
165

Chapter 9
Ethics, Risk and Safety Culture

Reflections on Fukushima and Beyond

William E. Kastenberg

© The Author(s) 2015 
J. Ahn et al. (eds.), Reflections on the Fukushima Daiichi Nuclear Accident,  
DOI 10.1007/978-3-319-12090-4_9

Abstract This chapter discuses the relationship between safety culture and societal 
culture within the context of ethics and risk, and how this relationship may have 
influenced the accident at Fukushima. Following a brief historical perspective on 
culture and technology, the context espoused by the International Atomic Energy 
Agency and the United States Nuclear Regulatory Commission regarding safety 
culture is summarized, as they pertain to the accident at Fukushima. Based on some 
reflections regarding the accident at Fukushima, the chapter then argues that when 
safety culture, which is explicit and is “designed” to fulfill a task in present time, 
and societal culture, which is implicit and evolves “organically” over millennia are 
incongruent with each other, the latter can undermine the former, thus highlight-
ing the difficulty in bringing the nuclear safety culture of Japan up to international 
standards. This chapter concludes that a cultural risk assessment be carried out to 
help overcome this difficulty in the future.
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9.1  Preamble

On March 11, 2011 I was in Mexico sitting on a veranda overlooking the beauti-
ful blue Pacific Ocean when I received an e-mail from my son asking me whether 
or not there would be a core-melt accident following the earthquake in Japan. 

W.E. Kastenberg (*) 
Department of Nuclear Engineering, University of California at Berkeley,  
Berkeley, CA 94720, USA
e-mail: billkastenberg@berkeley.edu

The views expressed in this paper are entirely my own and do not reflect the views of any organization 
that I am associated with.



166 W.E. Kastenberg

My gut reaction was that the Japanese “probably had it handled” given their  
history of large earthquakes and experience with seismic design. Several hours later 
I received another e-mail from a former graduate student who came from Japan 
to study nuclear engineering at Berkeley. The e-mail read in part, “Everything you 
taught us about core melt accidents in your class is happening in Japan,” and even 
more alarming, “Why aren’t they telling us the truth; my friends and I know what is 
happening and it is worse they say?”

I scrambled to get CNN and was at once shocked and appalled. Shocked 
because it felt like everything I had been researching and lecturing on regarding 
reactor safety was no longer an abstract concept and appalled about what I was 
hearing from “the experts”, mostly colleagues from universities around the coun-
try. I began to ask myself, “What happened to the lessons of NUREG 11501 where 
this same station blackout (SBO) scenario was quantified and determined to be the 
dominant contributor to risk, as well as detail what steps were needed to prevent or 
mitigate such an accident in the future?” And from my colleagues,  
I could feel a state of hubris… a patriarchal know-it-all attitude of defensiveness: 
“It can’t happen here….” even before they actually knew what happened there! 
This was painful for me.

In the aftermath of the accident, the focus has been mostly on the machine 
and how to support the machine with other machines…. better protection from 
severe external events, strengthening back-up power supplies (from diesel gen-
erators to longer battery life), strengthening the regulations and controlling 
hydrogen, among others. But what about the people involved? When Professor 
Ahn asked me to give a lecture at this summer school, and I began to look 
more closely at what happened, I decided to focus more on the people than on 
the machine. I began my lecture by saying, “Most of the other lecturers will 
be talking about the machine, so I am going to do something very different, 
I am going to talk about the people… and this means you! And some of you 
may get angry and argue with me, and say that I don’t know what I am talking 
about, and some of you may be astounded and say, wow, why didn’t I think of 
that, or yes, this feels right and want to know more. In either case, I will con-
sider the talk a success!” And so to you, the reader of this chapter… whether 
you agree or disagree, my goal is to make you think beyond the machine… 
to think about the people involved… and what all this means for the future of 
nuclear energy. I hope this paper is a first step at making the implicit assump-
tions, values and beliefs we hold regarding the nuclear endeavor explicit… 
and we begin to recognize this was as much a people accident as a machine 
accident.

1 I was Chairman of the Peer Review Committee for the Draft of NUREG-1150 and a mem-
ber of the Peer Review Committee for the final draft and so I am familiar with this accident for 
BWR-4, Mark-1 containments such as those at Fukushima Units 1–4.
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9.2  Introduction

The disastrous events that took place at the Fukushima-Daiichi Nuclear Power 
Station beginning on March 11, 2011 have raised questions about Japan’s abil-
ity to both assess and manage the risks of core-damage accidents and radio-
logical releases at nuclear power plants, especially when initiated by severe 
natural phenomena. Moreover, the accident has raised serious doubts about 
whether those in authority had adequate emergency plans and were prepared to 
manage such an accident while it was in progress. An article in the New York 
Times [1] raised serious ethical issues regarding the massive public relations 
campaign in Japan that resulted in, “the widespread adoption of the belief—
called the ‘safety myth’—that Japan’s nuclear power plants were absolutely 
safe.” The nuclear establishment’s embrace of this “safety myth” apparently led 
to a state of hubris both in its regard for safety and risk, as well as it’s duties 
and obligations to the public in the days following the accident. Taken together, 
these questions and doubts, and this state of hubris have undermined public 
confidence in nuclear power as witnessed by the unprecedented and growing 
anti-nuclear sentiment in Japan, and perhaps worldwide.

In this chapter, I will explore the role of cultural conditioning with respect 
to ethics, risk and safety culture (see for example [2]),2 an aspect of risk analy-
sis that has received little or no attention in the past. I believe that cultural 
conditioning has implications for understanding what happened at the 
Fukushima Daiichi Nuclear Power Station and that such an understanding 
might help prevent the next Fukushima Daiichi from happening. Moreover, I 
will argue that when cultural conditioning, which underlies3 a society’s values, 
assumptions and beliefs, is inapposite to safety culture, the former will under-
mine the latter.4

This chapter revolves around the following three inter-related questions:

1. What would it take to improve the quality of risk analysis and emergency plan-
ning so that this terrible accident and the subsequent loss of public confidence 
can be avoided in the future?

2. Can a risk analysis paradigm be developed that incorporates the cultural condi-
tioning of people and organizations responsible for nuclear energy?

