
Some projects are not housed within a single organization, but instead are being
developed collaboratively by research and design teams from multiple organizations,
and in some cases, multiple countries (for example the four European Union - wide
projects).
Figure 2-2 shows the sites of design activity. Under half (55) of all designs are
being developed in large companies. These include American companies such as
Westinghouse and GE, Japanese companies such as Hitachi, Mitsubishi and Toshiba
and the Russian Rosatom. Gidropress , a subsidiary of Rosatom, has the largest
number of active design projects (16). National laboratories are also important centers
of design activity in many countries (particularly Russia) with 31 reactors under
development worldwide at national laboratories. A number of startup companies
developing reactors have emerged in the United States , Canada and in the UK
(27 in all). It is also worth noting that although 10 projects are housed currently
in universities, others originally began in a university setting (these include Kairos,
Transatomic, NuScale and Oklo in the US). American projects in particular have this
character of shifting across organizational home bases (I will return to this subject in
Chapter 4).
Figure 2-3 shows the power output (expressed in MWe) or reactor 'size', sorting
designs into two broad categories : those that have a power output of less than or
greater than 300 MWe. Roughly 60% of the design projects (or 80 out of 133) are
'small' reactors or 'small modular reactors' (SMRs). 10 These are reactors having a
"0The term itself appears to have first been proposed by the International Atomic Energy Agency
in the 1980s (See for example IAEA 119851). In its initial usage, 'SMR' referred to small and
medium reactors, where small reactors were defined as having a output of less than 300 MWe and
medium reactors having a power output in the 300-700 MWe range. By the late 2000s, the term
'SMR' was increasingly used to refer to small modular reactors. Here 'modular' was a reference to
the manufacturing and construction techniques that could be used to shift much of the work for
building a new nuclear plant from the construction site to the more controlled environment of the
factory floor. Ingersoll [2009] has alternately proposed that contemporary 'small' reactors (i.e. those
having a power output less than 300 MWe) should be referred to as 'deliberately small reactors' (or
DSR) to distinguish them from early reactor designs that were not small deliberately but small
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China

Japan

Korea

France

Canada

AP1000
ES8WR
ABWR
NGNP
IRIS
Westinghouse SMR
NuScale
mPower

CEFR
CFR 600
ACPR 1000
CAP 1000
CAP 1400
CAP 150
CPR 1000
ACPR 1000
CNP 300
CNP 600
CNP 1000
CAP FNPP
CLEAR I
HTR PM
HTR 200
HTR 600
NHR 200
ACP 100
ACP 100S
ACP 105
ACP 25S
ACPR 100
ACPR 50S
FHR

4S
APWR
GTHTR300C
IMR
JSCWR
JSFR
KAMADO FBR
RBWR
LSPR
MRX
Fuji MSR
RAPID

APR

EPR
Atmea
Kerena
Astrid
Flexblue
MSFR
Antares

ACR-1000
EC6
Starcore HTGR
LEADIR PS 100
Dunedin SMART
Integral MSR

APR 1000
APR 1400
PEACER
SMART
PGSFR
KALIMER
ONPP
MMR

India
AHWR
FBR
IPHWR 220
IPHWR 700

EU
ALFRED
ALLEGRO
ELFR
HP-LWR

UK
Argentina
SSR
CAREM
Ubattery
Adams Engine

3

6

7
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Figure 2-1: Reactor design projects by country
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Figure 2-2: Reactor design projects by developing organization
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Figure 2-3: Reactor design projects by reactor power
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Figure 2-4: Reactor design projects by reactor technology
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Figure 2-5: Reactor design projects by safety system
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Figure 2-6: Reactor design projects by stage of development
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capacity of less than 300 MWe. Most designers developing SMRs are attempting to
develop reactors that can be fabricated or assembled centrally in a factory and shipped
to the reactor site for installation, with minimal on-site construction.

Most reactor

projects (26 out of 37) in progress in the US are developing small reactor designs.
A number of factors have led to an interest in the smaller reactors. These include
shorter construction times in a controllable factory environment, ease of financing
(relative to larger ~1000 MWe reactors), the ability to add capacity to match gradual
11
increases in demand and fitness for integration with smaller electricity grids.
As shown in Figure 2-4, the reactors under development globally represent a range
of technologies.

One way to classify reactor type is by the coolant used to remove

heat from the reactor core. Currently, light water reactors are the dominant reactor
technology. Of the 453 operational power reactors in the world, 372 are light water
reactors (LWRs), of which 297 are Pressurized Water Reactors (PWRs) and 75 are
Boiling Water Reactors (BWRs). By comparison, the contemporary reactor design
projects suggest a shift away from light water reactor technologies. Of the 133 reactor
projects listed here, just over half 72 are light water reactors. There appears to be an
emphasis on water-cooled designs especially in Russia where 21 of 26 active projects
are water-cooled reactors. In China too there appears to be a greater emphasis on
light water reactors than on non-LWRs. Eighteen out of 24 active projects are watercooled designs. Although there continues to be an emphasis on water-cooled reactors,
many designers across these countries are developing a variety of designs using other
coolants - these include liquid metal cooled reactors (26), gas cooled reactors (17)
and molten salt reactors (16).
Most reactors in operation today worldwide employ 'active' emergency core cooling
systems to remove decay heat from the core in the event of loss of cooling during an
accident. Unlike these older reactors, an overwhelming majority of the reactor designs
currently under development - at least 11012 out of 133, as shown in Figure 2-5- are
being designed to employ passive cooling systems which can remove all of the decay
13
heat for at least 24 hours after the loss of cooling, using natural circulation.

For

some designs, the ability to remove decay heat passively extends beyond 24 hours, in
because technological constraints initially limited reactor sizes.
"For some arguments in favor of smaller reactors see Ingersoll [20091, Vujic et al. [2012], Locatelli
et al. [2014]. Despite the increased emphasis on smaller reactors, interest in larger reactors remains
. Chinese, French, Korean and Russian designers especially have been designing increasingly larger
reactors, both for domestic markets but also for export.
12
Insufficient design information is available for 8 Russian and Chinese designs.
13
These include both water-cooled and non water-cooled designs employing natural circulation as
a means of passive heat removal.
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some cases up to 72 hours. (I will return to this theme of 'active' vs 'passive' safety
systems in Chapters 4 and 5)
Finally, figure 2-6 identifies projects by the stage of development.

The designs

were classified in the following manner: Conceptual designs (46) are those for which
initial reactor designs have been developed. This includes an analytical proof of concept through simulation studies but not the detailed design of systems, sub-systems
and components. Basic designs (52) are those for which the detailed design of systems, sub-systems and components has been initiated. Designs in the licensing (4)
phase are those for which detailed design activities are considerably evolved and the
design is under regulatory review for design certification or a license.

Designs that

have completed the licensing phase successfully have received regulatory approval in
the form of a design certification (10).

Some of the advanced reactor designs are

already under construction or are operating (15). Finally, not all of these projects are
currently active, and several (6) have been suspended either officially or unofficially.1 4

2.4

US and France

Initially considering a range of countries (including Russia, Canada, UK and India),
I eventually chose to study reactor design in the US and France for several reasons.
Although both countries ultimately opted to develop light water reactors (only Pressurized Water Reactors (PWRs) in France, both Pressurized Water Reactors and
Boiling Water Reactors (BWRs) in the US), the epistemological foundations of reactor safety are rather different in the two countries. The US approach to safety is often
described as 'risk informed' whereas the French approach is described as 'deterministic'." While these differences are often cited , they origins are not well-characterized,
nor do we know how they play out within the context of reactor design projects. For
these reasons, the two countries make for an ideal case study.

A note on industry structure
It should be noted that the nuclear industries in both countries are structured differently. In France nuclear plants are owned and operated by a single entity - Electricit6
14'Unofficially', because some designers ceased working on a design concept without making a

public announcement to this effect. 'Inactive' here is defined as no technical publications (journal or
conference articles), no press releases by the developing organization, company websites that have
not been updated or are defunct since 2015.
15I describe the origin and evolution of these different approaches in Chapter 3.
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de France (EdF) and only a handful organizations have design expertise. These organizations include the CEA16 , Areva and EdF. Representatives from these three
organizations typically work together on any large reactor design project (especially
when that reactor is intended for operation in France). Other organizations with design expertise include Naval, Atmea and university research groups. Naval is the main
manufacturer of equipment for nuclear powered submarines in France." Atmea is a
joint venture initiative between Areva and the Japanese Mitsubishi Heavy Industries
(MHI). Nuclear safety is regulated by the Autorit6 de Suiret6 Nucl6aire (ASN). ASN
while having some in-house technical expertise is supported in its work by Institut de
radioprotection et de Sfuret6 Nucl6aire (IRSN).
In the US, nuclear plants are owned and operated by several utilities (the largest
of owner of nuclear plants is Exelon which owns and operates 22 reactors). The current ownership structure has become significantly more consolidated than in the past
when plant ownership was fragmented across a large number of utilities. 18 Historically, Westinghouse and General Electric have been two of the largest reactor design
companies. However, since the early 2000s, a number of new startup companies have
emerged (More on this in Chapter 4). Other important centers of design expertise are
the national laboratories and design groups based in universities. In the US nuclear
safety is regulated by the Nuclear Regulatory Commission (NRC). Unlike ASN, NRC
carries out the majority of technical analyses in support of regulation in-house.
As a result of the different epistemological orientations (briefly described above)
industry representatives and regulators from both countries have often found themselves on opposing sides of international nuclear safety debates. (I will return to
a closer examination of the epistemological categories and the debates in the next
chapter.)

2.5

The structure of a reactor design project

Nuclear reactor design projects are generally multi-year initiatives, sometimes taking
up to a decade or more for the development of a new design. Although design is
generally believed to be (and as the interviews revealed, is) a non-linear process,
16

Alternative Energies and Atomic Energy Commission or Commissariat A l'6nergie atomique et
aux 6nergies alternatives.
17Naval was formerly known as Direction des Construction et Armes Navales (DCAN) until 1991
when it became DCN (Direction Construction Naval) and DCNS (Directions des Constructions
Navales Service) from 2007 to 2017.
18
The consolidation in ownership has led to a 10% increase in operating performance through a
reduction in reactor outages [Davis and Wolfram, 20121.
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reactor designers tend to think of distinct stages of completeness of the design task.
Analytical studies of an initial rough reactor concept lead to a 'conceptual design'.
Such a design has been proven to work analytically through a series of engineering
calculations but further experimental studies and more detailed drawings are needed
to create what is called a 'basic design'. The basic design is generally followed by
the creation of a design with still greater levels of detail that would be sufficient
for obtaining regulatory approval. After this stage of design, detailed engineering
drawings and scoping studies of the supply chain of materials and components are
carried out. The exact dimensions of every component of every reactor sub-system are
specified and decisions made about whether these components will be made in-house
or externally. This final stage of design is called engineering design. 19
This process of design in which a greater level of detail is specified at each stage
requires the expertise of not just nuclear engineers but also mechanical and civil
engineers, chemical engineers, radiation physicists and others. 20
Designers who have completed the design of a reactor, obtained regulatory approval and built it, estimate that the entire process from start to finish requires on
the order of 5 million man hours. According to one of the interviewees, the cost of
developmental work increases by an order of magnitude at each stage of development.
Early conceptual work requires roughly $1M, and further development of design or
the development of a 'basic design' costs $10M, licensing a design costs approximately
$100M and the creation of detailed engineering drawings, $500M-$1B. (This designer
estimated that the construction of the plant itself costs around $10B.) 2 ' French designers agreed with the estimates of total design and construction costs but did not
have a clear estimate for the design certification costs. This may be due to the
fact that the design certification process is significantly different in France where the
regulator is more embedded in the design process.
The choices made by the designers, especially those made in the earliest stages
of design which are further articulated and elaborated at each successive stage, ultimately determine the fitness of the technology and its ability to compete with other
sources of energy, nuclear and non-nuclear.
19

The designers who were interviewed sometimes referred to the final stage of design as 'detailed
design' or 'engineering design' interchangeably. Some accorded a greater level of specificity to 'engineering design' than to 'detailed design'.
20
For the broader manpower needs of a nuclear energy 'program' see Verma [2012J.
21
These estimates are corroborated by a U.S. Government Accountability Office study [GAO,
20151.
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2.6

Designer interviews

Team structure, distribution of authority and scope of work can vary significantly
across design teams. Clark and Wheelwright [1992] suggest four ideal types (of design teams) which represent a spectrum of designer specialization and authority within
the organization. The four team structures, as shown in Figure 2-7) are functional,
lightweight, heavyweight and autonomous. A functional team is made up of a group
of individuals with a fairly high degree of disciplinary specialization. The members
of such a team coordinate their work by establishing early on a clear set of design
parameters and translating them into sub-problems for each of the team members.
There are some advantages to such a team structure. Its members, with their deep,
specialized expertise, become (over time) the keepers of organizational knowledge.
However, such a team structure is ill-suited for tackling a poorly-defined design problem for which it is difficult to establish a clear set of design parameters at the outset
of the project. A lightweight team is somewhat better able to deal with poorly structured design problems.

The work of such a team is coordinated by a 'lightweight'

product manager (instead of by the development of design parameters at the outset
of the project).

The manager oversees the work of the various sub-teams and the

integration of work (and the ability to shift direction) is somewhat greater than in a
functional team. However the limits of authority of the product manager (who is a
'lightweight' in the organization) ultimately constrain the ability of such a team to
deal with complex problems. The third type of team - a heavyweight team - is led
by heavyweight manager who has a great deal of authority and autonomy within the
organization. All of the team members report ultimately to the heavyweight manager
which heightens the ability of such a team to tackle complex and ill-defined problems,
improvise and integrate the work individual team members. Finally, an autonomous
team as described by Clark and Wheelwright [1992] is one in which each of the members of the team behave effectively as the heavyweight manager. The leader of such a
team has complete autonomy within the organization. Autonomous teams "take little
or nothing as "given"; they are likely to expand the bounds of their project definition
and tackle redesign of the entire product, its components and sub-assemblies, rather
than looking for opportunities to utilize existing materials, designs, and organizational relationships." One possible problem with such a team is that it is difficult to
make "mid-course correction" and such teams have often "gotten away" from senior
management [Clark and Wheelwright, 1992].
Finally, sometimes (though only on rare occasions for the design of real world,
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Figure 2-7: Types of design teams [Clark and Wheelwright, 1992]
complex systems) designers work alone. In a study comparing the work of the lone
designer to that of a design team, Goldschmidt [1995a] finds no observable differences
in creativity and productivity of the lone designer vs the team. This study was
conducted as a two-hour design experiment (in which the designers were tasked with
designing a new kind of bicycle carrier). One possible interpretation of the results is
to think of the lone designer in this study as analogous to or the exaggerated version
of the autonomous and heavyweight teams. 22
None of these team structures is completely representative of a reactor design
22

1n a similar study comparing the performance of the individual designer and a design team
Dwarakanath and Blessing [19941 find some key differences in the design approaches. The design
team spends more time on defining the problem that the product needs to solve as well on the
characteristics of the final product. The lone designer, not having to explain the rationale underlying
design choices, is able to explore a larger number of possible design solutions.

40

team from project start to its finish. Successful reactor design projects that run to
completion are often decade-(or more) long ventures.

As I will show later, reactor

design projects typically start off in small teams (having received a mandate and
broad design criteria from upper levels of management) or even in a team of one.
This relatively 'lean' team structure persists through the early conceptual stages of
design until work starts on a detailed design. Thus in the formative stages of a reactor
design project (which are of interest here) the design team can be thought of as a
heavyweight or autonomous team with one or more heavyweight or lead designers.
Even as the project progresses into its later stages and the team expands (sometimes
to include hundreds of analysts and engineers), the lead designer remains at the helm.
In looking for designers to interview, I was specifically looking for these heavyweight or lead designers (I use these terms interchangeably).
signers in a few different ways.

I identified these de-

For startup companies, the lead designers are also

often the Chief Executive Officers, Co-Founders or Chief Technology Officers of their
respective companies. More broadly across all organizational settings (startups, large
companies, universities, national labs), the lead designers are also listed on multiple
patents and are lead authors (or recurring authors) on conference papers and journal articles (particularly early articles describing the whole reactor design). 23 They
also often list their roles as the lead designers of a reactor design project in publicly
available biographies, CVs and typically also on their linkedin pages and social media
accounts (Twitter appears to be the social media platform of choice for occasional to
frequent updates on the status of the design project, calls for changes to policy and
commentary on the general state of innovation in the nuclear industry).
Having identified the lead designers, I sent requests for interviews by email. In a
couple of instances where my deductions of identity of the lead designer were incorrect,
the individuals I wrote to introduced or pointed me to the lead designer.
As this is a small N qualitative study, I used a statistically non-representative
stratified approach to create a representative sample - particularly for the American
reactor design projects which were much larger in number than the French design
projects. A statistically non-representative stratified sample is constructed by identifying independent variables that are of relevance to the study [Trost, 1986].

In

order to capture how reactor development varied across different technology types
and organizational settings, the independent variables of interest here were reactor
23

Later articles typically focus in greater detail on a specific part of the design (i.e. the reactor
physics or computational fluid dynamics studies of heat transfer in the core and secondary systems)
or its techno-economic performance.
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size (small or large), technology type (water cooled or non-light water cooled) and
organizational setting (startup, large private company, university, national lab or alliance24 ). According to Trost [1986], all possible combinations of the independent
variables represent a 'property space'. However, not all cells in the property space
are logically or empirically occupied. For example, for the American reactor design
projects, I did not come across any examples of small light water reactors being developed in a university or national lab setting, or large light water reactors in a startup,
national lab or alliance, or small non-light water reactors in an alliance or large nonlight water designs being developed in a national lab. Table 2.3 shows the stratified
sample for the American design projects.
Table 2.4 shows a list of all reactor designers interviewed, their organizational
home base as well as their backgrounds.
As seen in both Tables 2.3 and 2.4 there is a range of reactor technologies and
organizational settings. 15 designs are water-cooled designs (8 large and 7 small,
where 'large' refers to those reactors having a power rating in excess of 300 MWe and
'small' referring to those reactors having a power rating less than 300 MWe. These
small reactors are also referred to as small modular reactors). The non-water cooled
designs include reactor designs using salts, metals and gas as coolant. However, to
anonymize the interviewees, these reactors are collectively grouped under non-light
water cooled designs. The interview sample includes 8 large and 9 small non-water
cooled designs.
For the American reactor design projects, 38 interviews were conducted with designers from 27 design projects. 25 were conducted on the phone and 13 in person.
The sample includes 25 projects from the list of 37 recently active design projects
in the U.S. 25 , as well as two other reactor projects. One of these was part of the

ALWR project but the design no longer has an active design certification (therefore
this design did not meet the criteria for inclusion in the list of contemporary design
projects). Another is a project based at a university that is in its early stages and not
yet a fully funded research project or commercial venture (and therefore not included
in the list of U.S. reactor projects).
For the French design projects, 17 designers from across 5 design projects were
interviewed with more than one interview per project for four of the projects (with
at least one interview with a designer from each organization that participated in
2

1I define an 'alliance' as a design group made up of team members from more than one kind of
design organization.
25
For eight designs, two interviews were conducted, and for one of them, three interviews were
conducted.
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Table 2.3: Statistically non-representative stratified sampling of American reactor design projects
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Table 2.4: Summary of interviews of French and American reactor designers. The
codes pre-fixed by F (such as Fl,F2 etc) represent French reactor designs. For French
reactor design projects spanning multiple organizational settings, a lead designer from
each organization was interviewed.
Designer information
Decades of design

Reacor tchnology and
AMe

caperience at start of

Reactor (code)

Design orpoinaion

A

large company

B

large company
large company
large company

projec (*Askerisk
denotes ead
designer nor

Experience
Work
Prevkous nonexperience outside current
design
leading a design
outside nwclw
design
experiezice"
indsstry?
organization?
project?
Previous

experince

inserviewed)

large wawtcol

F

F1

F2
G

H

I
snall water cooled

2+

Univeity

largecompany

2+

y

y

large company
large company

2+

y

y

2+

y

largecompany
large company

2+
2+
2+
2+
2+
I

y
y
y

y
y

y

large company
largecompany
large company
large company

alianc
startup
startup

2+
>1
>3I

F3

large company
large company

2+*
>I

M

large company
largecompany

>1

N

Startup

startup

3+

>1

o

startup
startup
startup
university
alliance
national lab
national lab

1+

R
S
4

small non-water cooled

T

University

U

national lab
national lab

AA

F5

lge company

y
y

y
y
y
y
V
y

y

>1
>1

1+
1+
2+
2+
2+
>1

y
y

2+*

>1
2+
>1
2+
>1
I+
>1
2+
2+

large company
startup
large company
startup
startup
startup

y

y

>1

large company

V
W
X
Y
Z

y

1+

3

Q

y

2+

univeasity

K
L

P
large non-water cooled

y

+

C
D
E

2+
2+
2+

large company

44

y

y

y

y

y

y

y
y
y
y
y
y
y
y
y
y
y
y
y
y
y

y
y

y
y

y
y
y
y
y

y
y
y
y
y

the project).

All but two interviews were conducted in person.

An additional 6

interviews were conducted with representatives from the regulatory organization, who
played a critical role in specifying the design objectives for one of the reactor designs
(these interviews are accounted for in Table 2.1).

The interviews with the French

reactor designers (and regulators) were conducted in a combination of English and
French. The interviews typically started in English and transitioned into French if
the interviewee could not find the English equivalent for a French term (or if a precise
equivalent did not exist) and generally reverted to French when I inquired whether
my understanding of the French equivalent of an English term that the interviewee
was using was correct.

I translated and transcribed these interviews entirely into

English.
There are some key differences in the backgrounds of the American and French
designers.

None of the French interviewees were first-time designers whereas five

American designers were both designing a reactor and leading a reactor design project
for the first time. It's worth noting that all of these first-time designers were based in
startup-organizations and four of the five were developing non-LWR reactor designs.
Proportionally, American designers tended to have worked elsewhere, i.e. outside their
current design organizations, whereas the French designers tended to have stayed in
their home organization since the start of their careers.

2.6.1

Interview methodology

In preparation for the interviews, I reviewed journal articles, conference papers and
public presentations describing the design, as well as reports in the trade press describing previous or ongoing developments relating to the design and design organization
or team in question. In some cases this additional information was used to modify
the interview protocol or probe for specific information relating to a design choice or
developmental decision in the interview.
I interviewed reactor designers to understand how they make decisions bearing on
reactor safety during the design process. Rather than asking this question directly
right away, I asked designers to describe their approach to reactor design in their
own words starting from the earliest stages of design.

The interviews were semi-

structured. At the outset of each interview the designer was asked to describe the
process of development for his or her reactor design starting with the motivation
for initiating the project and the origin of the initial idea on which the design was
based. Where necessary, designers were prompted for additional information about
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how specific design decisions bearing on the choice of technology, the size of the
reactor, cost and safety were made. I also asked the designers to describe the evolution
of the team working on the design over time. Towards the end of the interview, I
explicitly inquired how reactor designers conceptualized safety. Finally, the designers
were asked to describe the envisioned future trajectory of their designs, including
prospects for commercializing and deploying them. This interviewing approach made
it possible for me to collect both the implicit and taken for granted ways in which
designers think about and make decisions about safety as well as their own explicit
(and codified) conceptual categories.
An initial version of the protocol was used to conduct four interviews. The protocol
was refined and follow-up interviews were conducted with the four designers who had
been interviewed at the outset. The interviews took between one and three hours. All
but four interviews were transcribed and recorded. For the interviews that were not
recorded, the information collected through the interview was compiled in a detailed
memo based on my notes from the interview and prepared soon afterwards. Altogether
the transcripts and notes make up more than 400 single-spaced pages and comprise
the primary data for this work.

2.6.2

Analyzing interview data

I took a grounded theory approach to analyze the interview data [Glaser, 1992, Charmaz and Belgrave, 2007]. The transcribed interviews and notes were initially coded
in text documents to identify major themes that emerged through the interviews. All
interviews were later coded in Atlas.ti, a qualitative data analysis software package.
Initial interviews that were transcribed were coded with specific attention to what
motivated the design project, how the designers selected the specific technology that
they worked with, the size of the reactor, design decisions concerning safety, and cost,
and finally commercialization decisions. Initial rounds of coding also revealed that
the designers frequently mentioned the Fukushima Daiichi accident and the regulator.
On a second pass, I created these as new categories and collected each instance of
designers' references to them.
Once all the interviews were coded, the quotations marked by each code were
further sorted by design into an excel spreadsheet.

For example, for every design,
every instance of the designer referring to decisions bearing on safety were coded as
'safety'.

Each block of quotes for every code and every design were then analyzed

synthetically to craft a narrative for how decisions bearing on safety (for example)
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were made for each design.

2.7

Limitations of the research approach

Two main limitations of this research approach are a follows:
First, because interviewing was used to collect data on the various reactor design
projects and the details of the design work were gathered retrospectively, it is possible
that the less salient details of why certain design decisions bearing on safety were made
(and others not) have faded from the designers' memories.
Second, because the interviewees were primarily the lead or heavyweight designers,
the perspectives of the other members of the design team are muted. While the
lead designers directly made or were responsible for the main design decisions that
gave form to their respective reactors, the interviews do not capture whether these
decisions, and their implications for safety held different meanings for other members
of the design teams. This should be an area of further study in the future.

2.8

Validity of the research findings

A final comment on the validity and generalizability of this work is necessary before
the results are presented. Validity has been central to debates about the legitimacy
of qualitative research. As Maxwell puts it, "if qualitative studies cannot consistently
produce valid results, then policies, programs or predictions based on these studies cannot be relied on." [Maxwell, 19921. However, an entirely different category
or categories of validity are needed for qualitative research because the positivist
assumptions underlying the quantitative methods are not adequate for judging the
validity of qualitative research.
Maxwell [1992] proposes five kinds of validity as measures for researchers to evaluate qualitative studies. These are: descriptive validity; interpretive validity; theoretical validity; generalizability; and evaluative validity. I next discuss whether and
how we have achieved each kind of validity in this work.
Descriptive validity refers to the accuracy of the account presented by the research
and all the subsequent categories of validity depend upon this one. Here descriptive
validity is achieved by the approach taken for creating a sample of reactor design
projects and the choice of who was to be interviewed from each project. It has to do
with the accuracy of the data that was collected and how it was collected. Recording
and transcribing the interviews (instead of relying on notes and memory), verifying
47

the factual claims (about the attributes of the designs) made by the interviewees with
published descriptions of the reactor designs are measures that satisfy descriptive
validity. Thus the account of reactor design activities in the two countries on which
this work is based is descriptively valid.
A second category of validity is interpretive. Interpretive validity (unlike descriptive validity) does not have a counterpart in quantitative research. Interpretive validity has to do with what the qualitative data collected and described by the researcher
means. This construction of meaning by the researcher must use the meanings assigned by the participants or interviewees (to their own behavior) as a starting point.
These meanings have to be 'constructed' by the researcher because they are not directly available (or not always) for collection. For example, while my central question
was about what it meant to a reactor designer for a design to be safe, I did not lead
with this question. Instead, I asked about the ways in which the designers approached
the design task and made design decisions (that bore on safety). Indeed when I did,
near the near the end of the interview, ask my interviewees how they conceptualized
safety, they nearly always described their use of probabilistic tools or quantitative
analyses of safety without pointing to how their aspirations for a certain form or level
of safety had led them to the particular reactor design in question. Thus the meanings
that the interviewees assign to their own actions are typically not available to them
as conceptual categories because they may have become taken for granted aspects
of their own work. These meanings can be accessed by the researcher by inquiring
indirectly and in an open-ended fashion without posing directly the question that is
of interest.
The third category of validity is theoretical. The researcher builds abstractions
from the data and the interpretation of it. Thus theoretical validity has to do with
the categories that the researcher builds and the relationships described within and
between them. Thus theory builds on interpretation. The meanings interpreted
from the interviewees are coalesced into more abstract categories or patterns that
are descriptive of similar phenomena elsewhere. A theory must be grounded in the
accurate descriptions of behavior and the meanings assigned to them, thus building on
both. Here theoretical validity is achieved through the approach taken to analyzing
the qualitative data - understanding the phenomena described by the interviewees
and coalescing them into categories that remain closely tied to the data.
Maxwell also describes achieving theoretical validity as an ongoing activity that
requires a dialog within the research community. How then should this community
aspect of theoretical validity be achieved in the short term, when a study has just
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been completed? While Maxwell does not offer a clear proposition, one can reasonably
extrapolate from his description that theoretical validity involves engaging with the
concepts and categories other researchers have built to describe similar phenomena.
I have attempted to do this - by engaging with theories and concepts developed by
other researchers, in each of the chapters that follow.
The fourth category of validity is generalizability. While descriptive validity (described above) has to do with the accuracy of the data, generalizability has to do
with the representativeness of the data that has been collected. Maxwell further distinguishes between internal and external generalizability. Is the researcher's account
generalizable to communities, groups and institutions that were studied (internal generalizability) and to those that were not (external generalizability). Concerns about
generalizability are partly addressed by the sampling approach used and also by the
completeness of the data that is collected (Observation or interviews may not capture
everything. As Maxwell writes, "it is impossible to observe everything even within
one small setting"). In this case, while the interviews were my primary source of data
for why the designers did what they did, I also used a number of other accounts of
the design work -trade press, conference and journal publications, company websites,
public interviews given by the designers - to identify and probe within the context
of the interview the design decisions comprehensively particularly those bearing on
safety.26 In the case of the French design projects which involve multiple organizations
and a different lead designer from each organization -as was the case for four of the
five projects in the sample, I interviewed more than one designer for each design.2 7
The final category of validity is evaluative. This involves making normative statements about observed phenomena. The normative statements made within the context of this work have to do with observations that are likely to lead to positive or negative outcomes for reactor safety. Blessing and Chakrabarti [2009] have some specific
advice for design researchers on the subject of evaluative validity. They call on design researchers to carry out studies of design in iterative descriptive and prescriptive
phases. Design in a particular domain is observed and understood (the descriptive
phase) and hypotheses or prescriptions for its improvement formulated and tested
(the prescriptive phase). The authors propose that such an iterative design research
methodology is able to yield reliable insights on the basis of which recommendations
and policies for the improvement of design can be formulated. If situated according
26

For example, a specific conceptualization of the operator, an emergency management strategy
or the design of the emergency core cooling systems.
"In this case to establish whether designers from different organizations had different rationales
for the same decision(s).
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to this schema, this dissertation, although informed by theory and prior insights on
design from other domains, is essentially a descriptive study of design but with the
ability to offer some prescriptions about how to design a reactor.

I will return to

these in the final chapter.
While this dissertation as a whole is not an exhaustive study of all of the possible
sources of influence shaping decisions about reactor safety, it is intended to do two
things : First, to point to some critical junctures within the design process at which
decisions about safety are made which in this case led to different outcomes in the
two countries being studied; and second, to show that for a discipline such as nuclear
engineering, the act or process of designing is a worthwhile object of study and that
studies of design may offer a fruitful opportunity for improving design outcomes in
the future.
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Chapter 3
Epistemologies of nuclear safety
(broadly)

-

The American and French ways of thinking about nuclear safety are frequently described as having different epistemological foundations. The American approach
more reliant on the use of probabilistic tools for the assessment of risk and often
grounded in cost-benefit analyses - is often described as 'risk-informed'. The French
approach -much less reliant on probabilistic assessments of risks and much more
rooted in the principle that safety arises from multiple physical and conceptual barriers (defense in depth) - is described as 'deterministic'. In this chapter, I trace the
development of these different national epistemologies of nuclear safety. I do so by
examining the how defense in depth and probabilistic risk assessments have been used
to make judgments about nuclear safety and how the uses of these two (sometimes
competing) epistemologies are linked with other country-specific practices and beliefs
surrounding nuclear safety.1
Specifically, I show that in the US defense in depth emerged as the designer's 'philosophy'. The US Atomic Energy Commission, hoping to demonstrate to the public
and to its critics that nuclear reactors were safe using a quantitative measure of safety,
commissioned the Reactor Safety Study [NRC, 1975] which led to the formalization of
probabilistic risk assessments. 2 This formalization of risk as a measure of safety, led
to several attempts to reconcile PRA and defense in depth as two competing epistemologies of safety. Regulatory debates in the US ultimately concluded that defense in
depth was a qualitative factor, and to the extent possible, regulatory decision-making
1In other words, this is not a history of the development of probabilistic risk assessment or of

defense in depth. It is an account of the competitions between these two epistemologies and their
different resolutions in the two countries.
2
For this portion of the narrative, I draw on Wellock [2017a].
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should be grounded in transparent and repeatable analyses as exemplified by PRA.
The use of qualitative factors (such as defense in depth) should be limited and used
with discretion and the power to do so would lie with the Commission and not the
staff of the agency.
In France, defense-in-depth (once central to the American epistemology of safety)
was adopted along with American reactor technologies in the early 1970s. The emergence of PRA was viewed with some skepticism by French regulators who expected
that a quantitative measure of safety and a the use of quantitative methodology for
regulatory decision-making would never gain traction with the French public. The
French regulators (unlike the American ) saw their role as responding to public concerns about safety instead of educating the public. They further saw it as their
responsibility to call for continuous increases in safety for each new reactor design,
instead of setting a quantitative goal for safety (as the American regulators eventually
did). Thus the French regulators continued to privilege defense in depth as central to
their epistemology precisely because its qualitative and flexible nature preserved their
own discretion to call for improvements in safety. In closing the chapter I argue that
these two distinct national epistemologies of safety underpinning regulatory decisionmaking have thus far produced no differences in the safety of operating reactors in
both countries. In a later chapter (Chapter 6), I will return to examine how the
work of contemporary reactor designers in both countries is influenced by these two
different national epistemologies.
The chapter opens with some brief theoretical remarks on expert epistemologies.
I then describe probabilistic assessments of risk and defense in depth respectively
before turning to a longer exposition on their evolution and use in the two countries.
The chapter concludes by summarizing and comparing the French and American
epistemologies of nuclear safety.

3.1

Expert ways of knowing

Experts often come to view their part of (and place in) the world through a shared
set of conceptual grids or mental models that make up an identical way of seeing the
world [Bronk and Jacoby, 20161. A number of terms have been proposed, at several
levels of abstraction, to describe the similarities in how experts from the same domain
make, order and use knowledge.
Among these categories describing expert epistemologies, one of the broadest concepts is the sociotechnical imaginary. Scholars who have developed this concept have
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been interested in how societies, groups or individual people come to imagine possibilities - in which technology plays a critical role - for what the future might hold.
In other words, the sociotechnical imaginary describes a collective imagination. The
visions of individuals, small or large groups can give rise to these sociotechnical imaginaries but an exercise of power or institution building is often needed for the imaginaries to take hold and endure [Jasanoff and Kim, 2015]. More than one imaginary
can exist in a society - in tension or constructive dialog, elevated or weakened by mediating institutions. More precisely, the authors define a sociotechnical imaginary as
" collectively held, institutionallystabilized, and publicly performed visions of desirable
futures, animated by shared understandings of forms of social life and social order
attainable through, and supportive of, advances in science and technology "[Jasanoff,
2015].
At a lower level of abstraction, is the concept of the epistemic culture. KnorrCetina [1991, 2009], through her studies of molecular biology and high energy physics,
studies the epistemic cultures surrounding the production of scientific knowledge in
these disciplines. 'Epistemic culture' as she defines it is both a methodology for
the construction of new scientific knowledge as well as the organization of people who
produce that knowledge. While 'epistemic culture' primarily describe the production,
organization and use of knowledge by scientists, the concept can be said to apply more
generally to expert communities.
The dominance of a single epistemic culture can lead to an 'analytical monoculture' [Bronk and Jacoby, 2016]. Under these circumstances experts come to view
their part of (and place in) the world through a shared set of conceptual grids and
mental models and discount the possibility and validity of other epistemologies.
Such epistemological homogeneity may often be the inevitable outcome of the
creation of a new technological design or of the process of technological evolution.
A new artifact or technological design, when first created, can take many possible
forms. However, such initial designs are usually flawed and leave several problems
unsolved. Several closure mechanisms are then deployed for a new design to become
'stable' , i.e. to be viewed favorably by a broad range of social groups and adopted
by them. The problems inherent in the design are solved by its refinement. Problems
that cannot be solved in a real sense are solved rhetorically by a redefinition of the
problem [Pinch and Bijker, 1987]. Thus along with a new design, a new epistemology
emerges.
Although inevitable, these homogenous ways of seeing the world are not always
desirable. Bronk and Jacoby [2016], citing the specific case of financial crises, write
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that particularly under conditions of radical uncertainty, institution building and expert practices informed by a single epistemology often leaves a system vulnerable to
correlation failures. Under these conditions it is preferable to avoid the single epistemology and its attendant blind spots. Wherever possible, epistemological diversity
ought to be preserved so that competing epistemologies can exist in a state of 'generative friction', thus enabling the identification of precisely those blind spots that
otherwise make technologies and systems built on the single epistemology vulnerable
to failure. 3

3.2

deterministic and proba-

Two epistemologies
bilistic safety

The underlying epistemologies of probabilistic risk assessments and defense in depth
offer two possible ways to think about reactor safety.
Probabilistic Risk Assessments are also referred to as Probabilistic Safety Assessments (PSAs). The latter term is used more widely in Europe than it is in the US.
For example the US Nuclear Regulatory Commission (NRC) uses 'PRA' whereas the
French regulator uses 'PSA'. PRA or PSA models are made up of event trees and
fault trees. An event tree begins with an initiating event that may be endogenous
or exogenous to the plant (for example a fire starting inside the plant, or a flood or
an earthquake exogenous to the plant). In the representation of a PRA model, event
trees are drawn from left to right (representing the temporal sequence of the initiating
event) and culminate either with core damage or with the core being in a safe state.
A separate fault tree is built for each plant system impacted by the initiating event.
The contributions of each initiating event are then added up to yield the total core
damage frequency.
A probabilistic risk assessment model can be made up of up to three 'levels' of
analyses. The results of the first two levels of a probabilistic risk assessment yield
a core damage frequency and the frequency of the release of radioactivity beyond
the plant boundary. Thus the results of the level 2 calculations yield a conditional
probability of containment failure assuming that core damage has already occurred.
The third level of analysis yields details the consequences of an accident - including
the consequences for public health and damages to property and the environment.
The first 'full scope' probabilistic risk assessment carried out for the Reactor
3

Bronk and Jacoby [2016] borrow the idea of 'generative friction' from Stark 12009].
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Safety Study [NRC, 1975] did not include a systematic quantification and propagation of uncertainties (this was in fact one of the main critiques of the study [Lewis
et al., 1979]). In general, PRA models contain two kinds of uncertainties : aleatory
and epistemic. Aleatory uncertainties arise from the stochastic randomness of events
(for example radioactive decay, or damage to a material caused in a radiation environment). Epistemic uncertainties arise from the limits of expert knowledge. For
example the uncertainties associated with the failure of a particular component or
plant system may be imprecise or the PRA model might miss an event tree (that
could make a significant contribution to the total core damage frequency). Sources
of epistemic uncertainty can be identified by having multiple experts review or independently develop a PRA model for the same system. However, in general epistemic
uncertainties are difficult to quantify. They are also referred to as the "unknown
unknowns".
Defense in depth, which predates PRA by nearly twenty years (more on this in the
subsequent sections) is often described as a "design philosophy" or "safety philosophy".
It is not an analytical tool which yields a quantitative estimate of reactor safety but
instead offers both a physical template for a plant and a conceptual lens for thinking
about safety. Defense in depth calls for physical barriers that prevent the releases
of radioactivity beyond the plant boundary as well as several functional 'levels'. 4 As
we will see in the following sections, the barriers and functional levels that make
up defense in depth have varied significantly over time. A 2006 report authored by
the IAEA's International Nuclear Safety Advisory Group (INSAG) 5 , describes four
barriers and five levels of defense. The four barriers are the fuel matrix, the fuel
cladding, the boundary of the reactor coolant system and the containment system.
The five levels of defense-in-depth are the (1) prevention of abnormal operations
and failures, (2) control of abnormal operation and the detection of failures, (3)
,

control of accidents within the design basis, (4) control of severe plant conditions
4

These are like the PRA levels in that they both treat the temporal sequence of an accident from
initiation to the need for accident mitigation similarly.
5
The International Nuclear Safety Advisory Group (or INSAG) was convened by the International
Atomic Energy Agency (IAEA) Director General Hans Blix in 1986, soon after the Chernobyl accident. The group, initially created as an ad hoc body of nuclear safety experts from 13 countries has
since become a standing group. The Group is chaired by former NRC Chairman Richard Meserve.
Meserve writes an annual letter to the head of the IAEA highlighting the most pressing safety issues
(typically from the previous year. For the letters see Meserve 12004].) Although Meserve is a former
NRC commissioner, his views do not necessarily represent those of the NRC. For example, Meserve
has on many occasions called for the harmonization of nuclear safety (i.e. the convergence to a single
set of standards and possibly also a mechanism for their enforcement), an objective not necessarily
viewed favorably by the NRC. Like Meserve, the other members of INSAG are generally drawn from
the national nuclear safety regulation organizations of countries that make use of nuclear energy.
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Table 3.1: Defense-in-depth as described by the International Nuclear Safety Advisory Group [IAEA, 1996]
Level of Defense In Deoth
Level

1

Level 2
eCn

Level 3

Oblective

Essential Means

Prevention of abnormal operation and failures

Conservative design and high quality in

Control of abnormal operation and detection of

Control, limiting and protection systems
and other surveillance features

failures
Control of accidents within the design basis
Control of severe plant conditions, including

Level 4

Level 5

prevention of accident progression and mitigation

of the consequences of severe accidents
Mitigation of radiological consequences of
significant releases of radioactive materials

construction and operation

Engineered safety features and accident
procedures
Complementary measures and accident
management
Offsite emergency response

including prevention of accident progression and mitigation of the consequences of
severe accidents and (5) mitigation of radiological consequences of significant releases
of radioactive materials.
Defense in depth, which (unlike PRA) does not treat probabilities and uncertainties explicitly, is often described as a 'deterministic' approach to safety.

