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Preface

In 1965, the “bandwagon market” for nuclear power finally took off. After a decade of struggle, there was a rush of orders for reactor plants that did not abate for eight years. For the nuclear industry and the US Atomic Energy Commission (AEC), these were hectic but rewarding times. By the late 1960s, utility companies contracted for power reactors at a rate of about two dozen a year. In the early 1970s, the orders for gigantic thousand-megawatt units doubled. Nuclear power was projected to take the lion’s share of new orders from coal plants—about 150 thousand-megawatt plants by 1980 and more than five hundred by 1990. The AEC’s regulatory division had a bumpy road to developing a licensing process amid a flood of construction permit applications. Each application raised new safety questions, but by the late 1960s, permits started to roll out with regularity, and the shortage of regulatory staff was the good kind of problem that came with a flourishing industry.1

Still, supporters of nuclear power were nervous. More plants meant more local opponents. In 1970, residents of Eugene, Oregon voted to place a moratorium on its municipal electric utility’s nuclear power projects. National antinuclear organizations formed. Press coverage of the industry turned critical. Even typically apolitical magazines, such as Life and Sports Illustrated, put out exposés. There were brisk sales of books claiming the nation was playing “nuclear roulette.” AEC officials rushed from one controversy to another. Seismic hazards gave way to opposition to urban reactor sites, then thermal pollution drew unexpected criticism, followed by protests of routine low-level radioactive emissions. It did not stop there. In early 1971, AEC Chairman Glenn Seaborg worried in his journal about a new strategy: “Anti-nuclear power forces seem to be shifting from low level radiation dangers to reactor safety.”2

The usual assurances of reactor safety by AEC officials stopped working. Public opinion was supportive of nuclear power, but the opposition was scoring points. Despite a substantial counteroffensive of educational material, radio spots, film presentations, and open debates with opponents, an aide to Seaborg concluded that “the AEC is in deep trouble with the public.” The atom’s advocates dismissed their critics as kooks and professional “stirrer-uppers” who spread “misinformation, half-truths, and hearsay,” but the new crop of opponents was smart and articulate. After one sponsored debate between AEC officials and critics, commissioner Theos Thompson called the AEC’s performance an “utter disaster.” In another debate, audiences openly rooted for the critics, who scored what one industry weekly called a “technical knockout.” Reassurances that a major accident was “extremely unlikely” fell flat.3

In fact, the AEC did not know the true probability of a reactor disaster, and their claim that accidents were rare was tested by surprising safety problems. Research and operating experience raised questions about the effectiveness of a key reactor shutdown system and the Emergency Core Cooling System (ECCS). In early 1972, the AEC had to conduct a major hearing on ECCS safety that turned into an embarrassment. On cross-examination from antinuclear participants, AEC experts received poor marks. News reports claimed agency leadership had intimidated and demoted its dissenting staff witnesses.4 The public and Congress wanted the AEC to regain credibility and provide certainty that reactors were safe.

The AEC tried to reassure the public by answering what had been so far an unanswerable technical question: What is the probability of a major reactor accident? It was a tall order. How could engineers quantify the probability of an accident that had never happened in a technology as complex as nuclear power? Any study that offered an answer was sure to be expensive, complex, and, if wrong, a fiasco. “Do we dare undertake such a study till we really know how?,” wondered the AEC’s leading technical advisor, Stephen Hanauer.5 He already knew the answer. In March 1972, he met with Norman Rasmussen, an engineering professor at the Massachusetts Institute of Technology (MIT) and won from him a commitment to lead the AEC’s accident study, a first-of-its-kind probabilistic risk assessment (PRA). Rasmussen’s job was to develop a “figure of merit” on accident risk—the product of an accident’s probability and its consequences—presented in terms easily understood and convincing to the public. It became a three-year, multimillion-dollar report, titled the Reactor Safety Study, typically called the “Rasmussen Report” or “WASH-1400” for its report number.6

Hanauer’s question touched on an uncomfortable reality. The AEC was risking its technical reputation on a study with important public policy implications that no one yet knew how to do. All previous estimates of accident probability had been expert guesswork or calculations that often produced absurd results. “Unfortunately, the probabilities [of accidents] have so far been extremely difficult to predict,” Hanauer once confessed, “whereas the worst possible consequences are all too readily predictable.”7 The solution proposed by Rasmussen was to calculate the probabilities for chains of safety-component failures and other factors necessary to produce a disaster. The task was mind-boggling. A nuclear power plant’s approximately twenty thousand safety components have a Rube Goldberg quality. Like dominoes, numerous pumps, valves, and switches must operate in the required sequence to simply pump cooling water or shut down the plant. There were innumerable unlikely combinations of failures that could cause an accident. Calculating each failure chain and aggregating their probabilities into one number required thousands of hours of labor. On the bright side, advancements in computing power, better data, and “fault-tree” analytical methodology had made the task feasible. But the potential for error was vast, as was the uncertainty that the final estimate could capture all important paths to failure. If the estimate did not withstand scrutiny, the subsequent humiliation could have grave political implications. The agency was already criticized for a pronuclear bias, and there was open congressional discussion about splitting it up. Nevertheless, it took the risk.

Forty years on, the daring that so worried Hanauer has paid off. The AEC did not survive, but WASH-1400 did. At first, the report suffered heavy criticisms of its calculations and an embarrassing partial rejection in 1979 by the AEC’s regulatory replacement, the Nuclear Regulatory Commission (NRC). Its prescience in identifying some of the safety weaknesses that led to the Three Mile Island accident rehabilitated it. A disaster at a chemical plant in Bhopal, India and the Challenger space shuttle explosion suggested WASH-1400 had non-nuclear applications, too. WASH-1400 set in motion what one expert described as a “paradigm shift” to an “entirely new way of thinking about reactor safety . . . and regulatory processes.” With new ways of thinking about risk came new regulations. PRA made possible the NRC’s conversion toward risk-informed regulation, which has influenced international safety regulation.8

WASH-1400 is the acknowledged urtext of probabilistic risk assessment, serving as a catalyst to the fields of risk analysis and risk management. It opened for study the risk of rare and poorly understood technological disasters. Insurance actuaries could assess the risk of common misfortunes—airplane crashes, auto accidents, and heart attacks. The Rasmussen Report made knowable the unknown risks of rare catastrophic events and shaped how a modern “risk society” evaluates and manages them.9 Much work has been done to improve WASH-1400’s weaknesses, but its original methodological framework survives. Engineering histories celebrate the Report’s technical origins and accomplishments, although they tend to overlook its political controversies and the unfulfilled ambitions its supporters had for it.10 PRA became an essential tool in evaluating the hazards of numerous technologies and substances. Rasmussen’s disciples have colonized other government agencies and the aircraft, aerospace, and chemical industries; PRA has been applied to dam safety analysis, medicine, medical devices, and even bioterrorist risk assessments. By the early 1980s, risk quantification and analysis had come to dominate government regulation and policymaking in environmental and health agencies.11

There has been limited historical research on probabilistic risk assessment in nuclear power or any other application. While PRA’s influence has been broad, its history is deepest in nuclear power. Many of the critical methodological advancements of PRA were made by the AEC, NRC, and the nuclear industry. Other technical fields such as aerospace made important contributions, but at times abandoned it after discouraging results. Nuclear experts persisted. They brought probabilistic risk assessment to life and applied it to safety regulation. This history focuses on their work.

I detail the endeavor to establish a figure of merit for nuclear reactor risk from its origins in the late 1940s through the 2011 accident at the Fukushima Daiichi facility in Japan.12 Since the beginning of the Atomic Age, assessing accident risk has been the central task in determining when a reactor was “safe enough” for the public. The seven-decade pursuit of risk assessment provides the narrative framework for this exploration of how the very notion of safety evolved through the forces of political change and technical discovery.

Over the decades, a safety philosophy rooted in descriptive qualitative risk assessment and expert judgment made room for quantitative risk assessments with greater use of numerical estimates of the probabilities and consequences of reactor mishaps. The motives behind this shift were multifaceted. The engineers in the AEC and NRC bureaucracy responded to external pressure from the nuclear industry and the public in ways familiar to other histories of technical bureaucracies. Like Theodore Porter’s cost-benefit experts in the Army Corps of Engineers, nuclear engineers placed their “trust in numbers” to bring stability to their regulatory activities and control the play of politics. In supplementing qualitative engineering judgment with PRA-based regulations, quantification aimed to reduce public conflict and interagency disputes. It was “a strategy of impersonality” that helped bureaucrats ground their decisions in purportedly objective measures of safety.13

From the beginning of the Cold War, there was also an internal drive to quantify risk inherent in engineering practice, particularly when new safety questions emerged. The quantitative impulse started while AEC engineers were insulated from public scrutiny at the nation’s top-secret weapons production reactors. They turned to probabilistic methods as they became aware of new unanalyzed accident scenarios that, while unlikely, carried potentially catastrophic consequences. Risk quantification could allow them to meaningfully evaluate a hazard and measure the value of safety upgrades. Quantification placed a reactor’s unconventional hazards into the perspective of conventional risks engineers understood. It might answer a simple question: “How safe is ‘safe enough’?” Burdened by primitive computers, undeveloped models, and limited data, their early efforts were mostly unsuccessful, and the AEC made a virtue of its qualitative assessments of risk as a conservative, reliable approach to safety. Nevertheless, research on risk assessment continued because it offered an intellectual technology to compensate for and discover weaknesses in a physical technology.

Interest in the quantification of risk followed nuclear energy from an era of production reactors to commercial power reactors and from almost complete secrecy to unprecedented openness. The shift began with President Dwight Eisenhower’s “Atoms for Peace” address to the United Nations in 1953 and the passage of the Atomic Energy Act of 1954. With nuclear power no longer stamped “secret,” risk quantification followed commercial plants into an increasingly polarized debate over plant safety. The impulse to quantify the risk of emergent safety issues at production reactors repeated in the public world of the peaceful atom. Internal and external motivators provided a mutually reinforcing rationale for the AEC to launch WASH-1400 to resolve safety issues and allay public concern. Although a valuable analytical tool, WASH-1400 proved to be an imperfect regulatory and political weapon. Skeptics inside and outside the industry were dubious of its methodology, accuracy, and the motives of the experts who promoted it. Nuclear power had an enviable safety record established by conservative design margins, engineering judgment, and qualitative tools, and some regulators believed PRA was a risky departure from a proven safety philosophy. Critics outside the industry feared it might bestow tremendous political power on its practitioners by excluding the public from a highly technical debate. They subjected the study to withering attack, arguing its quantitative estimates were too inaccurate to permit their use in policy or regulatory decisions. The WASH-1400 debate was a setback for PRA, but these critiques played a consequential role in its success as a regulatory tool. Experts responded by making PRA models more powerful and drawing on insights from multiple technical and social-science fields to express numerically flaws in hardware, human performance, and organizational culture. The intellectual technology of PRA, it was hoped, could adapt to the modern understanding of nuclear power plant operations as a complex sociotechnical system.

From the 1980s through the Fukushima accident, the NRC sought what had eluded the AEC: “risk-informed” regulation that was safe, cost-effective, transparent, and publicly acceptable. Safe Enough? offers a broad account of the successes and limitations of risk assessment in regulation in response to technical developments, reactor mishaps, the economic travails of the nuclear industry, and political controversies.

The reach of risk assessment extended beyond US reactor regulation. I include a chapter on the participation of the NRC and nuclear-industry risk experts in the application of quantified risk assessment methodology in three new areas. Risk assessment had mixed success when the NRC worked with the Environmental Protection Agency (EPA) and the National Aeronautics and Space Administration (NASA) to apply quantitative risk assessment to land contamination policy and the safety of the nation’s space program. In negotiations with the EPA, putting a number on risk backfired. A minor disagreement over low-level radiation exposures turned into a decade-long bureaucratic conflict over tiny differences in risk estimates. NASA, however, came to embrace risk assessment after the Challenger and Columbia accidents overcame internal resistance. Risk assessment also won success in the international arena as a technical/diplomatic tool in evaluating the safety of Soviet-designed nuclear power plants and smoothing the integration of safety regulation approaches between former Communist-bloc nations, the European Union, and the international nuclear community.