3. Can a global safety culture be developed while still preserving the societal 
culture of host nations?

2 I will also elaborate on the concept of safety culture later in this chapter.
3 By underlie, I mean they are implicit and so lie at the unconscious or subconscious.
4 Other aspects of human behavior, such as those related to family of origin psychological 
dynamics are inextricably linked to cultural conditioning, and as important as they are, are unfor-
tunately beyond the scope of this paper.
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9.3  Preliminaries

Risk can be defined as: (a) the possibility of loss or injury, (b) a dangerous element 
or factor or (c) the chance or likelihood of loss. These definitions connote both a 
negative event or state as in loss, injury or danger (hazard or consequence), and a 
possibility or likelihood (probability or frequency) of that negative event or state 
occurring. In contrast, safe or safety can be defined as: free from harm or risk, 
secure from threat of danger, harm or loss, affording safety from danger. Being 
safe has an absolute quality to it, one is either safe or not. On the other hand, there 
is a spectrum of risk depending on the severity of the consequences, as well as its 
degree of probability.

Paul Slovic and his colleagues argue that [3]:

Risk in the modern world is confronted and dealt with in three fundamental ways. Risk 
as feelings refers to our fast, instinctive and intuitive reactions to danger. Risk as analysis 
brings logic, reason, and scientific deliberation to bear on hazard management. When our 
ancient instincts and our modern scientific analysis clash, we become painfully aware of a 
third reality—risk as politics.

Risk as feelings is an aspect of risk that gives rise to the subject of risk percep-
tion, while Risk as analysis gives rise to the subject of risk assessment and man-
agement. To those who study risk perception, emotion and affect (good or bad 
feelings towards an external stimulus) are essential ingredients in risk manage-
ment. To those who are expert in risk assessment and management, risk as feel-
ings is “irrational,” violating the “rational” or normative rules of decision theory 
(for example, cost/benefit analysis). The same arguments take place regarding 
ethics and technological risk [4]. The rationalist believes that ethics is objective, 
and hence emotions have to be eliminated from moral reasoning. The subjectivist 
believes that ethics is based on emotions (subjective), and so believes there cannot 
be objective moral truths. When the emotional and the cognitive aspects of con-
sciousness are held separately, psychologists call these two views “dual process” 
theory [5]. Moral Emotions is a term that is being used in an attempt to give equal 
weight to these two human processes [6].

Risk as analysis is a means of addressing the following questions:

1. What are the risks imposed by technology and natural phenomena on society 
and the environment?

2. Are these risks acceptable?
3. What are the options for reducing these risks?
4. On what basis should we choose among these options?

Risk assessment is concerned with Question #1 and risk management is concerned 
with Questions #2–4. Risk assessment focuses on the factual—a quantification of 
the “undesirable consequences” of technology and severe natural phenomena. In 
doing so, it treats technology like a machine. For the purposes of this chapter, it is 
important to recognize that risk assessment does not model the individuals or 
organizations that are responsible for designing, constructing, operating or 
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regulating these machines.5 Nor does risk assessment consider the individual or 
individuals that perform the analysis in the first place.6 When risk assessment does 
consider individuals (mainly control room personnel) it quantifies “human error” 
and as such, human error rates become failure rates, in essence, treating people 
(the operators) just like the machines or parts of a machine.

Risk Management originates at the intersection of the factual and the axio-
logical—the study of the nature, types, and criteria of values (good or bad; right 
or wrong), of ethical codes (principles or standards that express the values) and 
of moral acts (behaviors of people that play out in real time). The question of 
acceptable risk straddles the domains of risk as analysis and risk as feelings, 
and is at the crux of risk as politics. Moreover, risk management, similar to risk 
assessment, only deals with the machines; it does not deal with the individuals 
and organizations that are responsible for the machines. Organizational factors 
are usually considered separately, if at all. And last, but not least, risk as analy-
sis does not consider that humans are emotional, mental, physical and spiritual 
beings, and not machines.

The current culture of risk analysis in the West derives from Utilitarianism; 
the ethical theory based on the philosophy of Jeremy Bentham and John Stuart 
Mill. Utilitarianism’s underlying principle is to achieve the greatest good 
for the greatest number. Indeed, risk, which is traditionally defined as the 
“expected value of an undesirable consequence,” and economic determinism as 
manifest in risk/cost/benefit analysis, are direct descendants of Utilitarianism. 
The greatest good is usually measured in monetary terms and is interpreted as 
“…and at the least cost.” This leads to what the Philosopher, Charles Taylor 
calls the primacy of “instrumental reason”, the “kind of rationality we draw 
on when we calculate the most economical application of a means to a given 
end [7].” Taylor goes on to say that instrumental reason in terms of cost-benefit 
analysis uses efficiency as the measure of success, narrowing our choices, and 
excluding decisions we might make on other (moral) grounds.

Risk analysis can best be understood by a decomposition in terms of initiating 
events; systems, structures and component fault trees; event trees: containment 
release categories, environmental and compartmental fate and transport models; 
dose-response models, and incremental costs and benefits, all indicative of this lin-
ear reductionist approach. All accident sequences are assumed to be independent 
of one another, and the results are deterministic in that there is a “causal” relation-
ship between each input and output.7 Risk assessment, therefore, is reduced to a 
search for “causal links” or “causal chains” verified by “objective” experimental 

5 The field of “human factors” attempts to design systems with humans in mind, however, this is 
treated independent of risk analysis.
6 The individual or individuals performing the analysis have a choice regarding the data, models 
and phenomena that are included and/or used in the analysis.
7 An exception is the so-called “common mode” failure due to, for example, an earthquake (and 
tsunami) or manufacturer’s defect. But even here, the basic fault and event tree structure is main-
tained, and the failure probabilities are modified accordingly.
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processes, i.e. by quantifying the behavior of various elements of the system  
(e.g. pumps, valves, etc.) in terms of failure rate data, dose-response parameters, 
etc. The behavior of the system elements is then integrated so as to quantify the 
behavior of the system as a whole. Hence this linear paradigm gives rise to the 
current culture of risk-analysis itself.8

The discussion above about ethics and risk has to do with “safety culture” in 
particular, and individual and societal culture in general, subjects that risk as anal-
ysis does not speak to. In the next section of this chapter, I will explore the effects 
of twenty-five hundred years of cultural conditioning in the East (e.g. China, India, 
Japan and Korea) and in the West (Europe and the United States), and its relation-
ship with the concept of safety culture. I believe such an understanding is required 
for relating the two cultures.9 The arguments presented in this chapter are based on 
the following basic premises:

•	 First, culture can be defined as the integrated pattern of human behavior that 
includes thought, speech, action and artifacts on human capacity for learning 
and transmitting knowledge to succeeding generations.