However,

there is at least some implicit treatment of probabilities. For example, the distinction
between accidents that are within the 'design basis' and accidents that are severe (or
beyond design basis) comes from a light water reactor accident classification system
developed by the US AEC which divided accidents into 9 classes in an increasing order
of their severity and assumed6 decreasing order of their probability. According to this
classification, Class 8 accidents effectively set the upper limits for protections that
had to be built into the design requirements of the equipment and systems used in a
nuclear reactor. These accidents were 'credible' and had to be accounted for in the
design of the plant. Class 9 accidents, believed to lead to 'severe' consequences, could
only occur if several plant safety systems failed simultaneously.

The developers of

this accident classification system concluded that, "although the consequences could
be severe, the probability of occurrences in Class 9 is so small (sufficiently remote)
that their environmental risk is extremely low" [Washburn, 1980]. Thus, designers
did not have to account for these accidents in their plant designs.

In other words,

they were outside the design basis. Following the Fukushima-Daiichi nuclear accident,
nuclear safety regulators have started to refer to some accidents that were previously
believed to be 'incredible' as 'design extension conditions'. Although not specifically
using this term, reactor designers too have started to account for these accidents in
their designs. More on this in Chapter 7.
Thus both the defense in depth levels and the PRA levels correspond to the
temporal sequence of an accident. Here a key difference between PRA and defense in
depth is that defense in depth has a clear normative dimension. A probabilisitic risk
assessment helps identify the important initiating events (i.e.

ones that contribute

significantly to the core damage frequency) and also yields estimates of the overall
core damage frequency but offers no prescriptions about how to reduce that frequency.
Those decisions are left up to the assessor or interpreters of the results. This is not
the case for defense in depth. As shown in Table 3.1 , the INSAG report also describes
the essential means through which each level of defense is achieved. For example, the
first level which is described as the "prevention of abnormal operation and failures"
is achieved by "conservative design and high quality construction and operation".
6

'Assumed' because accident probabilities were not explicitly computed at this time.
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Although defense in depth prescribes how to prevent accidents, the absence of an
explicit treatment of probabilities leaves open several questions for designers and regulators (particularly those working to create or evaluate non-light water technologies).
For example: Which accidents should be considered as lying outside the 'design basis'
of the plant? What is the extent to which preparations for preventing vs mitigating
accidents should be made? (And which accidents should be prevented and which
ones mitigated?) And finally, how much defense is enough? These questions are not
answered by defense in depth.7
Comparisons of the extent to which probabilistic risk insights are used in regulatory decision-making describe a 'spectrum' of national approaches For example, see
Figure 3-1. On this figure, the extreme left represents the defense in depth approach
and the extreme right represents PRA. In the figure 'unquantified probabilities' is a
reference to the classification of accidents within and outside the design basis of the
plant without an attendant estimation of their probabilities.
On this spectrum, the American approach is described as being more risk-informed
whereas the French approach is more deterministic. More precisely, the US NRC
describes the American regulatory approach as being risk-informed and performancebased. It's worth noting however that this 'performance-based' label as used by the
NRC has some inconsistencies with terminologies used in other industries. In a recent study on safety regulations in high-hazard industries, a panel convened by the
National Academies (of Science, Engineering and Medicine) proposed an alternate
classification that avoids the ambiguities of labels such as 'performance based' [Winterfeldt et al., 2017j. These authors propose two sets of dimensions along which to
classify regulations : micro or macro (focussing on a specific causal pathway vs overall
system performance) and means vs ends (a focus on actions vs results). According
to this classification, micro-means and micro-ends regulations are what regulators
often term as being prescriptive and performance-based regulations respectively. The
NRC's definition of 'performance-based' regulation calls for regulatory decisions makers to consider "[w]hich results are the most desirable" and "Which activities (including monitoring) are most likely to yield the desired results" [Kadambi, 2002, NRC,
2018]. Effectively, 'performance-based' regulation as the NRC understands it is both
micro-means and micro-ends and contains elements of precisely that (allegedly former) prescriptive approach which the NRC claims to move away from.
We turn now to examine how defense in depth and PRA evolved and have been
'Although they are not directly answered by PRA either, having established an acceptable level
of risk, PRA can be used as a decision-making methodology whereas defense in depth cannot.
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Figure 3-1: Risk-informed framework [Golay, 2014]
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used in the US and France.

3.3
3.3.1

Evolution
Military origins and emergence

In a post on the US Nuclear Regulatory Commission's blog, its historian points to
the origins of defense in depth as a military strategy developed during the first World
War by French and German armies. Both sides used deep, interconnected trenches
and strong points as a form of defense in depth [Wellock, 2016]. Wolff [2015], however
, suggests that defense in depth represents an even older set of ideas. She points to
Beeler [1956] as putting the term in written use for the first time in an article in the
Journal of Mediaeval Studies to describe military strategy in 12th century Norman
and early Angevin England. 'Defense in depth' appears twice throughout the whole
article without an explicit definition. While it is being put to use for the first time
here (in a military or non military context), it is describing a centuries old military
strategy. Elsewhere, Luttwak [1976] uses defense in depth to describe an even older
military strategy - that of the Roman empire in first and second century AD.
The first mentions of defense-in-depth in a nuclear context started appearing in
the 1950s at around the same time in two different sources : a design report of the
Shippingport reactor and a study of reactor safety commissioned by the US Atomic
Energy Commission (AEC).
The Shippingport reactor built in 25 miles north-west of Pittsburgh in Beaver
County, Pennsylvania, was a 60 MWe pressurized water reactor and the first American
power producing reactor to supply electricity to the grid. Construction on the reactor
started in 1954 and was completed in 1957. The Shippingport design report , jointly
authored by designers from the Atomic Energy Commission's Naval Reactors Branch,
Westinghouse and the Duquesne Light Company 8 , has over 40 authors. It lays out
the design choices for the Shippingport reactor and the rationale behind them [AEC,
1958]. The first chapter of the report introduces the readers to the 'design philosophy'.
This design philosophy describes a structure of concentric barriers for preventing the
release of radioactivity beyond the plant's boundaries . The authors write :
In the design, construction, and operation of the Shippingport plant, every necessary precaution has been taken to guard against hazards to the operating personnel
8

Though all three organizations contributed to the design of the plant they were more formally
the customer, designer and operator.

60

or to the surrounding area. The principal safety problem is to prevent, in the event
of any conceivable accident, the release of harmful quantities of fission products from
the reactor core. Thus, PWR fission products are enclosed within three independent
concentric barriers; equipment is installed to protect the reactor from damage and
to prevent the release of fission products; and operators are properly trained for both
normal and emergency conditions.

The 'barriers' , as shown in Figure 3-2 and described in the report, are the fuel
cladding, the coolant system boundary, the steel pressure vessel and the container.'
This layered structure of barriers preventing the release of radioactivity is an embodiment of the broader idea that all of these barriers make up successive lines of
defense. So long as the barriers are independent, total system failure requires that
each of the barriers fail. The 'equipment installed to protect the reactor from damage'
in the quote above refers to the reactor protection system, the safety injection system and the radiation monitoring systems (described in later chapters of the report).
Although the term 'defense-in-depth' is not explicitly used anywhere in this report,
future references to defense-in-depth point to the Shippingport reactor as the first
instantiation of defense-in-depth in a nuclear context and refer to it (likely drawing
on the title of the chapter in which it appears) as a 'design philosophy'.
A report on reactor safety commissioned by the Atomic Energy Commission (best
known by the report number, 'WASH-740' )[US AEC, 1957] described a similar set
of ideas (though not in the exact form as in the Shippingport design report). This
report too does not explicitly use the term 'defense in depth' but instead refers to
'multiple lines of defense' as forming the technical basis for reactor safety and thus for
granting regulatory approval for a reactor design. The lines of defense as described
in this report are twofold : the reactor vessel and the containment."
Early American reactor designers with their naval connections (among the authors
of these reports) may well have been aware of defense in depth in a military context
but no specific reference to military strategy appears in the two reports above. 2 It's
9

See Fig 1-2, p. 8 in Chapter 1 of [AEC, 19581

10This report is titled "Theoretical Possibilities and Consequences of Major Accidents in Large

Nuclear Power Plants". The work for this report was carried out at the Brookhaven Laboratory and
as a result, the report is also alternately referred to as the 'Brookhaven report'.
"More specifically, the authors write : "Should some unfortunate sequence of failures lead to destruction of the reactor core with attendant release of the fission product inventory within the reactor
vessel, however expensive this would be to the owners, no hazard to the safety of the public would
occur unless two additional lines of defense were also breached: (1) the integrity of the reactor vessel;
and, (2) the integrity of the reactor containeror vapor shell. Accidents of sufficient violence to breach
these successive lines of defense occurring concurrently with progressively unfavorable combinations
of dispersive weather conditions have decreasing probabilities of occurrence" [US AEC, 19571.
"Though not germane to this work, this does raise some interesting questions about how concep-
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Figure 3-2: A pictorial representation of the Shippingport design philosophy [AEC,
1958]
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not entirely clear whether the concept of multiple lines of defense as it is used in a
nuclear context should be attributed to the authors of WASH-740 or those of the Shippingport design report. Although WASH-740 was published before the Shippingport
report, design on the reactor and plant had been completed by 1954 when construction began. Barring an ex-post rationalization by the Shippingport designers (that the
plant design already had the 'multiple lines of defense') or an alteration of the design
plans following the publication of WASH-740, defense-in-depth is likely attributable
to the Shippingport designers. Thus, defense-in-depth when it first emerges, can be
thought of as being a designer's concept. As we will see, this soon changes.
Defense-in-depth has evolved significantly since its earliest description in the Shippingport reactor design report and in WASH 740. This trajectory of evolution has
been rather different in the US and in France. I describe this next.
tual categories travel across (seemingly unrelated) disciplines and fields of practice via practitioners.
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3.3.2

An emphasis on design

In the US, the first significant revision to defense-in-depth came nearly a decade after
its earliest usage in a nuclear context (i.e. after Shippingport design report and WASH
740) in a paper submitted by the AEC's Deputy Director of Regulation Clifford Beck,
to the Joint Committee on Atomic Energy (JCAE) in 1967 [Beck, 19671. In this paper
Beck refers to four barriers (fuel, clad, vessel and containment) but his description of
each barrier highlights the importance of design and manufacturing (over the other
conceptual levels of defense described previously). Beck also goes further than the
descriptions of defense-in-depth in WASH 740 and separates the notion of 'barriers'
and 'levels of defense'. According to him, in addition to the four barriers, there are
conceptually three levels of defense. These are the (1) use of superior design practices,
(2) the accident prevention systems that prevent an accident from occurring, and (3)
accident mitigation systems that prevent an escalation of the consequences of an
accident. Thus Beck effectively gives new meaning to the levels of defense. Although
the accident prevention and mitigation systems are also included in the Shippingport
description, the explicit emphasis on design as the first 'level' of defense is new.
Future AEC documents continued build on Beck's views. Among these are an
Internal Study group that was created to assess the AEC's reactor licensing program.
Like Beck, these authors also emphasized the importance of design and manufacturing
[AEC, 1969]. They write:
"The Study Group endorses the defense-in-depth concept, but believes that the
greatest emphasis should be placed on the first line of defense, i.e., on designing,
constructing, testing and operating a plant so that it will perform during normal and
abnormal conditions in a reliable and predictable manner"
This emphasis on design and manufacturing for the prevention of accidents over
systems designed for the mitigation of accidents (i.e. the second and third levels
of defense) was characteristic of the AEC's approach to nuclear safety through the
1960s until the AEC's dissolution in 1973. Over this period, the AEC's Division
for Reactor Development (which also carried out research for nuclear safety) was led
by Milton Shaw. Shaw was the Director for Reactor Development at the AEC from
1964 to 1973. Wellock [2012] suggests that Shaw, being a prot6g6 of Hyman Rickover,
brought a naval sensibility to commercial reactor design. Reactor accidents on nuclear
submarines were expected to be fatal events and thus a much greater emphasis was
placed on the prevention of accidents than on their mitigation. A second reason for
Shaw's emphasis on prevention over mitigation was because he believed it was the
responsibility of the reactor designers and not the AEC to develop accident mitigation
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systems.
Under the direction of Shaw, the AEC's efforts in nuclear safety research had
primarily been redirected towards preventing accidents instead of learning about accident phenomenology and developing accident mitigation systems. For example, the
construction or operation of several test reactors at the National Reactor Testing
Station was either delayed or the purpose of the reactors altered. For example the
Loss of Flow Test (LOFT), which had initially been conceived as an experiment to
understand the impact on the core of a total loss of cooling, was repurposed to test
the efficacy of Emergency Core Cooling System designs.

This emphasis continued

through the 1960s until the Emergency Core Cooling System hearings which were
followed by the dissolution of the AEC and the creation of two new agencies for promoting and regulating the use of nuclear energy. These were the Energy Research and
Development Administration (ERDA) which was the precursor to the Department of
Energy and the Nuclear Regulatory Commission (NRC) respectively.13
AEC representatives continued to emphasize the importance of the first level of
defense, i.e. of design over mitigation systems throughout the Emergency Core Cooling System hearings.1 4 The dissolution of the AEC in 1973 and the creation of the
NRC in 1974 led to a shift in emphasis from design and manufacturing (the first
level of defense, i.e. accident prevention) to an emphasis on protective systems and
barriers (accident mitigation).

3.3.3

How much defense-in-depth is enough?

In the early 1970s the AEC had decided to commission a new reactor safety study
for formalizing probabilisitic methods for a quantitative assessment of reactor safety.
The motivations for initiating this study were twofold. The American nuclear liability
law - the 1957 Price Anderson Act - would be up for review in 197515 and the reactor
safety study was expected to resolve the question of whether the Act (which had
instituted a strict no fault operator liability 6 in the event of an accident
amended [Wellock, 2017b].

)

could be

Internally however, the AEC also had a second set of

motivations. The WASH 740 estimates of the consequences of a nuclear accident had
13

See Walker [19631 and Wellock [20121 for a description of the AEC's internal decision-making
over this period. Also see Gillette [1972a,d,b,c].
14
See for example, US AEC [1973], Sorensen [19971
15
The Act had initially been created as a temporary measure. It had already been previously
extended once before in 1966. Most recently the act was extended in 2005 for a 20-year period.
"This means that the claims resulting from an accident are borne by the plant operator, not the
designer.
' 7Ultimately, the results of the study were not available in time to be useful for the review.
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been damaging for the AEC's reputation as the agency charged with both developing
and ensuring the safety of nuclear reactors [Wellock, 2017b]. 18 The AEC hoped that
a probabilistic assessment of safety would show that nuclear accidents, although high
consequence events, were extremely unlikely.
The NRC effectively inherited the study that the AEC had initiated. Although
initially enthusiastic about the study, the NRC partially withdrew its endorsement
when it began to receive strong opposition and criticism. Specifically, the NRC withdrew its endorsement of the report's executive summary. This summary compared
the risks of nuclear reactor accidents with more quotidian risks (and had been written
as a counterargument to the results of WASH 740 and its update). Wellock [2017a]
writes that this executive summary had been inspired by work done by Starr [1969]
on public acceptance of risks. The AEC and the authors of the Reactor Safety Study
[NRC, 1975] had hoped that a comparison of the risks of nuclear accidents with more
mundane risks would demonstrate that risks from nuclear accidents were low and thus
help secure public acceptance. As we will later see, this question of 'public acceptance'
was framed rather differently in France. Whereas American nuclear experts generally viewed the public as being irrational for being afraid of nuclear reactors, French
designers, operators and regulators approached this question rather differently. They
did not see their work as convincing the 'public' that reactors were already safe but
to account for the public's fears and make reactors increasingly safer (and to then
demonstrate that this had been accomplished).
The 1979 accident at the Three Mile Island nuclear plant near Harrisburg, Pennsylvania was interpreted by many as having affirmed the value of the study and the
methodology developed in it. The authors of WASH-1400 had emphasized the contribution of small-break loss of coolant accidents to the overall core damage frequency
over the 'double guillotine break'. This was the hypothesized double-ended clean
break of the largest pipe in the reactor coolant system. Such a break would trigger a
large and rapid loss of coolant from the reactor core. 19
The accident at the Three Mile Accident nuclear plant had started with just such
a 'small' loss of coolant accident - a stuck pilot-operated relief valve. It was this
aspect of the accident that led to the industry-wide sentiment that the reactor safety
18

An update to the WASH 740 study (which the AEC commissioners chose to suppress) had
further revised the consequences of an accidents upwards because reactors had only grown in size
since the first study was commissioned. Absent an accounting of the probabilities of an accident,
the assessors could not credit the mitigating effects of reactor safety systems which had been created
specifically for the larger reactors.
19
To this day no operating plant has actually experienced such an accident.
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study had foreshadowed the importance of attending to the more mundane initiating
events.
In the immediate aftermath of the accident, industry representatives as well as
members of the NRC's advisory body - the Advisory Committee on Reactor Safeguards - began to call on the NRC to make greater use of risk analyses in regulatory
decision-making, and, as a more immediate order of business, to quantify safety and
determine how much defense in depth was enough. Industry representatives were led
in their calls for quantifying safety by the Atomic Industrial Forum (a precursor to
the Nuclear Energy Institute). This particular proposal recommended the use of a
safety goal specified in terms of public health which the NRC later adopted. Additionally, the Congressional Office of Technology Assessment recommended that the NRC
quantify nuclear safety [Martin, 1981]. Around the same time, the Deputy Director of
the Electric Power Research Institute's (EPRI) Nuclear Safety Analysis Center also
called for the quantification of safety in a paper on the future of defense in depth
in light of the Three Mile Island nuclear accident. Breen [1981] wrote that the time
was near when NRC could use PRA to quantify defense in depth. However, until
such time, the NRC ought to explore other ways as well options for the quantification
of safety. There was already some regulatory precedent in this regard. The NRC
had made use of a point system in an earlier regulatory guide (NUREG-660). Additionally, Breen [1981] also cited a ranking system developed by the Nuclear Science
Advisory Committee and the Atomic Industrial Forum.
Responding to these calls for the quantification of safety, the NRC issued a safety
goals policy statement in 1986. The Statement emphasized the importance of accident
mitigation and set a 'safety goal' measured in terms of damages to public health
[NRC, 1986]. However, even at this juncture in the late 1980s the NRC remained
somewhat ambivalent in its use of PRA for regulatory decision making. The 1986
safety goals policy statement itself did not contain a probabilistic goal for nuclear
safety. 2 Similarly a subsequent policy statement on the use of PRA issued in 1995
also privileged defense in depth and placed PRA in a secondary position.2 1
20

However, one of the commissioners suggested the use of a conditional containment failure probability of 1/100 in regulatory decision making to "assure a proper balance between accident prevention
and mitigation" adding that specifying a quantitative goal for core melt and containment performance was "consistent with the Commission's long-standing defense in depth philosophy" [Budnitz,
2017].
21
The Statement read that "it was not the Commission's intent to replace the traditional defensein-depth concepts with PRA". In response to public comments the NRC stated that PRA techniques
were most valuable when used to "focus the traditional, deterministic-based, regulations and support
the defense-in-depth philosophy" [NRC, 1995].A subsequent Commission white paper again emphasized the importance of defense in depth because its use made nuclear plants more tolerant to failure
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3.3.4

Competing epistemologies

Fourcade [2011], through her comparative study of the quantification and remuneration of the costs of ecological damages caused by oil spills in the US and France shows
that "the mere availability of certain economic technologies does not guarantee their
performative effects for the simple reasons that these technologies may not muster
enough institutional and political support or that they may not resonate enough with
the cultural claims they are supposed to represent" [Fourcade, 2011]. This has also
been true of both PRA and defense in depth.
PRA, unlike defense in depth, had created a new kind of expertise and a new set
of experts who began to specialize in the development of probabilistic risk models of
reactors. However, instead of taking the expert out of the risk analysis, the probabilistic risk assessment embedded him even deeper in it. High quality PRA models
require expert intersubjectivity and the (often tacit) knowledge of experts was needed
to populate and build the models. Increasingly, as probabilistic risk assessment became a distinct kind of expertise, its practitioners, often prominent figures on the
NRC's main advisory committee , the Advisory Committee on Reactor Safeguards,
began to call for its use in regulatory decision making.
Since the early 1990s, following the safety goals policy statement and the PRA
policy statement, the NRC (staff, commissioners and members of the ACRS) have
been working on a series of initiatives to make greater use of probabilistic reasoning
in regulatory decision-making. In 1994, the NRC launched the PRA implementation
plan which ran until 1999. This initiative was followed by the Risk-Informed Regulation Implementation Plan (RIRIP) in 2000 which continued until 2007. Finally, the
Risk-Informed and Performance-Based Plan (RPP) launched in 2007 is currently in
effect.
Over this period, a range of proposals have been made for either reframing PRA
and defense in depth as complementary epistemologies or for replacing defense in
depth with PRA. For example, Breen [1981], in his proposal soon after the Three
Mile Island accident, saw no conflict between defense in depth and PRA and he
argued that PRA could in fact be used to quantify defense in depth. Kress [1997],
in a paper presented to ACRS, effectively built on this proposal, advocating that the
path forward for NRC was to reconcile PRA and defense in depth.22 However, as the
[NRC, 19981.
22
Kress [1997] explained that the three levels of defense in depth were preventing the initiation of
accidents, limiting their progression and finally, mitigation of the consequences if measures to halt
progression were not successful. Kress opined that each of these three levels of defense in depth were
captured in the PRA initiating event frequencies (the first level), the core core damage frequency and
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debates surrounding the use of PRA vs defense in depth continued, members of the
ACRS began to take a different approach. They proposed restricting the use of defense
in depth and replacing it with the use of PRA in regulatory decision making and
effectively returning defense in depth to the designers as the design philosophy it had
originally been conceived.For example, in a 1999 paper authored by several members
of the NRC's Advisory Committee on Reactor Safeguards, the authors attempt to
determine the origins and applicability of defense in depth. They attempt to place
defense in depth within the NRC's broader efforts to develop a risk informed approach
to regulation. They view PRA and defense in depth as essentially being two opposed
concepts and write that "the benefits of risk informed regulation might be diminished
by arbitrary appeals to defense in depth". Related to this, "the implementation of risk
informed regulation could undermine the defense in depth philosophy." They wrote
with frustration about defense in depth had, over time, become a sort of catchall
term and that "there is no official or preferred definition. Where the term is used, if
a definition is needed, one is created consistent with the intended use of the term."
According to them, the indiscriminate use of defense in depth has created excessive
'regulatory burdens" on plant designers and operators. They proposed a solution in
which defense in depth is used to supplement PRA (instead of the other way around)
[Sorensen et al., 1999].23
At a meeting of the ACRS, Kress proposed a redefinition and demarcation of 'design defense in depth' as a "strategy of providing design features to achieve acceptable
risk (in view of the uncertainties) by the appropriate allocation of the risk reduction
to both prevention and mitigation" [ACRS, 2000]. This was easier said than done.
By the time this proposal to demarcate a 'design defense in depth' had been made,
nuclear engineers in training had been taught for over a quarter century at this point
that 'defense in depth' was the NRC's safety philosophy. New reactor had to be designed in accordance with it in order to secure regulatory approval fSesonske, 1973].
More on this in Chapter 5.
In line with the proposals made by the ACRS members, defense in depth has
continued to wane in its importance to the American regulators. The most striking
example of this was when following the Fukushima Daiichi accident, the NRC staff
carried out an analysis on whether filtered vents ought to be added to boiling water
reactors with Mark 1 and Mark 2 containments. The staff's analyses showed that a
the large early release frequency (the second level), and the conditional risk measures of fatalities
and contamination (the third level).
23
See also D.A. Powers [1999], B.J. Garrick [2000].
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cost-benefit analysis (that used a PRA estimate for core damage frequency), could
not justify such a decision. Nevertheless, the staff appealed to a defense in depth logic
(which they described as 'qualitative factor') and recommended that the Commission
nevertheless mandate the installation of vents. In a 4-1 vote on the subject, the
Commissioners rejected the staff's proposal [NRC, 2013].
Following the vote on the filtered vents issue, the staff embarked on a program
to develop a systematic methodology for when and how qualitative factors (such as
defense in depth) could be used to make regulatory decisions. This work was discontinued following another Commission vote in which the Commissioners asserted that
qualitative factors would be used only in a very limited sense in regulatory decisionmaking and that their usage ought always "be disciplined, transparently documented
and rare".

A note on the NRC's website presents its former approach to safety based on
defense in depth in a critical light : "The NRC initially developed many of its regulations without considering numerical estimates of risk. Rather, those prescriptive,
deterministic regulatory requirements were primarily based on experience, test results,
and expert judgment. In developing those requirements, the NRC considered factors
such as engineering margins and the principle of defense-in-depth"[NRC, 2018].
The NRC describes its current epistemology of nuclear safety as "moving toward a
risk-informed, performance-based regulatory framework incrementally--in steps" and
as an "effort began long ago". Defense in depth is relegated to a glossary page that
offers a brief description in which defense in depth is described not as a regulatory
epistemology but rather "as an approach to designing and operating nuclear facilities""25
Histories of the emergence, development and adoption of probabilistic risk assessment methodologies are often written as an inevitable progression from an inferior
epistemology (defense in depth) to a clearly superior one (probabilistic risk assessment) 26 This narrative is problematic for at least two reasons. As we have seen, the
24

Commissioner Svinicki (later chair of the NRC) specifically wrote in her statement accompanying
the vote that the shutdown rule proposed in 1997 and the more recent proposed filtered vents
rule were " case studies demonstrating that determinations on the appropriate degree or weight of
application of qualitative factors in regulatory decision making are, and must remain, the providence
of the Commission. These are also cases where the qualitativefactor of "improved defense in depth"
became the hazy basis for action (to the detriment of transparent decision making) and where the
Commission appropriately discredited the use of such an ill-defined catchall as a determinant of
outcomes" [NRC, 2015].
25
See US NRC [2018]. Elsewhere, a separate page is devoted to describing the evolution of PRA
[NRC, 2018].
26
See for example Hayns [19991, Keller and Modarres [20051
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adoption of PRA for use in regulatory decision making was not inevitable. Defense in
depth, initially created as a 'design philosophy' and appropriated by the regulators,
offered a rival epistemology for thinking about nuclear safety. However it was PRA
that created a new form of expertise and a new cadre of experts who advocated for
its increased usage in regulatory affairs. Additionally, facing pressure from industry
representatives to quantify safety and make regulation more 'stable' and 'predictable',
the NRC saw PRA as a tool for achieving this stability and predictability. Further,
narratives of the adoption of PRA flatten the heterogeneity even within the US and
paint a rather broad picture of the American 'risk informed' approach to safety as
being the best possible approach.
An example that counters this narrative of homogeneity and the single 'best'
epistemology is found in the American nuclear navy. The navy operates roughly one
hundred nuclear propelled submarines and arguably has a near flawless nuclear safety
record.27
Following the 2003 destruction of the Columbia shuttle, NASA and the Navy
conducted a joint benchmarking exchange (the NASA/Navy Benchmarking exchange
or NNBE) .28 A primary goal of this initiative was for NASA to learn about the Navy's
safety practices. In its reports on the exchange, the benchmarking teams emphasized
the importance of defense in depth to the navy's approach to nuclear safety. The
authors write that while the technical requirements for submarine and reactor design
are classified :
"[Ilt can be observed that they strongly emphasize the defense-in-depth approach,
where multiple problems and failures would have to occur to reach an actual unsafe
condition. In particular, emphasis is placed on providing a design that allows time
for operators to respond (and back each other up in responding) to casualties in order
to re-establish stable and safe plant conditions. The technical requirements system
explicitly requires several different analyses to show protection of the reactor and the
27

1n its entire operating history, the US Nuclear Navy has lost two nuclear propelled submarines.
The first submarine that was lost was the USS Thresher (April 1963) and the second was USS
Scorpion (May 1968). ). While the exact causes of the loss of these submarines are not known (or at
least not part of the public record), several plausible theories have been put forward - though none
identifying the nuclear reactor as the cause of the accident. The loss of USS Thresher led to the
creation of the SUBSAFE program. This is an internal quality assurance program run by the nuclear
navy to ensure the integrity of the submarine hulls.(The USS Scorpion had not yet been SUBSAFE
certified). For commentary on why the SUBSAFE program has been successful see Chapter 14 of
Leveson [20111.
28

More specifically, the safety practices of the SUBSAFE and Naval Nuclear Propulsion Program
were the main areas of focus for benchmarking teams.
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public. This multiplicity in analyses, performed by different groups, provides different
perspectives on the safety of design and operation, thereby reducing the chance that
any major weakness is overlooked."
Here the authors are emphasizing the multiple layers of design review as a form
of the first level of defense in depth. Interestingly, nowhere does the report mention
the use probabilistic risk assessment tools. One interpretation of the relatively minor
use of PRA is that for a nuclear powered submarine, the reactor is a mission critical
technology and cannot be allowed to fail. As a retired admiral I interviewed explained:
"We cannot allow accidents. So deterministic to me meant, yes, here is a hard
line that is where we are. And we are not going to roll the dice and because the
probability of a certain situation is low, we will accept that risk. Our approach was
more deterministic."
He adds that while the naval reactor designers have increasingly been making
use of probabilistic risk assessments , the results of those assessments are interpreted
rather differently than in the nuclear power industry. For the nuclear navy, the risk
assessments are used to to systematically identify design vulnerabilities rather than
to inform design or project review decision-making.29 This is also the way in which
French regulators use PRA (or PSA, as they call it). More on this below.

3.3.5

France : importing a "design philosophy"

By the 1970s, France had switched reactor technologies from gas-cooled reactors to
pressurized water reactors . My interviewees who were part of the initial PWR
projects explained that following the technology switch they had to start from scratch
to define what safety meant in the PWR context. The PWR designs built in France
were based on the American Westinghouse designs. It made sense, at least initially,
to adopt the American approach to nuclear safety - of which defense in depth was,
at the time, the cornerstone.
The results of the 1975 Reactor Safety Study (also known as WASH 1400), when
first published, were received with cautious optimism in France. Writing an article in
the very first issue of the French nuclear periodical, Revue Generale Nucleaire , Pierre
Tanguy, head of the nuclear safety division of the CEA 0 at the time, summarized
29

This is the equivalent of regulatory decision-making for the navy. A new reactor design is created
by one laboratory and reviewed by another. Additionally the ACRS members also review the designs
but these reviews are not statutory as they are for the power reactors [NNBE, 2003].
30
The CEA or the Commissariat a l'Energie Atomique as it was then called was the equivalent
of the American AEC. The acronym remains unchanged but 'CEA' now stands for Commissariat A
l'6nergie atomique et aux 6nergies alternatives (Alternative Energies and Atomic Energy Commis-
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and interpreted the results of the study for a French audience. Tanguy's article
was a qualified endorsement of the study. He wrote that before the report could be
fully endorsed and its results believed, French teams ought to verify its conclusions.
Tanguy correctly anticipated that a probabilistic logic of safety would likely never
be fully accepted in France. He averred that the high population density around
nuclear plants in France and more broadly in Europe (relative to in the US), called
for greater caution and a probabilistically determined level of safety with its attendant
uncertainties would unlikely be written into regulatory requirements. Nevertheless,
Tanguy wrote that PRA was a promising methodology for systematically ferreting
out safety problems in reactor designs [Tanguy, 1975].
After the publication of WASH 1400 both EdF and Framatome remained enthusiastic about using PRA in design and operation and pressed for increasing its use
in regulation [Foasso, 2012]. Perhaps in a response to this call , the French regulator proposed setting a quantitative safety goal in the late 1970s for the 1300 MWe
reactors that were then under design. Specifically, the regulator proposed that the
" overall probability that the plant could be the source of unacceptable consequences
should not exceed E-6 per year". The regulator did not specify what was meant by
"unacceptable consequences" (It could be inferred that this was a reference to large
early releases of radioactivity beyond the plant boundary. However, this was not
clear even to the reactor designers). 31Although EdF had been enthusiastic about the
use of PRA to guide regulatory decision-making, its designers pushed back against
setting such a quantitative target on the grounds that it would be empirically impossible to demonstrate that such a low probability of failure had in fact been achieved.
Acquiescing to EdF's objections, the regulators did not write the quantitative safety
goals into law and neither EdF nor Framatome were then or have since been required
to demonstrate that this safety objective has been achieved in reactor design [Foasso,
2003, NEA, 2009].
Although the French nuclear safety regulator ASN encourages the usage of probabilistic methods by the designers and operators, it places value in comparing the
relative results of the PRA evaluations rather than using the absolute values as a
measure of safety , as a way of setting safety goals as the American NRC has done or
as a tool for regulatory decision-making. Although both the regulator and operator
carry out probabilistic calculations, there are no binding probabilistic safety criteria:
"The main reason is that the aim of ASN is always to improve safety (not only
sion).
31
See Section 11 of NEA [2009].
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to maintain it), and if the compliance with Probabilistic Criteria was demonstrated,
this could lead to a low motivation for supplementary safety improvements "[NEA,
2009].

Instead, safety goals for new reactors are set on a case by case basis and

specified in qualitative terms.

For example, for the EPR, a joint effort between

French and German designers, the safety authorities in the two countries called for a
reactor design that would be safer than previous designs and also eliminate accident
scenarios that could lead to core melt and early releases of radioactivity.
All of this is not to say that the French regulators, designers and operators do
not carry out probabilistic analyses of risk at all. They do.

PSA calculations were

carried out as part of the design work for the EPR. They are also carried out every
ten years for the operating reactors as part of the Periodic Safety Review. However,
unlike in the US there is not a rigid, well-defined system for when such analysis must
be carried out and how their results should be interpreted.

3.3.6

Light, conversational, qualitative regulation

Viewed as part of the longer trajectory of how nuclear safety has been regulated in
France , the attempt to set a quantitative safety goal in the late 1970s seems to be
an aberration rather than the norm.