The book closes with a chapter on how risk assessment has fared in the twenty-first century. New safety issues, changes to the electric power industry, the shocks of the September 11, 2001 terrorist attacks, and the accident at the Fukushima nuclear power station in Japan buffeted PRA development as the NRC devoted thousands of hours to risk-informing regulations. Many wondered if it was worth the effort. Even after Fukushima raised a host of new questions about PRA, the NRC’s answer is still “yes.” Its supporters believe it is the best tool for balancing robust safety standards regulatory stability with demands for operational efficiency in a competitive power market. Consistently, regulators have turned to it when unmoored by unpredictable events, accidents, demands for efficient regulation, and criticisms of safety standards. It beckons as an attractive technical solution to political and regulatory problems. Often it has succeeded.

Often, too, quantifying risk has disappointed its supporters. By distilling the risk of nuclear reactors into easy-to-grasp and purportedly objective numbers, engineers expected a well-crafted PRA would serve safety and allay public concerns. They were surprised at the intractability of the task: their numbers were sometimes fraught with errors, sharpened disputes, revealed new safety problems, and did not consistently persuade the public that nuclear power was “safe enough.” But they kept at it. This history explains why they persisted and what they accomplished.





1

When is a Reactor Safe?

The Design Basis Accident

For the first twenty-five years of the Atomic Age, engineers and technicians operated reactors uncertain of the probability of a major accident. Automobile and aircraft safety regulations grew from the grisly accumulation of accident data, but there had been no reactor accidents and, thus, no data. Nuclear experts constructed an alternative safety approach. From the start-up of the first wartime plutonium production reactors at the Hanford Engineering Works in Eastern Washington State, safety assurance relied on the “Three Ds,” as I will call them—Determinism, Design Basis Accidents, and Defense in Depth. They relied not on determining and limiting the known probabilities of accidents, but by imagining far-fetched catastrophes and developing conservative designs.

The first D—deterministic design—differed from probabilistic safety in the way it addressed three safety questions that came to be known as the “risk triplet.” 1) What can go wrong? 2) How likely is it to go wrong? 3) What are the consequences? In brief, what are the possibilities, probabilities, and consequences of reactor accidents? A probabilistic design had to address all three questions for a broad range of accidents.1 With no history of reactor accidents, nuclear engineers could not answer question 2 except in a qualitative way by subjectively judging that some accidents were “incredible” and not worth considering, such as a meteor striking a reactor, though even that remote probability was estimated in the 1970s.2 Worst-case thinking was a mainstay of reactor safety.

Deterministic design compensated for this ignorance of probabilities by addressing questions 1 and 3 in a very conservative way. For question 1, engineers developed “imaginatively postulated” or “stylized” accidents judged to be extreme but credible that would result in “the most hazardous release of fission products.” They further calculated the consequences of question 3 by assuming pessimistic conditions during an accident, such as weather conditions that might concentrate an escaping radiation cloud over a nearby population center. Without careful definitions, terms for these accidents were used in defense and civilian reactor applications. Terms like Maximum Hypothetical Accident and Maximum Probable Incident were similar to Maximum Probable Flood, used previously by flood control engineers. The winner, Maximum Credible Accident (MCA), gained common usage in the late 1950s.3 A decade later the AEC switched again, to Design Basis Accident (DBA), a name that captured the purpose of these accidents as safety design standards. DBA remains in use today and the term will be used throughout this book.4 Reactor designers analyzed DBAs to “determine” the safety features necessary to prevent these extreme accidents or mitigate their consequences. Typically, designers used a combination of qualitative factors, such as remote reactor siting, careful system design to ensure there was enough component redundancy (for example, backup pumps and power supplies), and extra margins of material strength and quality. This deterministic design approach to a few DBAs, engineers reasoned, would cover many lesser accidents, too. It set a conservative outer boundary of safety that simplified a designer’s task from having to explore the many paths to failure in complex reactor systems.

When the DuPont Corporation designed the plutonium production reactors at Hanford during World War II, the design basis accident was extreme and simple: an explosive reactor power surge that spread radioactivity about 1.5 miles away. Protecting the public was also simple: isolation. The first reactors were spaced several miles apart and well inside Hanford’s expansive borders, out among the sagebrush and rattlesnakes of eastern Washington. The reactors and workers were protected with shielding and redundant shutdown and cooling systems. A deterministic approach aligned with DuPont’s chemical engineering culture, stressing large safety design margins.5

THE REACTOR SAFEGUARD COMMITTEE

The concept of defense in depth—the second D of safety—was also articulated early in the postwar period by the Reactor Safeguard Committee, an AEC panel of eminent experts chaired by physicist Edward Teller. The committee’s task was to analyze the design safety of existing and proposed reactors at AEC and contractor facilities. Teller held nuclear safety to a high standard. He and the committee worried about the impact of an accident on public opinion and sought to make reactors safer than conventional technologies. The committee enjoyed a reputation for excessive caution. “The committee was about as popular—and also as necessary—as a traffic cop,” Teller recalled. Unpopular but influential, the Committee’s judgments carried weight.6 In 1949, it spelled out its understanding of reactor hazards and safety in a report with the AEC identifier WASH-3 (WASH stood for Washington, DC, the AEC’s headquarters). Although the term “defense in depth” did not come into usage for another decade, WASH-3 contained its key elements. From the physical properties of their fuel, to shutdown systems, emergency pumps, auxiliary power, shielding, and location, AEC reactors were to be designed with multiple lines of defense to prevent an accident or mitigate its consequences.

While all the lines of defense were important, the Safeguard Committee believed some were more reliable and important than others. For example, the committee favored designs with “inherent” safety features that could make certain accidents nearly impossible. Inherent features were self-correcting mechanisms built into the plant’s physical properties, such as a reactor fuel with a “negative coefficient of reactivity.” If power rose in a reactor with a negative coefficient, the extra heat generated naturally slowed down the chain reaction by reducing the neutrons available to split atoms. As a reactor started up and rose to operating temperature, reactor operators worked to keep a chain reaction going by turning a “shim switch” that pulled neutron-absorbing control rods further out of the fuel. Keeping a reaction going was hard, but safe, work. By contrast, a positive coefficient meant a reactor had its own gas pedal. Once power and temperature started rising the reaction fed itself, creating more and more neutrons and fissions until there was a “runaway,” or even an explosion similar in force to what might happen at a chemical plant, as later happened at the Soviet Union’s Chernobyl power plant in 1986. Operators or automatic shutdown systems had to insert the control rods to keep the reactor under control. It was no coincidence that the Hanford reactors with their positive coefficients were sited in remote Eastern Washington.7

Defense in depth consisted of other less reliable lines of defense that offered compensating safety advantages. Physical or “static” barriers such as shielding and airtight containment buildings could be important for runaways or coolant leaks. Static barriers were highly reliable if not perfect. Least reliable were “active” safety systems, such as emergency cooling systems or the reactor “scram” system that shut down a reactor by inserting control rods into the fuel. Active systems could quickly bring a troubled reactor under control. But the committee warned that “such systems are liable to failure in operation.” Pumps had to start, relays had to actuate, switches could not jam, valves had to close, and operators could not make mistakes. Yet, all those things were almost certain to happen in a plant’s lifetime. The varied advantages of inherent, static, and active systems forced the AEC to rely on all layers together, some slow but certain, others fast but a bit fickle.8 The committee established a general priority for the lines in defense in depth that would not be seriously questioned for the next fifteen years: (1) isolation and inherent features; (2) static barriers: and (3) active systems. Not all reactor designs had the ideal arrangement of defense in depth and each line was supposed to compensate for the weaknesses of the others. The Hanford reactors had a positive coefficient, but their isolated location provided acceptable safety given the Cold War need for their plutonium.

The days of safety certainty at Hanford were brief. After World War II, General Electric Company (GE) took over Hanford’s management from DuPont. The reactors were worse for the wear of wartime production. DuPont’s own internal history of Hanford observed: “the production facilities at Hanford that DuPont turned over to General Electric had major operational problems” so severe that it expected them to have short production lives.9 GE concluded the probability and consequences of an accident were growing. It was understood that Hanford reactors had positive reactivity coefficients, but the aging graphite bricks that surrounded the uranium fuel created a new problem. By 1948, a Hanford supervisor wrote, the “appalling prospect” of a runaway from the bricks’ stored energy “is immediately conceivable.”10 It was possible the heat could be inadvertently released to the fuel, and the positive reactivity coefficient could cause a runaway. While operational changes and further research by GE later reduced concern about this problem, the Safeguard Committee worried that a runaway was credible, and radiation could be “suddenly released in a single catastrophe.”11 It prodded Hanford staff to study a range of conceivable runaway initiators, such as sabotage, earthquakes, and even the almost inconceivable failure of the Grand Coulee Dam upstream on the Columbia River.12 The committee also believed the consequences of a runaway were “far more disastrous” than wartime estimates. Fission product contamination from isotopes of iodine and strontium were likely to spread well beyond the original 1.5-mile radius.13

At the Hanford reactors, the Safeguard Committee concluded the existing isolation standard was insufficient. It recommended expanding the exclusion radius around the reactors to about five miles, but that pushed it outside Hanford’s boundaries and encompassed small communities nearby. Worse, the exclusion area would have to grow larger as the AEC responded to Cold War tensions by building even larger reactors and raising power levels of existing ones. Lacking containment buildings, Hanford reactors also had a weak second line of defense. Public safety depended on active systems, the least reliable line in defense in depth. The Safeguard Committee thought a safer reactor design was possible, but “the present Hanford type pile is definitely not in this category.”14 Even their designer, DuPont, agreed that Hanford’s reactors were less safe than the new heavy-water production reactors it was building at Savannah River, South Carolina. The latter reactors, DuPont bragged, enjoyed greater inherent safety. Even a decade later in the early 1960s, Hanford engineers admitted that it was “obvious that the Hanford reactor safety systems cannot measure up” to current standards of safety.15 Shuttering Hanford, however, was unthinkable while the Korean War and tensions with Russia kept the nation on a wartime footing. The expense of plutonium production made impracticable costly redesign that had unproven value. The Safeguard Committee implored GE to find creative ways to make Hanford reactors safe enough to operate.16

But how safe was “safe enough”? Ideally, the answer required risk quantification—the product of accident probabilities and consequences. GE already had conceived of several worst-case scenarios. For Question 3—consequences—they had the benefit of data from weapons testing and Hanford’s secret “green run” where, for over six hours, the facility released and monitored the dispersion of fission products from very radioactive fuel, including about four thousand curies of the dangerous isotope Iodine-131. By comparison, the accident at Three Mile Island released less than twenty curies of Iodine-131, while the Fukushima accident released 47 million curies. GE plugged the green-run data into a study of the consequences of reactor disaster at Hanford’s proposed K reactors. Herbert Parker, director of the radiological sciences department, noted the “remarkable agreement” among the various accident scenarios considered. Whether the release of radiation was a sudden explosion or a from a slow meltdown, the accident would not kill more than 250 civilians. Property damage estimates of $600 million were surprisingly high for a rural location. Satisfied with the results, Parker concluded further research on consequences was unnecessary. The next step should “be to establish more closely whether a disaster can occur at all, and if so, what is the relative probability of [radiation] release.”17 In 1956, Parker and another Hanford expert, J. W. Healy, presented a declassified version of their “theoretical” findings on accident consequences at an international conference, and their work contributed to later studies of civilian power plant disasters.18
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FIGURE 1. In 1949, the Reactor Safeguard Committee developed a formula for the isolation distance needed to protect the public from a reactor accident, based on the square-root of its power output. In this 1952 illustration, engineers applied the formula to Hanford’s reactors, drawing isolation boundary circles around each reactor. It showed that Hanford’s property line—the stair-stepped line north of the Columbia river—was too small. Lacking proof of isolation safety, Hanford’s staff attempted to calculate the probability of catastrophic accidents. Source: US AEC/DOE (G. M. Roy, E. L. Armstrong, G. L. Locke, and C. Sege, “Summary Report of Reactor Hazards for Twin 100-K Area Reactors, HW-25892,” October 10, 1951, D8442387, p. 116, DOE PRRC.





The probabilities Parker sought were a difficult challenge. Experts were not sanguine that reasonable calculations were even feasible. Without quantification, probability estimates could only be stated in an unsatisfying qualitative way, such as saying that the probability of accident was “low” or “remote.” The Safeguard Committee confessed frustration that probabilities could not inform a safety philosophy.