•	 Second, culture gives rise to a society’s values, assumptions and beliefs. Hence 
culture is concerned with the act of developing the intellectual and moral facili-
ties, especially by education.

•	 Third, culture itself, arises out of a context10 or paradigm11 that defines an 
individual’s or a society’s cultural conditioning. Hence an individual’s or a 
society’s values, ethics and morality are contextually or paradigmatically 
dependent.12

•	 Fourth, for the most part, societal conditioning and the context or paradigm 
from which it arises is implicit, i.e. cultural conditioning resides in the uncon-
scious (emotive) and sub-conscious (mental).13 The conscious aspects of cul-
tural conditioning that are cognitive, resides in the mental.

•	 Fifth, safety culture is “designed” within the larger societal cultural context that 
is “developed organically”. Hence safety culture is affected by the larger cul-
ture, usually in an implicit way, as an overlay to achieve a specific goal.

•	 Sixth, when the societal culture runs counter to the demands of safety culture, 
and is left implicit, it can shift from underlying to undermining.

8 A more detailed description of risk analysis can be found in Appendix A.
9 Borrowing the phrase from C.P. Snow, the two cultures I am referring to here are safety culture 
and societal culture.
10 By context, I mean the interrelated set of conditions by which something exists or occurs.
11 The historian of science Thomas Kuhn gave paradigm its contemporary meaning when he 
adopted the word to refer to the set of practices (or premises) that define a scientific discipline at 
any particular period of time. Here we mean the, “lens through which we see the world.”
12 Contextualism in not Relativism!
13 I am indebted to Daniel Barron who describes this in his book No Such Thing as a Negative 
Emotion. According to Barron, all human activities are comprised of four elements: motivation 
(unconscious emotive), intention (sub-conscious and conscious mental), action and outcome.
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•	 Seventh, approaches to quantifying and managing the risk of core-melt acci-
dents before they occur, as well as approaches for emergency preparedness 
and response should an accident occur, are based on the “safety culture” of 
the individuals and the organizations/institutions that comprise the nuclear 
establishment.

•	 Eighth and last, in order to explore the safety culture of a host nation with 
respect to nuclear power, it is essential to understand the context or paradigm 
out of which cultural conditioning, and hence its ethics and technology arise.

9.4  Historical Perspective on Culture and Technology

As I look back over the development of human consciousness in general, and 
 ethics and morality in particular, two great ages or eras stand out. And we, as a 
society, are embarking on a third.

The first is the period between 800 and 200 BCE dubbed the Axial Age by the 
philosopher Karl Jaspers [8]. Jaspers argued that during the axial age “the spiritual 
foundations of humanity were laid simultaneously and independently… And these 
are the foundations upon which humanity still subsists today”. These foundations 
were laid by individuals within a framework of a changing social environment, 
and having a profound influence on future philosophy (based in logic and reason) 
and religion (based in revelation). These Axial Age individuals include Socrates, 
Plato and Aristotle in the West, the prophets in the Middle East, and Confucius, 
Lao-Tzu and the Buddha in the East.

As noted by Huston Smith [9], compassion and wisdom are the hallmarks 
of the Axial Age. Paradigmatically, this Age is pre-egoic, i.e., operating before 
the rise of individualism and liberal values, and is marked by “collectivism” 
wherein nomadic peoples came together to form tribes, villages and towns, and 
the “physical,” where technology supported physical labor, from weapons to 
support hand-to-hand combat to hand tools for agriculture and beasts of bur-
den. When taken in its entirety, the wisdom traditions (i.e. including Judaism, 
Christianity and Islam) give us the three Virtues in the West: Humility, Charity 
and Veracity and the three Poisons in the East: Greed, Hatred and Delusion. 
Virtues are what we aspire to; poisons are to be avoided. Smith describes the 
Virtues as follows

•	 Humility: The deeper meaning of humility is to treat your-self fully as one, but 
not more than one.

•	 Charity: If you treat your self fully as one, you have an obligation to make sure 
your fellow human beings are treated fully as one.

•	 Veracity: Huston Smith calls it, “seeing the world in its suchness”, which means 
the ability to drop our “subjective” lens and see the word, “as objectively” as 
possible.
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As I argue throughout this chapter, veracity presents the biggest challenge 
of all, because the paradigms that give rise to our cultural conditioning lie at 
the unconscious and sub-conscious; they are implicit in all of our actions and 
not always, if ever, made explicit. To make this point clear, consider the fun-
damental canons of the National Society of Professional Engineers’ Code of 
Ethics.

Engineers, in the fulfillment of their professional duties, shall:

1. Hold paramount the safety, health, and welfare of the public.
2. Perform services only in areas of their competence.
3. Issue public statements only in an objective and truthful manner.
4. Act for each employer or client as faithful agents or trustees.
5. Avoid deceptive acts.
6. Conduct themselves honorably, responsibly, ethically, and lawfully so as to 

enhance the honor, reputation, and usefulness of the profession.

The first Canon is basically a general statement of Charity, the second Canon is a 
specific statement of Humility, Canons three, four and five are specific statements 
of Veracity, and the sixth and final Canon is a combination of all three Virtues. 
These Canons have been developed over the past 100 years or so, and to the best 
of my knowledge, their time-honored origin has never been articulated, but carried 
in the collective unconsciousness of society over the millennia.

The second great era centers on the Enlightenment (eighteenth century Europe) 
sandwiched between the Age of Reason (seventeenth century Europe) and the 
Social Movement termed Modernity (ninteenth century Europe and the United 
States), all of which gave rise to the Industrial Revolution. It began with Descartes 
and Newton, and it is marked by a paradigmatic shift from the physical to the 
mental (cogito ergo sum), and from the collective to the individual (from the pre-
egoic to the egoic). It focuses on a priori universal laws, whether they are natural, 
physical or moral. It is an age that gave rise to major achievements in moral phi-
losophy and ethical theory; among the more germane to the engineering profes-
sion are Right’s Ethics (Locke), Duty Ethics (Kant) and Utilitarianism (Bentham 
and Mill).

The Enlightenment also marks the divergence between Eastern and Western 
cultural values; the paradigmatic shifts from the collective to the individual and 
from the physical to the mental did not take place in the East to the extent it took 
place in the West. I must emphasize that this discussion is not about intelligence. 
This is about a context that enabled Western Society to replace physical labor with 
machines that is based on new quantitative analyses and replicated empirical data; 
i.e. the development of the “scientific method.”