French regulators have typically preferred an

approach to the regulation of nuclear safety that is 'light' and conversational, that
privileges qualitative safety objectives over quantitative ones and that calls for safety
to increase continuously.
The preference for a "light regulatory framework" is premised on the belief that
that the regulator is less imaginative than the designer and that it is better for the
regulator to discuss proposals for improvements in safety with the designer instead
of setting them unilaterally [Lacoste, 2006]. French regulators have also been aware
that this approach, in which regulations are design or situation-specific and developed
as they are needed, is viewed unfavorably by designers and operators (in France and
internationally) who would prefer a more predictable approach. They are also aware
that this is exactly the approach that has been adopted in the US and have been
critical of it because operators, designers and regulators alike have "confuse[d] safety
and compliance with regulations". They are of the view that this was especially true
in the 1970s when the "desire to comply with the regulations at all costs without
technically analyzing safety , has caused the very principles of the regulations to be
forgotten" [Cogne, 1984].
32

For the ways in which probabilistic risk assessments were used in the design of the EPR, see
[ASN, 2000J. For the ASN's stance on the use of PSA see ASN [20021.
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Unlike their American counterparts, French regulators have not privileged stability and predictability of regulations, nor based their regulatory decision-making
on quantitative analyses of risk. French regulators have gone on record since the
1970s saying that the safety of French reactors (both operational and future reactors)
must increase continuously and account for new insights from 'experience' as well
technological advances to make existing and new reactors always safer [Cogne, 1984].
When safety objectives or goals are established, they are expressed in qualitative
terms and "expressed in terms of improvements compared to the existing plants" [Lacoste, 2006].This is a principle that EdF also supports. For example, in a article on
the safety of future reactors, Pierre Tanguy wrote that "when one wants to demonstrate that the accident probability is still lower in a new plant, the demonstration
will be easier if it can use as a starting point the level achieved in plants presently in
operation" and show that new design changes that are introduced have no negative
consequences for plant safety. He continues that , " consequently, many utilities have
the feeling that the demonstration of a real safety improvement will be easier if the
move from existing projects towards new projects follows an evolutionary approach."
The timing of this paper in the late 1990s (and in an American journal) is especially
interesting because American designers at the time were working on passive light water designs while the French designers were preparing to start work on a new PWR.
The 'passive' designs were regarded as 'revolutionary' (i.e. a significant departure
from existing designs) in both countries. Elsewhere in the paper Tanguy also writes
that the only tool for assessing safety quantitatively is the probabilistic safety assessment (PSA). However, he writes that the "imperfections of PSA are well known
(inaccuracy of overall probabilities, inappropriate account for the human factor, difficult comparison of different PSAs) and can really be overcome only by working on
comparison with an operating plant with significant operating experience." He further writes, "I have the feeling that we will be able to prove a reasonable confidence
interval only if the design and the operation modes of the plant are simple enough."
Tanguy therefore concludes that ,"The overall design approach must look for overall
consistency. It must rest upon the principle of defense in depth, as was always true
in the past for the design of the reactors presently in operation" [Tanguy, 1996].

3.3.7

Maintaining an epistemology

In line with their preference for light, conversational regulation, French regulators
have, since the attempt in the 1970s to establish a quantitative level of safety, pri-
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marily focused their attention on developing safety goals expressed in qualitative
terms. This work started as part of a group of Western European regulators agreeing
to work together following the Chernobyl accident to establish a level of safety for European reactors. This group - the Western European Nuclear Regulator's Association
(WENRA) has steadily been introducing 'safety reference levels' for operating and
future European reactors. Defense in depth remains the cornerstone for these safety
reference levels.3 3

Further this group of regulators has been developing defense in

depth to ensure that it retains contemporary relevance. The WENRA regulators developed a set of design requirements for new reactor designs following the Fukushima
accident. These requirements are largely specified in terms of the levels of defense in
depth (and probabilistic risk assessments are positioned as being complementary to
the 'deterministic' requirements). The report proposes a 'refined' structure of levels
of defense in depth for new reactor designs. This new structure splits the third level
of defense into a level 3a and 3b where the 3b calls for the 'practical elimination' of
all accidents that can lead to core melt. According to the regulators, at this point the
use of probabilistic risk assessments (or PSAs, as they are called in this report), is
admissible for identifying the accidents that must be practically eliminated

[WENRA,

2013].
The safety reference levels that are periodically developed and revised by the
WENRA regulators effectively accomplish the continuous increases in safety that
are a key part of the French nuclear safety policy. One interpretation of the French
preference for increasing safety is the reliance on the precautionary principle in Europe
for informing regulatory decisions. But regulators and operators in France seem to
appeal to a more immediate logic, which is that decisions about safety must account
for preferences of the public and that the public must always be convinced that
reactors are safer.

Designers, operators and regulators have frequently attempted

to understand and theorize the causes of anti nuclear sentiment.

Perhaps the best

example of this is the number of articles in the French nuclear safety periodical Revue
G6n6rale Nucl6aire that have been dedicated to this subject. I counted 96 articles
across 250 issues from 1974 to 2017 with at least 4 issues devoted entirely to this
subject
33

The European Commission, in 2002, called for a uniform and 'high level of safety' for all European nuclear reactors without specifying what was meant by 'high'. This call led to an EC initiative
to create a Directive for nuclear safety which would be legally binding for member countries. Although two such directives were created, they are broad and lacking in technical specifications.
The WENRA regulators, through their 'safety reference levels' have been much more successful in
creating more detailed EU wide nuclear safety requirements. More on this in Appendix 1.
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As we saw previously, The issue of public acceptance has been framed rather
differently in the US where the focus has been not on understanding the public's
preferences to develop design requirements but to understand why the public opposes
nuclear energy and to secure public acceptance by educating the public and making
it more 'rational'.
A frequently cited example (in practitioner circles) of a concrete statement of this
belief (that nuclear safety must increase continuously) is from Andre-Claude Lacoste
in 2003. At the time Lacoste was Director General of Nuclear Safety and Radiation
Protection3 4 and made the following statement to the Parliamentary Office for the
Evaluation of Scientific and Technical Options (OPCEST) : "It is obvious that we
expect more ambitious safety requirements for the EPR reactor as compared to the
previous reactor generation. I can specify it in a more direct manner: we would
not allow the construction of a N4 reactor any more" [ASN, 2010]. This statement
is important for two reasons. At the time, the N4 reactors were the most recent
design that had been designed and built in France. Thus Lacoste is saying that these
reactors, which had only just been built, would not be deemed safe enough to be
built in the future. What might otherwise have become a critical commentary on
a particular design became a more durable approach of the French nuclear safety
regulator when it was published as part of an ASN statement on its nuclear safety
policy. The publication of this statement coincided with comments made by the then
Areva CEO that France would be willing to build older, less expensive designs in
countries that found the EPR to be too expensive.The statement also reads that one
of ASN's ,"concerns is to achieve harmonization based on the best nuclear safety and
radiation protection levels worldwide. We do not want a "two-speed" safety and we
continue to promote at European and international levels safety objectives that take
into account the lessons learnt from Three Mile Island, Chernobyl and September 11,
2001 events. In the event of proposals to export nuclear reactors which do not meet
these safety objectives, ASN will not hesitate to declare that such reactors could not
be built in France" [ASN, 2010].
34

This organization was replaced by the Autorit6 de Sfiret6 Nucleaire (ASN) in 2006. ASN is
the new agency charged with regulating nuclear safety. Unlike its predecessor agencies, the ASN is
independent both de facto and de jure. For a history of the evolution of the regulatory organization,
see Saint-Raymond [20121.
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3.4

An aside on the operators' epistemology : safety
culture

Whereas nuclear safety regulators have largely based their ways of thinking about
nuclear safety on the underlying epistemologies of defense in depth and probabilistic risk assessments, nuclear operators have used a rather different epistemological
category - that of culture - or more precisely , 'safety culture'. In the US, mainly

two organizations have competed to define this conceptual category - the NRC and
INPO. INPO or the Institute of Nuclear Power Operations is widely regarded as a 'self
regulator' for the American nuclear industry. American utility executives established
this organization following the Three Mile Island nuclear accident. INPO's primary
function is to ensure that plants operate safely.
INPO and the NRC tell very different stories about the development of 'safety
culture' (for its use in the US). The trajectory of events leading up to the formalization of safety culture as described by the NRC presents a history of poor operating
performance by the American nuclear plant operators which ultimately compelled the
NRC commissioners and staff to explore the possibility of effectively regulating organizational culture. In writing its own history of development of safety culture, the
policy statement issued by the NRC [NRC, 2011! points to a 1989 Policy Statement
on the Conduct of Nuclear Plant Operations and a 1996 statement on the "Freedom
of Employees in the Nuclear Industry to Raise Safety Concerns Without Fear of Retaliation" as the NRC's earliest attempts to create a safety culture (implicitly) in the
US. However, despite these efforts, troubling incidents at both nuclear plants and
other facilities (such as medical facilities) using radioactive materials continued to
occur through the 1990s. This string of incidents ultimately led to the NRC making
changes to its Reactor Oversight Process (ROP) in 2006 and , two years later, to
direct the staff to start exploring the possibilities for regulating safety culture. After
consultations and workshops with the public and industry representatives, the NRC
staff embarked on a project of defining the "traits" of a nuclear safety culture. The
staff used a description of safety culture issued by the IAEA INSAG (the same group
that also sought to define defense in depth) as the starting point for their work. They
then held several consultations along the way with industry representatives and members of the public. INPO appears to have been consulted by the NRC fairly late in
the process in 2011.
INPO on the other hand presents a history of a proactive nuclear industry that has
been continuously seeking to learn from its own mistakes. The INPO authors /INPO,
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20131 point to an even earlier time than the one established by the NRC as the starting
point for its own work in the area of safety culture. The INPO authors trace the origins
of safety culture to the 1979 Three Mile Island accident when, "fundamental problems
involving hardware, procedures, training, and attitudes toward safety and regulation
contributed to the event." In a chronology of the development of safety culture, these
authors also point to the 1986 Chernobyl Accident, the 2002 discovery of the corrosion
of the reactor vessel head at the Davis Besse plant and the 2011 Fukushima Daiichi
accident.
Despite these differences in the self-reported histories - both NRC and INPO have
adopted an identical definition of the concept :
"Nuclear Safety Culture is defined as the core values and behaviors resulting from a
collective commitment by leaders and individuals to emphasize safety over competing
goals to ensure protection of people and the environment" [NRC, 2011, INPO, 20131.
Both the NRC and INPO descriptions then go on to identify several 'traits' of
a good safety culture.35 Both sets of traits emphasize that nuclear safety is the
responsibility of every member of an organization 36 (at every level of organizational
hierarchy), that safety should increase continuously and that in order to enable this,
every member of the organization should adopt a 'questioning attitude' and feel able
to raise concerns (irrespective of their position within the organization).
Here again there is a significant difference in the American and French approach.
ASN, unlike the NRC, does not regulate safety culture. It has not issued any positions
or policy statements on the subject or attempted to codify it. Unlike the NRC which
dedicates a whole page on its website to charting the evolution of safety culture,
the term appears only once on the ASN website in quotes. As one former French
regulator explained, this codification (which he also linked with quantification) was a
very American approach. He opined that such codification and quantification was not
35

Here there are some differences in the way in which the descriptions of the traits are treated, The
NRC safety culture policy statement lays out nine traits - personal accountability, work processes,
continuous learning, environment for raising concerns, effective safety communication, respectful
work environment and a questioning attitude [NRC, 2011]. INPO authors divide their safety culture
document into three main categories of traits with several sub-sections with the attributes of those
traits INPO [2013].
36
This is a very Rickoverian concept. Rickover described responsibility (in relation to nuclear
safety) as follows : "It can only reside and inhere in a single individual. You may share it with
others, but your portion is not diminished. You may delegate it, but it is still with you. You may
disclaim it, but you cannot divest yourself of it. Even if you do not recognize it or admit its presence,
you cannot escape it. If responsibility is rightfully yours, no evasion, or ignorance, or passing the
blame can shift the burden to someone else. Unless you can point your finger at the man who is
responsible when something goes wrong, then you have never had anyone really responsible[NNBE,
2003]."
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needed in France because of the much smaller number of licensees ("I think.. .in the
US historically you have a lot of operators and a lot of designs... you have to think
clearly... in France you have EdF... there are three licensees - CEA, Areva, EdF.")

and a balance of power that favors the regulators who do not have to justify their
decisions using quantitative analyses of cost and benefit.
This is largely in line with the lighter and more conversational approach favored by
French regulators (and their criticism of the prescriptive and overly codified approach
to nuclear safety adopted by their American counterparts). EdF shares ASN's views
on safety culture and does not appear to have made attempts to monitor and enforce
a 'good' safety culture as the American utilities have done through INPO. EdF's view
of safety culture is that it is at best a diagnostic tool and not a way of engineering
safety organizationally." Safety culture does not appear in internally commissioned
organizational histories on the operation, management and maintenance of nuclear
reactors by EdF, a history of the development of the regulatory organization or in any
other histories of the French nuclear program such as Foasso [2012], Hecht [2009]. I
asked several EdF interviewees whether they could point me to documents describing
safety culture (and whether such documents existed in the first place). One individual
speculated that an internal document describing safety culture had probably been
developed at some point but none could identify specific documents (which suggests
that if they exist, they are neither in circulation nor as salient as INPO's report).
As we will see in Chapter 6, EdF is able to assert itself in the resolution of questions
about safety (both with regulators and designers) at a much earlier stage in the design
process.

3.5

Efforts to 'harmonize' safety

American and French nuclear safety regulators have taken rather different perspectives on propagating their own epistemologies. French regulators have been vocal
about their desires to spread their epistemology across Europe and beyond. These
intentions have been expressed in statements released by the ASN, by its work at
regional meetings of European regulators and also on an international scale through
the Convention on Nuclear Safety.38
37

See for example [Fucks, 2012]. Silbey offers a similar critique on the impossibility of engineering
safety by engineering organizational culture [Silbey, 2009].
38
Work on drafting the Convention began soon after the Chernobyl accident in 1986. The Convention was adopted in 1994 and came into force in 1996. Although originally envisioned as an
instrument for creating and enforcing a set of binding, global safety standards, the Convention in its
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American efforts on this front have been somewhat more modest. The NRC's
office of international programs frequently hosts regulators from other countries who
shadow their NRC counterparts - analysts based at the headquarters as well as inspectors who visit nuclear plants. These visiting regulators enable an epistemological
exchange. However, the most ambitious program for exporting American regulatory
epistemology was what eventually became the Multinational Design Evaluation Partnership (MDEP). This initiative, originally conceived as a system by which nuclear
regulators in other countries could learn about and effectively adopt the American
system for reviewing new reactor designs, has now become a forum for national nuclear safety regulators to compare notes on reactor designs they are reviewing.

3.6

Two epistemologies of safety

The previous sections have described how probabilistic risk assessments and defense
in depth hold different relative positions in the regulatory epistemologies of safety. In
the US defense in depth, although being central to the NRC's approach to nuclear
safety until the late 1990s, has gradually lost ground to PRA. PRA is now central
to the NRC's performance-based and risk-informed approach to regulation, and the
agency is gradually updating old regulations to reflect this epistemological shift.
In France, defense in depth remains the dominant epistemology and French regulators have been working with regional counterparts to reinterpret defense in depth
to ensure its contemporary relevance. For the French regulators, PRA then is not
used as a methodology for regulatory decision-making. Instead it is used as tool for
systematically analyzing reactor designs and ferreting out safety problems.
Table 3.2 summarizes these different national positions on the use of PRA and
defense in depth as well as the other salient, related features of the two national
epistemologies of safety.
present form calls for voluntary compliance. National nuclear safety regulators draft reports on the
status of national nuclear programs and their ongoing work and meet at review meetings convened
typically every three years (or more frequently as needed). These reports are then peer-reviewed
and, where appropriate, recommendations for improvement are issued. Soon after the Fukushima
Daiichi accident, the French nuclear safety regulators launched several initiatives (both as part of
the Convention framework and outside of it) to strengthen the Convention and create an enforceable
set of safety standards. Most concretely, the French regulators wished to amend the Convention to
agree with their own epistemology through new language that called for safety to increase continuously and for releases of radioactivity beyond the plant boundary to be prohibited. These efforts
ultimately failed when the amendment failed to pass. Instead signatories to the Convention endorsed
a document (the "Vienna Declaration" [IAEA, 2015]) which contained the amendment language and
the resolution that the Declaration might eventually be adopted as an amendment.
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Table 3.2: Two regulatory epistemologies of safety
US (NRC)

France (ASN)
Current epistemology, periodically renewed in collaboration

The role of Defense in Depth

Former epistemology

The role of PRA

Central to the NRC's 'performance-based', 'risk-informed'
approach to regulation. Old regulations being updated to reflect

the basis for regulatory decision-making or for setting
quantitative safety goals. Safety goals to be expressed in

the new approach

qualitative terms and the 'practical elimination' of nuclear
accidents to be demonstrated by 'physical impossibility'

with regional regulators
A useful tool for systematically analyzing reactor safety but not

P

t
vs increasing)

Safety of both operating and new reactors must increase
A fixed level of safety set by the regulator (reflected in the
continuously; operationalized as periodic safety reviews (every
safety goals). Licensees welcome to exceed this level of safety
10 years) for operating reactors and case by case regulatory
but not required to do so
requirements for new reactors

Position on innovation
(innovation vs evolution)
Position on public acceptance
Position on harmonization

Nature of regulations

Agnostic on the role of innovation in improving safety
Conferring with and educating the public (Le. make the public

more rational')

Preference for 'evolutionary' designs and forms of safety

Conferring with the public to understand objections to nuclear
energy and account for these preferences in design (i.e. make
regulation, design and operation less 'rational')

No position on harmnonization

Internationalize or harmonize safety

Codified in advance, high degree of detail, privilige stability

Largely uncodified, established on a case by case basis for each
new reactor design (no requirement for stability or repeatibility)

and repeatibility

Porter [1996] writes that experts sometimes use analytical methodologies (that
only they can understand and deploy) as a way to widen their sphere of discretion.
The evolution of defense in depth and PRA as two contending paradigms suggests
that the opposite can also be true. In both France and the US, the regulators - safety
'experts' - have carved out their right to use qualitative considerations to varying
degrees. In France (and more broadly in Europe) this usage of qualitative criteria is
more prevalent and indeed, is the preferred mode of analysis for regulatory decisionmaking. In the US, although the use of 'qualitative' criteria is rare, the right to
usage lies with the NRC commissioners and not the staff. What is common to both
countries is that the regulators believe that it is precisely their expertise that exempts
them from the use of tools for quantification. Over time defense in depth has come
to be seen being 'qualitative' in both the US and France. After several attempts to
reconcile PRA and defense in depth (and to return defense in depth to the designers),
American regulators have finally come to regard defense in depth as their former
epistemology that is incompatible with the ideals of stable, repeatable, quantitative
and rational regulation. French regulators on the other hand have worked with their
European counterparts to reinterpret defense in depth for contemporary usage. For
French regulators who privilege light, conversational, qualitative regulation and call
for safety to increase continuously and on a case by case basis for each new reactor,
defense in depth (with its attendant ambiguity and interpretive flexibility) is the ideal
epistemology.
Attempts on an international stage to reconcile the epistemologies of safety prevalent in the two countries suggest that representatives from each country (generally
regulators) regard their own epistemology as being clearly superior. These individuals,
instead of viewing the harmonization initiatives as opportunities for 'generative friction', tend to see them instead as occasions for securing endorsement of and spreading
their own epistemologies.
And yet as far as operating reactors are concerned, these epistemologies appear to
have produced no discernible differences in safety outcomes.39 For the designs of new,
future reactors, the answer is much less straightforward. Designers in both countries
39

For example the public peer reviews conducted by the IAEA - of operating plants, rector designs,
the efficacy of national nuclear safety regulators - have found no differences in the safety of operating
reactors. The Institute of Nuclear Power Operations (INPO) and the World Association of Nuclear
Operators (WANO) conduct confidential reviews but on exceptional occasions have made public
observations about safety problems when there is significant cause for concern. Thus if there are
differences in the safety of the operating reactors in the US and France, they are either not discernible,
or if discernible, are not sufficient to have merited a public declaration by agencies that conduct
confidential reviews of safety.
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have made rather different choices about the forms of nuclear safety and the kinds
of safety systems with which to achieve these various forms of safety. I turn to an
examination of these differences in the chapters that follow and explore how these
different national epistemologies of safety inform design choices.
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Chapter 4
Emergence of the norms of reactor
design
The earliest designers of nuclear reactors in both France and the US were physicists.
But the physicists did not work alone. They needed engineers to realize their visions.
In the US, physicists worked with Dupont's chemical engineers to create the first manmade chain reaction. Similarly, in France the physicists of the CEA worked with EdF
engineers to design and build the first nuclear reactors. Over these initial years of
reactor design, it was not always clear who had the expertise and the authority to
design a reactor - the physicist or the engineer. In both countries, the physicists and
the engineers often disagreed with each other about how to design a reactor. The
physicists preferred exactness and precision and were reluctant to make changes to
an initial design once it had been conceived and embodied in analyses of the core and
drawings of the reactor systems. The engineers, particularly the American engineers
at DuPont, preferred a much more flexible approach and often made changes to
systems on the fly (which greatly irked the physicists).1
By the early 1950s, however, nuclear engineering had started to emerge as a distinct discipline. The designers of future reactors - typically nuclear engineers - who
went to work on designing larger commercial reactors did so at a handful of organizations - the CEA, EdF and Framatome in France and Westinghouse, Combustion
Engineering and General Electric in the US. In this chapter, which serves as context
for the three chapters that follow, I describe the norms underpinning contemporary
reactor design in both countries. I do so by first tracing the emergence of these norms
- particularly those pertaining to innovation and safety - by presenting a brief his'See Johnston [2012], Hecht [2009] for histories of the design of these first reactors in the US and
France respectively.
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tory of reactor design in both countries. Then, in the next part of the chapter, by
using interviews with the reactor designers, as well as journal and conference articles,
articles in the trade press and mission statements posted on company websites, I
describe how contemporary reactor designers in the two countries frame their work.
More specifically I show that the design norms of the larger, older companies are
significantly different from those of the new. The older reactor design companies (in
both countries), likely drawing on the technological choices made in the 1980s that
decreed that light water reactors were good enough and safe enough (and that further
technological exploration was unnecessary) position their reactors as being the safest
because they derive from known technologies and long histories of successful design
and development. The newer companies, on the other hand, highlight their nascency,
their flexible and agile innovation processes, scalable designs and novel commercialization strategies as their sources of comparative advantage. Then, having laid out
the normative and epistemological differences across design settings (in this chapter
and the last), I turn to an examination of how these differences shape design choices
in the chapters that follow.

4.1
4.1.1

A brief history of reactor design
Rapid design : 1960s - 1980s

After building initial prototype reactors in the 1950s, in the 1960s and 1970s the
French and American nuclear industries both embarked on massive programs of reactor design and construction. Twenty reactors were built in the US in the 1960s, fifty
nine in the 1970s, and forty seven in the 1980s. The initial power reactors built in
France were all gas cooled designs. However, following an EdF led technology shift,
only pressurized water reactors were built in France. The number of reactor construction projects underway peaked by the late 1970s and 43 reactors were connected to
the grid in the 1980s [IAEA, 2018]. This was the heyday of nuclear power. Planners and policymakers developed projections of nuclear installed capacity into the
new millennium, predicting that breeder reactors would help close the fuel cycle and
abundant electricity from nuclear reactors would soon become "too cheap to meter".
Over this period of rapid scale up there was little time for designers to revisit
and re-examine their design choices before moving on to the next design. All of the
power reactors designed over this period were for a specific site and for customers
who wanted the reactors in a hurry. In both countries designers rarely started a new
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design from scratch.

Instead, each new design derived directly from a prior with

added improvements. In the US, this phenomenon of iteration over the last design
was nearly continuous with the result being that the American nuclear plants built
over this period were each nearly unique designs. 2
This is not to say that American designers did not try to impose a degree of
uniformity across nuclear plant designs. Westinghouse designers , for example , offered
a few "standard configurations" for the interested customer (i.e. utility) in the form
of two, three or four-loop pressurized water reactors.3

Similarly General Electric

developed a series of designs - BWRs 2-6.
In France , however, this process of reactor design was much more controlled.
Reactors were designed in series with new design changes being introduced for each
new series of reactors.5

Until the design of the N4 reactor in the late 1970s, each

series was based directly on a Westinghouse reactor which served as the 'reference
design'. 6
In both the US and France, several reactor designs were often in development
simultaneously and reactor design companies grew in size quickly to house these
burgeoning projects. At the peak of design work when a conceptual design was being
translated into a detailed design, the design teams grew to include up to 800 people 7
or more working on a single project, with up to four or five design projects underway
simultaneously.
2

These variations were much greater across the designs of the 'balance of plant' (i.e. everything
beyond the reactor core and the steam generator) than they were for the reactors themselves.
3A 'loop' refers to one coolant loop that transfers heat to the secondary system through a steam
generator. Two, three and four loop plants were roughly 500MWe , 900 MWe and 1100 MWe
respectively. For a description of the evolution of PWR designs see [Cummins and Matzie, 20171.
4Several American reactor designers I interviewed opined that the lack of plant standardization
could be attributed to the architect engineers. American electric utilities typically contracted the
reactor vendor to provide the nuclear steam supply system (the reactor and the steam generator) and
the architect engineers typically supplied the balance of plants and managed the reactor construction
project.
5
French reactors were built in four series as follows : the 900 MWe series (which is further made
up of three designs - the CPO, CP1 and CP2), the 1300 MWe series (made up of the P4 and P'4
designs) were based on American reactor designs. With the 1450 MWe series (the N4 design) the
PWR underwent a 'francisation' (or frenchification) [Micaux et al., 1988] . This standardization led
to a better operating performance in France (measured in terms of plant capacity factors) [Lester
and McCabe, 1993]and also reductions in cost across successive projects. However, my interviewees
reported that with the 1450 MWe series, the French construction projects began to experience cost
overruns.
6
The N4 reactor marked the francisation or frenchification of PWR technology.
7The reactor designers I interviewed did not recall precise numbers but several suggested this
size as a ballpark estimate.
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4.1.2

Reconsidering reactor design choices : 1980 - 2000

By the late 1980s, French reactor designers, having saturated the domestic market,
began to look to their European neighbors as potential buyers for nuclear reactors. In
the US too the program of reactor construction had been more than modest with over
100 reactors being connected to the grid by the 1980s. However, the breakneck pace of
design and construction had come to an end. In the US actual demand for electricity
fell short of projections and orders for new reactors were cancelled - adding up to
over a 100 cancelled projects. The Three Mile Island accident in 1979 was another
setback for the American nuclear industry. By the end of the decade reactor designers
in both countries had returned to the drawing board to revisit reactor design in a
fundamental sense and re-evaluate what future reactors would look like.
Although reactor designers in both countries ultimately decided to develop a new
set of light water reactors, the possibility of exploring other reactor technologies
for a moment seemed plausible. Two schools of thought on the future of reactor
technologies emerged over this period. One group called for the exploration and
development of non light water technologies that had the potential to be significantly
safer. The other, larger group made up of industry representatives that ultimately
prevailed (in both countries), called for the development of better light water reactors.
In the US, a study conducted by the Electric Power Research Institute (EPRI)
concluded that light water reactors would continue to be a reliable source of electricity
until they were replaced with breeder reactors in the new millennium (and perhaps
even sooner). According to this report, the development of a third set of technologies
in the interim would place a significant "cost and strain on the utility and nuclear
supply industry" and therefore the decision to embark on the commercialization of
a whole new set of reactor technologies had to be considered carefully. The authors
further speculated that once ready, the breeder reactor would likely be an attractive
technology for electricity generation for centuries. Thus the authors took the position
that :
"it is better to rely on what the country knows the most about, which are the LWRs
and the sodium-cooled breeders, than it is to embark on comparatively unfamiliar
nuclear paths that seem to offer no unusual regards to offset the risks" [EPRI, 1981].
A second, and equally compelling reason for continued LWR development was the
widespread belief that a shift away from light water reactor technologies would convey
to the public that the industry no longer viewed the LWR as being good enough or safe
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enough. 8 Further, this line of reasoning continued, that if reactor designers pursued
the development of new reactor technologies with the goal of developing a reactor
that was failsafe or absolutely safe, and if such an endeavor failed, it would lead to
a complete loss of public confidence in nuclear reactors and possibly jeopardize the
future of the whole industry.9
These technological choices made in the 1980s to further develop light water reactor technologies appear to have become more durable norms. Opp [2015] explains
that a central underlying idea across most theories of when and why norms emerge
and persist has to do with their instrumentality. In other words, "norms emerge if
their emergence is in the interest of a collective of people". Adding to this instrumentality proposition he writes that "situations or events that jeopardize the realization
of group goals of actors provide incentives to the actors to set up rules to make the
group better off." Viewed through this lens, it is easy to see why the linkage between
withholding innovation and industry survival made in the 1980s persisted for so long.
As I will show later in the chapter, designers of contemporary light water reactors
continue to appeal to these normative logics established in the 1980s when they describe why their designs are 'safest' or the 'best'. Similarly, even designers of non
light water reactors, who, by their choice of technologies to develop, are militating
against these norms, nevertheless typically infuse their remarks about reactors and
safety with qualifying statements about light water reactors being good enough and
safe enough.
4.1.2.1

The Advanced light water reactors

After the initial debates surrounding the choice of reactor technologies, American
designers embarked on the development of four light water reactor projects collectively
referred to as the 'Advanced Light Water Reactors' (ALWRs) after an EPRI-led
initiative of the same name. This effort was launched in 1983 at the behest of the
utilities who advised EPRI. Utility representatives had become concerned that "if
a development program were not undertaken the utility industry might not have an
improved and viable advanced LWR design for deployment" by the late 1990s when an
increase in electricity demand and electric installed capacity was anticipated [Taylor
8

The authors of a report by the Atomic Industrial Forum on future reactors explained that
design work on advanced versions of the LWR was being undertaken by the industry "on a basis
that supports, rather than discriminates against, the installed LWR base" [AIF, 1984].
9
These debates intensified especially in the late 1980s on both sides of the Atlantic. See for
example Ann MacLachlan [1987, 1988].
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et al., 1989]. 10
The designs that were developed through the ALWR initiative were selected
through a "design competition"." Of the four designs selected, two were pressurized
water reactors (System 80+ and AP1000) and two boiling water reactors (ABWR and
ESBWR). AP1000 and ESBWR have passive cooling systems whereas the other two
reactors have safety systems that rely on active cooling (i.e. using pumping power).1
The ALWR initiative was divided into three phases. In the first phase, led by
EPRI, the utilities and designers selected the plant designs and worked together to
develop both the designs and a general set of design requirements for new reactors
(These requirements were specified in the Utilities Requirement Document)." In the
second stage, the designers worked closely with the DOE and the NRC to make sure
that the design requirements for the new plants would eventually be acceptable to
the regulator. The third phase of work marked the detailed design and engineering
work. This phase was funded in part by a DOE initiative called the 'First of a Kind
Engineering Program' [Taylor, 1989]. As part of the ALWR project, both the passive
and the active designs were developed in close collaboration with the electric utilities.
One designer explained that the utility executives felt that they had ceded too much
10 Many in the industry, spurred by the expectation that this period would mark a return to new
orders for reactors and a rapid increase in the number of nuclear reactors, had begun to refer to this
period in the near future 'nuclear renaissance'.
"A late entrant which was not directly part of the ALWR program but which emerged around the
same time (and had similar characteristics as the ALWR reactors) was the Combustion Engineering
Safe Integral Reactor (SIR).
"Work on two of the designs had in fact started even before the EPRI project. Combustion
Engineering designers had been working with the Korean Electric Power Company (KEPCO) to
adapt their designs per the requirements of that utility. Effectively, the System 80+ design when it
was finished drew heavily on a design that had been created for KEPCO. Similarly GE designers
had resolved to design a better reactor after the Three Mile Island accident and had started work
on what would eventually become the Advanced Boiling Water Reactor (ABWR). This reactor was
jointly developed with Japanese utilities, particularly TEPCO, as well as in close collaboration with
Japanese manufacturers. TEPCO had already identified the Kashiwazaki Kariwa nuclear plant as
the site for two reactor units while the design work was underway. TEPCO executives had hoped
that the ABWR design would be certified by the American regulator before being built in Japan.
Although the ABWR was the first ALWR design to be approved by the NRC, two reactors of this
design had already been built in Japan by the time the NRC completed its review.
Unlike the ESBWR and System 80+, the two passive designs were developed specifically as part
of the ALWR project. The two passive designs had originally been intended as 600 MWe reactors.
The designers I interviewed asserted that they had been skeptical of the smaller reactors from the
beginning of the EPRI project and had repeatedly insisted on scaling up the sizes of the reactors.
As the prices for natural gas began to fall, both the utilities and designers realized that the smaller
designs would not generate electricity at competitive rates. Both of these designs were scaled up to
larger sizes and this slowed down the development process.
"The document was revised several times. The most recent update to it (revision 10) was in 2008
[EPRI, 20081.
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control to the designers in the design and development of earlier reactors and wanted
greater input in the design process. This was supplemented by the industrywide
sentiment that there was a need to standardize reactor designs both for gains in
performance but also to make the regulatory process simpler.
According to John Taylor, who was Vice President of EPRI at the time of the
ALWR project, the hope for the passive reactors was to create a "back to basics"
design "incorporating the key lessons learned (some perhaps temporarily forgotten)
since the beginnings of the LWR technology" [Taylor et al., 1989].
4.1.2.2

The European Pressurized Water Reactor

By the late 1970s, French reactor designers were starting to think about designing
a reactor that could be built in France, more widely in Europe, and possibly also
overseas. Several French designers I interviewed explained that upper management
at Framatome had reached the conclusion that the European reactor market was not
large enough for multiple competing reactor designs. This strategic rationale became
the motivation behind bringing French and German reactor designers together to
work on a new PWR design.1 4 This design work was initially carried out under a joint
venture between the Kraftwerk Union (KWU) division of Siemens and Framatome
called Nuclear Power International (NPI) which was created in 1989 [Hibbs, 1989],
and later, within a new reactor design company, Areva.
Designers from both countries had recently completed work on new reactors - N4
for the French designers and Konvoi for the German designers based in the reactor
division of Siemens. The design teams from both countries decided to effectively merge
the best characteristics of these two designs to create a new reactor. The product of
this work is the EPR (the acronym has stood for both 'Economic Pressurized Water
Reactor' and 'European Pressurized Water Reactor'). The far from linear and often
turbulent design process for the EPR was well documented in the trade press. The
French and German designers often disagreed with each other. Two of the most
contentious issues were reactor size and safety. The German designers preferred a
larger reactor in the 1500 MWe range to lower the costs of electricity generation.1 5
French designers preferred a smaller reactor - both to lower the capital cost of the
14

Although German designers had worked on both boiling and pressurized water reactor designs,
the French designers had primarily designed PWRs and this by default became the reactor technology
of choice for the new joint project.
15
The German utilities had made it clear to KWU that they would only order the new reactor if
costs of electricity generation were comparable with those from earlier reactors designed and built
in Germany [Hibbs and MacLachlan, 1993, Hibbs, 1997].
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project and also to benefit from 'learning' in the form of lower costs and shorter
construction times over several successive construction projects.
On the subject of safety, the German regulators who were working with their
French counterparts, called for the new reactor design to 'practically eliminate' all
offsite releases of radioactivity. The French regulators initially resisted, believing that
a more flexible approach to reactor safety would be preferable [Ann MacLachlan, 1993,
Hibbs, 1993].
Ultimately however, the German preferences prevailed .16 The reactor that emerged
from this design process was a four-loop actively-cooled reactor with a steel lined double containment, and core-catcher . Many of these design choices were diametrically
opposed to the choices made by the American designers who had also been designing
new reactors over the same period. At 1650 MWe, the EPR is the largest reactor ever
designed in France. Finally, as we saw in the previous chapter, the German insistence
for 'practically eliminating' all offsite releases of radioactivity informed not only the
reactor design choices for the EPR but also eventually became a safety goal for all
future French reactors.