Yet probability is the usual measure of safety of such operations as airline travel, as described for example in fatalities per hundred million passenger miles. If a certain reactor were estimated to have a chance of one in a hundred of blowing up in the course of a year, certainly much thought, energy, and money would quickly be devoted to decreasing this evidently great hazard. On the other hand, a probability of disaster as low as one chance in a million per year might be considered to impose on populations outside the control area a potential hazard small compared to that due to flood, earthquake, and fire. Where the actual accident probability lies in relation to these two extreme figures is thus an important question, with definite practical consequences.19

One in a million—10−6 written as an exponent—became a timeless, intuitively appealing safety threshold. Looking back several decades later, one NRC regulator noted that 10−6 started as a “saw used to illustrate a low level of risk,” but gained “the appearance of gospel” as an acceptable standard of safety. The gospel of 10−6 was soon preached in many lands. From rocket launches to DDT, experts often invoked a probability around 10−6 when they subjectively guessed an acceptable risk of death.20

Nuclear experts used probabilistic estimates in the rare instances where they could find data and looked for engineered certainty when they could not. In 1953, the Safeguard Committee was combined with another advisory committee and renamed the Advisory Committee on Reactor Safeguards (ACRS). The ACRS pressed GE to develop “fool-proof” safety features that made runaways “impossible.” GE considered some options but found no magic safety device.21 The committee’s unease was evident in its sparring with GE Hanford staff. GE claimed design enhancements made an accident from sabotage, earthquakes, and Grand Coulee flooding at its new large K reactors “improbable.” The ACRS was unsatisfied with improbability. Through the 1950s, it grew more alarmed as reactor power output increased and hazards became “progressively more serious.” Hanford reactors posed “a degree of risk which, in the opinion of the Committee is greater than in any other existing reactor plant.”22

THE PROBABILITY OF DISASTER?

Proving to the ACRS that Hanford was safe enough, GE staff recognized, depended on a novel probabilistic proof that active safety systems were reliable. In 1953, statisticians at Hanford proposed doing the first ever probabilistic risk assessment with a bottom-up methodology to calculate the “probability of disaster” through an analysis of accident chains. A disaster, they reasoned, was the culmination of small malfunctions and mistakes. “While there have been no disasters, there have been incidents which, in the absence of mechanical safety devices and/or the alertness of other personnel, could have led to disasters. . . . A disaster will consist of a chain of events. It may be possible to evaluate more specifically the individual probabilities in the chain, and then amalgamate these results to obtain the probability desired.”23 Accident-chain analysis became a fundamental component of later risk assessments.

GE’s first foray into quantified risk assessment proved “disappointing” for reasons familiar to risk experts years later—inadequate data and an inability to model accident complexity. Data on Hanford component failures were not adequate for probabilistic analysis, and the paths to disaster seemed infinite.24 GE abandoned its ambition to totalize risk, but it persisted with a more modest probabilistic goal of estimating component and system reliability. As an electrical engineering company, it brought to Hanford a systems engineering approach that was more sophisticated than the “cut-and-try” methods that characterized the DuPont era. By the 1950s, reliability engineering had become a recognized profession. It had developed in the 1930s in the electrical and aircraft industry. The fragile nature of vacuum tubes, a critical innovation to World War II electronics, made reliability and systems analysis second nature to GE. Statistical reliability and reliability prediction methods became popular after the war, and electrical engineering committees worked with the Department of Defense to establish reliability engineering as a formal discipline in 1957. Reliability studies focus on the probability that a component or system will perform its intended function over a given time interval and provides essential data for broader risk studies.25
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FIGURE 2. In this aerial view of the Hanford reservation and Columbia River, three generations of plutonium production reactors are visible, as is their key safety feature—isolation from population centers. The N Reactor (1963–87) is in the foreground; the plumes of the twin KE/KW Reactors (1955–71) are visible in the center. Upstream in the upper right is the historic B Reactor (1944–68). While the B Reactor was built according to deterministic design principles, the succeeding generations made greater use of probabilistic methods. Source: US AEC/DOE Flickr, Image N1D0069267.





Hanford engineers faced a reliability problem more complex than tube failure rates, and they moved beyond the simple component reliability studies common at the time. By the end of the decade, they were analyzing safety system reliability and developed quantified system reliability goals, such as “one system failure in a million years of operation.” Accident probabilities also appeared in their design of a new Hanford reactor, where they concluded that the “Maximum Probable Incident” was a small pipe rupture that might happen once in two thousand years of operation. The ability of a probabilistic approach to identify and prioritize the most important safety improvements, GE insisted, increased reactor safety without the expensive and impracticable design changes sought by the ACRS. Hanford reactors were an experiment in supplementing qualitative safety goals with quantified reliability measures, an approach that kept the risk of a reactivity accident acceptably low. GE’s probabilistic inclinations influenced its later safety approach to civilian nuclear power plants.26

Of necessity, GE’s quantified strategy made it a proponent of probabilistic risk assessment as more transparent than the qualitative Three Ds that relied on expert judgment. Quantified risk assessment, a Hanford engineer argued, exposed “the framework of risk decisions to enable critical review by any interested party.”27 But as the civilian nuclear power industry took off in the 1960s, GE’s probabilistic methods had not coalesced into a reliable estimate of risk. In 1964, a GE Hanford staffer admitted, “considerable effort has been expended over the past ten years in trying to develop a failure model which would make use of minor incident statistics which would, through appropriate combinations, culminate in a major type incident. These studies did not prove successful.” Commercial plants had to adhere to qualitative safety rooted in the Three Ds.28 Nevertheless, as GE became a leading civilian reactor vendor, it became the primary advocate of quantitative safety. GE’s probabilistic turn and the rise of PRA in nuclear energy have been attributed to its quantification-friendly electrical engineering culture that displaced DuPont’s chemical engineers. Cultural explanations need to consider technical context. It was not so much a different engineering culture as Hanford’s unique engineering problems that compelled GE to move beyond deterministic safety. New problems in civilian reactors would do the same.29
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The Design Basis in Crisis

As the commercial nuclear industry grew in the late 1950s, AEC regulators and the ACRS applied the safety lessons of production reactors to civilian nuclear power plants to avoid the hazards of Hanford’s design in the civilian world. Reactors were almost always expected to have the inherent safety of negative temperature coefficients. Having addressed the threat of reactor runaways, the design basis accident that occupied designers and regulators was a loss-of-coolant accident—a major leak of the reactor coolant system—caused by a large pipe break. Defense in depth required three reliable physical barriers to prevent the escape of radioactive steam, including robust containment buildings.

A simple application of safety principles was complicated in practice. There was much expected of nuclear power, particularly after Dwight Eisenhower launched his Atoms for Peace program in 1953. The Atomic Energy Act of 1954 burdened the AEC with a conflicted “dual mandate” to promote nuclear power and regulate its safety. It was, as one critic of the law noted, a “schizophrenia which is inflicted upon the AEC by law.”1 It simultaneously pulled the regulatory staff toward more and less regulation. Maintaining a neat line between promotion and regulation was difficult. The small regulatory staff under Harold Price, the Director of Regulation, served as design reviewers, inspectors, hearings examiners, and enforcers. The key technical knowledge of reactor safety, however, resided in research and development laboratories on the AEC’s promotional side. Regulators often had to consult with other AEC divisions that actively promoted nuclear power with subsidies, educational media, and development research at AEC national laboratories. Even research done in the name of reactor safety came from the promotional Division of Reactor Development.

The AEC tried to maximize the independence of the regulatory staff. Price reported directly to the AEC’s five commissioners rather than the general manager. His staff occupied offices in Bethesda, Maryland, separated from the AEC’s large complex fifteen miles up the road in Germantown. The AEC also established two levels of licensing hearing panels to insulate licensing rulings from commission influence. Nevertheless, the staff worked under AEC commissioners who were usually pronuclear. It did not help that the regulatory division was such an agency backwater that some commissioners opposed it being split off into an independent regulatory commission because they feared its staff lacked the talent to go it alone.2

Safety regulations reflected the tension of the dual mandate. To stimulate industry initiative and creativity, early regulations were broad and limited. There were few hard-and-fast safety criteria, design guidelines, and rules for reviewing applications. The Atomic Energy Act of 1954 and related regulations spelled out a flexible standard of safety: that there be reasonable assurance of “adequate protection” to the public.3 Providing adequate protection against “credible accidents” indicated the AEC had to judge in a qualitative way whether accident risk was low. The 1954 act’s flexible language of “adequate” safety implied a “good enough” attitude toward safety. Yet, the AEC pursued a standard of safety it believed was higher than other technologies. As the ACRS explained in 1960, nuclear power was not yet an economic necessity and the dearth of accident probability data argued against taking conventional risks with a still unconventional technology. Conservative safety margins (that is, designs that had more than enough capacity to handle a design-basis accident) provided superior safety and compensated for limited quantitative data, operating experience, and rudimentary computer capability. In addition to its design safety, the AEC added margin in its siting criteria. To account for the remote probability of the worst conceivable accident where the containment building failed completely, the AEC used a formula that required that plants be set back an extra distance from cities larger than twenty-five thousand inhabitants.4

The foundation of the AEC’s qualitative approach to safety was expert judgment. Without extensive operating experience “for a statistical analysis of the risk,” Price admitted, “we will have to act on judgment—the judgment of technical people . . . that the risk of a reactor catastrophe is exceedingly low.”5 The AEC evaluation of hazards based on judgment sometimes looked like guesswork. David Okrent, a long-time ACRS member, compared the AEC’s reliance on judgment of credible accidents favorably to other technologies. The inability to quantify accident risk, he admitted, forced the AEC to rely on judgment as its safety arbiter. “That such problems are reviewed and judged in advance of the occurrence of an accident . . . is relatively unique in the regulatory field. Most technological ventures have approached safety empirically, with corrections made after the occurrence of one or more bad accidents. So, if the process has been imperfect, at least it has existed.”6

The AEC did not rely on judgment alone. It invested heavily in research and development to confirm elements of its safety approach. From 1951–74, the federal government spent $23 billion (1990 dollars) on research related to light-water reactors, the bulk of which was conducted by the AEC’s national laboratories, particularly Oak Ridge and Argonne. Argonne oversaw the National Reactor Testing Station (later renamed Idaho National Laboratory), where fifty-two test and prototype reactors were built for civilian, navy, army, and space applications as well as other facilities. For example, the AEC built many test reactors to confirm that civilian reactor concepts would not have the potential for reactivity excursions that were possible at the Hanford reactors. Beginning in 1953, the Boiling Water Reactor Experiment (BORAX) series ran hundreds of experiments across five generations of BORAX reactors. Researchers demonstrated the inherent tendency of water reactors to shut themselves down during simulated equipment malfunctions and operator error that might inject a large pulse of reactivity into the chain reaction. The success of BORAX series led to other safety programs. Test facilities with acronyms such as STEP and SPERT dotted the Idaho landscape. Researchers often pushed the reactors to destruction to establish the outer boundary of safe operation. The AEC also studied reactor fuel and component material properties in special facilities such as the Materials Test Reactor (MTR). This massive program informed reactor vendors, such as GE and Westinghouse, as they developed boiling-water (BWR) and pressurized-water (PWR) reactor designs that met the AEC’s adequate protection standard.7

Satisfied that water reactors were inherently stable, the AEC’s research turned to the loss-of-coolant accident (LOCA) as the maximum credible accident of greatest concern. There was little evidence that large piping could suffer an instantaneous break, but the AEC staff and the ACRS judged that it could not rule out such a break as an incredible event. It became the reigning design basis accident for virtually every light water reactor worldwide. It was a useful standard for the design of robust containment buildings and cooling systems. In the 1960s, the AEC developed plans to explore a LOCA in a test series known as the Loss-of-Fluid Test (LOFT) at an Idaho test reactor.