This paradigmatic shift is best exemplified by the development of science and 
technology and how it influenced the Industrial Age. From one perspective, David 
S. Landes describes in great detail why the Industrial Revolution first occurred in 
Europe and not elsewhere [10]. To quote Landes:
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To be sure, in Europe as elsewhere, science and technology had their ups and downs, 
areas of strength and weakness, centers shifting with the accidents of politics and personal 
genius. But if I had to single out the critical, distinctively European sources of success, I 
would emphasize three considerations: (1) the growing autonomy of intellectual inquiry, 
(2) the development of unity in disunity in the form of a common implicitly adversar-
ial method, that is, the creation of a language of proof, recognized, used, and understood 
across national and cultural boundaries; and (3) the invention of invention, that is the rou-
tinization of research and its diffusion.

Regarding autonomy, Landes also describes why, within Europe, the Industrial 
Revolution took place first in Britain. Here too, quoting Landes:

Britain, moreover, was not just any nation… Remember that the salient characteristics of 
such a society is the ability to transform itself and adapt to new things and ways, so that 
the content of “modern” and “industrial” is always changing. One key area of change: 
the increasing freedom and security of the people. To this day, ironically, the British term 
themselves subjects of the crown, although they have long—longer than anywhere—been 
citizens.

Although originating within the Greek and Roman Empires, and associated with 
freedom, it was during the European Enlightenment, that people transitioned from 
being subjects of a king or queen to being citizens of a city and later, a nation. 
Such status carried with it rights (such as the ability to participate in the political 
process) as well as responsibilities (such as military service). Citizenship is the 
mark of the individual, and the hallmark of the European Renaissance,14 the very 
essence of the egoic period.

We might also ask why the Industrial Revolution did not occur in the East, 
particularly in Japan. Here I refer to both David Landes [11] and Jared Diamond 
[12]. While each Asian country had it own unique set of circumstances in terms of 
natural resources, climate, geography, and the socio-political environment, many 
suffered from what Diamond calls “cultural isolationism” rather than embracing 
“cultural diffusion,” the latter, a necessary ingredient for scientific and technological 
advancement. Beginning in 1633 and lasting until the Meiji Restoration in 1867–
1868, Japan had closed the door to the outside world. In the words of Landes [13]:

Japan had had enough of discovery and innovation, enough fire and blood. The aim now: 
freeze the social order, fix relations of social and political hierarchy, prevent disagreement 
and conflict.

The net result of cultural isolationism during this nearly 250 year period, is what I 
would call the “not invented here” syndrome. For Japan in particular, the culture 
of today15 regarding Fukushima as described by the Chairman of the Independent 
Commission reporting to the Diet of Japan is also the culture of yesterday: 

14 The European Renaissance took place between the fourteenth and seventeenth centuries…. 
A natural precursor to the Age of Enlightenment.
15 The culture of the Japanese people today is not monolithic and the Chairman’s remarks were 
focused on the root causes of the accident.
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“ reflexive obedience, reluctance to question authority, devotion to ‘sticking with 
the program’, groupism (collectivism) and insularity” [14].16

As said, the Industrial Revolution, a product of the Enlightenment, is an age 
wherein physical labor is replaced by mental analysis resulting in man-made 
machines that are conceived, built and operated from a (Newtonian-Cartesian) 
world-view or paradigm based on three premises:

•	 Reductionism: The world can be understood by reducing complicated systems 
to their parts.

•	 Determinism: The world consists of causal links or chains; or output is propor-
tional to input.

•	 Objectivism: The world obeys universal laws; the results of observations are 
independent of the observer, which taken together with the first two premises, 
yield these universal laws of nature.

This world-view has served Western Society well by providing a particular lens 
through which to view physical reality. It results in a fragmented world with 
distinct parts or boundaries. Studying these fragments has developed much of 
the technological world we know today. It is important to stress that in this par-
adigm, it is assumed that there is good data, the system has a fixed boundary 
and that second order (nonlinear effects) can be neglected. One has only to look 
at a complex machine such at an automobile to see that each system, from the 
engine to the CD player, is researched, designed, developed and manufactured 
separately—and yet they all fit marvelously together as planned. It is hard to 
imagine understanding a physical world that is not amenable to such fragmen-
tation. And as long as the roadway is free of ice, the automobile and the driver 
behave as expected!

These two eras have now taken Society (both East and West) into a third, which 
is still in the process of being defined. It is sometimes called the Post-Modern or 
Post-Industrial era. It may have begun with a new understanding of the physical 
world (quantum mechanics and relativity), the biological world (the double-helix 
and cloning), the political world (the nuclear weapons race and the space race) 
or the social-media world (the Internet and the Information Age). It is neither 
 pre-egoic nor egoic, neither physical nor mental; it appears to be trans-egoic and 
emotional. I will explore this later in the chapter.

It is often said that society’s ability to develop new technologies 
(biotechnology, information technology, nanotechnology and nuclear technology) 
has far outstripped its ability to deal with their impacts (both intended and unin-
tended consequences). I believe, in part, it is the unconscious grip of the 
Newtonian/Cartesian enlightenment world view that has the United States 
paralyzed with respect to high level radioactive waste disposal for example,17 in 

16 The English version of the report has been criticized because these statements do not appear 
in the Japanese version.
17 The “Not In My Back Yard” or NIMBY attitude is egoic based.
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much the same way as the pre-egoic, Axial Age world-view (primarily echoes of 
Shintoism coupled with elements of Buddhism, Confucianism and Taoism) that 
have Japan paralyzed with respect to safety culture, in light of the events at 
Fukushima. I believe that the way to resolve these dilemmas is to make these 
implicit world-views, explicit.

9.5  Safety Culture, Ethics and Risk

As said above culture is concerned with, (1) The act of developing the intellec-
tual and moral facilities, especially by education, and (2) The integrated pattern of 
human behavior that includes thought, speech, action and artifacts on man’s capac-
ity for learning and transmitting knowledge to succeeding generations.

With respect to safety culture in Japan, Reuters News Service, in a July 4, 2013 
article entitled, “Japan says building nuclear safety culture will take a long time,” 
begins with the statement:

Japan’s nuclear regulator said on Thursday that elevating safety culture to international 
standards will “take a long time”, (just) days before new rules come into effect to avoid a 
repeat of the Fukushima nuclear disaster in March 2011.

The article quotes the new Japanese Nuclear Regulation Authority Chairman as 
stating:

The new regulations include extremely stringent requirements that the operators would 
not be able to endure if they don’t change their culture. We will need a long time to 
change this culture, but day-to-day efforts to meet those tough standards will in the end 
lead to improvement in the safety culture.