4.1.3

7

The contemporary reactors : 2000 - present day

Around the time that work on the EPR started, Siemens designers had been working
on another reactor design in collaboration with (and funded by) German utilities.
This design - a passively cooled boiling water reactor - was primarily meant for the
German market. With the German nuclear exit and Areva absorbing Siemen's reactor
design division, this passively cooled boiling water reactor design became a part of the
French reactor portfolio. It was rebranded as 'Kerena'. 1" While work on this design
appears to have continued intermittently much of the funding and promotional work
6

The German utilities made it clear that they would not place orders for the new reactor design if
the design did not 'practically eliminate' the potential for releases of radioactivity beyond the plant
boundary.
17The
first order for the EPR reactor was placed for the Olkiluoto site by the Finnish utility
TVU. Turkish, Indian, Chinese and American utilities also expressed interest in the EPR but none
of these projects moved forward. A second EPR was chosen for the Flamanville site in France.
Construction work on the two reactor projects started in 2005 and 2007 respectively. Both projects
were delayed and ran into significant cost overruns but are now approaching completion. For now at
least the future prospects for the EPR seem uncertain. Some of the designers I interviewed in France
mentioned that Areva and EdF had quietly started work on a 'new model' of the EPR. Several recent
structural changes have occurred to the French nuclear industry and the reactor design division of
Areva has merged with the EdF. It's likely that work on the new model of the EPR continues but
no public announcements had been made by Summer 2018.
8
The initial version of the design was called the Siedewasser reaktor (SWR) [Brettschuh, 20011.
The most recent published work on the Kerena design was from 2012 [Zacharias et al., 2012].
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at Areva focussed on four newer designs : these are Antares, ASTRID, Atmea and
Flexblue. In the US, over the same period (the early 2000s), the main sites of reactor
design work had begun to shift from the large companies to small startups (often
founded in universities).
In the sections that follow, instead of exhaustively describing all of this design
work, I focus on two main projects that are representative of the reactor design approaches in each country : large collaborative design projects in France, and projects
typically housed within a single organization (though often moving across organizational settings) in the US. 19 These are the Flexblue project in France and the NuScale
project in the US. The comparison is also especially instructive because both reactors
are small modular light water designs but have been developed in very different organizational settings. In closing this section, I will also briefly describe the design work
carried out by the larger design companies in the US before turning to a comparison
of contemporary design norms in the two countries
4.1.3.1

France : large, collaborative design projects

Flexblue and SMR designs France, like the US, has nuclear powered submarines.
In France, the nuclear reactors used for submarine propulsion are designed by Technicatome, which was a part of Areva. While Technicatome designs the reactors,
the Naval Group (known as DCNS until 2017) manages the supply chain and the
construction projects and manufactures critical parts of the reactor and submarine
including the pressure vessel and the steam generator. The Naval Group was formerly
known as Direction des Construction et Armes Navales (DCAN) until 1991 when it
became DCN (Direction Construction Naval) and DCNS (Directions des Constructions Navales Service) in 2007 when it was partially privatized with 74% of the shares
being state owned, 24% being owned by Thales and 1% being employee owned. In
a further restructuring in 2017, DCNS was renamed the Naval Group. Under the
current ownership structure 62.49% of the company is state owned, Thales owns 35%
and 1.64% is employee owned.
DCNS's strategy began to change with a change in the ownership structure of the
company. It began to expand its energy and nuclear businesses and began to manufacture reactor internals for the Flamanville project. Around the same time DCNS
leadership began to consider the possibility of designing a small modular reactor
(SMR) that could be manufactured using its existing facilities.
"In the chapters that follow, I will return to consider reactor design choices across the broader
range of design projects in both countries.
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In 2011, DCNS's CEO Patrick Boissier announced that the company was moving
ahead with its plans to develop such a reactor. In its initial market analyses, DCNS
had identified 68 countries that might be interested in a small reactor and it hoped to
have a significant share of this market [MacLachlan, 2011].In its next phase of work,
DCNS's designers would carry out detailed technical, economic and market analyses
for the small reactor.
The reactor, intended to have a power rating between 50-60 MWe, would be
housed in a submarine-like metallic shell on the seabed floor and operated remotely
from onshore. Maintenance crew would visit the reactor in a submarine to carry out
repairs and at the end of life (30-50 years) the reactor would be decommissioned like
the nuclear powered submarines [Kolmayer, 2011].
By the time Naval announced the Flexblue project, Areva's designers had been
working on a SMR design of its own. Both sets of designers formed an 'SMR consortium' along with EdF and CEA instead of pursuing their individual design projects.
Ostensibly, the objective of such a consortium was to develop a single small modular reactor design. However, as the details of the reactor design began to emerge in
2014, it seemed clear that the Areva and Naval designers had followed rather different
design trajectories instead of working jointly on a single design. The details of the
two designs also suggest that the designers in the two companies took rather different
approaches to design. The Areva design emphasizes the design of the reactor core and
the integral design of the primary system which appears to have entirely eliminated
pumps and pipes. The reactor, having a 150 MWe power rating, is described as a
land-based reactor [Chenais et al., 2014]. Further, the designers suggest that a plant
based on this design be made up of four reactors placed partially underground (similar
to the NuScale configuration described next). Overall, the description of the design
presents the reactor core and primary system in significantly greater detail than the
reactor vessel, containment design and the operating strategy which seems to suggest
that this plant itself has been designed starting with the core and moving outwards
to the systems surrounding the core. Conversely the description of the Naval design
omits details of the core design entirely (except to mention that the power rating is
50 MWe). In fact a schematic of the core is nowhere to be found in this particular publication or any others describing the design. Instead, an emphasis is placed
on the systems surrounding the reactor core and the operational strategy (which is
significantly different from what has become the norm for land based reactors).
One possible explanation here is that the Naval designers, having developed an
operational strategy for the reactor, had taken an interest in partnering with Areva in
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order to develop a design for the core. However, the Areva designers, already having
a design project underway at the time of the partnership with Naval, had decided
to pursue their own design further instead of working with Naval's specification to
design a reactor core that would fit within the vessel specifications developed by the
Naval designers. No public announcement on the status of theses reactor designs have
been made since 2015. It is likely that at least for now these projects are on hold.
4.1.3.2

US: the old designers and the new

The startups NuScale's lead desiger Jose Reyes (and now the Chief Technology
Officer of the company of the same name) started working on the reactor design
around the year 2000 while a professor at the Oregon State University 20 , along with
a small team of designers from the Idaho National Lab." The work was funded
by a Nuclear Energy Research Initiative (NERI) grant from the US Department of
Energy (DOE). The goal of the project was to create a small, natural circulation
cooled light water reactor "primarily to be used for electric power generation" but
"flexible enough to be used for process heat with deployment in a variety of locations"
[Reyes and Young, 20111. In early descriptions of the reactor which began to appear
a couple of years after the start of the project, the designers described a 150 MWth
(35-40 MWe) reactor in which the reactor core and steam generator were contained in
a single pressure vessel 22 submerged in a pool of water and encased in a containment
which would itself be partially filled with water. This design was exceptional because
the designers showed that even "for the most severe postulated accident" the volume
of water in the containment and vessel would be sufficient to remove decay heat from
the reactor for three (or more) days without the need for any operator action.
For a time Reyes and others thought they had perhaps created another 'paper reactor'. The designers had created what was arguably one of the safest reactor designs
(at least on paper) that could potentially be built rapidly using modular construction
techniques and was economically competitive to boot (again, on paper). Nevertheless,
there was no precedent for a university team successfully taking a research project
forward to ultimately build a commercial power plant. As Reyes knew well from his
work on the AP600 and AP1000 projects, full scale development for a new reactor
20

Reyes had previously worked as a nuclear safety testing engineer on the AP600 and AP1000
projects at the NRC.
21
Then called the Idaho National Engineering and Environmental Laboratory (INEEL). The INEEL designers who appear in the early design papers are James Fisher, Michael Modro Kevan
Weaver. Jose Reyes and John Groome led the OSU team. They were joined by Pierre Babka from
Nexant
Inc.
22
This is what is known as an 'integral' design.
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could cost upwards of a billion dollars (and perhaps more if the designers made investments in building manufacturing facilities for new equipment - which would likely
be needed in this case).
Reyes spent some time at the International Atomic Energy Agency (IAEA) as an
expert on passively cooled reactors. His work over this period deepened his conviction
that there could be a market for this new kind of reactor, including perhaps outside
the US in countries with smaller electric grids that were considering building nuclear
plants for the first time.
By the late 2000s, Reyes along with Paul Lorenzini had decided to spin out a
startup - NuScale Power - and develop the initial reactor concept into a commercially
viable design. In 2017, after nearly 17 years of work on the reactor design, NuScale
submitted a design certification application to the Nuclear Regulatory Commission.
This was in itself seen as a remarkable event by many in the industry. NuScale was
the first company to submit such an application in over a decade.
Reyes and NuScale's path to developing a commercially viable design has been far
from linear. Startups typically have no sources of revenue for many years or internal
reserves of capital with which to fund work. Neither did NuScale. The massive R&D
expenditures needed to develop a new design make the "burn rate" for a nuclear
startup even higher.
One of NuScale's earliest and largest investors - the Kenwood Group - was investigated and later found guilty by the Securities and Exchange Commission in early
2011.3 For a time it seemed as though the NuScale would run out of funding and that
its design work would end. However, by the fall of 2011, Fluor, a large construction
and manufacturing company, had acquired a majority stake in NuScale and provided
the capital needed to continue design and development work.
In 2013, two years after the near collapse of the company (and also two years after
the Fukushima Daiichi accident) Nuscale made a big announcement about its reactor
design. Reyes and team announced that the reactor (now larger at 50MWe) would
be able to cool itself indefinitely. "There's no commercial nuclear power plant in the
world that can do that, and the only reason we can do that is because our design
is so simple" , Reyes observed. This change in the design is worthy of attention
for the following reason : Probabilistic risk assessments of the previous design had
yielded unprecedentedly low estimates for the core damage frequency (CDF) of 10^-7
or lower. If the CDF estimates for the previous designs were even close to accurate,
23

According to the initial SEC filing, the majority owner of the Kenwood group was found to have
"improperly and illegally invested at least $53 million" in investor assets [Xie, 2011].
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the NuScale design was already significantly safer than the reactors in operation and
far safer than the levels of safety called for by the Nuclear Regulatory Commission in
its safety goals.
Why then had the NuScale designers taken what was evidently an already 'safe'
design (as far as institutional requirements were concerned) and tried and tried to
make it safer still? Although the NuScale designers were among the first (of the
contemporary wave of designers) to do this, they are not alone in their desires and
efforts to make ostensibly safe reactors even safer. Is it the case that these designers
do not have confidence in the PRA estimates, or does 'safe' means something different
to them than it did to their predecessors? These are questions I explore further in
Chapters 4 and 5.
In NuScale's case, the confluence of initial funding, an initial promising design,
even more funding and the possibility of a market all made a full-blown design project
possible and thus far successful. Among the first designers to sense and act on these
opportunities, Reyes and team have been followed by a veritable legion of designers
who are working in startups to create new reactor designs.
By and large these designers are less experienced than the designers based in
larger companies like Westinghouse and GE who, even at the start of their respective
projects, had two or more decades of design experience. In some cases the startup
designers are working on a reactor design project for the first time, and for the
vast majority it is their first time leading a reactor design project. Nevertheless the
startup designers have led a sort of transformation of nuclear innovation in the US
both quantitatively and normatively. Of the 39 reactor design projects in the US that
have been active recently, 20 have been based in startups.. At least five other designers
I interviewed (who are not based in startups) reported that the startup-based design
projects (that had successfully attracted both private capital and government funding)
led them to the conclusion that they too could start their own projects. Thus the
startup designers, through their own projects or through knock-on effects on other
designers can be said to be responsible for over two-thirds of recent design projects
(more if one excludes the projects started in the 1980s).
The incumbents In comparison to the startup designers described above, the large
established design companies have been more cautious and somewhat slower to act.
Through the early 2000s several of these companies had worked on commercializing
high temperature gas cooled reactor technology through the Next Generation Nuclear
Plant project. After the suspension of the Next Generation Nuclear Plant project
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following the breakdown of a cost share agreement between the DOE and industry
participants, there was a keenness to focus on LWRs. Forecasts for where nuclear
technologies were headed, including from MIT, had suggested that the large light
water reactors would most likely continue to be the technology of choice for the new
industry well into the first century of the new millennium.2 4
With the sudden uptick in design activity, the larger companies had perhaps
started to reconsider their own technology strategies. As a designer from one such
company described on observing the number of growing startup design projects, he
had begun to think that their company could do better. They could "design a better
mousetrap".
Here, the decisions made by two companies in particular are interesting. These
are Babcock and Wilcox and Holtec. Of the two , Holtec, a company that designs and
manufactures casks for shipping and storing spent fuel, had never before worked on
a reactor design. Babcock and Wilcox, although having worked on reactor designs in
the 1960s, has not done so in the recent past. Both companies embarked on their own
small light water reactor projects. Babcock and Wilcox had the benefit of drawing
on a reactor that the company had designed for a nuclear powered merchant ship in
the 1960s. 25
The two other , larger nuclear companies - General Electric (GE) and Westing-

house - were not far behind. By the early 2010s, a small team at GE had revived a
design that company had been developing through the 1980s and 1990s.26
24

See for example Ansolabehere et al. [20031, Deutch et al. [2009], Kazimi et al. 12011].
Otto Hahn (the merchant ship) was launched in 1964. The reactor aboard was installed in 1968.
The ship sailed over 650,000 nautical miles powered by the reactor. The Otto Hahn reactor design
cleverly used a steam bubble in the upper head of the reactor vessel to eliminate the need for a
separate pressurizer. It also used canned reactor coolant pumps at the bottom of the reactor vessel
to drive coolant flow through the core. Most importantly, it was an integral reactor design that
located the reactor core and steam generator in a single vessel. The mPower designers improved
upon these design characteristics to design a reactor with a greater reactor power (180 MWe as
opposed to the much lower 900 kW for the Otto Hahn reactor) and added passive safety systems
[Halfinger and Haggerty, 2012].
26
Westinghouse had convened a large, international team of designers in the late 1990s to work
on a small modular reactor but the absence of a clear plan for commercialization (and, as some
industry insiders speculated, problems with distributing intellectual property across a large, multiorganization, international design team) had ultimately led to a termination of that project. This
was the IRIS project. Starting from an initial team of four member organizations from 2 countries,
the design team grew to twenty members from 10 countries (Brazil, Croatia, Italy, Japan, Lithuania,
Mexico, Russia, Spain, UK and the US). The reactor got its name from the multilateral approach
to development and IRIS stood for International Reactor Innovative and Secure. The design itself
was intended for overseas markets and the designers hoped that the large, international team of
designers would lend credibility to the design in potential buyer countries.
In an early journal article on the details of the design, the authors wrote that, "It was evident
that the era of a single company, or even a single nation, developing and deploying a nuclear plant
25
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By the early 2010s however, Westinghouse had started work on a new small modular reactor - simply called the Westinghouse SMR. This project at Westinghouse
was followed by two others - a lead cooled fast reactor (which is described in the
promotional materials as a 'Generation V' design) and most recently, a nuclear 'battery' concept. The timings of each of these projects also seem to suggest that the
designers have correctly anticipated and tailored their respective design projects to
various funding opportunities. Next, I describe how the designers of these reactors
present their work in the form of their mission statements and in conversation.

4.2

Missions, visions and reactor designs

Much has been written about the corporate mission statement in the management
literature since the 1980s [Pearce, 1982]. Through a survey of fifty-nine Time 1000
companies Klemm et al. [1991] found that companies had increasingly been developing
mission statements through the 1980s.
Where used, the mission statement was a way for managers to 'sell' corporate values to employees and to "assert their leadership" within the organization. A relatively
recent study of Canadian and American firms suggested that mission statements could
affect a company's bottom line. The company's mission can influence financial performance via several mediating elements such as "commitment to the mission", "degree
to which an organization aligns its internal structure, policies and procedures with
its mission" [Bart and Hupfer, 2004]. Bartkus et al. [2006] offer a more circumscribed
interpretation of the elements of a mission statement and correlation with financial
performance of the firm. Firms that are explicit about their ethical orientations or
"value systems" towards their employees and society show positive correlation with
financial performance. Similarly, another study of Fortune 1000 firms finds that the
mission statement has retained contemporary relevance. This study finds that high
performing firms do indeed have well-defined mission statements [Leggat and Holmes,
2015].
Other authors have adopted a more skeptical stance. For example, Campbell
[1992] finds that companies "having a clarity of vision" often have poorly articulated
mission statements or conversely, companies that have well-defined mission statements lack a clear direction and sense of purpose. Mullane [2002] attributes the
varying utilization of the mission statement across firms to managers' views on them.
had past" spelling error in source) [Carelli et al., 2004b]. Conceptual work on this design had been
completed by 2001 but the design did not go much further beyond this point.
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Some managers "see mission statements as tools that can influence the inner workings of their organizations". However managers who merely put mission statements
on display without effectively performing the mission, are unlikely to elicit buy-in and
organizational change.
Pearce and David [1987] define mission statements as "enduring statements of
purpose" that distinguish organizations performing similar functions. According to
these authors, a good mission statement is longer than a phrase or a sentence but not
several pages long, or overly specific and prescriptive.
While opinions on the mission statement remain somewhat polarized even in the
business and trade press , mission statements continue to have relevance for the leadership of large companies and first-time founders alike. Entrepreneurship programs
(incubators and accelerators) and courses taught at universities advise new and future entrepreneurs to develop mission statements for their companies. Some of the
largest and fastest-growing companies make use of the mission statement. Updates
to mission statements of these companies, when they occur, almost always lead to
think pieces and extensive dissection in the trade press.2 7 Irrespective of the extent to
which a 'mission statement' mediates company performance, it is a useful data point
for this study because it tells us something about how the company views its work,
itself, and how it wants to be viewed by its own employees and the world at large.
Company missions appear under several headings such as "mission statement",
"corporate statement", "aims and values", " purpose", "principles", "vision" etc and
sometimes without one but prefixed by statements such as "who we are" [Klemm
et al., 19911.28 Reactor design companies typically display their mission statements
on their websites alongside descriptions of their design and development processes
and the reactors they have created or are creating. Although several typologies have
been proposed for classifying types of innovation, a recurring characterization in the
literature is the distinction between product and process innovations 2 9 - i.e.

the

distinction between the final designed artifact and the means by which it is designed
27

See for example Russell [2007], Kahney [2008], Totilo [2013], Olanoff [2015], Jesus [2016], Heath

[2017], Griffith [2017], Price [2018], Crook 12018]
28

The notion of a 'mission' has also made its way into the jargon of the nuclear engineer (even those
designing reactors in research settings). In the late 1990s, the US Department of Energy convened
an international initiative called the Generation IV forum which brought together reactor designers
from a broad spectrum of organizational settings, as well as industry representatives to identify
reactor technologies for future development. Through a series of techno-economic analyses, this
group identified 6 promising reactor technologies. Reports that describe these reactor technologies,
also describe their 'missions'.
29
See for example Utterback and Abernathy [1975], Damanpour and Gopalakrishnan [2001], Adner
and Levinthal [2001]
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and made. In the sections that follow, I pay particular attention to how the large
established reactor design companies vs the small frame their product and process
innovations through their mission statements.

4.2.1

The large companies

Older American companies such as Westinghouse and General Electric (GE) 30 use
their mission statements to assert their longevity and contributions to the development of reactors and more broadly, the American nuclear industry. For example, the
Westinghouse mission statement reads:
"No other company is more focused on helping utilities around the world improve
their plant technology, reduce outage times, reduce maintenance costs, and have
access to the highest quality nuclear fuel."
The mission statement goes on to describe that, "[w]hen the era of nuclear energy
began more than 50 years ago, we were there. Today, we're leading the way with
a new generation of nuclear technology, helping the world meet growing electricity
demand with safe, clean, and reliable nuclear energy."
Similarly GE-Hitachi describes itself as the "world-leading provider of advanced
reactors and nuclear services." The alliance between GE and Hitachi is described as
combining, "GE's design expertise and history delivering reactors, fuels and services
globally with Hitachi's proven experience in advanced modular construction to offer customers around the world the technological leadership required to effectively
enhance reactor performance, power output and safety."
GE describes the ABWR design as the "foundation of GEH's nuclear reactor
portfolio" and the ESBWR (which draws on the ABWR design) as the "world's safest
reactor." This is followed by a somewhat qualifying statement that the reactor is
"safest" in comparison to other Gen III+ reactors because it has the lowest core
damage frequency which is the "industry standard measure of safety". 3 1
Westinghouse in turn describes the AP1000 as being based on more than two
decades of research and development and a reactor that "builds and improves upon the
established technology of major components used in current Westinghouse-designed
plants." Later, the reactor is described as the "safest and most economical nuclear
30General

Electric and Hitachi merged their reactor design divisions in 2007 to create GE-Hitachi
(GEH).
31
"It has the lowest core damage frequency (industry standard measure of safety) of any Generation
III or III+ reactor and can safely cool itself with no AC electrical power or human action for more
than seven days."
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power plant available in the worldwide commercial marketplace." 32
By comparison, French companies make somewhat more modest claims about
their design and development processes. Atmea , for example, describes itself as a
"major international player in next generation reactor design" [Atmea, 2018]. Like
Westinghouse and General Electric, Atmea appeals to the long history of reactor
design (in this case of its parent companies Areva and Mitsubushi) as the source of
its credibility, authority and expertise in the area of reactor design:
"We combine our parent companies' more than 40 years of cumulative experience
in designing and constructing nuclear power plants to offer our customers unrivaled
technical expertise" [Atmea, 2018].
In both journal articles and marketing literature on the company website, the 1200
MWe Atmea design (the eponymous, Atmea 1 reactor) is described as a 'medium,
high performance' , 'Generation III+' reactor. 'Medium' here refers to the lower
power rating relative to the much larger designs (in the 1400 - 1700 MWe range) that
have been designed in the parent companies . 'High performance' in this context (as
with the Westinghouse and GE reactors) is a reference to the use of well-tested and
well-understood components and systems that have been used in the design of the
reactor and are emphasized as a significant source of comparative advantage (relative
to the new, untested designs). When the design details were first released, the former
CEOs of Areva and MHI also emphasized that the designers had deliberately used
"proven technologies" and that there were "no technical breakthroughs or revolutionary innovations" in the reactor design. They opined that buyers were looking for
reactors that would be easy to license and operate reliably and not designs that drew
on "extremely disconcerting technology leaps" [MacLachlan, 2007] that were being
developed elsewhere. 33
Similarly, the Areva-designed EPR is described as being based on more than
three decades of experience acquired in the design and operation of nuclear plants.
The reactor is described as being "the most powerful in the world" and "setting the
standard for future nuclear generation around the world" [EdF, 2017].
Though not the first movers (like the startup designers), the designers in the larger
companies nevertheless have a significant comparative advantage. As the designers
from these companies are well aware, the codes developed to simulate the reactor
neutronics and thermal hydraulics as well as the risk assessment models can, in many
32

"The established design of the AP1000 plant offers three distinct advantages over other designs:
Unequaled safety, Economic competitiveness, Improved and more efficient operations"
33
Specifically, this was a thinly-veiled reference to the use of passive safety systems that American
reactor designers in particular had incorporated in their designs starting in the 1980s.
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ways, be adapted to the new reactor designs. Further, through decades of reactor
design and development, the designers in these companies have access to both inhouse manufacturing facilities and vast, international supply chains.

4.2.2

How the startups are different from the large design
companies

The sections that follow describe how the startups are different from the large design
companies. These differences, summarized in Table 4.1, have to do with the sense
of agency conveyed by the startup designers (relative to those in large companies),
problem framing, the intended customers, the design and development process, commercialization strategies adopted and the ways in which the designers describe the
safety of their designs.
What was immediately striking about the conversations with the designers
from the startups was that they conveyed a much greater sense of agency. Whereas a
designer from a Westinghouse, GE or Areva might speak in the voice of the company
(For example a designer from one of these larger companies might say, "Westinghouse
Agency

decided to design this reactor because..."), the startup designers always spoke in first
person, never anthropomorphizing the organization, always attributing the structure
of the design process or the features of the reactor design to their own preferences
and proclivities, never the organization's.
Problem framing A further difference between the large companies and the startup
designers is the way in which they describe the problems they are solving. As we saw
above, the large companies refer to the immediate and concrete problem of needing
an economically competitive, reliable and safe source of electricity. The startup designers however, refer to larger , and in a sense, more abstract problems from the
world.
For example Kairos power describes itself as a "a new nuclear energy technology
and engineering company whose mission is to enable the world's transition to clean
energy, with the ultimate goal of dramatically improving people's quality of life while
protecting the environment" [Kairos, 2018].
Similarly Terrapower describes its origin story as beginning with discussions between Bill Gates, Nathan Myrvhold and Lowell Wood on what it would take to raise
the global standard of living. The trio concluded that the answer lay in developing
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Table 4.1: Differences between designers based in large companies and startups
Theme

Large companies (French and American)

Startups (American)

Agency

Designers convey less agency; often
anthropomorphize and speak in voice of the
company ("Westinghouse decided to design this
reactor because...")

Designers convey greater agency; speak in the first
person and attribute the characteristics of the reactor
design to their own preferences

Problem Framing

Reactors under design described as solving the
immediate problems of the need for an
economically competitive, reliable source of
electricity

Reactors under design described as solving abstract
problems -- clean energy, climate change, access to
energy in developing countries

The customer

Well-understood customer and market

Shifting customers and markets; reactors being
designed often without a clear expression of interest
from potential customers

Design and
development process

Well-understood and tested design and
development process emphasized as a source of
comparative advantage; designing with the
customer in mind

Lean, flexible and agile design and development
processes ; designers emphasize both newness
(innovations that make reactors safer) and sameness
(reactor often based on earlier designs ; designing
reactors with the public in mind

Commercialization
strategies

Designing with intent to obtain regulatory
approval and build reactor

Designing often without a single clear
commercialization strategy; pivots to new customers
and markets

Describe designs as 'safest'

Describe specific design details and the ways in
which the designs are safe without comparisons with
older reactors; although the desgigners are creating
safer reactors, they do not want to draw attention to
safety

Describing safety

a globally scalable source of energy that could be deployed in both developed and
developing countries. Though not specifically setting out to create a nuclear reactor
company, their analyses ultimately pointed to nuclear energy as being the most viable
option [Terrapower, 2018a].'
The customer A third set of differences between the large companies and the
startups lie in how the two describe their work in relation to their customers. The
older established companies highlight their contributions to the work of the electric
utilities. For example Westinghouse describes its work as follows : "No other company
is more focused on helping utilities around the world improve their plant technology,
reduce outage times, reduce maintenance costs, and have access to the highest quality
nuclear fuel " [Westinghouse, 2018]. The startup companies on the other hand often
find themselves in a position of designing for customers who do not yet exist or who
exist but have no interest (or at least none yet) in the sorts of reactors that the
startup designers are creating. Under these circumstances, the startup designers find
themselves, sometimes designing for the 'public' and sometimes for customers who
do not yet know what they want.
One startup based designer for example explained to me that early on in the design
process he had spoken with executives from several utility companies. He pitched
several different reactor designs to them but soon "realized that a lot of them didn't
have an appetitefor something that was brand new. They wanted to see something that
is already working." Nevertheless this particular designer forged ahead and continued
his work on a small non-water cooled reactor design.3 5
Similarly another designer of a large non-water cooled design (who is based in
a startup company) explained the design team started by asking themselves, "really
what reactor would the public support and how do you alleviate the public's fears about
nuclear power, especially the safety and waste issue". 6 Effectively these designers,
particularly those working on non-traditional reactor technologies (i.e. anything other

than a large light water reactor) are acting on the conviction that they know something about the wants and needs of the future buyers of their technologies before the
buyers themselves.
3 4According

to a paper on the Terrapower reactor design, the trio, "mathematically analyzed all

energy generation technology options from a total system perspective and concluded that raising the
standard of living of all people will require global utilization of nuclear energy in a suitable form
that addresses the existing challenges of fuel availability, cost, proliferation and waste production"
[Hejzlar et al., 20131.
35
Reactor Y
36
Reactor P
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Flexible, agile, development processes A fourth set of differences between
the large companies and the startups has to do with how the two frame their design processes. While the older, established companies use their mission statements
to highlight their longevity and their well-established base of expertise, the newer
American companies - the startups - do exactly the opposite. They point to their
nascency and novel reactor development processes (described as being significantly
different from those adopted by the larger companies) as the very source of their
comparative advantage.
Terrapower describes its "agile approach to innovation" as allowing the company
to "leverage the world's best capabilities and expertise, from the initial idea through
design and development to deployment. Through robust private sector management,
flexibility, funding and efficiency, TerraPower can accelerate this process - taking an
innovative idea to a functioning reality more quickly than ever before" [Terrapower,
2018a].
Similarly, Transatomic's designers critique the lack of technology diversity and
the lock-in of light water technology. They describe their work as "challenging this
strategy and have returned to the beginning to explore another path, and another
design - the molten salt reactor. This simple reactor design, updated with modern
technology and materials, has the potential to revolutionize the nuclear industry"
[Transatomic, 2018].
The emphases on these novel development processes are simultaneously a critique
of the design and development processes long pursued by the large companies. In
a public interview, Oklo's founder Jacob DeWitte who had previously worked as
an intern at a national laboratory as well as a large reactor design company, made
the observation that he had found neither organization to be aggressive enough and
that innovation was not a priority in either design setting." Because he viewed the
problem of innovation and the future of reactor technology differently, he explained,
"I never felt like I belonged at those places." When he and his co-founders started a
reactor design company, they decided that they didn't want to be "technology pushers.
We wanted to follow what people wanted, what people needed" [HackerNews, 2016].
The point about not 'pushing' technology is a critique of the development approaches
adopted by the larger companies.
Elsewhere, several other startup designers offer similar critiques. For example, the
37

"But it was clear that the big companies weren't being very aggressive either. They cared, and
they were putting some resources into it, but not nearly as aggressively as I would have done it. It
was not nearly as high of a priority as their existing products" [HackerNews, 2016].
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HolosGen designers write that , "[fjor nuclear technologies to simultaneously increase
safety, reduce costs and compete with non-nuclear electricity producing technologies,
a radically innovative approach is necessary" [HolosGen, 2018].
Here, however, there is a similarity with the designers from the older companies.
Both sets of designers appeal to history - organizational or technological - as conferring credibility on and de-risking their design efforts. The startup designers, lacking
their own histories of reliable reactor development and deployment, often cite the long
technological lineages on which their designs are based. For example, the designers at
Elysium industries assert that their designs are based on technologies "demonstrated"
in the 1960s [Elysium, 2018]. Similarly, the Thorcon designers emphasize that their
design uses no new technology and describe it as a "straightforward scale-up of the
successful Molten Salt Reactor Experiment".
Here is a description of the development process for the Thorcon design
"The MSRE is ThorCon's pilot plant. There is no technical reason why a fullscale 250 MWe prototype cannot be operating within four years. The intention is to
subject this prototype to all the failures and problems that the designers claim the
plant can handle. This is the commercial aircraft model, not the Nuclear Regulatory
Commission model. As soon as the prototype passes these tests, full-scale production
can begin" [ThorCon, 2018].
The developmental pathway being championed by these designers is what several
designers refer to as "license by test". In other words, instead of relying largely
on detailed analytical studies of safety systems as part of the regulatory process
of design certification, these designers intend to prove reactor safety empirically by
subjecting 'the prototype to all the failures and problems that the designers claim the
'plant can handle' as described above. The two concluding lines in the excerpt above
which refer to the 'Nuclear Regulatory Commission model' is a critical comment
of the development process that designers in established companies have typically
adopted. Under this prior model of development, the design that was presented to
the regulator - the NRC - was not the final detailed design. The Thorcon designers
are indicating that by empirically demonstrating safety using a working prototype,
they are effectively presenting to the nuclear safety regulator a design that is ready

106

to be built.3 8
New commercialization strategies The designers of the larger reactors previously created reactors for a specific site and for a specific customer, thus tailoring
the design parameters both to the specifications of the customer and site. One implication for designing for a customer who is not 'real' or a customer that does not
yet want the sorts of reactors that these designers are designing is that the reactor
designers have to hypothesize what the design parameters need to be (or what the
customer might want in the future). One consequence of this uncertainty is that the
designers, having selected a reactor technology, are designing reactors in a range of
sizes. They describe these designs as being scalable and flexible. For example, the
designers at Elysium industries who are working on a molten chloride fast reactor
describe their design as flexible and equally viable at a range of electricity capacities
ranging from 50 MWe to 1000 MWe.
Designers who felt a high degree of certainty early on in the development process
and committed to a certain reactor size, have frequently found themselves in the
position of revising their designs and scaling the reactor to a (typically) higher or
(sometimes) lower rated capacity to 'pivot' to the new, more plausible market.
In the past reactor design companies both in the US and France partnered with the
electricity utilities to work on the construction project. Not having a pre-determined
customer or market , the newer reactor designers (particularly those based in startups) are considering a range of possibilities for commercializing their designs. Some
are considering the possibility of selling their intellectual property to other, larger
companies. Others are of the view that the best development strategy is to secure a
design certification from the Nuclear Regulatory Commission, and, having done so,
to then license the design.
Describing safety A final difference between the large design companies and the
startups is in the ways in which the two describe the safety of their designs. Despite
the ways in which the startup designers seek to distinguish their approaches to design,
they rarely describe their designs in relation to the light waters or as being the safest
38

The emphasis on 'no new technology' as a virtue should also be noted. Several designers repeat
this logic of using technologies and systems that are known in their respective reactor designs.
The underlying rationale is that the use of well understood technologies can accelerate the pace of
commercialization of a new design - chiefly the regulatory approval phase. This shared emphasis
on the use of known technologies across several design projects also reveals a sense of urgency that
these designers feel.
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as the larger companies do. Instead they describe the specific ways in which their
reactors are safe. For example, the Thorcon design is described as a :
" simple molten salt reactor. Unlike all current reactors, the fuel is in liquid form.
If the reactor overheats for whatever reason, ThorCon will automatically shut itself
down, drain the fuel from the primary loop, and passively handle the decay heat.
There is no need for any operator intervention" [ThorCon, 2018].
Similarly the Terrapower Traveling Wave Reactor is described as an " innovative
design" that "results in a reactor that can operate with higher thermal efficiency and
consume uranium resources in a more efficient, clean and safe manner than previously
possible" [Terrapower, 2018b].
In conversation several startup designers explained that they didn't even particularly want to draw attention to the ways in which their reactor was safe, although
their analyses had revealed to them that the new designs were indeed safer. At the
time of the interview, one design team was still working out how exactly to describe
the reactor because they did not wish to bring the ways of thinking about safety for
light water reactors (and the attendant jargon) over to the new design:
" But to a large degree I feel like the advanced reactors out there have this opportunity to reinvent a lot of . . the way the safety discussion is carried out. So I am
cautious about bringing in safety descriptions from LWRs because I don't necessarily
want to have all of that carry over "."
Similarly, another designer explained that the question of safety often came up
in conversation with potential customers and investors. Like the designer above, this
designer also explained that safety was not something he liked talking about :
"I don't typically even give it the time of day to talk about it. Is our plant safe?
It's like, I wouldn't be in front of you if this design was not safe. I don't think anybody
would be seriously putting forward a concept or a design that could put people at
risk because it is very intertwined with the financial performance of it ".40
As noted above, both of the designers above, as well as several others (both based
in startups and otherwise) were reluctant to compare their designs with light water
or position them as being safer.
For example one designer explained that the design team did not want to position
their design as being safer that light water reactors because they were already safe
enough:
"And when talking about safety for the reactor , we have tried not to say that it
39
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is safer than conventional plants because that sets us up in opposition to light water
reactors which is not where we want to be. And light water reactors are safe enough
so it does not really matter".
These choices in conversation and in the public promotional material to not position the new designs as being safer than the light water reactors while often emphasizing the specific ways in which the designs are safe recalls the decisions made in the
1980s by the large reactor design companies to continue to pursue the development
of light water reactors because they were good enough. The reluctance of the newer
designers now to reflect critically on the light water reactors while describing the
safety advances in their own designs is a form of equivocation that suggests that the
old design norms, at least for now, continue to co-exist with the new.

4.3

A normative transformation?

What are we to make of the startup designers and their reactors?42 Critics of these
designers and their designs have speculated that the startup designers are attempting to rhetorically solve nuclear energy's long standing public relations problems by
alternately invoking the imageries of compact, failsafe designs that will solve the dual
problems of climate change and shortages of energy in the developing world.43 More
than a few experienced designers I spoke with privately speculated, off the record,
that the younger, inexperienced designers lacked an appreciation for what it would
take to see a reactor design project through to completion and to build a new kind
of reactor. It even appears that some startup designers are skeptical of their own
counterparts (one such designer tweeted that the decision to develop a reactor in a
startup setting was a 'lifestyle' choice). Nevertheless, these designers have compelled
a significant degree of institutional buy in. Earlier this year the US Department of
Energy inducted one of Oklo's co-founders into one of its main advisory committees.4 4
41

Reactor L
4A young faculty member in the Department raised precisely this question at an initial presentation of the findings (in Spring 2018) of a study on the future of nuclear power published later
that year. As I note below, both academics and industry observers had observed the emergence of
nuclear reactor design startups with some skepticism. Effectively, the question was about what the
startups meant for the future of nuclear power and the nuclear industry. What did it mean that
the sites of design activity had shifted to such a large degree from the large established companies
that had been around since the inception of the first power reactors to startup companies helmed
by relatively young and inexperienced designers and having no organizational history and credibility
conferred by decades of reactor design and development. (The presenters did not have an answer.)
43
See for example Carper and Schmid [20111.
44
Caroline Cochran of Oklo joined the DOE's Nuclear Energy Advisory Committee in June 2018.
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More telling perhaps is the general trend of the DOE's recent programs for supporting
nuclear innovation following (the trajectories of development initiated by the startup
designers) rather than leading it. 4 5

This startup phenomenon in the area of reactor design is a relatively recent occurrence. One of my interviewees, who had previously been a part of several design
projects that had produced paper reactors and culminated with conference and journal publications speculates that "back in the 2000s it was lets just go have some technical fun" but now there is, "so much talk about innovations and new designs. . . starting
new companies and all that.... that's the new big buzzword of the 2010s". 46
This observation is accurate. In many ways the startup designers (usually also
the founders and CEOs of their respective companies) are more likely to behave like
and identify with founders of Silicon Valley companies than their counterparts in
large established design organizations . As one designer of a small light water reactor described , he doesn't necessarily think what he has created is a traditional
reactor design company. As he says, "It's very different than any other nuclear company that... I'm having a hard time describing it. It's kind of like a cross between a
Westinghouse and Google."4

By now it is clear that the newer reactor design companies have little in common
with the larger reactor design organizations in either country. If the startup designers
identify with and view their own companies as being more like the Silicon Valley
software companies than the large reactor design companies, how did this normative
transformation come about?
Kelkar, through his study of the emergence of massive open online courses, finds
that the ideologies of Silicon Valley have permeated this new educational platform
via its developers the software engineers. These software engineers (like founders of
software companies more broadly) embrace open-endedness, fast, iterative problemsolving, data-driven decision making, governance for emergent effects, scalability and
personalization [Kelkar, 2016, 2017]. It can be said that some of these logics have
made their way into the designs of reactors as well, though indirectly.
The founders of the reactor design startups, unlike Kelkar's protagonists, are
not software engineers. However, they feature frequently in the technology trade
45

These programs include a cost-share initiative for licensing small light water reactor designs, a
program of funding for large non-LWR designs, an initiative that allows designers to partner with
research teams and access developmental resources at the national laboratories, and finally a new
ARPA-E initiative for supporting reactor design work across a range of technologies.
46
Reactor F
47Reactor L
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press, on lists of founders and entrepreneurs, sometimes participate in incubator and
accelerator programs and are funded by the venture capital firms that also fund the
software companies that have embraced the normative logics described above. These
then could be the means by which the Silicon Valley imaginaries have traveled to the
world of reactor design. If symptomatic of a broader normative shift (i.e. beyond
reactor design and from Silicon Valley to other domains of design and development
beyond software engineering), this phenomenon merits further study. It suggests a
way in which cycles or periods of innovation across disparate, unconnected industries
can become linked via the propagation of norms.
Having laid out the epistemological and normative differences across design settings, I now turn to examine the differences across the designs themselves.
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Chapter 5
Ideation and the early stages of
reactor design
In a memo from the 1950s titled "Paper reactors, real reactors" [Rickover, 1953] Hyman Rickover, widely regarded as the founding father of the American naval nuclear
propulsion and nuclear energy programs, enumerated the differences between a practical designer who is working on a reactor that will be built and an academic designer
working on a paper reactor.1 Rickover described the latter category of designs (paper reactors) as simple, small, cheap, light and flexible "omnibus" designs based on
analytical studies that are "not being built now". Unlike a paper reactor, a "practical
reactor, is large, heavy, complicated and takes a long time to build because of engineering and development problems". Rickover then goes on to distinguish between
the kinds of designers who design these reactors :
"The academic-reactordesigner is a dilettante. He has not had to assume any real
responsibility in connection with his projects. He is free to luxuriate in elegant ideas,
the practical shortcomings of which can be relegated to the category of "mere technical
details." The practical-reactordesigner must live with these same technical details.
Although recalcitrant and awkward, they must be solved and cannot be put off until
tomorrow. Their solutions require manpower, time and money [Rickover, 1953]."
Since Rickover made these observations about practical vs academic reactor designers, little has been said about the ways in which designers in different design
settings go about their work.
The identity of the designer and the design location still matters but not in the
ways it did over sixty years ago. As we saw in the last chapter, a few important
changes have occurred (particularly in the US) over the last decade. A new generation
'These observations were also part of Rickover's testimony before Congress in 1970 [AEC, 1970].
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of designers, young and sometimes relatively inexperienced, animated by norms likely
from the Silicon Valley 2, and often working in startup companies are taking paper
reactors conceived in academic settings and attempting to turn them into practical
reactors. In other words, the dilettante designers Rickover described are no longer
designing just paper reactors. 3 Designs that might have started as paper reactors are
being transformed into practical reactors at a much greater rate and pace than in
previous decades.
But then how do these differences in the identity of the designer and the design
setting ultimately matter (if at all)? In this chapter and the next I broadly explore
how reactor designers - both practical and academic, American and French - go

about making the early stage design decisions that determine, often irreversibly, the
architecture of a new reactor design.
Specifically, I show that design is not the strictly analytical exercise described
in nuclear engineering textbooks. Experienced designers working in large companies,
having internalized the norms described in the previous chapter, typically use previous
reactor design as their starting point, without explicitly considering what kind of
reactor technology to develop. These designers defer to previous technology choices
and design decisions, and improve upon the prior designs which they adopt as a
starting point for their work. Younger designers (particularly American designers
working in startups) seldom start a design project having already decided on the
reactor technology and design to be developed. Instead of accepting the prevalent
industry norms, these designers start from first principles. They seek to re-frame the
problems their designs will solve and identify a set of qualitative design goals for the
reactor to be designed. This is followed by a process through which the designers
explicitly consider several alternate reactor technologies. Although these designers,
like the more experienced designers, frequently use a previous reactor design (or
part of one) as a jumping off point for their own work, they adopt a critical stance
towards these prior designs. The experiences of these younger designers suggests that
the adoption of this critical stance towards prior designs, leads these designers to
explore a wider design space, often extending it towards design choices previously
unexplored or undiscovered by more experienced designers. The importance of these
social determinants of design outcomes - the identity of the designer and the site of
the design work - particularly in the early, critical stages of design, points to the
2

And differing significantly from those held by the designers based in the larger, traditional
reactor design companies
3
Further, the distinction between a paper reactor and a practical reactor is a temporal distinction,
not a permanent difference in attributes of a reactor design.
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need for a richer understanding within nuclear engineering of the design process - an
understanding which accounts for both the technical and social elements of design.
The chapter is organized as follows: I first briefly describe what design researchers
have observed about the structure of the design process and the differences between
expert and novice designers. Next, using engineering textbooks as my source material,
I describe how design is understood within academic nuclear engineering. In the
sections that follow, I describe how reactor designers decide what kind of reactor
technology to develop and design the core and safety systems. In closing, I discuss
how the patterns of design decision-making correlate with the sites of design work.