As the civilian nuclear power industry gained traction in the early 1960s, the AEC remained wedded to the Three Ds. The ACRS, originally an ad hoc committee, became a statutory committee in 1957. Its independent evaluations became an important check on the regulatory staff’s review of civilian reactor applications. As in its earlier evaluations of AEC research and plutonium production reactors, the ACRS was usually a conservative advocate for civilian designs with some measure of inherent safety, defense in depth, and sites on the outskirts of urban centers. This created tension with utilities seeking to maximize production efficiency with sites close to its customers downtown. The ACRS also pressed for robust containment buildings that could handle the worst loss of coolant accident.8

With the LOCA as the standard design basis accident, regulators demanded safety features from vendors that held radiation levels below public exposure limits during an accident. While this process seemed straightforward, reactor behavior during a LOCA was poorly understood, and the LOFT tests were not expected to begin for years. The AEC accounted for these uncertainties deterministically, by assuming the worst conditions at each step in an accident’s progression. Static containment buildings were the capstone of defense in depth. They were made with a reliable steel shell and usually a layer of reinforced concrete. They had few moving parts, almost no need for power sources, and were virtually certain to work. No one had to turn on a containment building, whereas pumps could fail or be mistakenly turned off, as later happened during the Three Mile Island accident.9 Containment was the last barrier, the last line in defense in depth. These layers of defense in depth, said the chairman of the ACRS, had to “be extraordinarily reliable and consistent with the best engineering practices as used for applications where failures can be catastrophic.”10

THE BANDWAGON MARKET

Even as the AEC sought to maintain regulatory stability and simplicity, a burst of reactor orders and rapid changes in designs presented new challenges to the Three Ds of safety. The fledgling nuclear industry quickly found itself the preferred power source over smoky coal facilities. In 1963, Jersey Central Power & Light Company announced the purchase of the first “turnkey contract” from General Electric Company to build the 515-megawatt Oyster Creek nuclear power plant for just $66 million, an astonishingly low price. Since the vendor took on responsibility for designing and building the plant, a turnkey contract was like buying a car: the new utility owner did not get involved until it symbolically took the keys for the new plant and started it up for the first time. Although Oyster Creek was sold as a loss leader, nuclear plants were soon competing with coal plants even in locations close to coal mines. GE and Westinghouse engaged in an intense competition for contracts and by 1967 a “great bandwagon market” for nuclear plants took off. The Tennessee Valley Authority (TVA) ordered two thousand-megawatt plants from GE despite its access to low-cost coal deposits. Fortune magazine called the order “An Atomic Bomb in the Land of Coal.” Philip Sporn, president of the American Electric Power Company, was skeptical and complained of “a bandwagon effect, with many utilities rushing ahead . . . on the basis of only nebulous analysis.” Sporn was prescient, but optimism was everywhere. GE vice president James Young reported the buyers exceeded “even the most optimistic estimates” with thirty-one orders in 1967.11
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FIGURE 3. The spherical containment building of the Big Rock Point nuclear power plant exemplified the role played in reactor design by escaping high-pressure steam from a loss-of-coolant accident. Later containment buildings added a layer of reinforced concrete for additional support, shielding, and resistance to projectiles. Source: US AEC/DOE Flickr, HD.6D.167.





The bandwagon market placed a heavy workload on the AEC regulatory staff to process requests for construction permits, but it also raised new safety questions as vendors designed ever-larger plants. Over the course of the twentieth century, designers had scaled up fossil power plants in search of economies of scale, and they expected the same of nuclear plants. By 1967, just four years after the Oyster Creek order, vendors had doubled the output of their baseload plants. The new plants were not just larger versions of the early plants. Vendors sought economic advantages and shifted plant designs. The constantly evolving designs produced unanticipated safety questions and a feeling among the AEC staff that they were being asked to rubber-stamp new applications at sites with questionable characteristics.12

Some applicants strayed a bit too far from the AEC’s conservative approach. Pacific Gas & Electric Company proposed a nuclear power plant at Bodega Bay, California, close to the San Andreas Fault. Under fire from the public and sharp questioning about seismic safety from the AEC staff, PG&E withdrew the application. It was the same story for the Los Angeles Department of Water and Power when it proposed a seismically questionable facility near Malibu beach. In New York, Consolidated Edison applied for a plant just across the river from Manhattan in Queens. Public outcry and a skeptical ACRS assessment forced Con Ed to retreat.13

Even proposals in less controversial locations ran into trouble. In December 1964, an AEC licensing board granted only a conditional construction permit for the Oyster Creek plant. The licensing board wanted more information on the plant’s new, innovative Mark I pressure-suppression pool containment and other design features. The board ruled that the applicant, Jersey Central Power & Light, had not provided enough data to assure the board that it could operate the reactor “without undue risk” to the public. The integrity of the containment over the forty-year lifetime of the plant, the board noted, depended on “the potential fallibility of active systems.” The increased power and reduction in safety equipment costs created “uncertainties” that prevented the issuance of a full construction permit. The board called for a more formal, careful review of the reactor safety systems, fuel design, and design criteria for the plant. Regulators could not ascertain even in a qualitative sense that the risk of a major accident was acceptably low.14

The nuclear industry, however, believed its safety designs were already mature and safe enough. Its leadership objected to the Oyster Creek ruling, claiming that AEC safety standards were moving targets. One industry journal called it a troubling “precedent-setting decision” that created more uncertainty about the level of detail required for construction permit applications.15 Oyster Creek supported what became a chronic complaint: the AEC was excessively conservative and unpredictable. From one application to the next, the AEC demanded new, expensive, redundant safety systems without a clear justification. Kenneth Davis of Bechtel Corporation said these regulatory surprises were like having “a set of precise instructions for getting to B from A without knowing where either A or B are.”16

The AEC believed there was no consistency in designs, the vendors believed there was no consistency in regulation. Both points of view were true. It was taking longer to issue construction permits. The AEC often forced redesign and backfits on plants already under construction. AEC regulators acknowledged its regulations were getting more complex, but, they insisted, so was the technology. Nuclear power design was not mature, but the industry believed it was. Utilities wanted economies of scale, and nuclear vendors raced to meet demand by extrapolating from smaller to larger plants without gaining operating experience with new design innovations, experience that often revealed problems and disappointing performance. TVA director S. David Freeman said of the extrapolation period, “American utilities were trying to save nickels and lost dollars.” In 1973, the AEC finally put a stop to it by capping maximum reactor power output for new orders. It pointed out, “continual increase in the size of these plants has resulted in many plant design modifications and in a large expenditure of AEC staff review effort to assure the maintenance of a consistent level of safety.”17

As the Three Ds proved simple in concept but complex in practice, there was plenty of second-guessing of the AEC’s safety philosophy. As one engineer with Atomics International explained, the design basis accident left designers in the dark about the magnitude of the hazard, and it made the dividing line between credible and incredible accidents a “purely subjective” determination. Moreover, by focusing on spectacular accidents, the DBA “may obscure subtle possibilities and lead to neglect of less severe accidents which may be more important because they occur more frequently.” Very unlikely incredible accidents might be important, he argued, because their disastrous consequences might be intolerable to a society. He called for sophisticated tools to consider a broad range of accidents through a “probabilistic approach” that employed the latest statistical methods developed in the ballistic missile program.18

The international nuclear community also favored risk quantification. Nations such as Canada, Japan, West Germany, and Great Britain took their safety cue from the AEC, but they often dealt with different reactor designs and siting challenges. Canada’s reactors had slightly positive reactivity coefficients, which made their active shutdown systems, and a probabilistic estimate of safety, crucially important. Japan and European nations contended with higher population densities than the United States, which made remote siting difficult. They advocated probabilistic approaches they believed offered greater siting flexibility.19 The AEC was not persuaded. Its regulators defended the Three Ds as the only reliable approach to safety. The AEC’s leading technical advisor, Clifford Beck, acknowledged quantification of risk was “intuitively attractive,” but argued it was “not possible to obtain a confident answer” given the “subjective judgments” of experts.20

ACCIDENT CONSEQUENCES: THE WASH-740 STUDY

Beck’s skepticism of a probabilistic approach was based on hard experience. In 1957, the AEC issued a report on the theoretical consequences of a major reactor accident, known as WASH-740. WASH-740 produced an alarming and, some argued, unrealistic estimate that a worst-case accident might kill 3,400 people and cause $7 billion in property damage. In the report, the AEC tried to counter this alarming hypothetical accident with some estimate of its “exceedingly low” probability but could elicit only unreliable expert judgments ranging from one in one hundred thousand to one in a billion reactor-years of operation. These numbers were reassuring, but the AEC acknowledged that some experts it consulted refused to answer the question, believing that such a probability was “unknowable.” The authors of WASH-740 despaired that “no one knows now or will ever know the exact magnitude of this low probability.” Without a clear number for risk, the AEC’s qualitative approach to safety made for a muddled, incoherent message to the public, as was evident by the qualification-laden title selected for WASH-740. Its concise working title, The Reactor Disaster Study, turned into Theoretical Possibilities and Consequences of Major Accidents in Large Nuclear Power Plants: A Study of Possible Consequences if Certain Assumed Accidents, Theoretically Possible but Highly Improbable, Were to Occur in Large Nuclear Power Plants. The AEC could not explain qualitative safety in simple language.21

The legacy of WASH-740 haunted the AEC for years. It was the worst half of a risk assessment—dire, unrealistic consequences without the perspective of their improbability. The report made for favorite reading by antinuclear activists, was easy to caricature, and was an “albatross around our necks,” AEC Chairman Dixy Lee Ray later noted. Refuting it became a priority for friends of nuclear power. The first attempt to do so was mostly forced on the AEC. In February 1964, Frank Pittman, director of the AEC’s Division of Reactor Development, testified before the Joint Committee on Atomic Energy. Its powerful chairman, Congressman Chet Holifield, pressed him to update WASH-740 in anticipation of more complete picture of risk. Pittman demurred. Given the industry’s still limited operating experience, the AEC had little new information to revise the original conclusions, he told them. Safety studies and experiments were years from completion. A new study could backfire, Pittman warned. “If you make a new analysis and it doesn’t improve the situation, it might make the situation worse.” Holifield reasoned differently that new safety improvements the AEC had mandated would certainly improve the study’s conclusions. At a Joint Committee hearing held two months later he asked commissioner James Ramey for an updated study.22

It was a request the AEC could not refuse. Holifield spent almost all of his thirty-two years in Congress on the JCAE, and he pursued the promise of nuclear power with zeal. Toward the end of his career, his promotional commitment intensified. In 1970, he confessed to a Westinghouse official that the looming energy crisis “is so clear to me, and it is so urgent that, for the first time in my life, I am aware of the meaning of my age and the shortness of probable time which I have to work on the problem.” With the passion of a man seeking to define his legacy, the California congressman placed allies in key AEC positions. Milton Shaw, a key assistant to Admiral Hyman Rickover, the father of the nuclear navy, headed the AEC’s research and development program. The JCAE’s staff director, James Ramey, became an AEC commissioner in 1962 despite a lack of White House enthusiasm for a nominee who would obviously increase Holifield’s power. One industry official described him as “industry’s best friend on the Commission.”23

As Pittman predicted, Holifield’s request to update WASH-740 was a major mistake. The update produced consequences worse than the original study for the simple reason that the study’s basic assumptions did not change, save one: reactors were larger and produced more radiation. A major hypothetical accident would simply produce more hypothetical deaths. And while the AEC hoped the updated study would include estimates of “probabilities and consequences of major reactor accidents,” Brookhaven National Laboratory refused to develop any probability estimate.24 Assigned to study a worst-case accident, its scientists assumed that the probability of a major accident was one hundred percent, and that new safety features, including containment, would fail. To AEC staff, Brookhaven’s assumptions seemed “unwarranted” and ignored the fact that no reactor would be built without first proving “the effectiveness and reliability of engineered safeguards.” Brookhaven’s approach presented a major public relations problem. “No matter what statements are made on the incredibility of the upper limit accidents,” wrote one AEC chief, “these will be ignored by reactor siting antagonists, including the coal lobby.” He was particularly nettled by the assumption that containment would fail, and he called for scrapping Brookhaven’s pessimistic assumptions in favor of “a consideration of reasonable accidents which are still considered incredible by most standards (failure of every safeguard except the containment structure).” Brookhaven refused.25

Confronted with another public relations debacle, AEC staff tried to prove that engineered safeguards were already so reliable that the Brookhaven assumptions could be discarded. Clifford Beck took the lead in developing a section on accident probability estimates. In recent years, the AEC had contracted with Holmes & Narver to quantify nuclear power reliability and the Planning Research Corporation for accident probability studies. The agency enlisted Planning Research to attempt the probability estimate.26

Planning Research pursued the estimate in two ways. One approach developed probabilities based on operating experience. The other estimate took a similar approach to GE’s at Hanford in 1953, developing some rough accident chains from random component failure-rate data and expert judgment. Neither approach worked well. Reactor operating experience was still limited, and Planning Research could only state with 95 percent confidence that a major accident’s probability was no worse than one in five hundred years of operation. That was hardly a comforting number. The industry expected to build one thousand nuclear power plants by the year 2000, which meant two major accidents a year were possible. Its second estimate, Planning Research admitted, was an uncertain “quasi-quantitative” approach that relied on a mix of component failure data, expert judgment, and accident sequence block diagrams. It produced wildly optimistic numbers. Even the most pessimistic end of the range predicted one major accident in one hundred million years of operation; a reactor operating since the age of the dinosaurs might have just one accident. The most optimistic end of the range predicted one accident in ten quadrillion years of operation—seven hundred thousand times longer than the age of universe.27

The AEC concluded the Planning Research estimates were useless. The five-hundred-year probability estimate simply reflected the paucity of operating experience, and the component-failure estimates missed obvious ways a reactor might fail. John Garrick, leader of Holmes & Narver’s risk assessment group, recalled that such “age of the earth” estimates were typical of 1960s accident models, even his own dissertation, because it was hard to model common-cause failures that swept away primary and backup safety systems, such as common manufacturing defects, fires, and floods. The definition of probabilities and risk were also not standardized, nor was there agreement on how to account for uncertainties. Lacking probabilities, again, the AEC was stuck with a larger WASH-740. The commission opted to suppress the results. For the next eight years, the unfinished update sat like a tumor in remission in AEC filing cabinets, waiting to metastasize. In hope of better results, the agency continued funding reliability and probabilistic work through Holmes & Narver on basic piping failure probabilities.28 In the meantime, the AEC had no adequate risk assessment methodology and no way to put nuclear catastrophe in probabilistic perspective for the public. That would require help from the defense and the aerospace industries.