As described below, the difficulty in meeting these international standards cannot 
be overemphasized. The accidents at the Three Mile Island (1979) and Chernobyl 
(1986) nuclear power plants brought renewed international focus on the impor-
tance of a strong safety culture in the design, construction and operation of nuclear 
power plants internationally. Indeed, the International Atomic Energy Agency 
(IAEA) published a report [15] aimed at providing guidance to member states in 
their efforts to provide a sound safety culture for their (nuclear) organizations. The 
Forward to this report states:

The concept of safety culture was first introduced by the International Safety Advisory 
Group (INSAG-4), formed by the IAEA. In their report [16] they maintained that the 
establishment of a safety culture within an organization is one of the fundamental man-
agement principles necessary for the safe operation of a nuclear facility. The definition 
recognized that safety culture is both structural and attitudinal in nature and relates to 
the organization and its style, as well as attitudes, approaches and the commitment of 
individuals (emphasis mine) at all levels in the organization.
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The IAEA report goes to considerable length to describe the general concept of 
culture. Two important points made in the IAEA report are worth noting here. 
First, the nature of culture is very complex, and second, there is no right or wrong 
culture. Regarding the first point, culture is deep (not a superficial phenomenon), it 
is broad (it impacts virtually all aspects of life), and it is stable (it provides mean-
ing and makes life predictable). Hence it is very difficult to change. And with 
respect to the second point, there is no better or worse culture, except in relation 
to what a group or organization is trying to do. Said another way, the operators 
at Fukushima were attempting to manage multiple core-melt accidents at once, 
but were looking for collective solutions from higher authorities when individual 
actions were required. As I will argue throughout this paper, it is this latter point 
that may have contributed to the accident at Fukushima and it is the former point 
that will make elevating safety culture to international standards a very difficult 
and prolonged task in Japan.

As also noted in the IAEA report, the levels of culture go from the very vis-
ible (explicit) to the tacit and invisible (implicit). The report describes three 
levels of culture, Artifacts and Behavior (explicit), Espoused Values (strategies, 
goals and philosophies—which can be elicited) and Basic Assumptions (uncon-
sciously held and usually tacit). Of particular interest in understanding any cul-
ture, are the fundamental beliefs that are so taken for granted that most people 
in a cultural group subscribe to them, but not in a conscious way, i.e. they are 
implicit.

As to a more precise and succinct definition of safety culture, the IAEA report 
cites the U.S. Nuclear Regulatory Commission’s Policy Statement on the Conduct 
of Nuclear Power Plant Operations [2], which defines safety culture as:

The necessary full attention to safety matters and the personal dedication and account-
ability of all individuals (emphasis mine) engaged in any activity which has a bearing on 
the safety of nuclear power plants. A strong safety culture is one that has a strong safety-
first focus.

The recently published U.S. Nuclear Regulatory Commission, Safety Culture 
Policy Statement (U.S. NRC 2012) [17] expands the focus to all regulated entities 
and defines safety culture as follows:

Nuclear safety culture is the core values and behaviors resulting from a collective commit-
ment by leaders and individuals (emphasis mine) to emphasize safety over competing 
goals to ensure protection of people and the environment.

Both the IAEA and the U.S. NRC emphasize that safety culture rests with indi-
viduals and leaders in any organization. The notion of the individual as opposed 
to the collective stems from the European Enlightenment, a cultural shift that took 
place in the eighteenth century: individual rights, individual duties and individual 
responsibilities that are essential to a strong safety culture, and which may be 
incongruent with the societal culture of Japan as articulated by the Commission 
Chairman cited above.
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9.6  Uncertainty and Safety Philosophy

Perhaps, former United States Secretary of Defense, Donald Rumsfeld said it 
best [18]:

Reports that say something hasn’t happened are always interesting to me, as we know, 
there are known knowns. There are things we know we know. We also know there are 
known unknowns. That is to say, we know there are some things we do not know. But 
there are also unknown unknowns, the ones we don’t know, we don’t know.

Although the popular press and the late-night pundits found much humor in these 
statements, it is in fact just a “Truth Table” regarding our knowledge about the 
state of the world: what is knowable about the world and what is not, and our 
degree of knowledge about each. In terms of the initiating events at Fukushima, 
earthquakes that originate in Subduction Zones cause large tsunamis, a fact that 
has been known (a known-known) for some time. On the other hand, the return 
frequency and magnitude of such events, is a known-unknown; and so a safety 
philosophy is developed to account for the unknown.

Technically, a safety philosophy can account for two types of uncertainty: alea-
tory (random variations and chance outcomes in the physical world) and epistemic 
(lack of knowledge about the physical world) [19]. It is important to distinguish 
between random variations and chance outcomes, and lack of knowledge. More 
research can reduce epistemic uncertainty, however, aleatory uncertainty can only be 
estimated better, but not reduced with more research. In either case, the annual prob-
abilities and the consequences can be expressed as probability distribution functions. 
The typical approach for evaluating the risk when consequences and probabilities 
are expressed as distributions in the risk equation shown in Appendix B is the use of 
Monte Carlo simulation. When these two types of uncertainty are included, the risk 
itself might also be quantified as a cumulative probability distribution function.

To cope with aleatory and epistemic uncertainty, a safety philosophy was devel-
oped from the inception of the nuclear age called Defense-in-Depth and is still in 
effect today. While there is no formal definition of Defense-in-Depth, examples of 
it are found at the nuclear power plant level, at the structural, system and compo-
nent (SSC) level, and at the phenomenological level.18 Moreover, where phenome-
nological uncertainties exist, safety margins are included leaving a big difference 
between estimates of capacity and load.

In reality,19 there is also indeterminacy (e.g. a unique initiating event leading to 
accident sequences that may take many paths) and a high level of ambiguity (i.e., 
non-unique, alternative or multiple legitimate interpretations based on identical 
observation or data assessments). Ambiguity may come from differences in 
 interpreting factual statements about the world or from differences in applying 
normative rules to evaluate the state of the world. Finally, there is the realm of the 
unknown-unknown.

18 Examples of the Philosophy of Defense-in-Depth can be found in Appendix B.
19 I mean in real time, e.g. during the course of an actual accident.
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9.7  Reflections on Fukushima Daiichi

And what of the unknown-unknown, e.g. how will people (the operators, the 
authorities and the general public) react when confronted with an accident the 
scope of Fukushima? A recent National Public Radio interview [20] included  
the following statements:

The Japanese decision-making process, of group decision-making and not individual deci-
sion-making, might have been a hindrance for dealing with a situation like this… It’s hard 
to know, but the timeframe demands of making decisions like this, that are multi-billion-
dollar decisions, would be difficult in the Japanese culture to do as promptly as maybe it 
would be done here.