5.1

Some observations about the design process

Some of the earliest studies of design sought to understand the structure of the design process. Through this early work, two schools of thought emerged as the main
contenders for a theory of design.
One line of work, led by Simon, described design as a process of analytical problemsolving [Simon, 1996]. Simon, himself a computer scientist, was motivated by a
desire to develop forms of artificial intelligence. His studies of design were based
on the premise that the key to developing artificial intelligence lay in achieving a
mechanistic understanding of design. To this end Simon and collaborators developed
models of the design process specifically and decision-making processes broadly.4 The
earliest versions of Simon's model described design as beginning with an initial welldefined design problem that is broken down into several smaller problems that are
solved sequentially. To solve each problem the designer exhaustively searches for and
evaluates all possible design decisions before putting the sub-solutions together to
create a whole design.
Elsewhere, Schon, motivated primarily by improving the education and training of
practitioners, proposed a different way of thinking about the design process [Schon,
1983]. Through his studies of a diverse set of practitioners - including architects,
urban planners, psychologists - Schon proposed that design (broadly construed) was
essentially a process of 'reflection in action'. The designer is not presented with a welldefined problem at the outset, nor can the designer impose a strict definition of the
problem that will remain unchanged over the course of the design process. In other
4

This work was recognized both for its contributions to computer science (for the development
of forms of artificial intelligence) and economics (for studies of decision-making). See for example
the Turing and Prize lectures respectively for an overview of this work.

114

words, design cannot be neatly described through a sequence of pre-determined steps,
and made computational. Both the design problem and its solution are emergent and
as Dorst and Cross [2001a] later proposed , 'co-evolve' over the course of designing.5
Ultimately, both Simon and Schon made limited concessions (at least implicitly)
that design contained both analytical and reflective elements. Simon conceded that
design processes are often ill-structured and the search for a design solution is seldom
exhaustive. Schon, in his own work, seemed to suggest that designers alternated
between analysis and reflection. Elsewhere, Dorst and Dijkhuis [1995], Malek [2001],
Lester and Piore [2004] made similar observations, i.e. that design contained both
analytical and reflective components.6 Nevertheless, a single grand theory of design
could not be established and proposed models of the design process continued to
increase in number with engineering models of design diverging sharply from those
proposed in the more traditional design disciplines such as architecture and urban
planning [Roozenburg and Cross, 1991].7
Design researchers were troubled for a period about the lack of a single model of
design. One motivation for looking for a single, domain-independent model of design
was that design researchers had long hoped to transform studies of design into a
science. 8 A second motivation (like Schon's) had to do with the education and training
of designers. Roozenburg and Cross [1991] noted that the danger of not having an
integrated model of design was that the education of future designers would suffer.
They would have an impoverished understanding of design and a "crippled design
ability". With a single model of design remaining largely elusive , design researchers
began to agree that approaches to design were domain dependent and that expert
and novice designers approach design problems differently.
Studies of design generally find that inexperienced or novice designers pursue
design strategies that tend to be more exhaustive in the search for the solution. They
attempt to resolve the design problem and find a solution to it by breaking it down
into its constituent parts and exploring sub-solutions in depth.9
5Paradoxically, Schon observes, that although practitioners are able to reflect in action, they

may not necessarily be able to reflect on their own reflection. Instead, the researcher, observing the
designer at work, can deduce how a designer constructs and navigates through the alternate choices
available to him or her.
6
Lester et al. [1998] suggest that different kinds of work (reflective and analytical) call for different
managerial styles.
7 For a review of models of design see Chakrabarti and Blessing 120161, Wynn and Clarkson [20181.
8
Cross [2006]observes that aspirations to develop a science of design have appeared cyclically,
first emerging in the 1920s, again in the 1960s and most recently in the 2000s and have appeared as
three variants : a desire to create scientific design, a design science and a science of design.
'In other words, novice designer's approach to design is like the analytical approach suggested
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Expert designers follow a more top-down approach. Instead of conjecturing and
exploring several possible solutions to a problem, expert designers typically narrow
the solution space early and quickly [Lawson, 1979, Lloyd and Scott, 1994].10 Some
studies suggest that this 'generative' reasoning used by expert designers, unlike the
exhaustive search process used by novices, arises from the ability of expert designers
to 'frame' a design problem where a frame can be described as follows : "In order to
formulate a design problem to be solved, the designer must frame a problematic design
situation: set its boundaries, select particularthings and relationsfor attention, and
impose on the situation a coherence that guides subsequent moves" [Schon, 1988].
Dorst [2011], drawing on ideas proposed by Peirce [1992], calls this frame-driven
search an abductive form of reasoning which is distinctly different from the inductive
and deductive forms of reasoning underpinning scientific discovery and engineering
analysis respectively.11
Under one kind of abductive reasoning (abduction-1) , the designer understands
the working principles underlying the artifact or system that must be created, as
well as the intended performance of that artifact. Effectively there is only one type
of unknown (the 'what') and the designer's role is to generate an artifact or system
to satisfy the 'what'. In this situation the design problem is relatively well-defined.
Under a second kind of abductive reasoning (abduction-2), the designer understands
the intended performance of the new design but does not know the underlying working
principles. In other words, in this situation there are two unknowns - the what and
the how (the how being the 'working principles') [Dorst, 2011].
Experienced vs novice designers approach the second kind of reasoning differently.
Novice designers generate proposals for the 'how' and 'what' (sometimes at random)
until they find a matching pair. This is not unlike the 'garbage can' organizational
decision-making model described by Cohen et al. [1972] and March [1994].
Expert designers, on the other hand, are more deliberate and efficient in their
search for solutions to abductive-2 type problems. These designers use the framing

"

by Simon.
10Cross [2004] reviews what studies of design have found about the relationship between expertise
and design approaches.
"For another analysis of abductive reasoning in design see Roozenburg [1993].
12
Cohen et al. [19721 write that "Organized anarchies are organizations characterized by problematic preferences, unclear technology, and fluid participation. Recent studies of universities, a
familiarform of organized anarchy, suggest that such organizations can be viewed for some purposes
as collections of choices looking for problems, issues and feelings looking for decision situations in
which they might be aired, solutions looking for issues to which they might be an answer, and decision
makers looking for work.
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approach described above [Dorst, 2011] 13
Effectively, conjecturing a frame and using it to generate a design solution is a
"double creative step [that] requires designers to come up with proposalsfor the 'what'
and 'how', and test them in conjunction." This type of reasoning has come to be
known more widely as 'design thinking'. 14
Next, I describe how design is presented in academic nuclear engineering.

5.2
5.2.1

Academic nuclear engineering and design
On design

Nuclear engineering textbooks (both American and French) fall in one of two categories : textbooks that introduce the (typically, graduate) student to the field, broadly
describe reactor systems and how to design them; and textbooks that address a specific domain of knowledge needed to design reactors such as reactor physics, thermal
hydraulics or material science.15 There appears to be little cross-pollination in the
use of French textbooks in the US and vice versa. Instructors of nuclear engineering courses in France work from a recently developed series of textbooks. Similarly,
American instructors typically use textbooks authored by American authors. 16
Authors of the first variety of textbooks generally acknowledge and emphasize
the importance of design. For example in an introductory chapter of a textbook on
reactor design Sesonske [1973] writes about design as follows :
"The engineer's primary function is to create a structure, device, process, etc that
will meet a practical requirement. The creative process required, known as design,
can therefore be considered the very heart of engineering practice."
Sesonske then goes on to describe design as an essentially analytical process. He
13

"Although frames are often paraphrasedby a simple metaphor, they are in fact very complex sets
of statements that include the specific perception of a problem situation, the (implicit) adoption of
certain concepts to describe the situation, a 'working principle' that underpins a solution and the
key thesis: IF we look at the problem situation from this viewpoint, and adopt the working principle
associated with that position, THEN we will create the value we are striving for."
14
Design thinking [Cross, 2011] as a paradigm for solving problems has been applied in non-design
settings. Dorst [20111 points to two prominent examples in information technology [Brooks Jr, 2010]
and business [Martin, 2009].
"For the former see Sesonske [1973], Glasstone and Sesonske [1994a], Knief [2008], Lamarsh and
Baratta [2018], ?. For the latter see Henry [1975], Duderstadt and Hamilton [1976], Foderaro [2003],
Reuss [2008], Todreas and Kazimi [2011], Reuss [2012b], Lemaignan [2012], Lyoussi [2012], Delhaye
[2014], Was [2016]
16
There are a few exceptions of which I am aware. For example, the reactor physics class taught at
MIT uses a textbook by Paul Reuss [Reuss, 2008] translated from the original French into English.
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writes that :
"the design goal can be considered a "problem" , the solution of which proceeds
through a number of logical steps. The initial step is to define the problem in a total
way. This step includes sorting out of irrelevant information and of presently available
solution approaches from the true nature of the problem to be solved. The next step
is to analyze the problem, wherein the effects of various parameters and restrictions
are evaluated."
He further adds " that each path to a solution is likely to be unsatisfactory in
some way and a compromise between advantages and disadvantages may be necessary.
A systematic procedure for accomplishing this balancing operation is optimization.
Finally, after a solution has been chosen , it is necessary to work out its complete
details, or to prepare specifications"[Sesonske, 1973].17

This description of design presented by Sesonske is somewhat atypical in the
extent to which it describes the design process. Knief [2008], for example, combines a
discussion of economics with 'reactor design principles' in a single chapter and devotes
the larger part of it to the former.18 On the subject of design Knief writes that
"the design process may be divided roughly (and arbitrarily)" into the five categories
of nuclear design, materials, thermal-hydraulics, economics and control and safety.
Knief's breakdown of the design process into its constituent parts is thus not by the
temporal sequence in which systems are designed but by the types of analysis that a
reactor designer can carry out on the nuclear plant as a whole. He then adds that
"[e]ach is somewhat complex by itself, and much more so when considered in relation
to others. The often-conflicting goals ultimately lead to design compromises."
French authors, by comparison, by and large prefer to teach by example. Grard

[2015] for example describes the various French pressurized water reactor designs in
detail but has little to say about the design process itself. Elsewhere, ? offers a
textbook-length description of the reactors that make up the French nuclear fleet.19
17Emphases as added by Sesonske
18

Here he compares the costs of different kinds of reactors and then identifies the main 'cost
components' of the reactor. The next chapter in this book focusses solely on fuel design.
19
The book itself is titled "L'6pop6e de l'energie nucl6aire : une histoire scientifique et industrielle
(The era of nuclear energy : a scientific and industrial history). While the presentation of a historiography in an engineering textbook may seem unusual in the US, it appears to be representative of
the frequent references to history by French engineers. For example, even my interviewees who were
working on reactor projects that had commenced in the last decade often prefaced their responses
to my opening questions by situating their work in the broader history of development of the French
nuclear program (in a way that the American reactor designers - based in any organizational setting
- did not). It could be said that the identity of the nuclear engineer (or the 'nuclear engineer's
imaginary' as an STS scholar might put it) is somewhat more ahistorical in the US than it is in
France.
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In general, explicitly (in the case of the American authors) or implicitly (for the
French authors who suggest that new designs derive from previous ones), design is
effectively treated as an analytical exercise (A la Simon above).

5.2.2

On safety

.

In addition to these guidelines about treating design as a strictly analytical exercise,
American authors advise students of nuclear engineering to pay heed to the "safety
philosophy" of defense in depth as they design a new reactor. The descriptions of
defense in depth vary across American textbooks and (as we saw in a previous chapter)
recall the somewhat inconsistent representation of defense in depth over the course
of its evolution
For example in a discussion on safety, Lamarsh and Baratta [2018] refer to multiple
barriers which "represent a sequence of obstacles (not all of them physical) to block
the passage"of radioactivity. The barriers as laid out by these authors are the fuel,
cladding, reactor vessel, containment, site vessel and the evacuation. Additionally,
the authors point to three levels of safety which "are intended to provide a kind of
defense-in-depth" to each of the radioactivity barriers. 20 The three levels of safety
are : designing for maximum safety, assuming incidents will occur building in safety
systems, and provide additional safety systems for those cases in which "protective
systems are assumed to fail simultaneously with the accident they are intended to
control." The chapter also contains a rudimentary discussion on how to build risk
models.2 1

Like Lamarsh, Knief [2008] also writes about "multiple-barrier design" and opens
his chapter on safety with a discussion of the barriers and levels of defense that
make up defense in depth. Knief describes "[a] defense in depth design approach to
maintaining the effectiveness of these barriers seeks first to prevent accidents, but
also, if necessary, to take protective and mitigative actions." Knief writes that the
"major objectives of nuclear reactor operation and safety are to provide adequate heat
removal and control of the energy released in the system to prevent overheating and,
in the most severe case, melting." Like Lamarsh, Knief describes the three levels of
defense. Interestingly, Knief also adds that while nuclear safety has a strong technical
emphasis, it also depends on a "free and open international exchange of knowledge
20

They add that "there is some overlap between these levels, and the division between levels ill
some instances tends to be arbitrary."
21
The remainder of the chapter is devoted to a discussion of the dispersion of effluents from nuclear
facilities.
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and experience with proper feedback to the design process"
Glasstone and Sesonske [1994b] in turn describe defense in depth as a "key design
principle in nuclear safety. The approach is to provide a series of philosophical and
physical layers of protection against the release of radioactivity." Unlike Knief [2008]
and Lamarsh and Baratta [2018] who separate the barriers and levels, Glasstone and
Sesonke present them together.
Each of the authors above describes defense in depth as the regulator's epistemology. For example Lamarsh and Baratta [2018] refer to defense in depth as the
"three levels of safety" which is a concept that the NRC has adopted as its "safety
philosophy". Further, the presentations of defense in depth are either prefaced or
followed by a description of the NRC's licensing approach. Further the importance
of paying attention to defense in depth is linked to its importance as the regulator's
"safety philosophy". Following the prescriptions offered by defense in depth, the authors write, leads to the design of reactors that will successfully gain the regulator's
approval.
This framing of defense in depth as a regulatory epistemology is notable because
each of the authors are emphasizing design and then defense in depth as a design or
safety philosophy. In other words, the framing of defense in depth and its importance
to design indicates a deference to the regulator's authority in the safety 'jurisdiction'
of work. 22

5.2.3

On reactors of the future

Some but not all authors make comments about the design of future reactors. Glasstone and Sesonske [1994b] for example, in a chapter titled "Advanced Plants and the
Future" write that new nuclear reactors will be built in the future only if :
"both the public and electric utility management are convinced that such new
construction is in their own best interest. Public attitudes vary from strongly negative
22

Abbott [2014] proposes that professions should be viewed as 'systems' and attention be paid to
how professions having similar "jurisdictions" of work seek to establish control over that work. For
example doctors and nurses share a common jurisdiction: health. However, doctors have established
their dominance over this jurisdiction. Similarly, librarians and information scientists have battled
for control over the 'information' jurisdiction. Abbott writes that the outcomes for jurisdictional
control are generally highly contingent. However, professions that are able to successfully establish
control over a jurisdiction of work are generally those who are able to develop a body of knowledge
that is neither too abstract, nor too concrete. "Abstraction of professional knowledge enables [professions] to oust competitors from adjacent jurisdictions" however "overabstraction may dilute the
cognitive core" [DiMaggio, 1989]. While regulators, operators and designers are not all professions
in the strict sense (operators are professionally licensed but designers and regulators are not) and do
different things and have different places of work, they share a common jurisdiction : nuclear safety.
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by a militant small fraction to various levels of uneasiness by other groups as a result
of the Three Mile Island and Chernobyl accidents and delays in managing highlevel wastes. However, motivated by concerns regarding atmospheric pollution and
the greenhouse effect caused by fossil-fueled power plants, there appears to be an
increasing willingness by those who hold reservations to accept the construction of
new plants provided that they would be extraordinarily safe."
They then add that the safety of existing light water reactors is considered "completely adequate" following the advances made in plant design after the Three Mile
Island accident." They are referring here to the four Advanced Light Water Reactor
designs, more specifically the two designs with the passive safety systems. They write
that the new designs with passive safety systems do not require the operator to intervene promptly in the event of an accident. Additionally, the passive safety systems
make for a simpler and cheaper reactor. " Therefore, these designs tend to meet both
the safety concerns of the public and the utility need for systems of reasonable cost."2 4
French authors take the opposite view on future reactors - particularly on the
question of passive safety. Reuss
passive safety.

[2012a] writes that reactor designers often advocate

He adds that while passive safety systems are useful for reducing

the rate of human error (and for preventing accidents like the one at Chernoby 2 ),
they are not a panacea and usually lead to increases in overall system complexity
and failure probability.26

More broadly, as I have noted above, the French authors,

by devoting entire textbooks and chapters to prior designs are suggesting that new
designs flow from old designs. We have already seen in Chapter 3 that this view is
held unanimously across the French nuclear organizations.2 7
23

This calls to mind the technological choices made in the 1980s and the norms flowing from them.
"As we know now, the latter turns out not to be the case.
25
This particular reference to Chernobyl is telling because it reveals his own interpretation of the
accident as having been caused by human error and not by design. Schmid writes that it is precisely
this interpretation of the accident by American and European designers, regulators and operators
that has led them to dismiss it as an accident that could never occur in these countries [Schmid,
2015].
26
Reuss writes : "Dans les concepts 6tudi6s depuis dix ou quinze ans dans les grands laboratoires
universitaires et industriels d6veloppant les r6acteurs nucl6aires, la sfiret6 passive a W tres souvent
pr6nee. C'est a priori une bonne id6e 6vitant le risque d'erreur humaine, par exemple incontestablement a l'origine de la catastrophe de Tchernobyl. Ce n'est pas forc6ment, cependant, la panac6e,
dans la mesure oi la mise en place d'organes de sfiret6 passive complique le dessin g6n6ral et accroit
la probabilit6 de panne. La tendance, aujourd'hui, est d'allier le mieux possible suaret6 passive et
sfiret6 active."
27
However, the reasons for adopting this stance vary. The regulators, as we have seen, concede
that they are less imaginative than the designers but are of the view that new reactors are safe when
their designs derive from prior, tested designs. The operators, as we will see in the next chapter,
have a different set of reasons.
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We can now see how both practitioner and academic nuclear engineers adopt a
somewhat anti-innovation stance when it comes to the design of future power reactors. 28 Academic reactor designers had themselves been designing 'paper reactors'

(often the subject of long-term research projects producing several masters and doctoral theses 29 ) but (recall the quote from the previous chapter), tended to see these
projects not as viable designs that were being designed to be built but as a sort of
"technical fun". Academic nuclear engineers3" have instead been pursuing system,
component and tool level advances for immediate industrial use.3 1

5.3

Design in practice: early stages of reactor design

A nuclear plant - made up of several concentric and often tightly coupled sub-systems
- is arguably the archetypal 'complex system'. At the heart of this complex system
is the reactor core. Typically, one of the earliest decisions a reactor designer must
make has to do with the choice of what kind of 'reactor technology' or what kind of
core to design. More specifically, this is a decision about the kind of fuel and coolant
(and, where applicable, moderator) that will be used in the core and the configuration
of it (horizontal vs vertical, pressure vessel vs tube, pool vs loop). Decisions about
the combination of fuel and coolant, or the reactor technology are significant because
they determine the operating temperatures, pressures, neutron flux, fuel cycle length
,thus setting up the boundary conditions for the design of the surrounding systems.
Having selected a core technology, reactor designers typically design a new reactor
starting with the core and working outwards to the system surrounding the core. Of
the designers that I interviewed, designers from all but 3 (out of 32) design projects
followed this approach.
Of the three designers who did not follow this approach of designing the reactor
from the core outwards two were American and one French. All three designers were
28

1n other words, the technological choices made in the 1980s, translated into norms, have traveled

beyond practitioner circles and reached academic nuclear engineering. American reactor designers
(of 'practical' reactors) had, until the early 2000s, made admissions for 'evolutionary' innovations
(such
as the passive systems).
29
See for example Hejzlar [1994], Buongiorno [20011, Petroski [2008], Shirvan [2010]. French 'paper
reactor' design projects are not always visible, often taking place without public announcements,
within companies.
30
Not all academic nuclear engineers are designers.
31
These include for example the development of new cladding materials, new fuel forms - including
'accident tolerant fuel', novel heat exchanger designs, and new methods for modeling the flow and
neutron populations in the core.
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working on light water reactor designs." Both designers were of the opinion that for
the kind of reactor they had in mind, the design of the core was a well-understood and
solved design problem and that the novelty in their own designs was in the design of
the safety systems. Using the operating pressure and temperatures as the boundary
conditions, these designers started work on the safety systems around the core.
For the designers who follow a core-out approach, the second order of work (following the design of the core) is to design the systems around the core that carry
out a range of different 'safety functions'. For a LWR these safety functions (in the
temporal order of their importance in the event of an accident) include the control
of reactivity, coolant inventory, pressure, the removal of decay heat from the core,
the removal of heat from the reactor containment, isolation of the containment (to
prevent releases of radioactivity), removal and redistribution of combustible gases
(chiefly, hydrogen), and the finally, control of containment pressure." In non-LWR
designs, not all of these functions are needed (for example, for a reactor operating at
atmospheric pressure, there is no need to lower the pressure or depressurize the vessel
to inject coolant into the core). Additionally, the temporal ordering of the functions
can also vary across designs (for example, in the FHR design now being developed
by Kairos Power, coolant temperatures peak before fuel centerline temperatures thus
making the removal of heat from the coolant more important than the removal of
heat from the fuel).
In the sections that follow, I describe the different approaches designers take for
selecting a reactor technology to develop and for designing the core, and then for
designing the safety systems.

5.3.1

Selecting a technology, designing the core

Reactor H Reactor H is a small light water reactor being developed in a large
company with a multi-decadal history of design (specifically of LWRs). Its lead
designer already had over two decades of design experience at the start of the design
project and has previously led other projects. By the late 2000s, the designers at this
company had begun to observe a general increase in design activity in the US and
also noted the success designers elsewhere (specifically, startup-based designers) had
had in securing funding for their new reactor design projects . The designer adds
32

To maintain the anonymity of the interviewees, I have not specified here the reactor size or
specified the code representing these three reactor projects.
33
In a probabilistic risk assessment model, these safety functions also denote the break points in
event trees at which fault trees are introduced.
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that the company 34 "became interested in revisiting the notion of a smaller integral
reactor because the history on the large commercial units was a lot of cost, a lot of
overruns."
He adds that, "the feeling was that even back then that there would be considerable
value in smaller modular units, that would be cheaper and could be built in a shop,
the plant itself could be modularized and things like that.."3
This then was the design problem : The company wanted to design a smaller,
cheaper, easy-to-construct reactor. Having set up the design problem in this way, the
designers effectively moved directly to a 'solution' for the design of the core (and in
this case also the surrounding reactor systems). For these designers, the question of
considering (or reconsidering) the core technology (i.e. the combination of fuel and
coolant) did not arise. Having decided to design a new reactor, the designers assumed
that they were going to design a light water reactor. The designers then decided to
use a previously developed promising design from within the company as the starting
point for the new reactor project.
Reactor P Reactor P is a large non-LWR design. Its designers have previously
contributed to various design projects (nuclear and non-nuclear) but are helming a
design project for the first time. The designer I interviewed explained that the team
started to think about designing a new reactor around the same time as the designer
of reactor H above. Having decided to design a new reactor, the designers resolved to
start from scratch, and not let existing institutional incentives (chiefly, regulations)
influence their design choices :
"We were thinking, let's ignore all existing regulations. Let's just assume that
eventually you will have all the lobbying efforts necessary to push through whatever
regulatory structure you will need so . . . setting all of that aside, what would make

the best reactor design out there specifically with respect to safety and waste. So we
started it from the perspective of ... really what reactor would the public support and
how do you alleviate the public's fears about nuclear power, especially the safety and
waste issue. We felt like those were the biggest issues for nuclear. This was even
34

He anthropomorphizes the organization here and starts to describe the company doing things
instead of speaking in the first person.
35
"/Black then" is a reference to the time when reactor construction projects were running into
delays and cost overruns. It may also be a way of saying that even though the company was a late
mover compared to some (in its decision to design a small reactor), it had anticipated this course of
action much earlier and in fact the company already had a viable design in its back pocket/design
archives.
36
1t could be said that the prior design was a solution looking for a problem as in Cohen et al.
[19721 and March [19941.
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"

before Fukushima which brought these issues into starker relief.
Effectively these designers decided to set aside pre-existing notions about what a
reactor ought to look like.
Having made these decisions, the designers then decided to examine what reactors
had been designed in the past, and "what parts of the technology tree had been abandoned in favor of light water reactors". More specifically, the designers evaluated the
reactors that had been identified through the Generation IV initiative (mentioned in
the previous chapter) as promising designs for future development.
At this point the designers introduced three criteria by which they could evaluate
the candidate designs. They wanted a design that would enable a high burnup ("so
we are reducing waste and using the minimal uranium . . efficiently") , low operating
pressure ("so it will increase safety and also reduce costs because you don't need the
pressure vessel" ) and a thermal neutron spectrum ("because we felt a fast spectrum
would cause too much damage to the materials and would drive up costs").
Using these three criteria, the designers evaluated each of the six Generation IV
reactor designs and selected a design that fit their criteria. The result of this design
approach (which started with the intent to "ignore existing regulations") is a large
non-LWR reactor not based on the dominant technology (like reactor H above) but
also not a wholly novel design.
Reactor AA Like the designer of reactor P above, the designer of this reactor had
contributed to various design projects in the past but is helming a reactor design
project for the first time. The designer explains that his motivation for starting work
on this design was that the American nuclear reactors were aging and approaching
shutdowns :
"Our big motivation is that we see an opportunity... as you know the current
reactor fleet is getting old and starting in 2020... 2030... 99 water reactors we have
in the US are going to start shutting down at a pretty rapid rate."
He continues that "combined with this ('this' being the imminent reactor shutdowns) the whole fleet in the world is really designed around the light water reactor
fuel cycle and all the prescriptions that are included in that." This particular designer
did not come
ious projects
related to his
Early on,
design a new

by these conclusions overnight but gradually through his work on varduring his graduate studies (though these projects were not directly
dissertation work).
the designers of this reactor concluded that although they wanted to
reactor, it would be very difficult to also use a new kind of nuclear
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fuel because of the attendant regulatory and supply chain challenges that would be
very difficult for a small company to overcome. Looking around at the work of their
contemporaries, the designers observed that only one company that was working on
an "advanced" non-LWR design was using less than 5% enriched fuel. Thus their
decision to use conventional (less than 5% enriched LWR fuel) in their design was
informed both by institutional challenges and was also seen as a sort of competitive
advantage (over their counterparts who were using novel fuel forms and would face
these institutional challenges).
Like the designers of reactor P above, these designers too decided to specify a
few key design parameters at the start of the design project. They decided that they
would use 'conventional' fuel but design a new reactor :
"/WJe just focused early on on designing a reactor that has a lot of the benefits that
we want in an advanced reactor...higher temperature operation, operating at ambient
pressure and also a restriction we placed early on it was that we didn't want a first
of a kind reactor with more than 5% enriched fuel... so we chose that early on as the
differentiating factors that we wanted to do... and we wanted something that could
feasibly be ready in time for the retirements... if that happened... so we really kind of
focused on that early on"

The description above of identifying a set of design parameters for the new reactor
is similar to the approach taken by the designers of reactor P above. However, beyond this point the designers of the two reactors part ways in their respective design
approaches. Whereas the designers of the reactor (P) above evaluated several prior
designs as possible templates on which to base their own reactor, the designers of this
reactor identified the constituent parts of the reactor separately and in a step-wise
fashion. As we saw above, the designers had already decided that they were going to
use low-enriched 'conventional' fuel. Next, the designers needed to select a coolant.
Here, instead of considering only those coolants that had previously been used in
nuclear reactors, the designers looked more broadly outside the nuclear industry for
coolants that had been used on an industrial scale and at high temperatures until
they found a promising candidate. The result then of this work could be classified as
a novel reactor technology - one that uses a known fuel with a 'new' coolant (new
in the nuclear context). The designers explain that one consequence of creating this
novel configuration is that there are new reactor physics challenges. At the time of
the interview, this was the main focus of the work of the design team.
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5.3.2

Comparing the design approaches

The three designers above took distinctly different approaches to design leading to
rather different outcomes (in terms of novelty and reactor technology) for their respective reactor designs. What is striking is the ways in which each of these designers
adopted a different kind of critical stance relative to previous designs. Noteworthy
here are the differences between the designer based in the large company (the designer
of H) and the designers based in startups (the designers of P and AA).
The designers of reactor H observed an increase in design activity and saw an
opportunity to design a smaller light water reactor. As the designer explained, this
team had felt that the large light water reactors were unlikely to be the future of the
nuclear industry. Thus these designers had started to independently frame the design
problem in this way by the time they saw that several other designers had started to
reach a similar conclusion. Observing a validation of this 'frame' [Schon, 1983, Dorst,
2011] of the design problem , these designers decided to design a small light water
reactor and drew on a previous, internally developed design.
The other two designers started their work somewhat differently. They adopted
an even more critical stance relative to prior designs (i.e. more so than the designers
of reactor H). They cleared the frame as it were. The designers of reactor P decided
to ignore existing institutional conditions that incentivized designing a light water
reactor and the designers of reactor AA did the same. Next, both sets of designers
created a new frame by establishing a new set of working principles for their respective designs. For the designers of reactor P, these were a safer reactor that "the
public wanted" (and one that would reduce the volume of nuclear waste). Concretely,
this translated into a design that would operate at ambient pressure, have a high
fuel burnup and a thermal neutron spectrum. Similarly the designers of reactor AA
also wanted a safer and less expensive reactor. They wanted the benefits of an "advanced reactor" but not (what they saw as) the practically insurmountable challenge
of introducing both a new reactor design and a new fuel form. Like the designers
of reactor P, these designers too formulated a set of more concrete criteria - they
wanted a reactor that would operate at ambient pressure, higher temperatures but
still use low-enriched conventional fuel (In a way, by deciding to use the low- enriched
conventional fuel, these designers were partially walking back the old frame).
From this point on the latter two designers adopted different approaches. The
designers of reactor P evaluated several possible candidate designs that had previously
been developed and selected one from among them. The designers of reactor AA on
the other hand generated a new reactor concept by searching for a coolant that
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would work with their fuel type (paradoxically, by constraining the design problem
by introducing an element from the older reactors - i.e. the fuel - the designers
ultimately developed a design that is novel).
In sum, the designers of reactor H adopted an emerging frame, whereas the designers of the other two reactors cleared the prevalent frame and created new ones.
The designers of reactor P then evaluated several possible candidate designs but the
designers of AA built their reactor component by component (having introduced a
constraint on the fuel type). Effectively these three designs represent three different
kinds and degrees of innovation : the more critical the designer of previous designs
(and thus rejecting previously held design assumptions), more novel the design. Here,
the older, more experienced designer (of reactor H) who based his work on a previous reactor, developed the less novel design. As I describe later, this is a pattern
that repeats more broadly across the sample of design projects I studied. Recall now
the ways in which the startup designers described in the previous chapters sought to
position their design processes and their reactor designs as being different from the
designs and the design processes of the larger companies. The evidence above and
presented later in this chapter suggests that these ways in which the startup designers
describe their work and their designs are not merely empty rhetoric.
Next, I describe the ways in which designers make choices about the reactor safety
systems.

5.3.3

Designing the safety systems

As I have described above, designers typically design the reactor safety systems after
designing the core. I next describe three approaches that designers broadly take for
designing the reactor safety systems. As I show, designers either use one approach
alone or more than one in tandem.
5.3.3.1

Borrowing safety system design from a prior reactor - of the same
core technology

The designers of reactors H and P each based their own design on a previous reactor
(loosely for the designer of P and a direct imitation or evolution of a prior design for
the designer of reactor H). Both of these designers also drew on the designs of the
safety systems for the prior reactors, making improvements where they could.
Another example of this approach is the design of the emergency core cooling
system of the Westinghouse SMR. Its designers describe this system as being based
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on the same working principles and schematic as the AP1000 - a much larger reactor.
Other examples of this approach are seen in the EPR (based on the German Konvoi
and the French N4 designs), Atmea (based on PWRs developed by Mitsubishi as well
as on the EPR) and also in Antares design (drawing on safety systems previously
developed for German, American and French-designed gas-cooled reactors).
5.3.3.2

Borrowing safety system design from a prior reactor - of a different core technology

Unlike the designers of reactors P and H, the designers of reactor AA are working on
a novel combination of fuel and coolant and their own reactor is not based directly
on a prior design. As mentioned above, the introduction of this novel combination of
fuel and coolant presents unique reactor physics challenges which, at the moment, are
the main focus of work. Having settled on an initial design of the core, the designers
intend to move on to the design of the safety systems. Through their conversations
with other designers and industry observers, they have concluded that passive safety
systems are the norm and that their own reactor will need to have passive safety
systems. They don't see the design of these safety systems as presenting a significant
challenge and intend to draw loosely on passive safety systems that other designers
(of a technology different from their own) have developed for their respective designs.
This is not an uncommon practice. Reactor designers frequently draw inspiration
from or borrow system design even from reactor designs based on combinations of
fuel and coolant different from their own. At least one designer recognized this - i.e.
the design of novel kinds of sub-systems that future designers might draw on - as
a form of contribution to reactor design broadly. One designer noted that although
he was unsure whether the design he was working on would eventually be built, he
believed that several sub-systems that he and his design team had specifically created
for their design could be useful to future designers.3 7
Another example of this approach - i.e. drawing inspiration from or borrowing
sub-system designs from other reactors - is seen in the Fluoride High Temperature
Reactor (FHR) that Kairos Power is now developing.38 Here the designers explain
that the Direct Reactor Auxiliary Core Cooling System (DRACS) used in their design
is inspired by similar systems used in liquid metal cooled reactors.
37

"

Reactor E. "I think they are cross cutting outcomes or significant findings and I believe the
results of this project will provide benefits beyond [our] design itself.. there is enough that should be
beneficial to light water technology and design and there are aspects that are more broadly beneficial
for other technologies.
38
An initial design was first proposed by Forsberg et al. 12003].
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Expert designers in other domains of design have been known (at least anecdotally)
to "store, physically or in memory, visual images that they consider potentially helpful
as sources for future design ideas " [Goldschmidt and Sever, 2011]. For example, Curtis
[1986] has described Le Corbusier's design process as follows :
"His mind was well stocked with ideas, devices, configurations and images gleaned
from tradition, from painting, from observation, and of course from his own earlier
works. At the right moment images would flow to the surface where they would be
caught, condensed and exteriorized as sketches."39
It's worth noting that this way of generating design ideas appears to apply to
reactor design as well. Early designs of the FHR draw (as we saw above) on subsystems from a number of different designs. Forsberg, one of the lead designers,
had previously compiled an expansive list of reactor designs with specific attention
to safety systems (including those that later informed the design of the FHR subsystems) [Forsberg and Reich, 1991].
5.3.3.3

Developing novel safety systems

Finally, a third category of designers develop novel safety systems for their reactor
designs. These designers, instead of using a sub-system design from a similar or
different reactor technology, use as a starting point for their work a sort of safety goal
specified in qualitative terms. Like the designers who came up with new kinds of core
designs, these designers also adopt, in various ways, positions of critique relative to
previous reactor designs.
For example, the designer of a large non light water design was specifically concerned about a situation in which an accident, despite the best efforts of the plant
staff, could escalate and culminate with fuel failure and large releases of radioactivity
beyond the plant boundary (a possibility that seemed more plausible to this designer
following the Fukushima Daiichi accident). As a response to this scenario (however
unlikely it appeared according to probabilistic risk assessments), the designer decided
to include a new type of confinement system outside the reactor pressure vessel that
would effectively prevent releases of radioactivity even in the event of fuel damage.
The design work for this system started with a safety goal. " The safety goal is that
you can have an accident but you can't cause major fuel failure. In other words you
can trash the reactor but that doesn't mean a large scale release".*'
Similarly, another designer (Z) of a small non light water design described that
39
40

Curtis [1986] cited by [Goldschmidt and Sever, 2011]
reactor R
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his team also started its design work with a "safety goal" in mind. For this team,
the safety goal was that the design be "absolutely safe". Having now worked on the
design for close to five years, the designers believe they have developed a reactor for
which there is no credible core melt scenario.
Both of these examples above are interesting because in each case the designers
adopted a safety goal which they stated broadly and in qualitative terms.
These functional requirements were specified before the systems that could achieve
the functional improvement were designed. In other words, while incremental improvements in safety for previously developed reactors expressed as quantitative safety
criteria would have led to a search for systems similar in structure but improved performance, the specification of qualitative criteria without the specification of a system
design that would achieve those criteria seems to have led to a break from previous
design structures.
The choices made by these designers suggest that they are not thinking of safety
as a cost-benefit analysis. Instead, as a designer of a small non light water reactor
volunteered, designers have started to think differently about why safety is important
(to a designer) : "there comes a peace of mind with things that are super passively
safe. Peace of mind for the customers. Does it translate into direct money? I don't
think it does yet. " He adds that " for too long we have focused on tackling safety and
something else without understanding why it is valuable"."