SEEING THE FOREST WITH TREES: FAULT-TREE METHODOLOGY AND RISK QUANTIFICATION

Part of the problem in developing probabilities was that nuclear engineers could not see all the paths to disaster. They needed a common visual representation of component failure chains. “Decision trees” came to the rescue. In 1959, a British statistician suggested that the binary nature of computers could calculate the probability of biological mutations. Business scholars, such as Howard Raiffa, borrowed the idea to develop decision trees that mapped chains of financial decisions using Bayesian probability estimates. Military think tanks such as the RAND Corporation sought to meld systems analysis with the new probabilistic methods.29 Like nuclear reactors, weapons systems often could not be easily tested for catastrophic failure, and, as GE had done at Hanford, engineers in the US ballistic missile program looked to break down the risk of malfunction by analyzing individual system reliability and then combine the individual probabilities of failure into a final assessment. In 1962, Bell Labs provided the key innovation by adapting tree theory for more sophisticated use in the US ballistic missile program. It created “fault trees” that represented Boolean algebra. Symbols called “gates” depicted the logic and binary behavior (operate successfully/fail) of system components. AND gates could represent a power supply that failed only when its primary and backup supplies were lost. OR gates could symbolize a power-operated valve that failed if it stuck mechanically or suffered a broken motor. Fault trees reduced power supplies, valves, and pumps to universal symbols, a visual lingua franca of catastrophe. If fluent in fault trees, any engineer, even one unfamiliar with a technology, could see the paths to a disaster. By adding in component failure data at each gate, he could manipulate the design to minimize the probability of failure.30 Fault trees made designs and their accidents knowable.
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FIGURE 4. Fault trees were the key innovation developed by Bell Laboratories for the US missile and aerospace programs. In this 1963 illustration, Bell presented a simplified fault tree depicting the possible failure paths of a household hot water heater. Source: C. R. Eckberg, WS133B Fault Tree Analysis Program Plan, Seattle, WA: Boeing Corporation, March 16, 1963.





Hailed for enhancing the reliability of Minuteman missiles, fault trees found civilian applications, including Boeing’s new 747 passenger plane.31 Nuclear experts were eager to use the new methodology, and decision and fault trees spread like a contagion into all areas of nuclear technology. Nuclear experts who worked between nuclear power and aerospace applications used them to assess the risk of the SNAP reactors and generators used in satellites. Holmes & Narver developed failure-rate data collection techniques and a fault-tree computer model that was used in the late 1960s to analyze Hanford reactors.32 Civilian reactor designers, such as GE and Westinghouse, used them to assess reactor safety systems in water- and non-water-cooled reactor designs and the probability of station blackouts during a LOCA.33 Nevertheless, roadblocks persisted with data gathering, accounting for major accident initiators, and estimating common-mode failures. Risk analysts recognized these uncertainties and typically did not claim they had determined the total risk a plant design posed. They used numbers in a relative way to compare system design variations.34

Most of these efforts were limited analyses of individual safety systems, much as GE had done at Hanford in the 1950s. But some experts envisioned something much more complex and ambitious, coupling these bottom-up estimates with top-down quantitative safety goals that would set safety design standards. In 1967, F. R. Farmer, head of Great Britain’s Atomic Energy Authority, made a landmark proposal for reactor siting criteria along probabilistic lines. The US design basis accident, Farmer thought, was arbitrary, and Britain faced population densities that made US siting regulations impracticable. He called for assessing “in a quantity-related manner . . . a spectrum of events with associated probabilities and associated consequences.” He based his maximum exposure criteria on international standards for health impacts from Iodine-131, a particularly dangerous isotope, and plotted a curve of increasing radiation exposure to declining accident probability. Farmer incorporated the psychology of disaster into his curve. He believed the public feared single large accidents more than many small ones. So, he bent the limit curve, making it “risk averse.”35 A major accident with many fatalities had to be disproportionately less likely than many small accidents that killed the same number of people. The “Farmer Curve” became very influential. GE staffer Ian Wall, for example, integrated Farmer’s work into the company’s already substantial probabilistic efforts. In 1969, a study led by Wall used quantitative risk estimates to conclude that siting reactors in urban locations was an unacceptable risk to the company, and it spelled out quantitative safety goals for plant design, including the reliability of safety components. While the AEC approached safety deterministically, GE was thinking probabilistically. Wall later brought his quantitative skills to the AEC and worked on the WASH-1400 report.36
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FIGURE 5. In 1967, Great Britain’s F. R. Farmer proposed one of the earliest and most influential accident risk curves for reactor safety design. The “Farmer Curve” set a maximum radioactive release criterion for an accident based on its probability. On the x-axis, Farmer placed release values for the dangerous fission product Iodine-131. The y-axis represented in reverse order the years of reactor operation. The limit line runs from relatively common small releases in the upper left corner to rare, disastrous releases in the lower right. A large accident releasing about a million curies of I-131 (106) should not occur more than once in ten million years of reactor operation (107). Believing that the public would not tolerate large disasters, Farmer bent the curve to make the risk criterion “risk averse” for catastrophic accidents. They were to be far less probable than many small accidents that might add up the same number of deaths. Source: IAEA, (F. R. Farmer, “Siting criteria—a new approach,” in Containment and Siting of Nuclear Power Plants, Proceedings of a Symposium Held in Vienna, Austria, 3–7 April 1967 (Vienna: IAEA, 1967), 315. By permission of the International Atomic Energy Agency.





In 1969, Chauncey Starr, the dean of engineering at the University of California–Los Angeles, attempted a universal model of acceptable risk with policy application. He had spent several years considering nuclear power’s public relations problem, which, he believed, was caused by the excessive caution of nuclear experts as epitomized in the improbably severe accidents postulated in WASH-740. Evaluating nuclear power this way was like evaluating airline travel by postulating a plane crash into Yankee Stadium during the seventh game of the World Series. Such scenarios only confused and frightened the public. Above-ground weapons testing, and “the vacillation of self-nominated science-statesmen in their mixing of fact, value judgments and policy,” he contended, had produced a generation of “nuclear hypochondriacs” with “irrational anxiety.” It was time to persuade the public with numbers through a formal analysis. The risk of a new technology should be understood quantitatively as “the gambler’s chance” of enjoying new benefits at some risk of personal damage. Quantifying risks and benefits allowed for comparisons with other technologies. The key was to discern the public’s tolerance for various kinds of risk.37

Starr believed public risk tolerance was stable across generations, and he used historical data on accidents and disease to calculate its “revealed preference” for certain kinds of risk. This data on accepted risk for automobile accidents, plane crashes, and the health impact of coal power could be used by policymakers to establish safety standards for new technologies such as nuclear power. Starr concluded the public readily accepted—by a factor of one thousand—voluntary risks, such as driving a car or climbing a ladder at home, over involuntarily imposed risks, such as air pollution and nuclear power accidents. He then divided up voluntary and involuntary hazards, used insurance data to estimate the economic value of a lost life, and quantified risks and benefits of each technology. In this way, he could compare any risk and determine whether it was safe enough for public acceptance. By his calculations, nuclear power was already much safer than almost any other voluntary or involuntary risk. Starr’s work intrigued the AEC. It might finally be possible to eliminate the incomprehensible language of qualitative safety and define “adequate protection” in numbers that could be compared with ease to risks in everyday life.38

Starr believed that the problems created by physical technologies could be solved by the intellectual technology of risk assessment. His revealed preference proposal was an engineer’s formula to solve a public policy question: “How safe is safe enough?” “To a technologist,” Starr later admitted, “it appeared to be a logical approach to societal decisions.” Starr relied on what was called the “deficit model” of public awareness of science and technology issues. Starr thought that improving knowledge of a scientific or technological issue would persuade the typical citizen to see risk as Starr did and eliminate public distrust of nuclear power. His was an Enlightenment faith that the public was composed of rational actors who dispassionately choose their risks according to data.39

Starr helped inspire the new field of risk analysis, and scholars tested his assumption that the public acted rationally based in informed choices. The work of Amos Tversky and Daniel Kahneman on emotion, bias, and perceptions of risk—part of a body of work for which Kahneman later won a Nobel Prize—created an alternative understanding of the role of emotion and the illogic of public attitudes toward risk. Scholars applied Tversky and Kahneman’s insights and showed that while Starr was correct that the public generally tolerated voluntary more than involuntary risk, numerous biases among the public, decision-makers, and even experts made a mess of any quantification of “safe enough.” Individuals were easily swayed by their familiarity with a hazard, “dread” of catastrophic events, and “confirmation bias” that led them to seek only information that supported preexisting beliefs. Starr was also wrong in thinking the public’s tolerance for risk did not change over time. People may tolerate certain risks that seem inevitable, but that does not mean they accept them. From seat belts to smoking, the public was becoming more safety conscious. And they did not see nuclear power as offering the same benefits as other sources of electricity, even when comparing a coal and nuclear plant that produced the same power. While these views seemed irrational, other research indicated that the public perceived nuclear power risk in more complex ways than could be expressed in simple calculations. People feared nuclear power because of its possible genetic threat to the next generation and the great uncertainty of an accident’s probability and consequences. Ideology mattered, too. Many did not trust data from industry and AEC technical experts because they represented the military-industrial complex. These insights into risk perception, however, were years away. In the meantime, Starr’s risk assessment model gained favor as a technical tool and a means of public persuasion.40

By the late 1960s, the pieces of risk assessment seemed to be coming together, including the elusive pursuit of accident probabilities. In 1967, John Garrick’s dissertation developed one of the first sophisticated fault-tree diagrams, accident estimates, and spelled out an early version of what became known as the risk triplet, described in chapter 1. It was work that, in the 1970s, would lead to Garrick’s commercial success at developing industry PRAs. He suggested that advancements in the field might permit experts to quantify enough of the total probabilities and consequences of reactor accidents to “arrive at the goal of a figure of merit [i.e. a numerical expression of total risk] to quantify safety.”41 In 1969, an AEC task force noted the limits to quantification, but agreed that a “total risk evaluation may be feasible.” The British were already using rough estimates of risk in their power plant siting decisions. There were technical questions to resolve, but a new age of probabilistic safety loomed, one that might solve nuclear power’s political problems, too.42

AEC regulators were curious but unconvinced. There had been advances in risk assessment, they agreed, but neither the British nor American models addressed all significant accidents. Stephen Hanauer responded to a British counterpart: “We have not yet arrived at the point where probability analysis techniques give adequate assurance that all failure modes are indeed considered, that the probabilistic model for severe accidents corresponds to the actual failures that will occur, and that adequate failure rate data are available for prediction.”43 The British had done extensive work to estimate probabilities through decision trees, but their model’s simplicity often sacrificed detail and accuracy, and their results still relied on extensive use of expert judgment.44