And later on:

One critical decision was whether to pump seawater into the reactors. That would cer-
tainly ruin them, but it could also keep them cool and prevent meltdowns. It appears that 
the engineers on site hesitated for some hours before they went ahead and did that.

And yet another example had to do with containment venting… the operators 
had to wait several hours while the request for permission to vent went all the 
way up to the Prime Minister for approval [21]. Much has also been written 
about the withholding of information regarding radioactive material dispersion 
and radiation dose data (see for example, [22]), as well as ignoring new geotech-
nical data regarding the return frequency of large earthquakes and tsunamis (see 
for example, [23]).

Taken at face value, these news reports lead me to conclude that individual and 
societal cultural conditioning was at play; and that this cultural conditioning was 
inapposite to the safety culture required for the conduct of operations at a nuclear 
power plant undergoing such a severe event. As said, the embodiment of our cul-
tural conditioning resides as much in the unconscious and sub-conscious domain 
as it does in the conscious domain, i.e. that we are largely unaware of our motiva-
tions and oftentimes intentions.

One aspect of cultural conditioning has to do with responsibility and authority. 
In some cases, decisions can be made in advance and operators carry them out in 
conformance with plant procedures and severe accident management guidelines. 
This would be their responsibility. However, when operators are faced with situ-
ations beyond the scope of procedures and guidelines, decisions should be made 
at the level appropriate to the act. That is, operators should be given the authority 
to make decisions appropriate to the act they need to perform. Today’s military 
model calls for just this (see for example, [24]). On-the-scene commanders at all 
levels have the ability and responsibility to make decisions when confronted with 
dynamic environments, as opposed to historical or conventional military opera-
tions, where centralized headquarters in the field made almost all decisions. In 
some cases very low-level personnel can and are expected to make decisions in 
response to unexpected circumstances, whether to mitigate unexpected risks or to 
exploit unanticipated opportunities (see for example, [25]).
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As discussed above, cultural conditioning in the East is based on 2,500 years 
of collective, pre-egoic, traditions. Cultural conditioning in the West has its toots 
in the egoic, stressing individual responsibility and authority. Each underlies the 
safety culture in the respective domains.

9.8  Where Do We Go from Here?

As stated in the introduction, this chapter has revolved around three questions:

1. What would it take to improve the quality of risk analysis and emergency plan-
ning so that this terrible accident and the subsequent loss of public confidence 
can be avoided in the future?

2. Can a risk analysis paradigm be developed that incorporates the cultural condi-
tioning of people and organizations responsible for nuclear energy?

3. Can a global safety culture be developed while still preserving the societal cul-
ture of host nations?

In Appendix C, I describe the Station Blackout scenario as quantified in NUREG 
1150 for Unit 2 of the Peach Bottom Nuclear Power Plant, a General Electric boil-
ing water reactor (BWR-4) unit of 1,065 MWe capacity housed in a Mark 1 con-
tainment. This report, published in 1991 [26] was an updated version of the same 
analysis published in 1975 [27]. This nuclear reactor is basically the same as the 
nuclear reactor systems at Fukushima Daiichi, Units 1–4. The dominant internally 
and externally initiated accident sequences leading to core-melt for Peach Bottom 
in NUREG-1150 consists of three station-blackout scenarios, where the timing of 
two of them matches the sequence of events at Fukushima Daiichi (the spent-fuel 
pools notwithstanding). And yet, given the robustness of the analysis, the diesel 
generators at Fukushima Daiichi were not adequately protected from a large tsu-
nami, in spite of warnings to the contrary, as we discussed above.

We might conclude that the risk as analysis paradigm described in Appendix B 
works well when the system under consideration has adequate historical or actu-
arial data on failure rates, and empirical data on public health and environmen-
tal impact. Moreover, the system must be fairly well defined, has (assumed) fixed 
or rigid boundaries and where second order or nonlinear effects are (assumed) 
small. In terms of a nuclear power plant, as long as the plant functions within its 
design basis, or accidents occur within its design basis envelope, we might call 
this “safe”.

Because challenges to public health and safety resulting from beyond design-
basis events violate these assumptions, I believe a new paradigm for risk and ethi-
cal decision-making is required. And this brings me to the complex domain. Hence 
it is useful to describe here some of the basic differences between the science and 
technology of the Industrial and Post-Industrial Ages. The key distinction we draw 
is between systems that are “complicated” and systems that are “complex”.
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The paradigm within which Industrial Age technologies are understood is based 
on an Enlightenment worldview. As said, this worldview is atomistic (reduction-
ism), deterministic (cause and effect) and objectivistic (universal laws). In other 
words, the laws governing the behavior of these complicated systems can be:

•	 Understood by studying the behavior of their component parts,
•	 Deduced from cause and effect (a search for causal links or chains), and
•	 Determined independent of the observer, that is, only deduced from “objective” 

empirical observations.

The context within which our Post-Industrial Age Technologies and their underlying 
science are understood is based on a nonlinear worldview. This worldview gives rise 
to complex systems that are characterized by at least one of the following [28]:

•	 Holistic/emergent—the system has properties that are exhibited only by the 
whole and hence cannot be described in terms of its parts,

•	 Chaotic—small changes in input often lead to large changes in output and/or 
there may be many possible outputs for a given input, and

•	 Subjective—some aspects of the system may only be described subjectively.

It is often said that for complex systems, “the whole is greater than the sum of 
its parts”. What this means is that there is an emergent quality (sometimes called 
an emergent property) that is not exhibited by the parts alone. Examples include 
electric power transmission grids, the disposal of high-level radioactive waste, and 
the response of social systems to severe natural phenomena. I believe that the new 
issues regarding national and international security also fall into this category. In 
each case, the system is simultaneously a whole and a part of a larger whole, a 
characteristic of complex systems.