5.4

Stepping back : Reactor design projects broadly

Having examined the ways in which designers make design decisions, I now step
back to examine design decisions broadly across the sample of reactor designers I
interviewed : these include decisions to re-evaluate technology choices (or not), to
look for new kinds of reactor technologies (or not) and to base new reactors on prior
designs (or not). Tables 5.1 and 5.2 show a summary of the results.
Across the designers from the 32 projects (27 American, 5 French) that were the
subject of my interviews, the designers made decisions about what kind of core to
design in one of two ways. For one set of designers (18 out of 32, including the
designers of reactor H above), the decision about the kind of core to design was a
taken-for-granted decision contained in the specification for the launch of a new design
project. In other words, these designers had started the design project having already
made a decision about the kind of reactor technology to develop and the decision about
41
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131

Table 5.1: Early stages of the design process

Reactor (code)

large water cooled

large non-water cooled

New
technology?

New design?
If yes, how
many?

Prior design from
within organization?
internal

y

y

2

y

y

1

internal

C

large company

y

y

2

1 internal, 1 external

D
E

large company

y

y

1

internal

y

F

y

I

external

university
alliance

y
y

y

2

internal

G
H

large company
large company
large company

y
y
y

y

I
J
K
L
F3
M
N
0

I

large company
alliance
startup
startup
alliance
large company
startup
startup

internal

y
y

y

2

internal

y

I

external

1
I

P

Q

startup
startup

y
y
y

y
y
y
y
y

external
external
external
external
external

R

university

y

S

alliance
alliance
university
national lab

y

y

Y

1

y

2

y

1

F4

small non-water cooled

Based on previous design?

large company
large company

F2

small water cooled

Project starts
with
technology
search?

A
B

F1

CIO

Project starts
Design organization with technology
selected?

T
U
V
W
X
Y
Z
AA

F5

university

large company

startup
startup

startup
startup
startup
alliance

y
y

y

y

y

y
y

y

y
y

y
y
y

y
y
y
y

y

external
internal
external
internal

y
y

3

internal

y

1

external

y

2

internal

y

y

y

1
I
I

y

Table 5.2: Early stages of the reactor design process

i1

11M

18 projects

Use a prior design

start project already
having chosen
technology

6 projects
Develop a new

Startup (2)
I,

Large company (14)

32 design
projects

12 projects

L

design

Startup (2)
Large company (7)
University (1)

Alliance (2)
Startup (1)
Large company (2)
University (1)
Alliance (2)

University (2)

9 projects
Use a prior design
14 projects
explicitly make a

technology selection
decision
Startup (9)
Large company (1)
University (1)
National lab (1)
Alliance (2)

[L

2 projects
Develop new
design

Startup (5)
Large company (1)
University (1)
Alliance (2)

National lab (1)
Startup (1)

3 projects
Develop new
Startup (3)
reactor technology

what fuel and coolant to use in the core design. This was not a decision that was
reconsidered, or more precisely, considered at all. Also noteworthy is that 14 of the
18 projects (whose designers did not explicitly make a decision about the kind of core
technology to develop) were housed in large companies already having a long history
of reactor design. The lead designers of each of these 14 projects were experienced
designers who had two or more decades of design experience at the time of start of
the design project. Of the other four projects, two were housed in startups and two
were being developed by university research teams. One of the two startup projects
started out as a research project in a university setting. The other startup designer
was, in several ways, like the designers based in the large companies and had over
two decades of design expertise at the start of the design project.
Finally, of the 18 design projects whose designers did not revisit the technology
selection decision, 12 designs were directly based on one or more prior reactor designs.
Six were new designs that did not use a previous reactor as a starting point for the
new design project (five of these 6 designs were light water reactors). In an aggregate
sense all of this suggests that designers based in large companies do not reconsider the
core technology decision. These are typically experienced designers who have largely
opted to design light water reactors, often based on prior designs developed within
the same company.
A second set of designers (14 out of 32, like those of the designers of P and AA)
started a reactor design project with the type of core to be designed as an open
question. Nine of those projects are based in startups, and one each in a university,
national lab, alliance4 2 , large American company and large French company. Each
of these designers reported establishing a set of parameters for their new reactor designs (like the designers of reactors P and AA above) and then evaluating the ability
of several possible candidate technologies to satisfy those parameters (including, as
I describe below, new kinds of technologies for three of the nine projects). The 9
startup designers who explicitly made a decision about what kind of reactor technology to develop, did so voluntarily. Additionally, one designer from a large company
also revisited the technology selection decision. Here it's worth noting that this designer from the large company who revisited the technology selection decision was a
younger, less experienced designer (compared to the designers from the large companies, described above, who did not re-examine their decision about technology to
develop). Four other designers also explored the possibility of developing other reactor technologies but did so as part of the stipulations of the funding for their design
42

i.e. a combination of several design organizations
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project. These four projects were based in a large company (a French), national lab,
university and alliance.
Finally, designers from 9 of the projects that revisited the technology selection
decision ultimately decided (like the designers of reactor P) to base their own design
on a prior reactor design. Of the design organizations using a prior design, 8 of
the designs had originally been developed outside the organization and 1 had been
developed internally (this was the large French company).
Of the 14 designs whose designers explicitly made the technology selection decision, three designs (including reactor AA) were based on novel combinations of fuel
and coolant (i.e. a new kind of reactor technology). A common theme across these
three designs is that each of them was started in a university setting and all three
are now being developed further in startups. Two of these three design projects were
entirely student-led by first-time designers who had never before helmed a design
project.

5.5

Synthesis

Recall the distinction Rickover made between paper and practical reactors and their
designers described at the beginning of this chapter. The emergence of new centers
of design expertise (the startups) and the recent tendency of academic designers to
transform their 'paper reactors' into practical reactors calls for adding further granularity to Rickover's typology. The distinction between paper and practical reactors
as Rickover described is no longer a function of where a reactor is designed but of
its stage in the design process. Recall for example the Reyes-led team working on
the NuScale design described in the previous chapter. The designers of this reactor
initially went to work on creating what they imagined would be a paper reactor.
Having created an initial promising design and anticipating the possibility of future
markets where such a reactor might be built, the designers transformed an initial
paper reactor into a practical one. It is also worth noting that not all designers of
practical reactors are animated by an identical set of considerations. They frame the
initial design problem in a range of ways and adopt a range of approaches for defining and navigating the design space available to them. Here the main differences, as
summarized in Table 5.2, are those between experienced designers typically based in
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Table 5.3: Differences in design approaches
Designers based in startups and universities
(often young, first-time designers)
Re-frame design problem and articulate the
Accept dominant industry norms and
Problem framing
kinds of problems a new reactor design needs
framing of the design problem
to solve
Decision about
Typically start the project by explicitly
Typically start project with the reactor
reactor technology to
evaluating what kind of reactor technology to
technology to be developed already selected
be developed
develop
Designers based in large companies
(typically experienced designers)

Stance towards
previous designs

Exploration of
design space

Outcome for safety

Typically use previous designs as starting
point for work and defer to the rationale
behind previous design choices
New designs improve over previous ones;
limited exploration and extension of design
space
Evolutionary improvements in safety over
previous designs

Often use previous designs as starting point
for work but adopt a critical stance towards
previous designs and design choices
New designs improve over previous designs
and also introduce novel systems; wider
exploration and extension of design space
Potential for significant improvements in
safety over previous designs and the
introduction of new forms of safety

large companies, and the relatively inexperienced designers based in startups (as well
as a smaller group based in universities).
The experienced designers based in large companies typically accept the dominant
industry norms and framings of the design problem. They start the reactor project
having already implicitly made a decision about the kind of reactor technology to
develop. They emulate and use previous designs developed within the company as a
starting point for their own work and limit their exploration of alternate design choices
(i.e. limit their exploration of the design space). Ultimately the designs developed by
these designers do make advances in safety, albeit incremental or 'evolutionary' ones,
relative to previous designs.
The designers based in startups and also in universities typically start a new
design project by reframing the design problem (recall, for example, the designers of
reactors P and AA described above). These designers often explicitly assess what kind
of reactor technology to develop. Although often using a prior design as a starting
point for their work, these designers do not defer to prior design choices and instead
adopt a critical stance towards them. They are more willing to formulate new goals for
their designs, initially expressed in qualitative terms and later realized in the designs
of new kinds of systems. While the size of the design space available to the designer is
difficult and likely impossible to estimate, the efforts of these newer designers suggest
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that the design space available to reactor designers is wider than the designers (based
in large companies) have previously believed it to be." Finally, through their work,
these newer designers both explore a larger design space as well as extend it and the
resulting designs have the potential for making significant advances in safety.

"Both because this size might change with technological advances and also because at any stage
of technological evolution, it is impossible to know if all of the possible decisions have been identified
(this is identical to the impossibility of perfectly rational decision-making described by Simon which
led him to formulate the theory of bounded-rationality).
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Chapter 6
Codified 'design philosophies'
Shippingport, the world's first power reactor, was connected to the grid in 1957. As we
saw in Chapter 3, in a report describing the design itself and the underlying 'design
philosophy' the designers of the reactor described a layered structure of multiple
barriers that had been created to ensure plant safety. 1
Although the report did not give a name to this layered structure of barriers , presented as the design philosophy2 , it came to be known as 'defense in depth'. When I
began to interview reactor designers and inquired about how they had conceptualized
reactor safety, I expected to hear about how they had used defense-in-depth or rival
probabilistic logics to make design decisions. Instead, several designers told me about
a number of different approaches they had taken to generate design ideas for the reactors they were developing. One designer described how he determined at the outset
of a design project what the 'personality' of the plant needed to be and then made
decisions bearing on safety to achieve this personality. Another designer described
how his previous professional experiences had helped develop how he thought about
safety. When the time came to design a reactor, he went into his 'safety mode' and
designed his own reactor with a specific view to root out the problems in prior designs
that had become apparent to him. Another compared the way he thought about design to a popular children's toy (that allowed the player to explore several possible
permutations and combinations of parts until the right fit was found). Still others
emphasized how traditions and ways of thinking developed in their companies over
time influenced how they thought about design. Few explicitly mentioned defense in
depth, although in several cases elements of defense in depth appeared in their own
'These barriers were the fuel cladding, the boundary of the main coolant loop, and the reactor
'container' (as the pressure vessel was called then).
2
As nuclear engineers frequently use the term 'design philosophy', I will use philosophy and
epistemology interchangeably.
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'design philosophies'.
This chapter is structured as follows. I first describe how designers use defense
in depth and PRA as part of their design work. Next, I describe the designers' own
approaches to design as well as what can be surmised about the origins of these
approaches from the background of the designers and the design settings. A final
section synthesizes the findings and situates them within the broader literature on
design principles and concludes.

6.1
6.1.1

Designers at work
Deterministic vs Probabilistic (approaches to) design

Of the designers I interviewed, designers from three of the thirty-two design projects
explicitly described how defense-in-depth had shaped their design decisions. Two of
the three projects whose designers mentioned using defense in depth were large light
water design projects - with one of these being a French project (Fl).
One of the French designers who worked on this project explained that for the
initial gas-cooled reactors developed in France "there was not really a defense in depth
mindset which was extensively developed in the US". He goes on to explain that with
a technology shift to light water reactors "we did not understand the technology in
France and so had to rely on what was done by the Americans". This reliance on the
American designers included adopting their ways of thinking about reactor safety.
Another designer who also worked on this project explained that as time went on the
French emphasis on defense in depth as part of the design practice increased. For the
reactors designed in the 1980s in particular designers specifically followed the defense
in depth approach. Whereas the design of previous reactors had met the requirements
as ascribed by the first three levels of defense, the designers working on reactors in the
1980s wanted "a full deployment of level 4 in defense in depth" in the form of severe
accident mitigation systems. French designers from the other four projects that are
part of the sample did not mention defense in depth in their interviews.
Two of the American designers I interviewed mentioned defense in depth. One
of them, who was working on a large light water reactor design (F), explained that
"defense in depth enters into the safety philosophy in many different ways in the form
of - prevention, protection and mitigation."He added, however, that defense in depth
as it was developed within the context of the older large light water reactors did
not necessarily apply to his design and that he would account for new accidents and
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events in his analyses of reactor safety. These views were echoed by the designer of a
small non light water reactor (reactor Y). This designer explained that while defense
in depth is applicable to the design of contemporary non light-water reactors, "you
have to think about how it applies and what your levels of safety are". He goes on
to explain that having a smaller reactor makes the safety problem easier. He then
goes on to describe how he uses the advantage of having a smaller reactor to re-think
safety, particularly emergency management (I describe this further in chapter 8).
Unlike the regulators we saw in Chapter 3, the designers did not appear to position
defense in depth and probabilistic risk assessments as constituting rival approaches
to design and safety.
The designers who reported using probabilistic risk assessments as part of their
design work varied in the timing of use and the ways in which they used it. First-time
designers tended to wait until having achieved a high degree of detail in the design
before developing a probabilistic risk assessment model. For example, the designer of
a large water cooled reactor (E) explained that he had tried to "implement a PRA
driven design" but that a certain "level of maturity" [of the design] is needed before a
useful PRA model can be built".
Here, designers working in large companies having a long history of reactor de- sign
appeared to be at an advantage because they were able to use previously developed
PRA models for earlier (but similar) designs for the new design project. These prior
PRA models were both adapted for the new design, as well as used to condition the
designers' thinking. A designer (V) working on a small non-LWR project explained
that the budget for the project was not sufficient to carry out a detailed PRA analysis.
However, the team of designers working on the new reactor had previously worked on
a design for which a very detailed PRA model had been developed. These designers
were able to use the previous model as a "base" to assess the new design in its early
stages of development.
Similarly the designer of a large non LWR project (S) explained that although
the design was not very advanced, the people working on it had worked on similar
reactor concepts. He explains , "So we'd sit there and talk and they'd say well this is
the most important accident. They knew because they had done it". 'It' here refers to
the PRA models that were built for the older design that the same set of designers
had worked on.
Designers who did use PRA as part of their design work did so in a few different
ways. For example, as we saw above, designers working in large companies who had
PRA models of earlier design projects available to them were able to use these at an
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early stage of design to develop an intuition for thinking about a new reactor system.
The designer working on reactor S above knew from an early stage which accidents
the design might be most vulnerable to and used this information to make the new
design more robust.
Designers also used PRA models as a "design tool". For example the designer of a
large light water reactor (D) describes setting a probabilistic goal for reactor safety.
The designers "had a goal to have a one decade better core damage frequency" than
a previous reactor designed by the same company. The right emergency core cooling
system design was critical to achieving this goal. To this end, the designers used
PRA models to evaluate several possible ECCS configurations before selecting the
final design. This use of PRA not only helped the designers create a safer reactor
but it also helped them think about how to use their resources "rationally". The
designer of a large non LWR (0) reactor explained how PRA models were used to
carry out cost-benefit analyses of design decisions : "So sometimes you try to protect
plant systems and you may find out you are spending a lot of money to protect against
accidents in ways that are not rational. So we began using PRA as a design tool to
spend money in the right ways to protect against the accidents".
Finally, designers also found PRA models to be a useful medium for presenting
their designs to both operators and regulators (thus effectively as a tool for communication).
Although many designers do develop PRA models as part of their design work,
several also remained skeptical of its utility.
A designer of a large non LWR (P) explained that his design team was holding off
on creating PRA models. This designer (as we have seen in a previous chapter) saw
PRA models as a loaded tool infused with understandings of safety from light water
reactors. He believes that the designers of the newer reactors have an opportunity to
"reinvent" nuclear safety and the early use of PRA might jeopardize that.3
Similarly another non-LWR designer (Y) was also reluctant to develop PRA models but for a different reason. This designer argued that PRA models are only as good
as the failure data used to populate them. Absent failure data, PRA models are not
really effective. 4 He went on to explain that until failure data is available, designers
3"But to a large degree I feel like the advanced reactors out there have this opportunity to reinvent
a lot of ... the way the safety discussion is carried out. So I am cautious about bringing in safety
descriptionsfrom LWRs because I don't necessarily want to have all of that carry over".
4"I would argue, anything that is not light water is outside the PRA bounds because of the experience base. The best way to do that is to get stuff to actually fail. We treat a lot of these accidents
with a certain frequency that is completely assumed. There is nothing wrong with it because usually
you do... bayesian math works... but when you have data, bayesian math works out a lot better."
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like him who are working on non-LWR designs would do well to demonstrate safety
empirically rather than analytically using PRA models. His own approach to demonstrating safety will be by "building stuff and breaking it". He goes on, "So we are
building and testing everything we can at the exact scale and torture the hell out of it
so we really understand what it does."
In addition to defense in depth and PRA, designers also used a number of local
epistemologies to think through the early stages of design. I describe these next.

6.1.2

Codified 'Design philosophies'

In the sections that follow, I describe the local epistemologies mentioned above and
to the extent possible, also identify and describe their origins.
6.1.2.1

Personality of the design

The designer of reactor G (who also appears in the following chapter) is working on a
small light water reactor design. He is working at a large company and has over two
decades of reactor design experience (though not all of it at the current company).
He explains that it can be difficult to get started on a new reactor design project.

'

Part of the difficulty in getting started arises from the complex and interdependent
structure of a reactor itself which he describes as "an integrated system of individual
systems". In such a system, "every individual component that is designed and delivered
needs to satisfy certain specifications that govern not only its standalone operabilitybut
also govern and articulate its integration and interdependence with other systems"
He explains that at the start of a new design project it is sometimes really difficult
to "see what the end point needs to be". Even when the project team has a "vision"
for the end product or system, the vision is typically "high level and within a vision
there can be an infinite number of solutions."
He believes that only a designer (and not an engineer - he makes a distinction
between the two) can get started on such a complex design task, adding that the
difference between engineers and designers is one that he has only lately come to understand and appreciate. He finds that engineers are essentially analysts. "Engineers
need a lot of input. They need to know what the thing they are analyzing is, how big
it is and what it looks like. Designers don't work that way. They start with an idea
or request and a completely clean sheet of paper."
5 The 'solutions' he is referring to here are the alternate forms that a design can take. He adds

that the vision is useful only in a limited sense because it does not "totally control the plan" for the
design work but it "helps in sorting out if you need to make adjustments in the design".
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According to this designer, starting with a clean sheet of paper is something an
engineer is unable to do. "He doesn't know what is allowable or acceptable when it
comes to a clean sheet of paper. A designer does not have a problem getting started
or coming up with ideas. When you have experience working with good designers, you
will find that they will come up with extraordinarilyinnovative ideas and geometries
and materials and concept solutions that engineers just never could imagine. " 6
Effectively, he is saying that designers (unlike engineers) have a fundamentally
different way of thinking. They are system integrators who are comfortable with
ambiguity in the early stages of design and are able to see the bigger picture in way
that engineers cannot.
He thinks of himself as a designer and has his own particular way of approaching a
new design project that helps him make tractable the ambiguities that dominate the
early stages of design. As this designer gets started on the design of a new reactor he
tries to imagine what the 'personality' of the plant is going to be. As he says, "There
is a certainpersonality to it that you intend to achieve in the design of a power station
and. . . you need a clear vision of what that needed to be."

He elaborates further that the 'personality' is
A] way to characterize how you feel about the plant and what your expectation
is about how its going to operate, what its constituents look like. Its just my way
of describing what the vision for the plant is. A plant has a certain personality, it
behaves a certain way, it reacts a certain way, it's controlled a certain way. That's
the plant's personality."
The designer appears to be using 'vision' in a few different ways. In his first usage
of it, he refers to the vision as making up a set of high level requirements for the plant
design. However, as he adds, even given a vision for a plant design there can be an
infinite number of design solutions. He then goes on to describe the 'personality' of
the plant as being a less abstract concept (less abstract than the 'vision') that is a
step closer to the actual design of the plant. From his description of the 'personality
of the plant' in which he refers to how the plant reacts and behaves, we can infer that
the personality is a dynamic concept.
While the 'personality of the plant' as this designer describes it, derives from the
initial specification of a new design, the finished system often looks very different
from what the designers set out to develop. In other words, keeping in mind the
'personality' as a global property of the system helps the designer move forward,
6

Later in the interview he opines that good designers often "hang around" engineers and pick up
their ways of thinking. However, engineers rarely become good designers.
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avoiding paralysis and in the early ambiguous stages of work. Ultimately, however,
this designer adds that such a trajectory of work often leads to a system rather
different from the one specified in the design parameters laid out at the start of the
project.
Interestingly, what is missing from the designer's description of this concept is an
explanation of how he makes the conceptual leap from this 'vision' to the 'personality'.
Although this is an explicit concept, at least part of it remains tacit.
6.1.2.2

Experience as design principle ("Safety Mode")

"

Like the designer of reactor G above, another designer (of reactor L) who is also
working on a small light water reactor design explains that his previous work has
shaped how he thinks about the early stages of design. This designer (who will also
appear in a subsequent chapter) has nearly two decades of experience in the nuclear
industry and is helming a design project for the first time.
His numerous professional experiences in the nuclear industry, though not in the
area of reactor design, have made him sensitive to the shortcomings in the designs of
previous reactors and helped him cultivate what he calls his 'safety mode'.
He explains that in the early part of his career, the focus of his work was entirely
on safety :
"Istartedmy career as a test engineer [and] we did a lot of testing all over the world
and all of it was safety testing. So those early years... all the focus for engineering
in those early years for me was around safety. So it kind of became an ingrainedpart
of how I do stuff you know.
He explains further that when he transitioned to a new role, he brought this
safety-centered sensibility with him :
"So when I came to the university I brought that culture with me and so when I
. . the type of research I was familiar with, the type of research that I did was all
tied to reactor safety. So it was pretty natural for me to look at a design from the
standpoint of safety. So when we started doing the work in the early 2000s to look at
a simple reactor, I just immediately went into my safety mode and I started thinking
about all the things that could go wrong and now that I have a clean sheet of paper,
how can I just completely design that away so that was a big part of it you know."
We can see how his prior professional experiences have shaped how he thinks
about reactor design and helped him develop what he calls his 'safety mode'. He
then goes on to identify several specific problems he observed in previous designs
that he has attempted to correct in his own design. Two specific problems solved
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in this design that can be mentioned without revealing the design itself include an
excessive dependence on AC power and problems with cracking in the containment
concrete.
Both of the design choices he describes above are inspired by prior designs but
are also a critique of them. By designing a steel containment and creating a reactor
design that does not use AC power, he is solving design problems that other designers
may have inadvertently created (i.e. a concrete containment can crack and a plant
that needs AC power is dependent on offsite sources of power that can be lost in a
severe accident).
Like the previous designer (of reactor G) who talked about the 'personality of
the plant' this designer uses what he calls his 'safety mode' to narrow the scope of
possible design choices he is willing to make.
6.1.2.3

Retour d'experience

A similar theme of drawing on prior designs to inform the design of future reactors
also appeared in my interviews with French reactor designers. A key difference here
was that while the 'safety mode' as described by the small light water reactor designer
above is a local or personal concept, it appears in the conversations with the French
designers as a much more institutionalized and collectively-held idea. The French
designers refer to it as 'retour d'experience'. This translates quite literally to 'a
return on experience'.
It's worth noting that the term itself was not coined by a designer but instead
has both regulatory and academic origins. Its earliest usage in France appears to
be in 1984 in an article by the nuclear safety regulator at the time. 7 Recently, the
term appears frequently in French regulatory reports. More broadly, the importance
of learning is unanimously acknowledged by nuclear operators everywhere and was
the rationale behind the creation of industry organizations such as the Institute for
Nuclear Power Operations (INPO) and the World Association for Nuclear Operators
(WANO) that exist primarily to ensure that this learning occurs.8 On the academic
7

SCSIN, <Un exemple de retour d'exp6rience : legons tir6es de l'incident survenu A Bugey 5 le
14 avril 1984 , Bulletin sur la sfiret6 des installations nucl6aires, N058
8
INPO, which primarily serves the American nuclear plants, was created soon after the Three
Mile Island accident in 1979. WANO, which is modeled after INPO, was created in 1987 primarily
as a global response to the Chernobyl accident in 1986. Both organizations keep records of accidents
and events occurring at nuclear plants, analyze them and relay what 'lessons' operators ought to
from such accidents to the plants. Both organizations also conduct peer reviews of plants and rate
them according to their safety performance. INPO is widely regarded as being more influential
because its rankings influence the plants' insurance premiums. Additionally INPO's rankings of
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front the idea of learning from operating experience is central to the high reliability
organization (HRO) theory. This work (which in fact drew on nuclear case studies
and regarded nuclear plants as 'high reliability organizations') started to appear in
the late 1980s (i.e. somewhat after the term gained traction in practitioner circles in
the nuclear industry) and gained prominence in the 1990s. 9 This seems to suggest
that the idea of 'learning' likely started as a practitioner's concept even before it was
developed in academic settings.
It's easy to see why this concept of learning or "retour d'experience" appeals to
the EdF designers. Starting in the 1950s and right up until the switch to light water
reactor technology (from gas-cooled reactors), EdF designers found themselves constantly at odds with counterparts from the CEA on how a new reactor ought to be
designed. 0 Having orchestrated a switch to PWR technology EdF designers continued to play an important role in the design work alongside the (then Framatome,
later Areva) designers. Learning from operating experience to inform the design of
new reactors further legitimizes EdF's role in the design process.
One of my interviewees who worked at EdF for over three decades explained
that he and his colleagues had always been deeply implicated in the reactor design
projects." He himself was part of the team that worked on the "francisation" or
frenchification of the initially American PWR reactor technology.
He adds that their involvement as designers from the operating organization was
necessary to ensure that insights from plant operations could be would be integrated
into the new designs. It. is at this point that he begins to refer to EdF's involvement
in the design process as an operationalization of "retour d'exp6rience". He explained
that in practice "retour d'experience" - or the integration of operational insights in
plant design - is achieved by having the engineering and design departments "work
side by side" with the operations department. He says that he and his colleagues
"always want to use retour d'experience to improve the operation and safety of our
plant are revealed at a meeting of nuclear utility executives (WANO's plant rankings are a more
recent initiative started after the Fukushima Daiichi accident). Several representatives from utility
organizations I spoke with are of the view that this public reveal of the plants' performance and the
corresponding peer pressure is more effective in eliciting improvements in safety than the control
over the insurance premiums. Historically neither organization has become involved in plant design
and construction but WANO representatives expressed a desire to do so particularly following the
Fukushima Daiichi accident.
'See for example Roberts (1989, 1990], LaPorte and Consolini [1991], La Porte [19961.
10
For a history of this period or the "guerres des filiares" see Hecht [2009].
"To be precise this was not the case for the early gas cooled reactor designs. EdF's deep involvement in all subsequent French reactor design projects is very likely a by-product of being sidelined
in the early years of reactor development.
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reactors"He adds that such operational insights that inform design work include those
from normal plant operations as well as from accidents.
In a subsequent interview, a designer who also worked on the same design as the
reactor above but is from a different organization, opined that EdF's insistence on
"retour d'experience" is effectively a way to ensure continuity across reactor designs
and avoid radical innovations. Here he specifically cited example of the EdF's designers' preference for active over passive safety systems. Thus this second designer
(who has worked on the same design), interprets 'retour d'experience' as way for
EdF designers to resist innovation. Thus the EdF's designers' insistence on retour
d'experience could be seen both as way of legitimizing their role in the design process
as well as rejecting those innovations that lie outside their area of expertise - i.e. the
competence-destroying ones.12
6.1.2.4

Safety by design

Safety by design was first proposed as a design approach by the designers of IRIS
- a roughly 300 MWe light water reactor described previously in Chapter 4. This
design was created by a large consortium of international designers led by Westinghouse. In an early publication on the reactor design, the authors write about this
new design approach they have developed and used in the design. They explain that
"in addition to the traditional DID'3 levels" the design introduces "very basic level of
DID". This very basic level of defense in depth, or safety by design, as the designers
call it, involves the "elimination by design of accident initiators or reduction of their
consequences/probability" [Carelli et al., 2004a].
Designers who worked on this reactor project have carried these ideas with them
to other design settings. Among them is the designer of reactor E who is working on
a large light water reactor design. By the time he started working on the design , he
had accumulated more than two decades of experience in the nuclear industry, much
of if working on light water reactor designs. He explains that his approach, which
he calls 'safety by design', means that "you eliminate by design as many accidents
and the possibility that they can happen". As one example of this he points to use of
integral coolant loops that eliminate large piping that would otherwise be vulnerable
to a large break loss of coolant accident (LOCA).
He goes on to elaborate two further aspects of the safety by design approach that
'2 See Henderson and Clark [1990] for a discussion on sustaining and competence-destroying innovations.
"The authors use the acronym DID to refer to defense in depth.
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hint at its origins.

He suggests that the 'safety by design' approach is effectively

'good engineering' which all designers - of reactors as well as other systems - should
aim to do. He believes that he and his (former) design team have given a name to
an approach that appears implicitly in the designs of older light water reactors. He
believes that he and his contemporaries have taken this approach and "pushed the

idea further by systemically doing safety by design."
He adds that approaching the design problem with a view to eliminate accidents
'by design' creates a form of path dependence because the accidents that a designer is
seeking to eliminate are usually those to which prior designs are vulnerable. He is of
the view that this path dependent way making safety improvements is not necessarily
a bad thing. He believes that solutions to problems experienced by previous designs
are a form of contribution that designers can make to design practice. Even if his own
design is never built, he believes that he has found novel design solutions to safety
problems that other designers - of both light water reactors as well as non-light water
reactors - can draw on for their own design work in the future.

6.1.2.5

Designing for simplicity

Another approach to the early stages of reactor design which is similar to the one
described above is to design with the pursuit of simplicity as a central goal. A shared
emphasis on simplicity (particularly among American designers) emerged through
conversations among reactor designers and utilities who worked together on the Advanced LWR designs starting in the 1980s. 14

After the Three Mile Island reactor

accident and by the mid 1980s reactor designers as well as utilities had reached a
common conclusion that reactors systems had become overly complex. This excessive complexity was both a hindrance to the economic performance of a plant and
also to its safety.
Looking to design simpler and safer reactors for the future, reactor designers and
operators came together to establish a set of design requirements for the new reactors.
As part of the new design projects, reactor designers broadly embraced the goal of
simplifying reactor designs. These designers approached the design of the new reactors
am referring here to the Advanced Light Water Reactor project initiated by EPRI in the US.
As part of this work, reactor designers and utilities developed a set of requirements for future light
water reactors. These 'requirements' are contained in the Utilities Requirement Document (URD).
Several reactor designers who were a part of these projects explained that there was a co-constitutive
relationship between the Requirements document and the designs themselves. A similar initiative
called the 'European Utilities Requirement' was led by EdF and brought together European utilities.
14I
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by using the most recently designed reactors as a starting point. Taking their most
recent designs as a starting point for their work, the designers then did two things :
First, they worked towards replacing all the active systems with passive ones.
Second, they tried to condense the functions performed by several systems or subsystems into fewer systems.15
The overall effect of this approach was that the designers were able to significantly
reduce the use of materials and components in the new designs. In fact, even the
promotional materials for the new designs prominently feature the extent to which
the use of concrete, pipes, valves etc has been reduced relative to previous reactors.
6.1.2.6

Proceduralized design ("Mr Potato Head")

One American designer described his way of designing as deriving specifically from
organizational traditions. This designer is working on a large non-LWR design (reactor M) . His entire professional career has been in the nuclear industry in a large
reactor design company. At the start of the project he had just under a decade of
experience in the area of reactor design.
Early on in the interview he mentioned that it is important to understand how
designers at his company think about the selection of components and systems for a
new reactor. He explained that the approach is a very systematic search process that
tries to make use of all of the company's resources:
"From a design perspective, something that is important to mention is... lets say
the selection of the design of the various components. The way things are done at
[our company], especially at the conceptual design stage is to consider for each component... multiple designs and multiple ideas."
He went on to give the specific example of the design of a steam generator for a
new reactor. In the early stages there is a very high level screening, at which alternate
designs for sub-systems and components are identified and their pros and cons listed.
Some of them may be put aside right away because of a 'showstopper or drawback'
that the designers don't want to see in their design. Then : "little by little we reduce
the number of alternatives and once the alternativesare two or three then we focus and
we do more detailed analyses which we could not do earlier simply because there were
too many alternatives and some of them could be easily discarded." Before deciding on
a steam generator, designers might explore as many as 20 different alternate designs
- each one very different from the other because ultimately "the objective of the group
15Interestingly, this is a variant on Suh's design axiom [Suh, 2001] that calls for reducing the

informational content of a design.

149

is to select the best design". Although here he is describing this selection process for a
steam generator, he explains that it occurs for both larger and smaller systems, and
for this particular project, for the reactor technology (i.e. the combination of fuel and
coolant) itself.
He likens this process to a children's toy - Mr. Potato head - that has inter-

changeable parts. The design of a new reactor is treated in the same way. Parts are
hypothesized, analytically tested and swapped out until everything fits together and
a high-performing system is achieved. "That is the sort of philosophy that we use.
We exchange the eyes and we exchange the arms and so on."
What is striking here is that this search process is similar to the exhaustive search
process posited by Simon in the analytical model of design as described in Chapter 5.
As with that model, although the designers explore a large number of possible design
choices, they are ultimately resource-constrained and only able to analyze a few in
great detail.
The designers of a French reactor also appear to use a similar 'philosophy'.' 6 The
designer I interviewed is working on a large light water reactor design. He explained
how the project involved two teams merging their designs into a single, newer design.
To do so, the designers evaluated the designs of sub-systems and components from
the designs of each of the two teams. Ultimately the two design teams fused what
was best about each of the two designs and created a new one.
It's worth noting that both of the designers quoted above are working in companies
that have a long history of designing. Each of these organizations have a supply chain
with a well-developed base of suppliers who have manufactured equipment for previous
projects. Both companies even manufacture several components in-house. The search
process for exploring the several alternate component and sub-system designs, while
possibly motivated by considerations of speed and efficiency (because it would take
much longer to design new components from scratch), is also likely motivated by
pressures to use the resources that the organization has already developed.

6.2

Synthesis

As I noted at the start of this chapter, reactor designers, unlike the regulators we saw
in Chapter 3, do not set up defense in depth and PRA as competing epistemologies
for design and safety. Further, not every designer uses both (or in many cases, even
16

These designers did not identify this way of designing as a long-standing organizational approach
as the designer above does, or give it a name.
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-

one) during the early conceptual stages of design which give rise to the initial (and
often enduring) architecture of the reactor system. As we have seen in the previous
chapter, designers use a number of (largely implicit) strategies for selecting the reactor technology, designing the core and the safety systems. These ways of designing
alternate between emulation and critique of prior systems. In this chapter we have
seen that a few designers (or their organizations), recognizing these recurring ways of
thinking, have given them various names." Table 6.1 summarizes the design epistemologies, their restatements, whether they contain elements of defense in depth and
the stage of the design process at which they are used.18
But ultimately, what do these epistemologies get us in terms of design outcomes?
At least two - retour d'experience and proceduralized design - accomplish organization goals. They reinforce the use of resources already developed by the organization.
Others (such as the 'personality of the design'), help the designers navigate the early,
uncertain stages of design and in some cases, constitute a partly formalized way in
which designers consider prior designs critically. We have already seen the important
role that critique plays in the design process in the previous chapter. I will return to
this theme again in Chapter 8.
A further way to view these ways of thinking that designers have developed is as a
form of creativity. However, as noted above, not all of these ideas are entirely original
and other variants of these ideas started to appear in practice and in the academic
literature around the same time. For example "retour d'experience" as described by
the French designers is very similar to the set of ideas proposed by the high reliability
organization theorists (though it is not entirely clear that the designers were aware
of these theories). On the other hand, the notion of the "safety mode" as described
by the designer of reactor L and the "personality of the design" as described by the
designer G are unique ideas. Thus at least one way of to look at the ways of thinking
that the designers have developed is as forms of creativity - and more specifically
two variants of it. Some of these ideas which occurred in other forms and places are
what Boden [2004] has called a 'historic' form of creativity : ideas that several people
arrive at simultaneously owing to the state of development of knowledge in a field.
The latter ('safety mode' and 'personality of the design') are examples of personal
creativity : unique ideas not easily extrapolated from disciplinary knowledge but
originating instead from personal experience and individual ways of thinking.
17

1t is the latter - critique -- which gives rise to novel design ideas. The chapter after next, which
describes how designers reacted to the Fukushima-Daiichi accident, further highlights the importance
of critique.
18I further show how they can be described using a categorization proposed by Fu et al. [2016].
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Although not all designers explicitly use defense in depth in their work, we can see
that several of these local epistemologies specific to a designer or to an organization,
contain elements of that epistemology. For example, the designers who developed
"safety by design" explicitly acknowledge that it is a very 'basic' form of defense in
depth. Similarly the "safety mode" and "designing for simplicity" described above
both contain elements of the first three levels of defense in depth (as described at the
start of Chapter 3). Although it is difficult to specify the exact mechanism by which
defense in depth entered into these designers' epistemologies, it is not an entirely
surprising occurrence. We have seen the ubiquity of defense in depth in nuclear
engineering textbooks, and formerly in regulatory documentation. These could be
the sources that influenced the ways in which designers think. The other possibility
is that defense in depth constitutes a universal or inevitable set of ideas with which
to think about reactor safety. But whether or not these epistemologies are universal,
the evidence in this chapter suggests that they do not endure unaltered. As we saw
earlier in the chapter, several designers use probabilistic risk assessments as part of
their work in a diversity of ways (some likely not intended by the originators of PRA).
Other designers view PRA as a 'loaded' tool whose usage risks carrying over safety
concepts from LVRs (to the detriment of the newer designs) or more generally are
reluctant to rely on it as a way of assessing safety in the way that light water reactor
designers ultimately started to do. All of this appears to reinforce the findings of the
earlier chapter (chapter 3) that in order for epistemologies to endure, they must have
keepers who maintain, reinforce and reinvent them.
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Table 6.1: Summary of design principles

Design principle

Personality of the design

Restatement
Anticipating of the dynamic behavior of the reactor
at the outset of the design process when all the
design requirements are knitted together, that is

Type

Heuristic

prior to the specification of the design itself.

Origin
Professional experiences ;
individual ability to think
about a system in an
integrated way
Professional experiences;
adopting a position of
critique to prior reactor

Safety Mode

Adopting a position of critique to prior designs
while working on a new reactor design.

Retour d'experience

Drawing on operating experience to make design
choices. This includes emphasizing the use of
known reactor technologies, architectures and
equipment.