The AEC’s staff was also skeptical that active safety systems were reliable enough to count on. This produced a catch-22. The AEC wanted high-quality active systems like Emergency Core Cooling Systems (ECCS) but was of two minds about giving vendors credit for them in a reactor design. In 1964, the ACRS deemed ECCS essential for accident prevention, but said ECCS systems “cannot be relied upon as the sole engineered safeguards” and should be assumed to fail when postulating a maximum credible accident. The ACRS’s unwillingness to give ECCS systems much credit gave vendors little incentive to improve them. Nevertheless, the vendors and licensees continued to push for greater flexibility in siting nuclear power plants near cities by getting credit for a variety of new safety features. In many applications, the AEC had to pass judgment on these tradeoffs.45

Balancing tradeoffs was complex. By 1965, reactor vendors tried to develop inexpensive containment designs. General Electric proposed an economical Mark I containment system. The Mark I’s trademark inverted light bulb containment building was much smaller than typical dry containment buildings due, in part, to the lower operating pressure of the coolant in GE BWRs, as compared to PWRs. The Mark I also deployed an ingenious pressure suppression system. The escaping steam during a LOCA was funneled out of the containment building and into submerged pipes feeding into an enormous donut-shaped pool of water called a torus. As the steam bubbled up through the pool, it condensed back to water and was scrubbed clean of most of the radioactive particles. Less hazardous, non-condensable gasses collected in the top half of the torus where operators could vent them outside the building.46



[image: images]



FIGURE 6. This image of the construction of a Mark I containment at the Browns Ferry Nuclear Power Station in Alabama reveals its safety logic. The capsule-shaped reactor vessel sits inside the steel “inverted light bulb” section . In the event of a leak from the reactor, the escaping steam is directed through the spider-leg piping to the donut-shaped torus at the base. Filled with water, the torus condensed the steam and scrubbed it of radioactive particulates. More versatile than dry containments in some accident scenarios, the Mark I was more susceptible to failure during a core meltdown. Source: Tennessee Valley Authority.





The design had a weakness. If the fuel heated up too much during the accident, the zirconium metal tubes—cladding—holding the fuel pellets would react with the steam and create explosive hydrogen. The problem was particularly acute for BWRs, since their fuel design had more zirconium than a comparable PWR. The AEC regulatory staff reported that a pressure suppression “containment would not withstand the pressure of a metal-water reaction and the ensuing hydrogen release.” They concluded that “that dry containments are, from this standpoint, in better shape than pressure suppression.”47

Rather than change its containment design, GE called for reordering the priorities of defense in depth. GE executives argued for giving credit for the effectiveness of its ECCS system, because it had redundant power sources, water, and pumps to prevent a metal-water reaction. The staff complained that GE was changing the design basis accident “to fit what the containment can take.” At a meeting in July 1965, the staff argued that “for containment design, credit should not be taken for active systems.”48

While some members of the AEC staff may have thought GE was playing fast and loose with safety, GE officials believed their BWR compared well in terms of safety with its competitor, the Westinghouse Pressurized Water Reactor. Solomon Levy, a leading GE engineer who later headed the company’s entire nuclear division, believed that the AEC’s singular fixation with a large LOCA overlooked the superior safety aspects of the BWR design. BWRs operated with a single cooling loop whose simple design and lower operating pressure made it less susceptible to accidents and pipe failures. The Westinghouse dry containment, he granted, was superior in dealing with accidents with significant core damage, but the BWR and its pressure suppression containment were more likely to prevent a core meltdown in the first place. With more water available in an emergency and many more ways of getting it into the core than a Westinghouse reactor, the risks balanced out. GE engineers joked that they had so much water on hand they could make the reactor float during an accident.49 There were few standards or data that allowed a clear-cut determination on the best designs for reactor safety. Static systems might seem to be better than active ones, but what about an active system with multiple backup features and redundant systems? The AEC groped for ways to compare the safety of different designs.

Given these uncertainties, the AEC was divided on prioritizing static containment. Some staff and ACRS members argued that accidents were inevitable and “the containment should be designed to withstand the worst consequences of any credible accident.” But a powerful dissenting camp emerged around Milton Shaw, director of the Division of Reactor Development and Technology (RDT). RDT was a microcosm of the AEC’s conflicted dual mandate. It supervised safety testing for the regulatory staff but was controlled by the agency’s promotional wing. Its critics claimed it favored development projects over safety research, particularly the development of the breeder reactor, a favorite project of Congressman Holifield.50
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FIGURES 7 AND 8. The Boiling Water Reactor (BWR) and Pressurized Water Reactor (PWR) designs dominate nuclear power operations worldwide. The BWR offered a simple, relatively inexpensive design where a single loop of water served to cool the reactor and run the turbine generator. The PWR’s use of a two-loop design allows it to isolate virtually all radiation to the containment building and operate at higher pressures and temperatures. The advantages and disadvantages of each design are asymmetrical, making comparisons difficult. The BWR’s simplicity made it less likely to suffer a core-damaging accident, but the consequences were likely to be more severe if a core meltdown occurred. Source: US NRC.





Over the years, Shaw disagreed with the regulatory staff and ACRS over priorities in safety research. Some members of the staff believed Shaw simply ignored their safety concerns, but Shaw’s differences with the staff were also philosophical. A protégé of Admiral Rickover, Shaw was a passionate advocate for the Navy’s emphasis on accident prevention and high quality in design and fabrication. He was confident that quality control could ensure reactor safety. He and his division “wholeheartedly” believed that AEC safety research was unnecessary and should be turned over to reactor vendors. The AEC, he believed, should focus on development of advanced reactor concepts. He steered most safety research resources to quality assurance studies that, he believed, could make a large pipe break impossible and mitigation features unnecessary. ACRS members thought that quality assurance could not eliminate the chances of an accident entirely; mitigation systems and research were essential.51

THE CHINA SYNDROME: CHANGING SAFETY APPROACHES

In 1966, advocates who favored containment as the last line of defense were undermined by, as ACRS member David Okrent recalled, “a revolution in [light-water reactor] safety.”52 During a LOCA, the core could meltdown quickly due to the production of “decay heat,” energy from fission products—the radioactive fragments of the uranium atoms that had split apart during the chain reaction. Fission products release energy even after a reactor is shut down. Decay heat can produce 7 percent of the reactor’s full power right after a scram, enough energy to raise the fuel past its five-thousand-degree (Fahrenheit) melting point.

The AEC thought a melting core could not escape the reactor’s massive pressure vessel, a big steel pot with walls six to eight inches thick that held the fuel rods. Between 1958 and 1964, however, research indicated that the fuel could melt, slump to the vessel bottom, and melt through it, too, landing on the containment building floor. It would then attack the concrete until it broke through the bottom. Once outside the containment building, the fission products might enter the water table or escape into the atmosphere. A joke about the glowing hot blob melting all the way to China led to the phenomena being dubbed “The China syndrome.”53

The China syndrome disrupted the AEC’s Three Ds safety approach. A breached containment and a fatal release of fission products during a design basis accident could be inevitable unless ECCS worked. GE and Westinghouse proposed two very different solutions. Westinghouse preserved static safety by beefing up its containment with a “core catcher,” a crucible of magnesium oxide bricks (often used in blast furnaces) positioned below the reactor vessel to catch and hold the molten core inside the containment building. GE’s small Mark I design could not handle such a redesign, and the company refused to alter or abandon it. GE officials argued that safety should rely on ECCS rather than containment, since ECCS was now so reliable that a core meltdown was not a credible accident.54

The debate over the GE proposal hinged on three key safety principles: redundancy, diversity, and defense in depth. The AEC staff and many members of the ACRS accepted GE’s design as safe enough because a LOCA was improbable and GE’s ECCS contained two separate redundant systems.55 Members Stephen Hanauer and David Okrent argued that redundancy was not enough. Hanauer, an engineering professor and researcher at Oak Ridge National Laboratory, wanted safety systems to be diversified with two systems “of a different species” using different principles of operation that the GE design lacked. Safety systems that relied on the same principles of operation, he argued, were vulnerable to common cause failures, such as a fire that cut all power to ECCS pumps or a common manufacturing defect in the same model of valves. If a single event can disable multiple systems, they are not independent of each other. The static Westinghouse core catcher, he noted, was independent and diverse from ECCS. GE’s two active ECCS systems were not. Okrent agreed, adding that GE had abandoned the historical primacy of static systems over active ones in defense in depth. “The old criterion [stated] that containment, which is a static engineering safeguard, is more reliable than active measures such as core cooling. . . . The proposals for reliable core cooling contradict this accepted point of view.” Okrent scribbled in his meeting notes, “Can’t go along with writing this off.” Often in the minority, Okrent persisted, and the ACRS debate dragged on inconclusively through the summer of 1966.56

To industry, the ECCS debate confirmed the ACRS’s image for unpredictability and excess caution. Okrent thought the ACRS tended to be more conservative than the AEC staff, but there were cases, such as seismic safety, where the staff took a stronger position. As a part-time advisory body, ACRS members had the power to act independently and there was a strong desire to arrive at something close to consensus on important issues. On primary system integrity and the China syndrome, the ACRS debate was careful and protracted. For an anxious power industry, it seemed more like dithering. In 1965, Consolidated Edison of New York was almost frantic to get its Indian Point 2 reactor approved in anticipation of skyrocketing electricity demand in New York City. Yet the ACRS recommended additional improvements in its reactor pressure vessel to avert a catastrophic rupture. Reactor vendors responded to the new requirements with “incredulity,” reported Nucleonics Week. The industry asserted that large pipe and vessel failures were already incredible events. The ACRS was engaged in “academic” speculation. One industry observer complained, “You can analyze things forever and never get anything built. . . . I don’t know if it is coming to a ridiculous point.”57

The AEC’s five commissioners and Congress’s powerful Joint Committee on Atomic Energy tended to sympathize with the industry and worried about the financial burdens of the ACRS position. ACRS members protested that their primary duty was to safety, but Chairman Glenn Seaborg complained they were “piling one safety system on the back of another.” Craig Hosmer, a long-time member of the JCAE, attacked the ACRS before an appreciative industry audience as the “Advisory Committee on Reactor Redundancy. . . . I cannot help but wonder if ACRS has outlived its usefulness—if it now serves less as a protective boon than it does as an anachronistic burden.” The ACRS was influential but politically vulnerable.58

In August, the ACRS found a compromise. It supported the most pressing applications at Indian Point and Dresden with improved, redundant ECCS. But members wanted a different long-term solution. The group wrote a draft letter calling for an “independent means” of protection besides ECCS in future applications. The committee warned that current designs were “suitable only for rural or remote sites” away from cities.59

The AEC’s commissioners intervened to halt the letter’s issuance. Seaborg warned that if it became public, the letter’s impact “on the industry might be serious,” and proposed instead that a task force explore the ECCS problem. Harold Price, head of the regulatory staff, agreed with Seaborg that the AEC should avoid “public attention to the problem.” In an executive session marked by hand-wringing over political retaliation against the ACRS and worries that the task force would be loaded with proindustry members, the committee agreed to Seaborg’s plan.60

The composition of the “Task Force on the ‘Chinese Syndrome’ ” did not hearten the worriers. Many members represented industry and the rest came from AEC laboratories, including the task-force chairman, William Ergen of Oak Ridge National Laboratory.61 Ergen and other laboratory members emphasized the uncertainty of preventing pipe ruptures and the lack of proof regarding ECCS effectiveness. Industry representatives argued that core catchers were too uncertain to count on and too expensive to build. Eric Beckjord of Westinghouse reported industry did not favor containment design changes to accommodate an ECCS failure “since such a failure cannot be allowed to happen in the first place because of the melt-through problem”—that is, the China syndrome. Warren Nyer, a Manhattan Project veteran who worked at Idaho’s National Reactor Testing Station, disagreed. He thought the task force could not assume “that all routes leading to trouble are knowable; you can never answer the question as to whether you have covered all bets.”62 The industry position carried the day. In the minority, Ergen toyed with resigning as chairman, but satisfied himself with warning the ACRS that the forthcoming task force report was too optimistic and its “conclusions in many cases represent judgments rather than solid fact.”63

While the task force deliberated, GE campaigned for a probabilistic approach and active systems like ECCS. GE officials even suggested that their more reliable ECCS should allow them to reduce the safety margin in their containment designs. Glenn Seaborg noted in his journal that GE representatives met with all AEC commissioners to discuss their “concept of relying solely on reactor safeguards to prevent accidents (and not consequence limiting devices [such as containment buildings]).” GE officials, including GE Hanford veterans, met with AEC staff to recommend they become more familiar with a “probability approach” to accident analysis and accept a reliance on ECCS rather than containment. GE’s Robert Richards argued that a careful probabilistic evaluation of a spectrum of accidents could “buy” more safety than the AEC’s focus on design basis accidents. He dismissed the “almost mystical belief that the containment provided protection” and thought a DBA and core meltdown was only possible during a natural disaster, such as an earthquake. He warned that GE might quit the industry if AEC requirements were not liberalized.64

GE also pressed its case before Congress. In oral and written testimony before the JCAE, Richards expanded on his belief that the AEC’s “emphasis on the consequences of unchecked accident situations” produced less safety than a probability approach. He made a direct appeal for new fault-tree and probabilistic methods to be deployed to provide greater realism to accident analysis. They could, GE felt, “assess the relative importance of various postulated accident situations. We believe that probabilistic methods can be successfully applied to safeguards evaluations for this purpose. Techniques of decision theory can then be applied to determine what course of action will result in optimum safety system designs. This approach will also indicate those areas of the safety program where the most worthwhile improvement in safety technology can be made.”65 In sum, GE argued, a probability approach would save money and improve safety.