It should be made crystal clear that the impacts of human activities on both 
society and the environment (from the development of the steam engine to the 
development of the jet engine) have always been complex. In the past, however, 
the only undesirable consequences of an Industrial Age technology, such as a 
nuclear power plant, that were considered in a PRA were geographically local 
(public health effects out to one mile or 25 miles) or they were observable in 
“real” time (a hydrogen explosion). This gave the impression that the current risk 
paradigm is accurate because locality and observability were two characteristics 
of the impact. This lens is changing, and yet our practices are still based on the 
same paradigm. That is, a nuclear power plant accident has “global” impacts (an 
accident at one plant affects the operation of all plants) and manifests very quickly 
(e.g. loss of public confidence worldwide). In the case of disposal of radioactive 
waste, the undesirable consequences are almost imperceptible (e.g. the migration 
of high-level radioactive waste takes place over geological timescales or millen-
nia). Moreover, these impacts may be temporally persistent and/or irreversible 
(e.g. the degradation of public welfare due to nuclear proliferation).

Thus, as a result of the complexity inherent in Post-Industrial Age Technology, 
societal and environmental impacts are no longer geographically local, nor percep-
tible in real time, nor reversible. Rather, complexity can produce impacts that are 
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geographically global (a malicious human act), imperceptible in time either mani-
festing very quickly (on the Internet) or very slowly (high level radioactive waste 
disposal), or irreversible (release of radioactivity due to a core-melt accident). We 
are like the driver of a modern automobile, cruising along on the Interstate (in a lin-
ear world), and now suddenly, we are faced with “black ice”!

The impacts we have described above lead to unprecedented ethical issues as 
reflected in the three questions above. Moreover, questions such as: “What consti-
tutes an acceptable risk and why?” take on new meaning in the face of challenges 
to the ecology of life. There is a growing belief, as noted by Donald Rumsfeld’s 
quote above, that not only is the future unknown, it is unknowable. Moreover, 
because these complex ethical issues are arising so much faster than ever before, 
and because there has been little time to develop normative processes for decision-
making, there is even greater ambiguity. The unknown-unknown looms large in 
the domain of Risk as feelings.

What we are pointing to, for lack of a better description, is a Cultural Risk 
Analysis. This would entail making explicit the implicit cultural conditioning of 
individuals, and organizations/institutions, and their relationship to the society in 
which they abide. Such a Cultural Risk Analysis would illuminate cases where the 
underlying societal culture runs counter to the demands of safety culture, such as 
for nuclear power. If aspects of the societal culture are left implicit, they just don’t 
underlie the safety culture, they will undermine it. If made explicit, it becomes pos-
sible for the safety culture to be designed and constructed in a way that accounts 
for, accommodates or even overcomes the conflicts between the two cultures.

Such a Cultural Risk Analysis would then require an analysis of cultural condition-
ing, much the same way we analyze the machine. This would mean understanding 
how underlying assumptions, values, and beliefs come from culturally defined sources 
and not “objective facts”.20 However, there is one major difference; people are “com-
plex” emotional, mental, physical and spiritual human beings. Humans are not “com-
plicated” machines and so are not amenable to a linear reductionist approach.

Human beings have emergent properties, namely feelings and thoughts that do 
not reside in any one part of the body. Humans may respond differently to the same 
stimulus on any given day. And there are no “closed form” analytical solutions to 
describe human behavior; it is, for the most part subjective. Coincidentally with the 
development of these new complex technologies, there has been growing empiri-
cal evidence that in the realm of human decision-making, the emotional precedes 
the cognitive [29], and that motivation and intention derive from the unconscious–
emotive and subconscious-mental [30]. These findings have found their way into 
such fields as Behavioral Economics [31] and Risk Perception [32], among others 
(An extensive literature review can be found in [33]). And a number of consulting 
companies have developed analytical methods in an attempt to quantify the “Risk 
Culture” of Business Organizations. In this case, the focus is on comparing the “self-
interest” of the individual employees versus the corporate interest.

20 By “objective facts”, I mean empirical observation and data. Evolution and Global warming 
are two areas where cultural conditioning and scientific observations and data are in conflict.
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Developing a framework for a Cultural Risk Analysis, i.e. to carry out a 
 cultural analysis, requires a paradigmatic shift in human consciousness similar to 
the one that took place in the Enlightenment. And this will be extremely difficult 
because it is a shift requiring both the rational (cognition) and the emotional 
(feeling). It will require both risk-as-analysis and risk-as-feelings; it will require 
both moral reasoning and emotional morals. As any good engineer knows (at 
least those who have taken my class), a redundant and diverse system has order of 
magnitude higher reliability if the system is built of “AND” gates rather than 
“OR” gates.21

Perhaps Thomas Kuhn [34] said it best, “…that is why a law that cannot even 
be demonstrated to one group of scientists may occasionally seem intuitive to oth-
ers. Equally, it is why, before they can hope to communicate fully, one group or 
the other must experience the conversion we have been calling a paradigm shift.” 
And, “Just because it (a paradigm shift) is a transition between incommensura-
bles, the transition between competing paradigms cannot be made a step at a time, 
forced by logic and neutral experience. Like the gestalt switch, it must occur all at 
once (though not necessarily in an instant) or not at all.”

Appendix A: The Conventional Approach  
to Risk Assessment

Risk analysis, to date, has been used primarily as a retrospective process. It was 
developed by the U.S. Space Program in the 1950’s and 1960’s with the advent 
of Failure Modes and Effects Analysis (FMEA) in an attempt to both understand 
and correct missile and rocket launch failures. Risk assessment was introduced to 
the nuclear power establishment with the publication of the Reactor Safety Study 
(WASH-1400) in 1975, but only after 75 or so nuclear power plants already had 
been designed, built and operated in the U.S. and reached a level of maturity 
with the publication of NUREG 1150 in 1990. Risk management only came to 
prominence after the accident at Three Mile Island-Unit 2 in 1979. More recently, 
the NRC has developed a regulatory approach called “Risk-Informed Decision 
Making” that utilizes risk assessment as one input into design and operational 
changes requested by the nuclear utilities in the US. The NRC believes that the 
current approach to risk assessment for nuclear power plants is mature enough to 
warrant its use in decision- making.