Heuristic

Organizational

Safety by design

Systematically eliminating accidents (to which prior
designs have been vulnerable) at the design stage

Guideline

Professional experiences;
making explicit the notion of

Heuristic

Elements of Defense in depth?

none

yes "level I"

designs

c~1

yes ,"level

1"

yes ,"level 1"

'good engineering

Designing for simplicity

Condensing the functionality of many systems into a
few or eliminating entire systems; including
replacing 'active' systems with 'passive' ones. Here a
prior design is used as a starting point for the new
reactor.

Princple

Conversation between
designers and operators

yes , "level I"

Proceduralized design

Developing design parameters for a new design
followed by an exhaustive search for sub-systems
and equipment that satisfy those parameters.

Principle

Organizational

none

Principle

Organizational

none

Chapter 7
Design responses to the Fukushima
accident
In previous chapters I have shown how reactor designers approach a new design
project. In general, designers appear to find design ideas in one of two ways - by
emulating prior designs or by adopting a position of critique relative to these prior
designs, and in so doing, often discovering novel design solutions. In this chapter, I
revisit a particular sub-section of designers who adopted the latter approach - specifically those who were working on their design projects at the time of the Fukushima
Daiichi accident. While in the previous chapters I showed what these designers did
and how, in this chapter, I closely explore why they did what they did. I show how
these designers interpreted the causes of accident and how these varying interpretations shaped their design decisions.
The chapter is structured as follows : first, I briefly describe what has been written about investigating and learning from accidents in complex technological systems.
Next, I describe the Fukushima Daiichi accident. I then describe how the regulator
and operator organizations in both countries (the US and France) responded to the accident. This is followed by the main empirical body of the chapter in which I describe
how reactor designers interpreted the accident and how these interpretations shaped
their design decisions. In closing, I revisit what these different forms of learning from
accidents suggest how we should think about expert epistemologies.

7.1

Destabilizing an analytical monoculture

When a serious accident occurs - such as the one at the Fukushima Daiichi plants - an
investigation of the accident is necessary before previous epistemologies or designs can
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be reaffirmed or new ones established. Perrow [2011] has argued that some accidents
are 'normal' in that their occurrence should not be surprising. Such accidents are
"cnormal" or inevitable because complex technologies managed by complex organizations will necessarily fail in emergent and unexpected ways. Although unforeseeable,
these emergent modes of failure can be inevitable because of the contradictory organizational logics of managing a complex technology. The contradiction lies in the need
for both a hierarchical system of control over the different technological sub-systems
as well as improvisational decision-making at the lower levels of the organization to
manage incidents and prevent them from escalating into accidents.
Downer [2011], building on these ideas, argues for an additional category of accidents he labels as the 'epistemic accident'. He describes epistemic accidents as being
unforeseeable (like normal accidents). However, unlike normal accidents, epistemic
accidents are more likely to challenge the prevailing epistemic paradigm. Ultimately
the epistemic accident offers new insights into a system or technology. 1
Dekker [2015] proposes that investigations of accidents have at least four purposes: epistemological, preventative, moral and existential. 2 However, insights generated from an accident investigation are rarely straightforward. As we will see in
the section below, this was also the case for the Fukushima Daiichi accident. An
example of the difficulties attending the analysis of accidents appears in Galison's

[Galison, 2000] study of the National Transportation and Safety Board's (NTSB)
accident investigation practices following the crash of an Air Florida Boeing 737232 aircraft in 1982. Following the crash, the NTSB accident investigators worked
from detailed investigation manuals and used an investigation methodology that had
'A better treatment of this conceptual category of the 'epistemic accident' would be to view it as
an extension of the 'normal accident'. Downer develops the notion of an 'epistemic accident' based
on his analysis of a near-crash of an airline (the Aloha Airlines 737 - Cabriolet in 1988). He points to
the airline crash as an example of an epistemic accident and the Three Mile Island reactor accident
as a normal accident. This distinction is misinformed because the Three Mile Island accident did
indeed challenge prevailing views on safety. In the US the accident motivated American designers to
de-emphasize the role of the operator whereas French designers doubled down on the importance of
the operator and the need to draw on operational expertise to design a new reactor. Under Perrow's
classification, the Fukushima-Daiichi accident too would be treated as a 'normal accident'. As we
will see in this chapter, this accident also challenged the design paradigm (more so than the Three
Mile Island accident) and led to its revision (though not uniformly) across design organizations. To
close this aside, the elements of paradigmatic revision which are part of the 'epistemic accident'
category are useful, but the category itself is not distinct from that of the normal accident, and is
effectively an extension of it.
2
The first two categories are self-explanatory. Dekker [20151 defines the moral purpose as a tracing
of the "transgressions that were committed and reinforcing moral and regulatory boundaries" and
existential as "finding an explanation for the suffering that occurred". A fifth purpose could usefully
be added to this typology to account for the ways in which investigations of accidents render a form
of closure, thus allowing an entire industry to recover (reputationally) from an accident.
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evolved over half a century at the time of the accident. Nevertheless, despite their
use of a well-established and tested methodology Galison suggests that three kinds of
'unresolvable tensions between competing norms of explanation' emerged in the analyses of the accident. A first set of tensions had to do with localizing the causes of the
accident (to the particular site or technology) or diffusing them outwards (towards
human interactions and organizational cultures). A related tension or instability3 is
the tension between ascribing agency to human and organizational vs technological
factors. A third tension emerged between the need to follow protocol and the 'exercise of protocol-defying judgement'.This last tension is identical to the argument
at the heart of Perrow's thesis about 'normal' accidents in complex systems. As we
saw above, Perrow [20111 writes that the improvisational decision-making needed to
prevent accidents at lower levels of organizational hierarchy is inconsistent with the
command and control measures imposed at the top of the organization. As we will
see in the sections that follow, these instabilities also appear in the analyses of the
Fukushima Daiichi accident and created a set of conditions which made it possible
for operators, designers and regulators to have multiple possible interpretations of
the accident. The empirical body of this chapter shows how each group attempted
to resolve these tensions and establish a new epistemology of safety following the
accident.

7.2

The Fukushima-Daiichi accident

On March 11, 2011 at 2:46pm Japan Standard Time an earthquake measuring 9 - 9.1
(on the moment magnitude scale) struck just off the east cost of Japan. 4 At the time
of the earthquake 3 reactors were in operation (units 1, 2 and 3) at the Tokyo Electric
Power Company (TEPCO) owned Fukushima Daiichi site.' Three others (units 4, 5
and 6) were shut down and undergoing scheduled inspections. 6 All six reactors at the
site were boiling water reactors based on General Electric designs. 7
3

Galison appears to use the words interchangeably
The earthquake is also referred to as the Great East Japan Earthquake. Both the epicenter and
the hypocenter of the earthquake were offshore. Five nuclear plants on the northeast coast of Japan
were closest to the epicenter of the earthquake. These plants are Higashidori, Onagawa, Fukushima
Daiichi, Fukushima Daini and Tokai Daini. Of these, the Fukushima Daiichi plant was severely
affected.
5
Unit 1 was under normal operation and units 2 and 3 were in startup operation.
6
For the purposes of the inspection all fuel had been removed from the core of Unit 4. Unit 5
and 6 were shut down with fuel remaining in the core.
7
Unit 1 was a BWR 3. Units 2-5 were BWR 4s and unit 6 was a BWR 5. The nearby Fukushima
Daiini plant had four BWR 5 units.
4
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The ground acceleration resulting from the earthquake caused the three operating
reactors to shut down automatically. The earthquake also damaged the transmission
towers with an immediate loss of offsite power supply to the plant. Following this loss
of power, the Emergency Diesel Generators (EDGs) at each of the three operating
units started up automatically to remove the decay heat from the recently shut down
reactors as well as to cool the spent fuel pools.
A tsunami caused by the earthquake arrived at the Fukushima Daiichi plant site
approximately 45 minutes after the earthquake. The maximum wave height of the
tsunami, which was 15m, exceeded the height of the 5m sea wall around the plant.
Seawater surged over the seawall, submerged and damaged the emergency diesel generators (EDGs) and units 1 through 5 lost AC power. The tsunami water also disabled
two out of three EDGs at unit 6 but the remaining one, which was air-cooled and
located at a slightly higher elevation, supplied emergency AC power to units 5 and
6.8
With the loss of cooling powered by the EDGs and despite efforts to depressurize
the reactors and inject water into the core, fuel temperatures began to rise in reactor
units 1, 2 and 3.9 The overheating caused the zirconium in the fuel cladding and
the steam to react and produce hydrogen. On March 12, a hydrogen explosion in
the Unit 1 reactor destroyed the reactor building. Hydrogen explosions also occurred
on March 14 at Unit 3 and at Unit 4 on March 15th. 10 Further, overheating of the
fuel ultimately led to fuel melting in units 1, 2 and 3. The accident was rated at
level 7 (the maximum possible level) on the International Atomic Energy Agency's
International Nuclear Event Scale.
Close to 150,000 people within a 20km radius of the reactor site were ultimately
evacuated . The Japanese Ministry for Economy, Trade and Industry (METI) estimated that the nuclear accident had incurred damages totaling 21.5 trillion yen ($188
"

billion).
8

The eventual installation of a temporary seawater pump made it possible to achieve a cold
shutdown at both units by March 20.
'Efforts to cool the reactors included the injection of freshwater into Unit 1 before the hydrogen
explosion and seawater injection following the explosion. The reactor core isolation cooling (RCIC)
system in unit 2 ran for 70 hours which was significantly longer than expected. Water levels dropped
once the RCIC stopped working and fuel melting occurred on March 14. Seawater was injected into
the core when the fuel started to melt. For unit 3, once the RCIC ran down, the high pressure coolant
injection was started. However the core became uncovered on March 13th. This was followed by
attempts to vent the containment and freshwater injection. Seawater injection began following core
damage.
10
The Unit 4 hydrogen explosion was attributed to leakages of hydrogen from Unit 3 which reached
Unit 4 through shared piping.
"This was a revision of an earlier estimate released in 2013 that had estimated the damages to
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Following the accident, several groups published analyses of the accident and
sought to unpack its causes.1 2 Although the accident itself had been initiated by
an earthquake and tsunami, these groups of analysts uncovered the many technical,
organizational and institutional flaws which had contributed to the severity of the
accident. A report commissioned by the National Diet of Japan indicted culture
and described the accident as a "manmade disaster" caused by a collusion between
TEPCO, the government (Ministry of Economy, Trade and Industry or METI) and
the (then) nuclear safety regulators (Nuclear and Industrial Safety Agency or NISA
and the Nuclear Safety Commission or NSC) [Kiyoshi Kurokawa et al., 2012]. According to the authors of this report the operator, regulators and the government
(METI) had "all failed to correctly develop the most basic safety requirements-such
as assessing the probability of damage, preparing for containing collateral damage
from such a disaster, and developing evacuation plans for the public in the case of a
serious radiation release."

NISA, the nuclear safety regulator, was found to have colluded with TEPCO and
failed to mandate safety upgrades (chiefly raising the height of the seawall) to the
plant that might have reduced the severity of the accident or prevented it altogether.
In the immediate aftermath of the accident, all operating reactors across Japan were
indefinitely shutdown. NISA was dismantled and a new nuclear safety regulator - the
Nuclear Regulatory Authority or NRA - was created in its place and granted greater
independence and powers than its predecessor. 1 3
The analyses of the Fukushima Daiichi accident that sought to identify its causes
revealed the very same tensions and instabilities that Galison [2000] found when
studying the NTSB accident investigators. The causes of the accident were both
specific to the plant site (inadequate sea wall, poor placement of EDGs, failure of
plant staff to carry out containment venting on time) and simultaneously broader and
systemic ('culture' according to the Diet accident investigators, a captured regulator
and an irresponsible operating organization). The second tension - ascribing agency
and causality to human and organizational deficiencies vs technological deficiencies
-- was also apparent. Finally the tension between rule-following and protocol defying
judgment : rule- following behavior (the operators had shut down the emergency core
be 11 trillion yen.
12
These groups included the International Atomic Energy Agency, national nuclear safety regulatory organizations, the European Commission and the American Institute for Nuclear Power
Operations, to name a few. See for example ?American Nuclear Society 12012], Council [2014],
Jacopo Buongiorno et al. [20111
"Unlike its predecessor organization, NRA was meant to be independent both de facto and de
jure.
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cooling system when it first started up) may have worsened the accident, and rulebreaking behavior (improvisational ways of depressurizing the reactor to add water
to the core) had likely somewhat mitigated the consequences of the accident.
Each of these tensions, at least implicitly acknowledged by regulators, operators
and designers in Japan and around the world, made it possible to interpret and frame
the causes of the accident in several different ways.
Next I describe how the American and French operators and regulators interpreted
and responded to the accident.

7.3

American operators and regulators : filtered vents

vs. emergency cooling equipment
The Fukushima Daiichi accident caused an epistemic crisis for American regulators,
designers and operators and each sought to respond to it using the degrees of freedom
available to them.
The American regulator, the Nuclear Regulatory Commission (NRC), began to
monitor the accident (from its operations center in Bethesda) as it progressed. NRC
staff also began communicating with the Japanese nuclear safety regulator and traveled to Japan to assist the American embassy and Japanese government.
By April the NRC had created a Near Term Task Force (NTTF) to examine what
the regulator specifically and the American nuclear industry broadly could learn from
the accident to improve the safety of American nuclear plants Miller et al. [2011]. The
Task Force members and the NRC staff broadly considered several possible responses
to the accident - including re-evaluating how well the American nuclear plants could
withstand floods and earthquakes, improving the ability to monitor spent fuel pools
during emergency situations and adding filtered venting systems to reactor containments. This last quickly became the most contentious issue and caused disagreements
within the NRC as well as between the NRC and the owners and operators of the
nuclear plants.
Removal of a mixture of non-condensible radioactive gases, hydrogen and steam
via vents can relieve the pressure within a reactor containment during accident situations and prevent the internal pressure from exceeding design limits. The addition of
filters - wet or dry - to vents makes it possible to remove radioactive contaminants

from the vented gases. 14 Failure to vent at the Fukushima Daiichi plants had led to a
14

Dry filters typically use a sand or gravel bed whereas wet filters pass the vented gases through
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gaseous accumulation in the reactor containments. Containment failures of three (of
the six) reactors were ultimately caused by an ignition of the accumulated hydrogen.
Following the Fukushima Daiichi accident, The NRC Task Force recommended
that the Commission mandate the installation of 'hardened'

vents and a re-examination

of the possibility of adding filtration systems to the 31 American boiling water reactors
that had Mark 1 or Mark 2 containments. 16
Based on the recommendations of the Near Term Task Force Report and the
assessments of the staff, the NRC commissioners voted in favor of issuing an order for
installing 'hardened' containment vents for boiling water reactors with Mark 1 and
Mark 2 containments. This order was issued in March 2012. The question of whether
filtration systems ought to be added in addition to the hardened vents remained.
As the NRC staff quickly discovered, regulators in several other countries had
already mandated the installation of filtered venting systems to boiling water reactor
containments following the Three Mile Island accident in 1979.17

The addition of

filtered vents was a measure that had been considered but not taken in the US.
Following the Fukushima Daiichi accident, the NRC staff began to examine the
possibility of upgrading the vents to include filtration systems and assessed the advantages and disadvantages of this option. The staff's analyses revealed that cost-benefit
analyses alone could not justify the addition of filtration systems. Nevertheless the
staff recommended that the Commission mandate their installation for boiling water
reactors with Mark 1 and Mark 2 containments. The staff cited qualitative criteria
as supporting and justifying such a decision.

Their argument was that uncertain-

ties inherent in the quantitative calculations of plant safety could be made up for by
adding vents and that adding filtration systems to the vents was a way to strengthen
the defense in depth of the reactor systems.
This recommendation by the NRC staff proved to be extremely contentious. Both
the Commission and the Advisory Committee on Reactor Safeguards (ACRS) diswater to remove radioactive particles. For more on filtered vents and their efficacies see Schlueter
and Schmitz [19901.
15'Hardened' here refers to the operability of the vents in accident conditions when the containment
pressure exceeds normal operating pressures. Although the NRC had already previously required
the installation of vents in boiling water reactor containments, it was not clear that these vents
would be (or were, by law, required to be) operable in accident conditions when they would actually
be needed.
16
The recommendations of the Near Term Task Force were arranged in tiers based on their importance. The question of considering the addition of filtered vents was moved from its initial placement
in the "additional issues" category to tier 1.
17
Six countries with boiling water reactors had filtered containment venting systems. These included Finland, Germany, Japan, Sweden, Switzerland and Taiwan. For the NRC staff's cost benefit
analyses and cross-national comparisons see [NRC, 2012a].
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agreed with the staff on this issue. Although in principle, the ACRS agreed that the
uncertainties in the quantitative analyses of safety could be made up for with the
addition of more 'defense-in-depth', it disagreed with the view that the Commission
ought to make it mandatory for nuclear plants to add filtration systems. Instead the
ACRS called for a case by case, performance-based approach such that probabilistic
risk assessments and cost benefit analyses be carried out separately for each plant to
resolve the question of whether vents should be added or not.The ACRS members
believed that such analyses would reveal whether (and at which plants) the addition
of filtered vents would lead to tangible and justifiable improvements in safety [ACRS,
2012].
Even as the regulatory staff and commission sought to learn from the accident and
debated how best to respond to it, the American operators were asking themselves
a similar set of questions: Were existing nuclear plants equipped to deal with a
Fukushima-like accident? And if not, what changes ought to be made to the plants
to ensure that they operated safely?
The operators' response to the accident in the US was coordinated largely by two
organizations. The Institute for Nuclear Power Operations (INPO) and the Nuclear
Energy Institute (NEI). INPO, widely regarded as a 'self-regulator' with a focus on
operational safety, sought to assess the accident and its causes to extract lessons for
the American operators. 18
In a report on the accident, INPO translated the organizational and technological failures at the Fukushima Daiichi plant into lessons for the American nuclear
industry. It called for developing accident management plans that clearly defined
the chain of command in the event of an accident, alongside training of plant staff
to improve their ability to act in a crisis. INPO also considered the implications
for the already operating plants. For the the Fukushima Daiichi raectors, failure to
vent the reactor containments on time had caused containment failures and releases
of radioactivity, and greatly exacerbated the damages caused by the accident. In
its report INPO called for clearly-articulated containment venting strategies along
with a recommendation to consider the addition of vents to plants that did not have
them. Although INPO broadly recommended the addition of vents it did not specify
18

TEPCO had invited INPO to conduct a review of the accident and suggest what the Japanese
nuclear industry could learn from it. INPO, along with WANO (World Association of Nuclear
Operators) created a nine-member team that published an initial report in late 2011. This report
described the progression of the accident. The report was updated in 2012 with specific measures
that could be taken by the Japanese nuclear industry specifically and the global nuclear industry
broadly, to improve operational safety [INPO, 2012].
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whether the addition of filters ought also to be considered.1 9 It also recommended
positioning external (i.e. outside the containment) emergency cooling equipment at
the plant to be used to cool the core if the internal core cooling systems failed in
the event of an accident. Like INPO, other assessors of the accident had also called
for a consideration of adding venting systems to plants (including perhaps filtration
systems along with the vents). 2O
The question of adding filtered venting systems became a contested issue. As we
saw above, the NRC staff in its analyses had assessed the costs and benefits of adding
filtered venting systems. Although not finding their addition justifiable on the bases of
such analyses, they had nevertheless recommended their installation. The American
industry rallied behind an alternate approach (effectively the one recommended by
the ACRS).
American operators took the position that they supported a strategy that was
"performance-based". In this case this mean that that the generic cost-benefit analyses that the NRC staff had carried out ought to be repeated for each plant to
individually evaluate whether the addition of filtered venting systems would improve
plant safety. Facing criticism of their rejection of adding filtered vents to all plants,
industry representatives further explained that the addition of filtered vents to operating reactors was not a panacea and that "vents [were] just part of the story" [NEI,
2012c]. 2 1
A second argument made by the industry was that filtering strategies could not
be viewed in isolation but instead had to be understood within the context of other
changes the plants were already making - including the installation of emergency
backup equipment at each plant as well as at central locations. In late February
of 2012, NEI reported that nuclear plants had ordered or installed over '300 pieces
of major equipment'. According to NEI CEO Marvin Fertel, the addition of on19

The INPO recommendation read: "Plant designs should support timely venting of primary
containment even with a loss of power and motive force, such as compressed air" [INPO, 2012].
20
Specifically, an American Nuclear Society report called for an assessment of the European experience with filtered venting systems as well as carrying out a cost-benefit analysis for adding such
systems to operating plants [American Nuclear Society, 2012]. Similarly a report published by MIT
also called for consideration of filtered venting systems as well [Jacopo Buongiorno et al., 20111.
21
Industry representatives also added that there were multiple ways to filter before venting the
containment, including in-containment sprays which could reduce radioactive releases by a factor of
a thousand. These results cited by industry representatives were from an analysis carried out by the
Electric Power Research Institute (EPRI). The NEI also cited the NRC's own analyses of addition
of filtered vents to boiling water reactors (with Mark 1 and Mark 2 containments which had been
carried out following the Three Mile Island accident 1979) to oppose the addition of filtered vents.
These NRC reviews had found that external filters would not significantly increase the removal of
radioactive materials [NEI, 2012a].
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site external emergency cooling equipment was "the best thing to do in response to
Fukushima [NEI, 2012b]." This emergency equipment included generators, batteries and chargers, pumps and air compressors. Industry representatives implored the
regulator to consider the issues - of adding vents and emergency onsite equipment
-together rather than separately as it had been doing , emphasizing thatthe addition
of filtered vents "would offer only marginal benefits" [NEI, 2013].
Nuclear plant operators, perhaps hoping to preempt additional regulation, began
buying and installing additional onsite emergency equipment even before the Commission had made a final decision (on the question of filtered vents). Finally, in a vote
on the issue of adding filtration systems to Mark 1 and Mark 2 containments, the
five-member NRC commission rejected the staff's recommendation. Instead the commission called for rule-making proceedings to examine the issue in greater detail.2 2
The question of adding filtering systems would be resolved later. The rule making
process was ultimately halted by a vote of the commission in 2015.
Thus, after initially considering the addition of filtered vents to all Mark 1 and
Mark 2 boiling water reactor containments, the NRC ultimately mandated the addition of vents that would be operable in the event of an accident and halted further rule
making, thus resolving the epistemic crisis of safety for both operators and regulators. More broadly, the American regulator sought to learn lessons from the accident.
In so doing it had updated some of its regulations and stabilized most others. Despite the disagreements within the NRC and between the NRC and industry, closure
was ultimately reached via a common narrative of lessons that had been learned
from the accident. The regulator and operator agreed that American nuclear plants
were safe enough and upgrades to plants, especially in the form of emergency cooling
equipment would secure them from accidents of the kind that the Fukushima Daiichi
nuclear plant had experienced.

7.4

French operators and regulators: FARN and the
hardened core approach

The Autorit6 de Suret6 Nucleaire (ASN), the French regulator and its technical
support organization Institut de radioprotection et de sfret6 nucl6aire (IRSN) immediately began an assessment of the safety of French nuclear plants following the
22

Rulemaking is the process through which the NRC develops new legally binding regulations.
For a primer see NRC [20171.
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Fukushima Daiichi accident."
In the period following the accident, French regulators tried to "imagine the
unimaginable" as they tried to determine how to respond to it. For the French
nuclear safety regulators the accident "thrown into question all of our safety rules,
our ways of thinking" [Butler, 2012J.
As the French regulator started to develop its own response to the Fukushima
Daiichi accident, EU Energy Commission Gunther Oettinger called for 'stress tests'
of the European nuclear plants just four days after the accident.2 ' The term 'stress
tests' was borrowed from tests that had been carried out to assess the robustness of
European banking systems. As part of the EU-wide stress tests and with the addition
of its own requirements, ASN asked French nuclear plants to conduct 'complementary
safety assessments' and report back on the status of the operating reactors.
Even as these assessments started, IRSN began to propose its own changes to the
French nuclear plants. IRSN and the French utility EdF had long debated how to
protect nuclear plants from earthquakes, with disagreement about the peak ground
acceleration that should be assumed in design and regulatory calculations. IRSN
contended that the current plant infrastructure did not sufficiently secure nuclear
reactors against floods and earthquakes. As a solution to this disagreement and
as a response to what had been learned from the Fukushima Daiichi accident, IRSN
proposed what it called a 'hardened core' approach. According to Jacques Repussard,
the director general of IRSN, the development of such a hardened core approach would
secure French nuclear reactors and make an "elegant exit" from the long-running EdFIRSN debate. The new approach would focus on a set of systems that would have to
be available to maintain plant safety after an accident. These systems, which made up
the 'hardened core', would be qualified to survive accidents greater than and outside
the design basis of the plants themselves [Staff, 2011b].
EDF, like the American operators (who, in the form of external emergency cooling
equipment, had proposed an operations-focussed response to the accident) proposed
the use of external emergency cooling equipment at plant sites to be manned by
a sort of nuclear SWAT team. This team, called the Nuclear Rapid Action Force
(FARN or Force d'Action Rapide du Nucleaire), became central to EDF's proposed
"As we saw in Chapter 3, during this time ASN also found itself drawn into regional and international debates about nuclear plant safety and sought to shape narratives about nuclear safety
through debates and institutional reform (in a way that the American regulator did not).
24
Oettinger hoped that the stress tests would lead to a revised European nuclear safety directive.
Although European regulators generally agreed with the initiative, they disagreed on the scope of
the stress tests. A major point of disagreement was whether the stress tests should evaluate both
the safety and security of nuclear installations [MacLachlan and Hall, 2011].

164

post-Fukushima strategy.2
The Rapid Action Force, as EDF proposed it, would be based at four central
locations around France and travel promptly to a plant affected by an accident to
restore cooling and ensure reactor safety. IRSN agreed with EdF's FARN proposal
in principle but believed that several measures could be taken at a nuclear plant to
control the escalation of a nuclear accident well before the rapid action force was
called in and arrived on site. As IRSN saw it, FARN would only be successful in
managing an accident if EdF adopted the hardened-core approach that IRSN had
proposed [Staff, 2011b].
In the US, the NRC Commission had stayed the hand of the regulatory staff
seeking to implement changes to the American reactors following the accident because
a cost benefit analysis could not justify such measures. French regulators, on the other
hand, carried out no analyses of costs and benefits and instead focussed only on the
possibility of improving safety, an approach not welcomed by EdF leadership. Director
of the EDF Basic Design Division" Jean-Pierre Roux noted that the changes called
for by IRSN "remain[ed] to be determined as a function, in particular, of industrial
feasibility." Roux noted that, "at some point you have to choose" the level of safety
and protection of nuclear plants using cost-benefit analyses, and this, according to
him, implicitly introduced a probabilistic reasoning [Staff, 2011a]. As we saw in
Chapter 3, French regulators had long resisted using probabilistic reasoning to inform
regulatory decisions, and instead displayed a preference for a case-by-case approach
to decision-making that favored "qualitative" considerations. This approach remained
unchanged in the aftermath of the Fukushima accident.
The complementary safety assessments began in June 2011 and ended in September of that year. Announcing the results of the safety assessments the following
year, ASN declared that French nuclear plants were operating safely and no reactor
shutdowns were necessary. However, ASN added, EdF would have to make significant investments towards upgrading plant safety to be allowed to keep its reactors in
operation.
These investments would be towards implementing the hardened core approach
that IRSN had proposed.27 This new approach would protect plants from accidents
that developed over a long period of time or from accidents occurring at plants with
25

Interestingly, in descriptions of this new measure, EdF, unlike the American utilities, emphasized
the26team of people who would operate this equipment rather than the equipment itself.
Also known as Service 6tudes et projets thermiques et nucl6aires or SEPTEN
27
ASN identified an initial set of goals for the hardened core equipment in 2012 and offered a more
detailed revision in 2014.

165

multiple units.2 8

Thus, the French response to the Fukushima accident was an explicit rejection of
a probabilistic approach to safety and the use of cost-benefit analyses to inform regulatory decisions. For the French regulators it was important, "[t]o implement new and
robust safety measures rather than performing sophisticated analysis" [ChristopheNiel, 2015].
In the US, the post-Fukushima debate between the regulator and operator had
focused on the question of adding filtered vents and was ultimately resolved when costbenefit analyses could not justify the addition of filters. Simultaneously, to preempt
additional regulatory measures, the plants unanimously agreed to install emergency
cooling equipment at each plant as well as at central locations. In France the debate
went further. Already having installed filtered vents to the older pressurized water
reactors over two decades ago, the French regulator called for even higher levels of
safety. Ultimately the French response to Fukushima did not hinge on cost-benefit
analyses as the American response had done. The French response was not a choice
between an operational or design response to safety but instead emphasized both.
French nuclear plants were made safer using mobile cooling equipment manned by
the Nuclear Rapid Action Force proposed by EdF, as well as significant upgrades to
plant infrastructure in the form of the 'hardened core' approach proposed by IRSN.
This was a significant revision to the French approach to nuclear safety.
Although the responses of the regulators and operators in the two countries to
the accident were different, what is common across both countries is that although
regulators and operators disagreed about how to best make plants safer following the
Fukushima accident, they ultimately reached a consensus in the form of a common
set of measures and narrative about the causes of the accident and how to respond
to it. This was not the case for American designers of new reactors.

7.5

Designers' responses to Fukushima

American designers who were working on design projects leading up to the accident
and after it do not appear to have shared the regulator's or operator's interpretations
of the accident. Instead, the accident appears to have made a range of design flaws
28

According to IRSN - French sites such as Tricastin and Gravelines were previously not protected
from such multi-unit accidents. The new measures were also intended to secure plants from accidents
at nearby facilities (such as chemical plants). EDF was required to implement these new measures
immediately, instead of waiting for the next decennial regulatory review of the plants (These reviews
are called 'periodic safety assessments' and are carried out every 10 years by ASN).
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salient to the designers. Below, I describe in detail how three different designers
interpreted the accident and how this informed their design decisions. I then describe
the design responses of a wider group of American designers whose ways of thinking
about safety also changed after the accident.

7.5.1

Protecting spent fuel (reactor G)

"

Reactor G is a small light water cooled design being developed in a large company.
Its lead designer, who I interviewed, had over two decades of design experience at the
start of the project and had previously worked on reactor designs both at national
labs as well as in private companies.
He explains how this particular reactor design came to be: By the late 2000s, both
he and the company's CEO had begun to observe a significant increase in reactor
design activity:
"We noticed this push for better and safer and smarter and simpler light water
reactors was emerging and there was a pressing need.
He is referring here primarily to an increase in the number of under 300 MWe
small modular reactors in development by a number of reactor designers. Both the
designer and the company's CEO were of the view that the new reactor designs under
development "were not very good". They believed that these reactor designs would
be difficult to manufacture in a factory as their designers intended and likely also
run into transportation complications while moving the factory-fabricated reactors to
the plant site. My interviewee (as well as the CEO of the company) also anticipated
that the designers of these new reactors might encounter difficulties trying to obtain
regulatory approvals.
Overall, they were convinced that they could design a better reactor. Specifically,
they felt that they could create a design that was "smarter and simpler" ,"more cost
effective","more practical" and "more fabricable".
By the time the Fukushima Daiichi accident occurred in March 2011, the design
project had been underway for close to 2 years and an initial conceptual design was
nearly finished.
The lead designer describes that he observed with horror the series of events that
began to unfold at the Fukushima Daiichi plant site following the earthquake and
tsunami, leading ultimately to three containment failures and core meltdowns. He
explains that he had a very strong reaction to the accident :
"I honestly remember the day that it happened and I was literally..I was on the
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verge of crying.

.

. my god. . . I've been working as a competent nuclear engineer for

/my entire career]. I've spent my entire career with all these knuckleheads thinking
about how to keep the fuel in the core from melting and all our focus was on the fuel in
the reactor vessel and we come to find out, the reactorvessel is one of the safest, if not
the safest places to keep the fuel. Well what about that gigantic volume of nuclear fuel
that is out of the reactor vessel and in the case of all US and Japanese reactors, is out
of the containment. So here you have ...

you know... an order of magnitude or more

inventory of hot radioactivefuel where the source term is an order of magnitude larger
than the fuel in the reactor core and its not contained in an ASME 2 9 section 3 pressure
vessel which is itself contained in an ASME sub section NC metal containment. Its
stored in a pool of water outside the containment."
The first part of the quote above describes his reaction to the Fukushima Daiichi
accident. He then described how the accident highlights a design vulnerability in prior
reactor designs which leads him to two realizations, which he sees as being related:
First, he interpreted the accident as upending his long-held views on reactor safety.
Second, the accident also challenged his own personal conviction of being a competent
professional and reactor designer who has worked on multiple design projects over the
course of his long career in the nuclear industry.
The vulnerability itself was the design of spent fuel pools in large light water reactors. Unlike the fuel in the reactor core, the spent fuel (which continues to generate
decay heat) is not held within the concentric barriers of the reactor pressure vessel
and containment (which in turn must meet strict ASME specifications). Instead, the
spent fuel is housed in a pool outside the reactor containment as was the case for the
Fukushima Daiichi reactors.
As the Fukushima Daiichi accident progressed, with loss of both offsite power
and the emergency diesel generators, the instrumentation which makes it possible to
monitor the spent fuel pools ceased to function. This led to widespread concerns that
the spent fuel could lose cooling, become uncovered 3" and ultimately melt, causing a
large-scale release of radioactivity. While this did not in fact occur, the very possibility
of such a scenario had led to speculations that evacuations on an even larger scale,
including an evacuation of Tokyo, could be necessary.
A post-accident review of their own design as well as competing designs showed
the designers of reactor H that their competitors working on both large and small
reactor designs were planning to build large spent fuel pools outside the containment,
29

ASME here refers to the American Society of Mechanical Engineers
"i.e. no longer be submerged in water
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as designers of prior reactors had done. The lead designer of the reactor felt that his
counterparts elsewhere had failed to identify a significant design flaw. 31
Seeking to remedy this newly salient design flaw in their own reactor, the designers
of reactor H decided to reduce the inventory of spent fuel pool, keep all of that spent
fuel within the containment and cool it passively so that the spent fuel pool would be
"walkaway safe", like the fuel in the core itself". These new design choices lead to an
indefinite "coping period" such that all of the fuel inside the containment (both inside
the core and outside it) can be cooled without any external actions. The designer sees
this design as being novel and a significant improvement on prior designs because it
" protects the fuel from meltdown, from the need for active cooling, any acts of sabotage,
or anything like that."
"So we just see this as a very different product that anyone is offering," he concludes.
What is striking about this design is that although the designers identified several
ways in which they could improve upon prior designs even as they set out to design
the new reactor (well before the accident), it was only after the Fukushima Daiichi
accident that they re-evaluated reactor safety and began to see a safer reactor as a
competitive advantage over others' designs.
It is also noteworthy that while the designers of reactor G focus on the vulnerability of reactor spent fuel pools following the accident, their counterparts elsewhere
(whose work I describe below) attended to other aspects of reactor safety.

7.5.2

Reducing complexity (reactor L)

Reactor L, like reactor G is a small light water reactor, also being developed in a
private company. Although its lead designer has worked exclusively in the nuclear
industry over the course of his 2-decade plus career, this is his first reactor design
project. Unlike the project described above, the design work for reactor L was significantly further along at the time of the Fukushima accident. When the accident
occurred in 2011, the designers were entering the detailed design phase. All of the
key reactor systems had been designed and the designers had also worked out the
arrangement of reactor buildings and the layout of the plant site. Initial analyses of
reactor cost had also been carried out. Although the results of these cost analyses
were promising, the designers ,"were looking for things that would improve safety and
31

They were "failing to recognize that the thing that we need to protect the population against is
the harm from release of radioactivity and it doesn't make any difference to the public whether the
radioactivity comes from the fuel in the reactor or the spent fuel."
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could potentially also result in a cost reduction" and "looking for ways also to simplify
the design. " One such design change that led to an increase in simplicity and safety
and a reduction in cost came after the Fukushima Daiichi accident.
Following the accident, the designers decided they needed to re-examine their
design to see how their reactor would perform in similar conditions. In particular they
were interested in evaluating the consequences of a complete loss of offsite power as
experienced at the Fukushima plant, on a plant based on their own design. The results
of these analyses showed that their reactor design performed well. The loss of offsite
AC power would not be severely damaging because no additional, externally supplied
inventory of water was needed to cool the reactor core. " We don't need any pumps.
We don't need any external tanks. We would do pretty well in a complete station
blackout like the one that occurred [at Fukushima]", the lead designer explained.
However, the designers did find one weakness, which was the battery. Although
the design did not need any pumps and relied exclusively on natural circulation for
cooling the core, the DC powered batteries were needed to open the valves of the
emergency core cooling systems. A loss or failure of the batteries, in addition to a
loss of AC power, could lead to a serious accident.
The lead designer, along with several other designers, worked on this problem for
nearly 8 months following the accident. The solution that the design team ultimately
devised was both elegant and novel (it also led to an important new patent for the
company). It is as follows :
The reactor's emergency core cooling system contains four valves of which two are
redundant. The design change was that under normal operation the valves would be
powered to remain closed. A loss of DC batteries would cause the valves to spring
open, thus creating a clear pathway for the flow of coolant through the emergency core
cooling system, while not requiring any action by the reactor operators. This inversion
of the role played by the batteries in the safety system was significant because it meant
that the safety grade batteries used in the previous design could now be replaced with
a newer model of batteries as well as a smaller number of them.3 2 This design change
had the effect of reducing the size of the reactor building. Further reductions in cost
also accrued from the decreased frequency of maintenance work on the batteries. The
designer describes this as a key innovation that was a direct result of a design flaw
that became salient to the designers of this reactor following the Fukushima accident.
32'Safety grade' here refers to the classification of a system according to its safety significance.

The batteries used in the previous version of the design were categorized as Class 1E and governed
by IEEE standards specifying qualification criteria, frequency of inspection and maintenance.
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"It was a great innovation because it added..it provided us with additional safety
and it also provided us with less maintenance on batteries and less number of batteries.
And significantly reduced the cost of our building."
Unlike the designers of reactor H who focussed on the problem of cooling spent
fuel, the designers of reactor L focussed on the problem of losing offsite power (also
a problem encountered during the Fukushima Daiichi accident) and this ultimately
led them to rethink the configuration of emergency core cooling system. As we see
below, the designer of reactor Y focussed on a yet another set of problems having to
do with emergency management.

7.5.3

Rethinking emergency management (reactor Y)

Reactor Y is a small non-light water cooled reactor being designed in a startup company.