GE took its campaign to international forums, where it found a receptive audience. By the late 1960s, Canada, Britain, and West Germany had taken the lead in advocating for the probabilistic “Canadian regulatory approach.” In early 1967, Solomon Levy laid out GE’s philosophy at an International Atomic Energy Agency conference in Vienna, Austria. He criticized the AEC for emphasizing design basis accidents and placing “the entire burden of protection upon the containment.” Presciently, he argued that the AEC’s focus on a few extreme accidents could make a reactor vulnerable to other ones that needed different safety systems and operator training, as was later the case during the Three Mile Island accident.66

Levy called for the consideration of a broad range of accidents and the optimization of plant safety systems to respond to scenarios in proportion to their risk rather than focus on just a few DBAs. This “systems approach” tied together a reactor’s complex safety features in one mutually reinforcing unit. Containment alone was not to be relied upon to halt a core meltdown; it simply had to be strong enough to deal with a LOCA where ECCS worked enough to halt a meltdown. Levy was confident in the reliability of GE’s new ECCS design because it had three separate active systems. He dismissed large core meltdowns as “unbelievably severe accidents.” Drawing on company fault-tree analysis, he offered a probabilistic estimate that GE’s ECCS design had a reliability of 0.99999—just one chance in one hundred thousand of failing during a LOCA, which implied a probability for a major reactor accident much less than one in one million. Levy’s estimate was met with skepticism by some attendees, but others voiced support for a reliability approach to safety.67

The AEC would not reduce its containment requirements. Clifford Beck responded that GE did not understand the philosophy of defense in depth and the value of “independent lines of defense which differ in nature and in objective, if one is improved or revised, it does not follow that corresponding alteration in the other should be made.” An improved ECCS could not eliminate the probability of an accident altogether, he noted. The staff pointed out that it was not yet feasible to establish numerical probabilities for large accidents or probabilistic safety standards for individual plants.68

GE’s probabilistic approach won a partial victory, however. The publication of the Ergen task force report elevated ECCS to the first among equals in defense in depth. Assigned by the ACRS to look at new ECCS designs and ways to cope with a meltdown, the task force gave itself a different assignment, much to the consternation of ACRS members. It simply determined whether existing ECCS designs were adequate or might be improved. Framed this way, the report leaned toward GE’s emphasis on preventive systems rather than containment. The Ergen report was the first public admission that the China syndrome was possible, but it considered ECCS reliable enough to prevent it. Core catchers were unproven, unnecessary, and expensive. In keeping with Levy’s systems approach, containment buildings only needed to limit the consequences of a LOCA where ECCS operated sufficiently to prevent significant core melting. The acceptability of ECCS should be determined “on a disciplined and quantitative basis.” The report also recommended that the AEC’s safety research program focus on analyzing ECCS performance and less on unlikely meltdowns.69

GE proved persuasive for political, economic, and technical reasons. Levy’s systems approach provided coherence to a tangle of safety systems tacked on to designs higgledy-piggledy over the years. Designing a system to pump water, as ECCS did, seemed easy. Adding another system, the core catcher, was a journey into the unknown fraught with unanswerable questions. Would it work? Or would the white-hot molten core cause a containment-bursting steam explosion when it dropped to the flooded floor? The only way to find out was a large, potentially dangerous test. It was easy to imagine an expensive R&D program that failed to develop a workable design. Even Westinghouse, which proposed the core catcher, abandoned the proposal.70

The China syndrome also upended safety research. From the vendors’ perspective, the AEC wasted time and resources researching highly improbable accidents. The ductility of reactor piping, they asserted, precluded the chance of a sudden pipe break. Vendor computer models indicated that ECCS designs had ample capacity to prevent a meltdown. As a result, GE officials had a hard time taking AEC safety concerns seriously. At a disagreeable meeting in early 1968, the AEC staff tried to coax reactor vendors into doing more safety research. Philip Bray, a leading engineer at GE, asked with exasperation “if the AEC would ever have enough information to relax its conservative requirements.” There was little chance of “unexpected behavior,” and he drew a graph depicting the “real world” at one end and a design basis accident at the other.71

The industry lobbied to recast the AEC’s safety research program in the Ergen report’s image. GE’s Richards complained to Milton Shaw that the agency’s safety research had done little on accident prevention and too much on the “consequences of unchecked accident situations.” Richards was referring to the LOFT program, a small reactor at the National Reactor Testing Station in Idaho slated to conduct a complete a large-break LOCA and meltdown test. LOFT was where much of the meltdown trouble started. Modeling of the LOFT test performed in 1963–64 provided an early indication that the China syndrome was possible. Richards wanted LOFT to focus instead on practical engineering research aimed at demonstrating ECCS effectiveness—a proof-test typical in engineering disciplines. The Atomic Industrial Forum (AIF), an industry organization, chimed in, criticizing the AEC’s penchant for studying accidents “which have only a remote probability of occurrence.” It wanted regulators to learn about and use probabilistic analysis to study more common events with lower consequences. Research on core meltdowns was unnecessary since “a major meltdown would not be permitted to occur.”72

That the industry believed it had the power to forbid a meltdown spoke to the confidence among nuclear experts that such an accident was almost impossible. Nevertheless, the industry prevailed. LOFT as a core meltdown test was out; LOFT as a proof of ECCS effectiveness was in. Although the ACRS and regulatory staff favored research on molten core behavior, mitigation systems, and the potential generation of explosive hydrogen from damaged fuel, both industry and Shaw’s division had other priorities. The AEC’s new safety philosophy and research program was a messy combination of engineering judgment and a political balance of power within the agency that mostly favored accident prevention research over severe accident behavior. The neglect of research into the behavior of molten cores persisted until 1979, when the Three Mile Island accident opened funding for such experiments.73
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FIGURE 9. In the early 1960s, the AEC conceived of the Loss-of-Fluid Test (LOFT) as a reactor meltdown test following a full loss-of-coolant accident. With recognition of the potential for a “China syndrome” breach of containment, the agency reoriented LOFT to test the effectiveness of emergency core cooling systems. The test reactor was mounted on a rail car and rolled into the containment building. After the test, it was to be rolled back into a “hot shop” for inspection. Source: US AEC/DOE Flickr, HD.6D.051.





The Ergen report capped off a destabilizing shift from certainty to uncertainty. Until 1967, the Three Ds—design basis accidents, deterministic design, and defense in depth—had provided safety certainty with simple robust designs. More complex designs that leaned on ECCS for safety created new regulatory and public relations headaches. Looking back on 1967, Alvin Weinberg, the director of Oak Ridge National Laboratory, recognized the China syndrome debate as having “profound repercussions.” With a fully functional containment, the AEC had been able to argue that “the consequence of even the worst accident was zero. . . . [Instead] we had to argue that, yes, a severe accident was possible, but the probability of it happening was so small that reactors must still be regarded as ‘safe.’ ”74

Quantifying the probability of a reactor accident became more urgent even as the AEC struggled to avoid doing so. While the pivot to ECCS provided an immediate answer to the China syndrome and allowed licensing of new reactors to proceed, it raised complex questions: Would upgraded ECCS systems work as designed? And, even if they did, what was the probability that the system might fail due to some malfunction, error, or external event?75 The AEC was already under fire from a growing environmental movement on multiple safety issues. As it searched for answers to these questions, the AEC confronted disturbing results from ECCS research and was caught off guard by new credible accident scenarios. To keep up with the industry and reassure the public, regulators needed to get smarter with new experiments, computer accident models, and, finally, probabilistic risk assessment.





3

Beyond the Design Basis

The Reactor Safety Study

As the Emergency Core Cooling System (ECCS) became the last line of defense in depth, the AEC launched a massive research program through its national laboratories. Oak Ridge took on experiments with fuel element behavior at high temperatures. The Idaho National Reactor Testing Station conducted tests and computer modeling of a loss of coolant accident (LOCA), ECCS performance, and of a reactor’s thermal and hydraulic behavior. One vital question dealt not with probabilities but with whether ECCS designs would supply cooling water to the fuel fast enough to prevent them from overheating.

Unlike the AEC’s thorough testing of reactor core stability before vendors developed commercial designs, regulators settled on the ECCS as a safety solution first and tested it later. ECCS design seemed like little more than a plumbing problem. As AEC staffer Roger Mattson recalled, proving that an ECCS worked would be simple. After a pipe break, the coolant would all escape as steam during the “blowdown phase” until the reactor depressurized. An ECCS need only pump water back in fast enough during the “reflood phase” to keep the zirconium cladding from heating up and melting at about 3300o F. “What’s so hard about that? Of course, it would work,” Mattson recalled. “Ha! Little did we know all the problems that would portend.”1

Portents came from all directions. Tests at Oak Ridge and Argonne National Laboratory showed that the long tubes containing uranium fuel pellets—called fuel rods or cladding—would deform or disintegrate hundreds of degrees below their melting point, and the cladding might bulge outward in spots, forming small balloon shapes. The balloons could shatter into dust or pack tight against each other, blocking the flow of cooling water. The cladding might also embrittle during the reflood phase when cool ECCS water hit the fuel rods, causing them to shatter “catastrophically” like a scorching hot Pyrex baking dish thrown into frigid water. With the cladding destroyed, fuel pellets inside the tubes would tumble to the reactor vessel bottom in a big uncoolable pile and melt. These results placed AEC staff at odds with the industry, which doubted the plausibility of Oak Ridge’s results. At a meeting in early 1968, an AEC representative sarcastically asked vendors what might be “an acceptable pile of rubble at the bottom of the reactor vessel.” The AEC’s Morris Rosen thought they “may have to ask whether ECCS really works.” In early 1968, AEC engineers concluded that the “margin of safety for present [ECCS] designs is not large, at best.”2

There was double trouble in Idaho. Scaled test rigs of the Loss-of-Fluid Test (LOFT) reactor coolant system indicated ECCS water might not make it to the fuel in time to cool it. AEC-funded computer accident modeling programs, called codes, found other problems. Idaho’s Reactor Loss-of-Coolant Accident Program (RELAP) code for a LOCA showed that the core might be starved of cooling water for a long time at the beginning of an accident. Alarmed by the results, code development leader Larry Ybarrondo noted in his professional journal that the margins of conservatism “are not there as analyses have improved.”3 Vendors had their own codes, which they believed disproved Idaho’s findings. In 1970, Westinghouse unveiled its advanced System Accident and Transient Analysis of Nuclear Plants (SATAN) computer program to prove the temperature of the cladding would not exceed 2000o F, well below the informal 2300o F limit set by AEC staff. AEC staffers Morris Rosen and Robert Colmar discovered mistakes in Westinghouse’s calculations. Their superior, R. C. Young, reported, “it has become evident that the SATAN code not only does not provide assurance of lower core temperatures but raises serious questions about [its] ability to reliably calculate the response of the core during the initial blowdown phase. . . . The consensus of those who have reviewed the situation is that a serious problem has been uncovered for all PWR plants.”4 The staff reported that SATAN had lessened their “confidence in the ability of emergency core cooling systems to provide adequate heat removal following a loss of coolant.”5 Glenn Seaborg warned JCAE Chairman Senator John Pastore that licensing delays were possible.6