21 Consider a system, S, with sub-systems A and B. If A AND B must fail, the failure rate of S is 
AB. If A OR B must fail, the failure rate of S is A + B. If the failure rate of A is 0.1 and B is 0.1, 
then AB is 0.01 and A + B is 0.2, rendering the AND configuration, an order of magnitude more 
robust!
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In their seminal paper, Kaplan and Garrick [35] lay the foundation for our 
 current risk assessment model by asking three questions: (a) What can go wrong? 
(b) How likely is it to happen? (c) What are the consequences? The first question 
is answered by defining an accident sequence beginning with an initiating event, 
followed by multiple failures (or events) and an “end state.” This is commonly 
called an accident sequence. The answer to the second question is the frequency 
or annual probability of that sequence occurring. Lastly, the end state defines the 
consequences and answers the third question. Posing risk in this fashion has led a 
number of practitioners to quantify risk as a convolution or summation over acci-
dent sequences of consequences multiplied by annual probability. This approach 
results in an operational or instrumental definition of risk as an expected value. 
Hence one of the common operational definitions of risk is the “expected value of 
an undesirable consequence” as:

Here, i is the ith sequence, while xi and fi are the consequence and annual 
probability associated with the ith sequence. When actuarial data is available, the 
annual probability becomes the frequency of the ith sequence. Hence risk may 
then be expressed as an “average annual probability of consequence” such as mis-
sion failure rate, or chronic exposure rate, or core damage frequency, or acute 
fatality rate.

The quantification of the annual probability for each sequence for engi-
neered systems is determined by the construction of fault and event trees. As 
shown in Fig. 9.1, the fault tree (upper tree) is basically a logic diagram for a 
system, sub-system, component or structure in which the “Top” event is the 
annual probability of failure, given by pi in the event tree (the lower tree). The 
branches of the event tree (lower tree) signify success (yes) or failure (no) for 
each event in the sequence. The symbol E1 stands for the initiating event and 
the symbol Fs stands for the final state. Associated with each final state is a 
consequence, xi. If the consequence involves a release of material into the envi-
ronment (e.g. radioactive material, toxic chemical, etc.) with ensuing health 
effects or environmental degradation, models for environmental fate and trans-
port, exposure and dose/response are required to determine the consequences 
for each sequence. This approach to risk assessment is indicative of a linear or 
reductionist approach, in that all sequences are assumed to be independent of 
one another, and is deterministic in that there is a “causal” relationship between 
each input and output.22

(9.1)Risk =

n∑

i=1

xifi

22 An exception is the so-called “common mode” failure due to, for example, an earthquake or 
manufacturer’s defect. But even here, the basic fault and event tree structure is maintained, and 
the failure probabilities are modified accordingly.
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Appendix B: Defense in Depth

Some examples of the concept of Defense in Depth are:

At the nuclear power plant level

•	 Plants are designed to prevent accidents from occurring (Prevention), are pro-
vided with Engineered Safety Features (ESFs) to mitigate the consequences of 
an accident, should one occur (Mitigation), and have Emergency Plans to evac-
uate people and interdict food stuffs, should there be a release of radioactive 
material (Emergency Planning).

•	 Plants are designed with Multiple Barriers to prevent or mitigate fission product 
release: the ceramic fuel matrix, the metallic fuel clad, the primary system (ves-
sel and piping) and the containment building.

At the structural, system and component (SSC) level

•	 Single Failure Criterion: A single failure means an occurrence that results in 
the loss of capability of a component to perform its intended safety functions. 
Multiple failures resulting from a single occurrence are considered to be a sin-
gle failure. Fluid and electric systems are considered to be designed against an 
assumed single failure if neither (1) a single failure of any active component 
(assuming passive components function properly) nor (2) a single failure of a 
passive component (assuming active components function properly), results in a 
loss of the capability of the system to perform its safety functions [36].

•	 Redundancy and Diversity: One of the keys to satisfying the single failure cri-
terion. It might mean a power operated valve in series with a check valve, or an 
electric driven pump in parallel with a steam driven pump.

At the phenomenological level

•	 Safety Margins: Design with large difference between estimates of capacity and 
load. Examples include: 10 CFR 50—Appendix K–ECCS Evaluation Criterion; 
Licensing Basis Accidents; 10 CFR 100 Appendix A—Seismic and Geologic 
Siting Criteria for Nuclear Power Plants

Fig. 9.1  Generic fault tree 
(upper) and event tree (lower)
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Appendix C: The Accident Sequence at Fukushima Daiichi

In both WASH-1400 (1975) and NUREG 1150 (1990), a risk assessment was 
 carried out for Unit 2 of the Peach Bottom Nuclear Power Plant, a General Electric 
boiling water reactor (BWR-4) unit of 1065 MWe capacity housed in a Mark 1 
containment. It began commercial operation in July 1974. This is basically the 
same as the nuclear reactor systems at Fukushima, Units 1–4. The dominant inter-
nally and externally (seismic) initiated accident sequences leading to core-melt 
for Peach Bottom in NUREG-1150 consists of three station-blackout scenarios, 
where the timing of two of them matches the sequence of events at Fukushima 
(the spent-fuel pools notwithstanding). They are summarized as follows:

•	 Loss of onsite and offsite ac power results in the loss of all core cooling sys-
tems (except high-pressure coolant injection (HPCI) and reactor core isolation 
cooling (RCIC), both of which are ac independent in the short term) and all 
containment heat removal systems. HPCI or RCIC (or both) systems function 
but ultimately fail at approximately 10 h because of battery depletion or other 
late failure modes (e.g., loss of room cooling effects). Core damage results in 
approximately 13 h as a result of coolant boil-off.

•	 Loss of offsite power occurs followed by a subsequent failure of all onsite ac 
power. The diesel generators fail to start because of failure of all the vital bat-
teries. Without ac and dc power, all core-cooling systems (including HPCI and 
RCIC) and all containment heat removal systems fail. Core damage begins in 
approximately 1 h as a result of coolant boil-off.

Given the vulnerability to station blackout, how is it that the Fukushima Units 
were not adequately protected against a station blackout, regardless of the severity 
of the earthquake, and the tsunami following? Part of a “healthy” safety culture, 
is to go meta to the aggregate of accident sequences, which means that the phi-
losophy of “defense in depth” must be extended to the level of “safety function.” 
Active or passive safety systems or operator actions are required to provide the 
necessary functions to bring a reactor to “cold-shutdown.” Said another way, there 
are basically four functions needed in case of an accident:

1. Stop the chain reaction or “scramming” the reactor: this means redundant and 
diverse methods for bringing a critical reactor to a sub-critical state.

2. Insure adequate cooling to remove decay heat: this means providing passive 
or active, redundant and diverse systems to maintain coolant under a range of 
accident scenarios and conditions.

3. Insure the integrity of the primary system: this means maintaining a coolant path 
from the reactor to the “ultimate” heat sink, maintaining primary pressure and

4. Insure an “ultimate” heat sink.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution 
Noncommercial License, which permits any noncommercial use, distribution, and reproduction 
in any medium, provided the original author(s) and source are credited.
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