Its lead designer has previously worked on a few different design projects

briefly and is leading a reactor design project for the first time. He started work on
this design after the Fukushima Daiichi accident, in 2012 with a small team, with the
accident in the foreground of the designers' imaginations. Early on the team resolved
to work on a non light water design and to rethink emergency management.
He describes having to unlearn some things as the team got started on this project.
He explains that light water reactors have remained the dominant technology for so
long because nuclear engineers are taught that they are cheapest and best:
"So often we get taught that nothing can be cheaper than light water reactors. You
have to overcome that barrier and the best way is to literally just calculate the amount
of material needed for certain reactors and try to build a cost estimate for that and
try to compare it. And then do the same thing for a light water reactor. And not
look at the references that tell you how to do it and try to do it yourself...

and you

realize... these things could be cheaper."
The team started off on the design work with a view to re-evaluate received wisdom
wherever possible and to remain flexible. The designer I interviewed explained that
sometimes designers like a "certain technology" and "just because you like it and you
try to push it too hard, sometimes you might miss something, I think. It's nice to be
able to be flexible when you can."
The system-level analyses carried out by the design team over the first couple of
years of the project produced some unexpected results which led the team to reverse
or alter key design choices - including the coolant temperature and power density. He
wishes that the team had built a higher fidelity model of the reactor system sooner.
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Doing so would have yielded the critical insights that might have led to design changes
at an earlier stage and saved them some time.
In addition to a desire to be flexible he also wanted to be sure that the reactor was
not designed in isolation, "it's important to talk to people and not design in isolation."
The intent to be flexible and question received wisdom, as well as to not design in
isolation framed how the design team thought about safety and embodied their ideas
about safety in the reactor design.
Initial conversations with utility executives (even before a technology had been
selected and design work had begun) led the designers to realize that they did not
have a high degree of confidence in the financial viability of a large reactor based on
an untested non-LWR technology. This steered the design team in the direction of
designing a smaller reactor.
Additionally, from the outset, the team wanted to design a reactor that would be
"walkaway safe". Having started the design work following the Fukushima-Daiichi accident, the designers knew that they wanted to eliminate the possibility of a Fukushimalike accident. The team wondered whether it would be possible to design a system
that the operator could truly walk away from if something went wrong. "Can we
just abandon the system in the field, even during a catastrophic event and be ok?"
They also considered an alternate approach : "Or if it's really catastrophicin certain
conditions, can you basically relocate it? Can you bottle it up and bring it somewhere
where it is easier to contain? So you don't have a Fukushima."
The typical approach to managing a nuclear accident when there is a threat of a
large release of radioactivity is to carry out a large scale evacuation. The extent of
the evacuation itself depends upon the condition of the damaged reactor. In the case
of the Fukushima accident, the ability to monitor the reactor core and surrounding
reactor systems was lost and introduced a great deal of uncertainty in the evacuation
plans. An additional set of considerations for planning an evacuation have to do
with climate and wind patterns. These as well as other factors make emergency
management a complex and contingent task.
The designer began to think that had it been possible to move the fuel or the
reactor itself to a centralized facility, managing the Fukushima accident might have
been a significantly easier task. This two-pronged approach to managing an accident
- designing a system that the operator can walk away from, and relocating it in
under "'catastrophic" circumstances, is the backbone of the approach towards safety
for this project. It should be noted that the concept of a "walkaway" safe reactor
is not new. The term "walkaway safe" itself was first used by reactor designers in
172

the mid 1980s to describe the type of safety they had achieved by designing reactors
with emergency core cooling systems that used natural circulation and therefore were
'passive' and did not require operator action immediately following an accident. The
concept of managing an accident in a centralized facility does however appear to be
a novel one. The designer goes on to explain that their specific reactor technology
makes this two-pronged approach to safety possible, "a lot of the technology served
itself to do that".
The designer is aware that the decision to design a walkaway safe reactor with
the additional option to transport the reactor to a centralized facility to manage an
emergency transforms the role of the operator:
"The operator becomes much less important. That changes the paradigm of the
operator. The command and control thing is the operatorjust checking off a whole
lot of things. It's really good if there is nothing the operator can do to screw things
up. Now some operators hate that because its against what they have trained and
processed. But it is a hell of a lot easier if they can't do something to start or stop
something. If there are only a few things they can do , it is better and easier."
The "command and control" is a reference to the current approach taken to operating nuclear reactors. Reactor operators work in shifts on teams having a clear
hierarchy. They work from an exhaustive set of checklists from the reactor control
room to monitor the status of an operating reactor. Under this regimented approach
to operation, there is very little improvisation or room for creativity and normal reactor operations are typically uneventful. Nevertheless, in the event of an accident,
a rapid diagnosis of the problem may require deviating from the operating manuals
and checklists and violating the organizational hierarchy. As we saw above, Perrow
has suggested that these two modes of operation - regimented rule-following under
normal operation and creative but rule-breaking improvisation in an emergency situation exist in a tension that makes complex systems run by complex organizations
vulnerable to failure. It is to this problem that the designer of reactor Y is implicitly
responding when he reimagines the role of the operator. The role of the operator
as imagined by him also reveals his interpretation of the Fukushima accident. More
specifically, the line about the operator not being able to "do something to start or
stop something" is a reference to the operators turning off the isolation condenser system which started up soon after the Fukushima Daiichi reactors shut down following
the earthquake but before the tsunami waves arrived at the plant site.
The sections above have shown how the Fukushima Daiichi accident made a different set of design flaws salient to each of the designers described above. The designers
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of reactor G concluded that spent fuel pools were insufficiently protected in current
reactor designs and resolved to improve their safety in their own design. To the designers of reactor L, the accident emphasized dependence on offsite power and they
worked to decouple the systems in their reactor from external sources of power. The
designers of reactor Y were struck by the complex and unpredictable nature of emergency management, and as a result, built in the possibility of transporting their small
reactor to an offsite location for managing an emergency. Each of these three sets
of designers interpreted the accident differently and these unique interpretations led
them to novel ideas about safety which are embodied in their designs. Ultimately
each of the three designs are safer as a result of these design decisions but it should
be noted that they are made safer in different ways.
In addition to the three designs described above, designers of eight other reactors
also reported having altered their views on reactor safety (following the accident).3
I will now place these three designs within the broader set of 11 designs. The design
responses of the designers of each of these reactors are summarized in Table 7.1 below.
As shown in table 7.1, there is a spread across these design projects in terms of
the level of completeness of the design at the time of the accident. Five designers
had started work on new reactor designs by the time the Fukushima Daiichi accident
occurred (with variation in the degree of completeness of the design across these
projects at the time of the accident). Of the designers of these five reactors, three
were working on light water reactors 3 and two were working on non-light water
reactors.3 ' The other six designers started work on their designs after the accident.
As shown in the table, of the designs started after the accident, five are non-light
water designs (reactors MT,W,Y and Z) and only one (F) is a light water design.
As we saw in Chapter 5, designers who have chosen to develop non LWR reactor
designs see them as offering prospects for improvements in safety (relative to light
water reactors). One of these designers (of reactor Z) explains that at the outset of
the design project the CEO of the company charged the design team with developing
a reactor that was "absolutely safe". In principle while it isn't possible to analytically
prove that a reactor is in fact 'absolutely safe', this high level design goal set by
the CEO framed how the team approached the design task. Initially the designers
explored "very small, black box, nuclear battery concepts" believing them to be safer
but ultimately selected a technology which they saw as being "inherently safe" and
33

That is to say 8 out of a total of 32 that I interviewed (27 American, 5 French).
reactors E,G and L
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reactor P and R
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Table 7.1: Design responses to the Fukushima accident
Design started
Reactor

E

Design (type)

large, LWR

(pre accident or
post accident)

Design flaws made salient by
the Fukushima accident

Pre-accident

Increasing the "accident tolerance of the fuel", "address spent fuel cooling concers"
Fuel integreity, spent fuel pool and "seismic concerns". A significant thrust of the design work following the accident
cooling, plant survivability in was to try to make as many systems as passive as possible (i.e. not requiring the use of
the event of an earhquake.
electricity and pumping power), and also to redesign the passive systems to operate
indefinitely wherever possible.

Loss of safety systems and loss

F

large, L WR

Post-accident

G

small, LWR

Pre-accident

L

small, LWR

Pre-accident

Eliminating the possibility of a losing the heat sink and designing passive safety
systems. The main goal of these designers was to eliminate at the design stage the

of the heat sink

possibility of serious accidents (that had thus far been outside the design basis of
operating reactors) and, should an accident occur, minimize its consequences.

Protecting the spent fuel pool

Cooling and protecting the spent fuel such that it is" passively cooled and walkaway
safe, just like the reactor" for an indefinite period of time after an accident

and spent fuel cooling
Dependence on offsite power,

Cn

Design response to the Fukushima accident

reliability of batteries and
emergency core cooling

Redesigning the emergency core cooling system to simplify it and eliminate use of
batteries during accident conditions

M

large, non-LWR

Post-accident

LWR safety

Designing a non-LWR technology because it "provides an enhanced level of safety
relative to conventional power reactors". According to the designer the "inherent
characteristics" of the chosen technology afford a superior economic performance as
well as safety.

P

large, non-LWR

Pre-accident

Fuel safety

Developing a non-LWR technology with a view to improve fuel integrity

R

large, non-LWR

Pre-accident

Mitigating the consequences of
an accident

Designing safety systems that prevent releases of radioactivity beyond the plant
boundary, even in the event of a fuel failure

T

small, non-LWR

Post-accident

Short coping time

Developing a non-LWR technology to achieve a higher level of safety - specifically,
increasing the coping time of of the reactor. The designers work to achieve this design
goal by creating emergency core cooling systems that can run indefintely.

W

small, non-LWR

Post-accident

LWR safety

Y

small, non-LWR

Post-accident

Emergency management

Z

small, non-LWR

Post-accident

LWR safety

Developing a non-LWR technology -- specifically (from a safety perspective) to
improve fuel integrity
Developing a smaller, non-LWR that can be "walkaway safe" and enable the
centralized and offsite managemnet of an accident
Developing a non-LWR technology -- specifically one that can be "absolutely safe"
and used in remote locations.

opted to develop a larger reactor. Keeping the high level design goal of 'absolute
safety' in mind, the designers decided "to design the simplest possible reactor". Now
having worked on the design for close to five years, the designers believe that they
may have designed a "plant without a core damage frequency" but are aware that it
will be difficult to convince the regulator that they have in fact achieved this in their
design.
Another one of these designers who also started work on non light water design
following the accident explained that "safety is an entry assumption" for reactor designs. The accident influenced this designer's decision to select a non light water
technology for development because it was providing an"an enhanced level of safety
relative to conventional power reactors".

The two designers described above are effectively responding to the same problem
of light water reactors not being safe enough. Yet they choose to develop different
reactor technologies for different reasons.
Similarly another set of designers (of reactors E and P) also focus on an identical
problem - fuel safety. Here, one of the designers focusses on making existing LWR
fuel more robust (by swapping out traditional LWR fuel for fuel with new cladding
materials). The other designer interprets the fuel safety problem in light water reactors as a reason to explore other fuel forms and ultimately opts to develop a non
light water reactor like the two designers above.
Overall, the accident made a range of different design problems salient to the
designers. Some of the designers focus on specific component or equipment level
problems (fuel safety, cooling the spent fuel, excessive reliance on batteries) whereas
others are more concerned with safety problems in a systemic sense (emergency management, the need for reactors to be safer than what was achievable in an LWR
design). Interestingly, the safety problems as identified by the designers at different
levels also mirror Galison's instabilities described in an earlier section. Further, as
we have seen above, even those designers constructing a similar set of problems to be
solved via design have tended to develop different solutions to the same problems.
Altogether, these varying interpretations of the accident by the designers as well
as the different responses to identical interpretations have led to a range of design
interventions in the newer reactors. Each of these interventions make the designs
safer (for now, on paper) relative to previous generations of reactor designs, but they
also make the reactors safer in different ways.
The designers whose work I have described above are all American designers. I
now examine how the French reactor designers responded to the Fukushima Daiichi
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accident.
All seven of the French reactor design projects were started before the Fukushima
Daiichi accident. Out of these, the most recent design project started in 2010. Unlike
the American designers ,who were working in relative isolation and largely unaware of
the work being done by their counterparts, the French designers worked closely with
each other as well as with the regulator and utility (EdF). Unlike American designers,
the French designers appear not to have had the widely varying interpretations of and
responses to the Fukushima Daiichi accident due in part both to the advanced stage
of development of their designs, as well as the more integrated structure of the design
projects.
Of the French reactor designers I interviewed, five brought up the Fukushima
Daiichi accident. One mentioned the accident as a way to explain the timeline of the
design work without suggesting that the accident had necessarily impacted any of the
design decisions. Another mentioned the accident as he speculated that the future of
advanced reactor technologies would now be more uncertain globally than it had been
before the accident. A third explained that the accident was 'beyond design basis'
and revealed deficiencies or 'holes' in the older plants built in the 1970s ("Its only
now that we know there are some holes."). Finally two others (both from EdF but in
separate interviews) explained that after Fukushima, "it became important to protect
against external accidents". Both of these designers also described the program of
retrofitting that EdF would undertake to make its already operational reactors safer
(these are the retrofits required as part of the 'hardened core' approach described in
an earlier section). Further, one of these designers explained, EdF would carry out
level 3 PRA analyses for both operating reactors as well as prospective designs.
Each of the designers above mention the Fukushima accident but it appears not
to have altered their views on safety in the same way as it did for the American
designers. One possibility here, as I have mentioned above, is that these designs
were too far along by the time the accident occurred for the designers to go back
and make significant changes. A second possibility is that the interpretive flexibility
surrounding the safety of these new designs following the accident had vanished by
the time I interviewed the designers in 2015. A third explanation however is more
likely. An examination of the trade publications reporting on developments in France
following the accident show that questions of safety surrounding the newer reactor
designs were effectively settled by the regulator (as described in an earlier section).
After challenging the safety of the operational reactors, the regulators proposed a
new set of measures to make both operating and future reactors safer. The French
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designers, then, who had not been designing in relative isolation like their American
counterparts, had access to these new narratives of safety and bought into them.

7.6

Synthesis

What becomes clear from the way the operators and regulators and the designers
described reactor safety following the accident is that a single narrative about safety
emerged in France - with the regulator and operator agreeing on a common set of
causes of the accident and how to respond to them. This new view of reactor safety
in France had a significant design component and in fact called for changes to the
designs of existing plants. Thus the post-Fukushima narrative of safety in France
created by the regulator and operator was effectively imposed on the designer. In the
US, dual narratives emerged after the accident. The regulator and operator ultimately
agreed about how to make operating reactors safer after the accident. However, the
designers, who were working in relative isolation, went further than the operators and
regulators did in their attempts to make reactors safer. Thus the dual narrative that
emerged in the US on one hand described the existing and operating plants as safe,
and on the other hand also described existing designs as not being safe enough and
therefore justifying the design innovations undertaken by the designers.
Kahneman [2011] has suggested that there are two modes of decision-making (he
refers to them as system 1 and system 2 respectively). When using the first mode
(system 1), individuals make decisions rapidly and intuitively. Decisions made using
the second mode (system 2) however, are measured and backed by analysis. A key
difference between the two modes of thought is in the quality of statistical reasoning.
The statistical intuition invoked by system 1 is often flawed. Information that is
salient or easily accessible dominates the decision-making and judgments of probability are "mediated by attributes such as similarity and associative fluency, which are
not intrinsically related to uncertainty" Kahneman [2002].36 Kahneman writes that
"there is no reason to believe that the most accessible features are also the most relevant to a good decision" [Kahneman, 2002]. With training, experts replace statistical
intuition with more reliable statistical knowledge, or in other words, switching out the
often erroneous system 1 with system 2. Responses of the various groups (regulators,
operators, designers) to the Fukushima accident can also be viewed as a case study
36

Thus system 1 thinking leads to what Sunstein [2002] has described elsewhere as 'probability
neglect'. Kahneman's descriptions of system 1 and system 2 are also evocative of the enduring
debate about analytical vs. interpretive thinking in design studies described in Chapter 5.
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in expert decision-making (in the way that Kahneman frames it) and the conditions
under which analytical vs intuitive judgements prevail.
The Fukushima Daiichi accident did not mark the first instance of reactor designers
learning from an accident. The four large reactors that were developed in the 80s
following the Three Mile Island accident were projects that were similarly motivated
by improving safety. However a key difference between those projects and these
more recent ones (in the US) is the relative absence of the regulator and operator
from the design process. As we have seen (in Chapter 4), various initiatives through
the 1980s brought the regulators, operators and designers together to deliberate and
ultimately decide on the attributes of future reactors.Within the structures of these
various projects, the designers, regulators and operators jointly defined the design
and safety objectives that the new reactors would have to achieve and indeed the
requirements and the designs themselves developed simultaneously, and effectively
co-produced each other.
No such overarching structure existed when the newer reactors were in the early
stages of design. Absent a cohesive community and also absent a single narrative
about the causes of the Fukushima accident, the American designers described above
had individual experiences of and interpretation of the accident such that the accident made a different set of flaws salient to each designer. The designers, working
independently and unaware of the work of their colleagues designing other reactors,
then developed unique design responses instantiated in their designs.
Of the eleven designers whose work is described here, seven were starting out
on a new reactor design project just before or just after the accident. For these
designers, the accident caused them to re-examine their approach to safety. Five
of the seven were influenced in their choice of technologies to be developed as part
of the reactor design project. For these designers, the accident suggested that light
water reactors were not safe enough and significant gains in safety could only be
achieved by moving towards other technologies. For the two other reactor designers
with new projects, the accident effectively framed all significant design decisions.
Although these designers chose to work on light water designs, their ways of thinking
about the safety of these designs differed significantly from previous reactors. For
the three reactor designers whose design projects were already well underway, the
accident caused the designers to re-evaluate their designs, and as a result the design
changes made by the designers significantly made the respective reactors safer. A
common theme across these different designs, as discussed in previous chapters, is
that the designers who made significant advances in safety, adopted a critical stance
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towards prior designs, reframed reactor safety, setting new goals in a qualitative
sense for their reactor designs. These qualitative goals led to a search for the design
of novel systems and sub-systems that broke from previous reactor architectures and
ultimately enabled significant advances in safety.
The visceral and reflexive reactions to the accident by the designers described
above are evocative of Kahneman's system 1 thinking. For the designers who already
had partial or finished designs at the time of the accident, no further improvements,
from a rational, bayesian-learning, system 2 standpoint, were necessary.

Had these

designers, like the American regulators, relied on probabilistic assessments of safety
to inform their post-accident design decisions, they might have found no reason to
improve their designs further. Instead these designers, having fixated on specific aspects of the accident, resolved to design these newly-salient flaws out of their respective reactors - an exemplary case of system 1 decision-making.

Collectively, these

findings suggest two things : In a group experts do behave rationally.3 7

Working

alone, however, they are susceptible to the same biases as laypersons. Paradoxically,
in the specific case of the American designers working on reactor designs after the
Fukushima Daiichi accident, we see that these very biases can also lead to significant
innovation.

37

American designers after the TMI accident, American regulators and operators after Fukushima,
and, to an extent, French regulators, operators and deisgners after Fukushima
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Chapter 8
Conclusions
In 1986, after the Chernobyl reactor accident, Hans Blix, the Director General, at
the time, of the International Atomic Energy Agency created the the International
Nuclear Safety Group (INSAG). Initially devised as an ad-hoc group, INSAG, over
time, became a standing group of nuclear safety experts from around the world who
would offer advice to the IAEA leadership specifically, and nuclear industries around
the world broadly, on the most pressing matters relating to nuclear safety.
Richard Meserve, Chairman of the International Nuclear Safety Group (INSAG)
writes an annual letter to the Director General of the International Atomic Energy
Agency, calling to his attention problems of nuclear safety from the previous year
that require immediate attention. In each letter, Meserve highlights why the IAEA
and the nuclear industry broadly must prioritize nuclear safety. For example in his
first letter, Meserve wrote :
"[T]he application of nuclear technology can present significant risks if care in
design, construction, and operations is not provided. Although accidents are more
common in the handling and use of nuclear materials than in electrical power generation, the public has a particularconcern about an accident at a nuclear power plant.
And because an accident at a nuclear power plant could have transnationaleffects,
there is strong internationalinterest in ensuring that such plants are designed, constructed, and operated with close attention to safety. Indeed, it is a commonplace but
nonetheless valid observation that a nuclear accident anywhere will have consequences
around the globe, if only through indirect impacts on public opinion. There is therefore both a local and an internationalinterest in ensuring nuclear safety" [Meserve,
2004].
To this end, Meserve wrote, that one of INSAG's main priorities would be to "seek
to further the development of a consistent and comprehensive approach to nuclear
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safety.

Our approach is to define an appropriate ultimate safety regime and then

explore means to achieve it"

[Meserve, 2004I.

In every annual letter since, Meserve has emphasized the importance of and called
for the creation of this consistent or 'harmonized' approach to nuclear safety.
As we saw briefly in Chapter 3, these efforts in practice have produced mixed
results.

The 1994 Convention on Nuclear Safety [IAEA, 1994] whose drafting was

initiated soon after the 1986 Chernobyl accident was initially envisioned as an instrument for creating a single set of nuclear safety standards for reactor design and operation that would be globally enforceable. The convention drafting process ultimately
produced a voluntary compliance document, the adherence to which is monitored by
meetings of international nuclear safety regulators typically taking place once every
three years.
Most recently, following the Fukushima Daiichi accident, a group of European
countries, led by France, called for the introduction of a set of "high level safety goals"
that would be legally binding for the signatories of the Convention. The head (at the
time) of the French nuclear safety regulator, Andre Claude-Lacoste, opined that,
"future nuclear power plants must be designed and operated with the objective that no
accidental scenario may lead to long-term contamination in neighboring territories.

This objective should be used for existing plants" [staff, 2012]. In 2015, a Diplomatic
Conference was convened to deliberate the possibility of amending the Convention on
Nuclear Safety to include such a high level goal : the "practical elimination" of offsite
releases of radioactivity.

While the amendment itself, despite significant support,

failed to pass, the signatories of the Convention adopted the text of the amendment
as a 'declaration' and agreed to work towards it in the future [IAEA, 2015].1
This has been one of several efforts through which countries, represented by their
nuclear safety regulators, have attempted to agree on a single set of goals on what constitutes safety, believing that this epistemological homogeneity will prevent accidents
and ensure nuclear safety.
This dissertation, which has investigated, within the context of contemporary
American and French reactor design projects, how regulators and designers think
about what it means for a reactor to be safe, finds that the diverse approaches to
safety adopted by designers and regulators are an asset rather than a problem to be
solved.
'At a 2017 review meeting of the Convention on Nuclear Safety, national nuclear safety regulators
concluded that very limited steps had been taken towards the goals of the 2015 declaration. In a
report of the 2017 review meeting, regulators resolved to create new structures and processes for
reviewing the adoption of the 2015 Declaration [IAEA, 2017].
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Chapter 3 unpacked how the American and French nuclear safety regulators
have respectively arrived at "risk informed" and "deterministic" criteria for regulatory decision-making. Although both national regulatory epistemologies find a place
for defense in depth and probabilistic assessments of risk, the French have, over time,
come to privilege the former, and the Americans the latter. Underlying these different orientations, are different ideas about the 'right' level of safety, about the role
of innovation in improving safety and the orientation of the regulator towards the
public. According to the French nuclear safety regulator, nuclear safety must increase continuously, the designs of new reactors must derive from the old in order
to serve as partial empirical proof of the safety of the new designs, and finally it is
the responsibility of the regulator to confer with the public, and where they exist,
understand their concerns about nuclear safety and use these in the drafting of their
own requirements for each new reactor design. The American nuclear safety regulator
does not take a stance on whether nuclear safety must increase continuously (instead
it has established a minimum level of safety that reactors must achieve), it is agnostic
about the role of innovation and its relationship to safety. Finally, while the American
regulatory process makes room for public comment and intervention, public concerns
are not directly translated into new regulatory requirements. These underlying preferences have led to the different positions of defense in depth and probabilistic risk
assessments as the methodologies for regulatory decision-making.
Chapters 4 through 7 examined this question - about the origins of the epistemological differences in safety -- from the perspective of the reactor designers. Instead
of finding a single analytical culture of safety within each country, these chapters
describe a considerable diversity in the ways in which designers even within a country
think and make choices about reactor design and safety. The institutional differences
described above (in Chapter 3) shape but do not determine design choices bearing on
safety. Instead, the background of the designer and the design setting are far more
important determinants of the design outcome. As we saw in Chapters 4 through 7, in
design settings such as universities, new startup companies and national laboratories
where designers have considerable agency, designers draw on their own experiences
and proclivities for framing the initial design problem. This leads them to explore a
broader range of technologies and design choices leading to the development of new
reactor designs and sometimes new reactor concepts (i.e. novel combinations of fuel
and coolant) - which, if these reactors are built one day, promise significant advances
in safety. These diverse perspectives on how to approach a design task and think
about safety are therefore an asset.
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Bronk and Jacoby [2016] specifically critiquing the analytical monoculture underpinning the design of financial institutions write that "the discourse of best practice
often rests on a false assumption that it is possible to know ex ante what best practice
will be. [The] convergence on an analytical 'monoculture' - where all those operating
in a policy or business area come to have their behavior and analysis structured by
the same norms and conceptual grids - is dangerous in conditions of uncertainty;
for the resulting high correlations in any unforeseen errors and analytical blind spots
may, in turn, cause systemic instability."
The empirical evidence presented in this dissertation suggests that this argument
applies also to the design of nuclear reactors specifically and possibly to complex
technologies broadly.
In other words, at least in the area of reactor design, the belief - that a single approach to safety will lead to improvements in safety - underlying the various
harmonization efforts may be inaccurate. From the many previous attempts to set
nuclear safety goals and standards, we have learned that the creation of a single set
of standards is unlikely. The findings described in this dissertation further suggest
that the creation of a single set of standards is not only unlikely but also undesirable.
Nuclear safety regulators should therefore, instead of aspiring to create a single set of
safety standards, use ongoing conversations with their counterparts in other countries
as opportunities to understand the origins of national differences, and through these
conversations learn about their own blind spots.
The three sections that follow contain the recommendations derived from these
findings for reactor design, for innovation policy and for the communication of risk.

8.1

Recommendations for reactor design

A recurring theme across the preceding chapters is that designers find novel design solutions when they break from the predominant ways of thinking about safety, adopt a
critical stance towards prior reactor designs and embrace the complicated perceptions
of risk (described above). In some design settings - particularly the large American
and French reactor design companies - this way of designing has been particularly difficult. Designers are generally expected to draw on the resources of the organization
and not design new reactors that mark significant departures from existing designs.
Other pressures reinforce this tendency. For example in France, the nuclear safety
regulator has frequently emphasized the importance of design that is 'evolutionary'
- or deriving new designs from the old such that the safety of the new designs is
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verifiable. 2 Still other pressures come from the operating organizations themselves.
As we have seen, utility executives in both countries have been critical of designs
that mark significant departures from existing reactors (and which would paint the
existing reactors in a negative light).
Nevertheless, when designers are able to resist these pressures, either through the
greater autonomy accorded by the design setting (chapter 5), by having formalized
critical ways of perceiving previous designs over the course of their careers (chapter 6),
or, following the Fukushima-Daiichi accident, having been free of the shared narrative
of the accident (chapter 7), to independently interpret its causes to inform their design
decisions, they have been able to develop designs that promise significant advances
in safety.
The adoption of a critical or contrarian stance towards existing practice is not
entirely alien to the nuclear industry. It is the essence of 'safety culture'.3 The findings
of this dissertation suggest that this practice should extend also to reactor design.
Here the academic nuclear engineering community, through further studies of the early
stages of design should formalize the adoption of this critical stance as an ideational
strategy for the early stages of design. More broadly, academic nuclear engineers, by
forging connections with the design research community, should consider a research
agenda that examines the early stages of design to develop actionable insights for
improving design outcomes.

8.2

Recommendations for policies for innovation

Frickel et al. [2010] describe 'undone science' as "areas of research that are left unfunded, incomplete, or generally ignored".

'

Innovation in the area of reactor design

2

-

The American designers of the non-LWRs I interviewed acknowledged that it would be challenging to prove (to the nuclear safety regulator) that their novel, non-LWR designs were indeed
safe. For these reasons, several designers were deliberately choosing to start out developing smaller
reactor designs that could be tested as prototypes at scale for empirical demonstrations of safety.
These designers planned to then develop larger designs at a later date. The longer term consequences of these different national approaches to safety - developing new designs based on the old
that are therefore demonstrably safe (France), and developing novel designs that are safe in new
ways (US) - suggest that the reactor design trajectories in these two countries will further diverge
in the future. However, given that in both countries, reactor designs are in relatively early stages of
development and it is now not possible to say which national approach to safety and innovation is
superior, the recommended course of action would be to allow these different national trajectories
of improvement in France and innovation in the US - to continue unaltered but with regulators and
designers from both countries continuing to be in a state of conversation with each other.
3
See Section 3.4 in Chapter 3.
4
This science remains undone until social movements call attention to it. More recently Hess
12016] has written about the subject in a book length project.
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can be described using a similar conceptual category. As we have seen in Chapter 5,
designers of contemporary reactors, frequently used prior designs as starting points
for their own, improving upon them to create new plant designs. Some of these prior
designs were relatively recent (such as the N4 and Konvoi designs on which the EPR
was based; the EPR and APWR designs on which the Atmea reactor was based; or
even more recently, the AP 1000 which formed the basis of the Westinghouse SMR).
In many other cases however, the prior designs had been developed much earlier. 5
Altogether these designs could be said to represent 'undone innovations' - design
advances explored but abandoned. Some studies [Finan, 2012, Abdulla et al., 2017]
point to the erratic and inconsistent funding (particularly in the US) as a cause of
technological lock-in and thus the reason for this undone innovation. While this is
generally true, there was also a moment in the 1980s when designers in both countries contemplated the possibility of developing new reactor technologies and decided
emphatically against this option. To rehearse the argument (described in Chapter
4) derived from technology strategies developed over this period : designers in both
countries considered the possibility of designing better, safer reactors, but skeptical
of whether such advances were even possible, decided that it was better not to try
at all instead of having tried and failed. In the years that followed French operators,
designers and regulators adopted a more or less anti-innovation stance - alternately
describing innovations in reactor designs (such as the introduction of passive safety
systems) as unnecessary, disconcerting, or the cause of increases in system complexity.
In the US the arguments against innovation were more subtly made. For example
academic textbooks set out caveats for when innovations in design might be needed
(to reduce cost and construction times) but otherwise deemed them unnecessary.
Similarly, studies of long term technology strategy for the nuclear industry tended
to emphasize the importance of the incumbent light water technology.' Although
academic designers continued to work on new reactor designs over this period, they
5As we saw in Chapters 4 and 5, this is true , for example, for the mPower design (based on

the reactor design of the nuclear ship Savannah launched in the 1960s) , or the breed and burn
reactor concept on which the Terrapower traveling wave reactor is based, or the molten salt reactor
experiment that has broadly influenced the design work of a range of designers working on similar
reactor concepts.
6
For example the 2003 future of nuclear study conducted at MIT expected that the light water
reactor would continue to be a reliable workhorse technology for the nuclear industry well into the
first century of the new millennium [Deutch et al., 20031. A 2009 update to this study affirmed
this finding and a 2011 study on the future of the nuclear fuel cycle arrived at a similar conclusion
[Ansolabehere et al., 2003, Kazimi et al., 20111. While it is difficult to precisely measure the impact
of these and other studies, it could be said that if the designers in the 1980s (and in the intervening
years) had chosen differently, the technologies which designers are now developing with a great sense
of urgency, might already have been available for commercial deployment.
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largely regarded these as 'paper reactors' and dismissed their commercial potential for
over two decades.As we now know the advances dismissed by technology forecasters in
the 1980s (and later) were indeed possible. These advances that are embodied in the
newer reactor designs could be thought of as a second category of undone innovations
- whose possibility was dismissed by designers until they were actually attempted.
The longer term consequences of the anti-innovation technological choices however,
continue to persist in some problematic ways by creating a sort of norms-based barrier
to innovation. As we saw in Chapter 4, contemporary designers who started working
on non-LWR technologies recognized that they were somehow being subversive to
the status quo and frequently described that at the outset of their projects, they
had to make a concerted decision to ignore the existing institutional incentives, and
sometimes even the preferences of the prospective future buyers of their reactors.
Therefore, policy and advocacy studies, although a form of advocacy for innovation, can also have a counter-performative power. They can shape design norms,
influencing what designers think is desirable and (more problematically) possible,
creating situations in which innovation, for long periods, is left undone.
A growing body of work (even outside technology policy) generally suggests that
the objective of policy should not be to pick winners and losers.In this vein, Rodrik
[2004], for example , suggests that in a world of large information asymmetries, the
state, instead of framing prescriptive policy, should instead function as a sort of
clearinghouse for information. The experiences of reactor designers might suggest
that this proposition can be used to think about the formulation of technology policy
or long term technology strategies.
We should aim to understand how policy and advocacy studies are interpreted in
the settings where they seek to effect change. Having gained such an understanding,
the terms in which technology policy and advocacy are written should be carefully
reconsidered.

8.3

Recommendations for the communication of risk

Starr [1969], in a seminal study published nearly 50 years ago, examined which risks
society was willing to bear, and, as a case study inquired how safe nuclear reactors
would need to be in order to gain public acceptance. Starr's results suggested that
the risks from nuclear accidents, being involuntary, were much less acceptable to the
public than risks over which the public had more control. In other words, this study
found, that laypersons 'neglect probability' [Sunstein, 2002].
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On the other hand,

the public would accept voluntary risks nearly a 1000 times greater than involuntary
ones. The study concluded that reactors, to secure public acceptance, would have to
be nearly failsafe.
Starr also offered another alternative. He suggested that the social acceptance of
risks could be improved by creating a public awareness of the benefits of the risky
activity - effectively educating the public.
Indeed, as the NRC historian writes, the early psychometric studies of the perception of risk motivated the development of probabilistic risk assessment. The US
Atomic Energy Commission initiated the study expecting that it would lead to the
development of a new tool for the assessment of reactor safety as well as to demonstrate to the public that reactors were safe. The executive summary of the Reactor
Safety Study [NRC, 1975] which compared the risks of nuclear reactor accidents to
other hazards, and which drew wide criticism was modeled after these risk perception
studies [Wellock, 2017a].
Recall now the ways in which the American designers, particularly of contemporary reactors, have been thinking about safety. They have been asking themselves
what kinds of reactors the public might approve of, and find acceptable. Recall
specifically the ways in which the American designers responded to the Fukushima
accident. Although these responses were contingent - on the stage of development of
the project and the previous experiences of the designers - they did not hinge on a
rational calculus of risk and benefit. Some designers interpreted the accident as an
affront to their professional identity, others reached the conclusion that the ways in
which the nuclear industry had long thought about safety were mistaken. As we saw
in the previous chapter, across each of these design settings, the designers interpreted
the accident differently and made each of their reactor designs safe in different ways,
each relying more on intuition and heuristic and less on analytical calculations of risk.
This form of learning ultimately led to significant design advances that also promise
major improvements in safety.
Collectively, these findings suggest that the antagonizing expert-public divide,
portraying the expert as rational and the public as impulsive and neglectful of probability- which may have been the result of a very literal interpretation of the risk
perception studies within nuclear engineering - is not necessarily accurate. Experts
have complex, often 'irrational' ways of conceptualizing risk that may not differ so
greatly from the public's. Sometimes, these conceptualizations of risk are institutionally sanctioned (as in France). But more broadly, the designers' accounts described
in this work suggest, these ways of thinking also come naturally to the expert. Ul188

timately, these complex, often messy, framings of risk, instead of being problematic,
may in fact be the source of design innovations.
Within the broader literature on risk, authors have frequently called for a greater
attention to both the qualitative as well as quantitative dimensions or 'cultures' of risk
analysis Jasanoff [1993].' Risk analysts, including authors of the early risk perception studies have, in their recent work, called for a shift in emphasis from policy and
practice deriving from the measurement of risk, to the broader questions about understanding how societies construe what makes for an acceptable technology [Otway
and Von Winterfeldt, 1982, Slovic et al., 2004].8
Proponents of risk assessment admit readily that the methodology has its limitations. Estimates of risk are not perfect and must often be supplemented with expert
judgment [Apostolakis, 2004]. When and how decision-making should transition from
being based on an estimate of risk to expert judgment remains a largely unanswered
question. As we saw in Chapters 3 and 7, it was precisely to this dilemma that
the staff of the American Nuclear Regulatory Commission were responding when,
following the Fukushima-Daiichi accident and seeking to improve regulatory decisionmaking, they proposed the formalization of qualitative methods of decision-making
under conditions of uncertainty. An initial program of work launched by the staff
was ultimately halted by the Commission, which called for a renewed emphasis on
quantitative methods of risk assessment and decision-making [NRC, 2015]. The findings of this study as well as the broader developments in the studies of risk, which
appear not to have been folded into the canon of academic nuclear engineering, suggest that a reacquaintance with the field of risk studies9 might provide some answers
for improving both design and regulatory decision-making, as well as provide some
fresh insights on solving nuclear energy's long-standing public perception problems.
A second recommendation is that experts (particularly those working with risky technologies and having acknowledged their own complex ways of perceiving risk) should
explore the possibility of a richer dialog with the public that goes beyond education
and securing public acceptance.
7

For a compilation of these studies see Krimsky and Golding [1992].
For a broader treatment of the subject of risk and responsibility see Giddens [1999].
9
An example of an initial but abbreviated attempt in this direction was the one by the NRC staff
to formalize qualitative criteria for decision making described in Chapter 3. More broadly, research
in the future might consider how the public frames what constitutes an acceptable technology. Thus
combining these insights with user-centered (more accurately, in this case, 'public-centered') and
participatory approaches to design already being implemented in other areas of system and product
development, could, for reactor design and development, open up new paradigms of design as well
as discourse with the public.
8
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Recommendations for regulation
The creation of a single set of safety goals or standard appears to be neither possible
nor desirable. Nuclear safety regulators should, instead of aspiring to create a single
set of safety standards, use ongoing conversations with their counterparts in other
countries as opportunities to understand the origins of national differences, and
through these conversations learn about their own blind spots.

Recommendations for practice
Designers arrive at novel design ideas when they adopt a critical stance towards
prior designs and design assumptions. The academic nuclear engineering community, through further studies of the early stages of design should formalize the
adoption of this critical stance as an ideational strategy for the early stages of
design.

Recommendations for innovation policy
The recent trajectory of reactor design and development suggests that policy and
advocacy studies have created anti-innovation norms. In the future, terms in which
technology policy and advocacy is written should be carefully considered.

Recommendations for the communication of risk
Academic nuclear engineering should reacquaint itself with the broader field of risk
studies.
Experts having acknowledged their own complex ways of perceiving risk should
explore the possibility of a richer dialog with the public that goes beyond education
and securing 'public acceptance'.
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