As uncertainty increased, the AEC’s search for reliable knowledge grew urgent. The regulatory staff needed better data, more varied expertise, and new computer modeling tools. Their reviews of reactor license applications had been relatively crude checks for inconsistencies. Mattson recalled that he tacked up on the wall of his office a handcrafted spreadsheet of key technical data for similar reactor plant proposals. When some value in a new application did not match previous ones of similar design, he asked the vendor why the numbers changed. The new codes at Idaho, however, could get inside a design, do an independent assessment, and model different plant conditions.7

Staff access to the codes was constrained by Milton Shaw’s division of research and development. In Shaw’s view, his resources were devoted to developing accident codes for his LOFT program, not ongoing licensing issues. Roger Mattson and fellow AEC staffer Saul Levine resorted to sneaking to the Idaho lab for a secret night meeting with experts there to perform computer analysis on new reactor license applications “off-the-books.”8 Idaho’s computer codes revealed weaknesses in vendor calculations. The move created a storm within the agency. Idaho supervisor George Brockett reported to Ybarrondo that the AEC had been “castigated [by industry] for using LOFT to test [industry] codes and standards.” Nevertheless, the value of the codes had been demonstrated, and regulatory staff reliance on Idaho increased, as its knowledge and tools put them on a more equal footing with vendor experts.9

These unsettling research results soon became public. A flourishing antinuclear movement took advantage of the internal AEC conflict. The movement included well-funded, capable groups such as the Union of Concerned Scientists and lawyers such as Myron Cherry. As one Idaho supervisor warned his subordinates, antinuclear activists were “getting stronger and smarter” just as research and code results delivered disquieting news on ECCS systems.10 One Idaho researcher confessed, “The more we worked this problem the more it fell apart in our laps. Everything we did to analyze [accident scenarios] pushed our predicted temperatures higher toward melting and the margins of fuel safety lower.”11 Activists hoped to use the new ECCS results in plant licensing hearings where they were “intervenors” in the proceedings and could oppose the issuance of a license until ECCS was proven effective.12 Up to fifty-six applications might be delayed, the press reported, a possibility that “sent a shock wave” through the industry.13

Under pressure from industry and antinuclear activists, the AEC opted to draft uniform acceptance criteria for ECCS systems. It created a task force under ACRS member turned AEC staffer Stephen Hanauer.14 Hanauer was one of the more interesting personalities at the AEC. The most common words used to describe him by AEC veterans were “brilliant” and “narcolepsy.” The latter disorder afflicted him often. He routinely fell asleep in the middle of conversations, major meetings, and even on the witness stand during hearings. Yet, he could suddenly rouse himself from his slumber and fire off the most trenchant question in the room, and he fired often. He kept a “nugget file” of plant incidents that he thought raised safety questions and forwarded them to other staff with comments like, “This one was too good to pass up,” and “Someday we all will wake up.” Roger Mattson recalled that one supervisor kept a file drawer of these missives labeled “shots from Steve.” “He was an enigma,” Mattson said.15

During the ECCS controversy, most of the shots were fired not from, but at Hanauer. His task force made a controversial decision to modify the AEC’s traditional practice of imposing the worst credible values in calculations, referred to as “conservatisms.” Hanauer argued that the AEC’s traditional practice resulted in a “cascading of conservatisms” that produced simulations with unrealistically dire results. In the new Interim Acceptance Criteria, the task force opted for “suitably conservative” calculations that used some less-than-conservative data and assumptions.16

Not everyone accepted the new “realistic” interim criteria, and some questioned the task force’s failure to consult experts in the national laboratories. They suspected Shaw had cut them out because their research delivered bad news. True or not, the suspicions were indicative of the poor relationship between Shaw and the national labs due to conflicts over research on advanced reactor designs, and Shaw’s sacking of lab management and rejection of their safety concerns.17 Within the AEC staff, Robert Colmar and Morris Rosen attacked the interim criteria as unjustified until better data were available.18 The Hanauer task force demurred, accepting some technical uncertainty if there was no strong contrary evidence. Rosen and Colmar did not accept uncertainty when safety margins seemed small.19

Unless the new criteria were codified in AEC regulations, they would be open to question at every licensing hearing. To avoid this, the AEC opted for rulemaking hearings to develop evidence for having the ECCS criteria placed in the Code of Federal Regulations. There were twenty-three operating plants, fifty-four under construction, and forty-nine planned. With power shortages forecast in the Northeast, putting the ECCS issue to bed was crucial.20

THE ECCS HEARINGS

Antinuclear activists pooled their resources in the ad hoc Consolidated National Intervenors and became a party to the hearings. Daniel Ford of the Union of Concerned Scientists and lawyer Myron Cherry aimed to expose what they believed was the AEC’s cover-up of negative research results on ECCS. They warned that a major accident might bring “a peacetime catastrophe whose scale might well exceed anything this nation has ever known.”21 Cherry recalled that he aimed to put the AEC on trial to “allow [The New York Times] to write a headline. I didn’t care at that point about getting an answer to prove we were right or we were wrong [about ECCS]. I was out to stop the agency because I thought they were dishonest.”22

Ford and Cherry had no technical training, but they did not need it. Ford became the technical expert by learning the ropes from dissident AEC insiders. Ford recalled he drew on the wisdom of dozens of experts at Oak Ridge, Idaho, and inside the AEC’s Washington headquarters staff. “I spent days being tutored. It was like a spy novel.” To obtain assistance and documents, Ford took steps to elude suspected surveillance by taking multiple taxi rides and ducking into malls. Anonymous AEC staffers gave Ford and Cherry a line-by-line critique of the Hanauer task force’s written testimony for use during cross examination. “[Morris] Rosen was one of our biggest sources,” Ford noted. In one phone conversation, Ford talked to him for “four or five hours. My ear was aching. I had cramps in my fingers from taking notes.”23 Rosen and Robert Colmar were so helpful that Cherry and Ford gave them secret superhero names, “Batman and Robin.”24 Cherry was the antinuclear movement’s most effective lawyer. He was so good, he earned a front-page profile in the Wall Street Journal. One utility official said of Cherry: “He’s an obnoxious SOB, but unfortunately, he’s also the best trial lawyer I’ve ever seen.”25

The duo carried out effective, damaging cross-examinations of expert witnesses. Outside the hearing room, they released non-public records and research that indicated the AEC may have squelched staff dissent, demoted Rosen and Colmar from ECCS responsibilities, and pressured witnesses. The AEC contested these claims, but the disputes received the extensive coverage Cherry hoped for in the nuclear industry trade press, Science magazine, and the New York Times.26

In addition to their challenge to the AEC’s integrity, Ford and Cherry raised doubt about its technical competence. Industry observers were startled at Ford’s effective interrogations, particularly his dismantling of Milton Shaw on the witness stand. Shaw’s prowess at congressional testimony was legendary. He dazzled representatives with his command of policy and details. Yet when Ford asked him simple technical questions about his written testimony, he “literally wilted,” a reporter wrote, and was “verbally floored.”27 The AEC was so divided that even some regulatory staff were rooting for Ford. Roger Mattson confessed he watched Ford work Shaw over with “joy in my heart.” “There was no great love for Uncle Milt” among the staff, Mattson noted, “because his testimony supported the industry’s position not those of the regulatory staff.”28

Shaw’s humiliation was a battlefield victory, but the AEC won the regulatory war over ECCS. Cherry, Ford, and the dissenting experts poked holes in the acceptance criteria, but from the intense technical probing emerged defensible regulatory criteria that endured for the next forty years. To really halt licensing, the intervenors needed to show that the criteria were unsalvageable, not just in need of more analysis and research. The AEC simply opted to do both. New resources flowed to ECCS research, allowing the agency to conclude it was reasonably effective. Overall, industry officials reported they were pleased with the hearing results. However, the new criteria and required upgrades to existing plants were so expensive that Consolidated Edison of New York decided to close its relatively small Indian Point 1 reactor. It offered several operational alternatives to reduce risk, but the AEC remained firm on required design modifications. The AEC’s safety criteria, in effect, regulated one plant out of existence.29

For the AEC, the hearings were a public relations setback. Physicist Ralph Lapp called them the agency’s “technolegal Vietnam.”30 Revelations of its internal divisions over safety reinforced doubts about the AEC’s objectivity and competence. The ECCS hearings added to the agency’s embarrassing 1971 federal court loss in the Calvert Cliffs nuclear power plant licensing case. In a harshly critical decision, a federal circuit court compelled the AEC to write extensive Environmental Impact Statements (EIS) on new power plants. District court judge Skelly Wright ruled that the AEC’s refusal to write a full EIS on the facility “makes a mockery” of the National Environmental Policy Act (NEPA). Already criticized as a secretive, pronuclear agency, the Calvert Cliffs case forced the AEC to engage its critics in meaningful dialogue. The AEC’s regulatory program was only 1 percent of the AEC budget, but regulatory problems dominated headlines. The “almost prostrate” regulatory division, as one industry newsletter described it, was the AEC’s biggest problem. The Nixon White House was also concerned about the too-close relationship between the JCAE and the AEC.31

The solution was to appoint outsiders to a commission whose membership typically came from scientists and lawyers within the nuclear community. In 1971, President Richard Nixon appointed James Schlesinger, a Rand Corporation economist, to replace Glenn Seaborg as chairman. Nixon followed with the appointment of William O. Doub, a lawyer and chairman of the Maryland Public Utilities Commission and, a year later, Dixy Lee Ray, a biologist. Doub recalled that they came with a mandate to launch “a big house cleaning job.”32 Schlesinger told one staff member that the AEC staff was “living in Lotus Land,” and the regulatory side needed “major surgery.”33 An internal analysis of the agency described its organization as “inbred, traditionally oriented, and non-adaptive.”34 Doub quickly turned to “putting the screws” to AEC management, which resulted in a “meteoric growth” of the regulatory budget. Doub recruited other outsiders to the regulatory staff, such as Manning Muntzing, a telephone industry lawyer, who became director of regulation. “Muntzing didn’t know anything about nuclear power,” Doub said, which made him “free of any kind of bias or prejudice.”35

The new guard quickly came into conflict with the old as Schlesinger and Doub crossed swords with commissioner James Ramey. Ramey was an ardent New Deal Democrat and anticommunist who married his wife in the apartment of his hero, theologian Reinhold Niebuhr. After working as a lawyer in the Tennessee Valley Authority and the AEC, he served as executive director of the Joint Committee before receiving his appointment to the AEC from President John F. Kennedy in 1962. The New York Times described him as the “single most influential member of the Commission in the past decade.”36 After intense discussions, Schlesinger and Doub prevailed in setting a new course; the AEC would comply with the Calvert Cliffs decision. For the remainder of his term, Ramey’s avid pronuclear views put him at odds with the other commissioners even as he retained considerable influence. Schlesinger and Doub surprised an industry gathering by announcing that the AEC would no longer fight the industry’s battles with its critics. But they also resisted talk that the AEC be broken up. They hoped internal reforms would be enough. The commission feared a loss of quality among the regulatory staff and believed the existing separation of the promotional and regulatory staff made the move unnecessary.37

In 1972, the tide turned toward an agency split. In January, as the ECCS hearings began, the JCAE chairman, Senator John Pastore, wrote Schlesinger to suggest that a committee address the perception of an “inherent conflict” within the agency.38 Six months later, Pastore took a firmer position that “for the long run benefits of the peaceful atom” the AEC’s promotional and regulatory roles “should be separated.”39 The move toward a split indicated pronuclear forces were losing power, which spilled over to safety research. The triumvirate of James Ramey, Milton Shaw, and Representative Chet Holifield supported turning most safety research over to the vendors and compelling the national laboratories to focus on developing the breeder reactor, Holifield’s favored project. At various times, Shaw forced out directors who dissatisfied him at the Idaho National Reactor Test Station, Argonne, and even Oak Ridge’s highly regarded head, Alvin Weinberg, who fell from Holifield’s good graces over reactor safety. In 1972, Holifield stunned Weinberg by informing him, “Alvin, if you are concerned about the safety of reactors, then I think it may be time for you to leave nuclear energy.” At the end of the year, Weinberg stepped down.40 Within the agency, Shaw was the tip of Holifield’s spear. Tom Murley, an AEC staffer and future NRC director, recalled Shaw as an untouchable “bigfoot.”41 Nobody challenged him.

Until somebody did. In 1973, Shaw resigned, and James Ramey was not reappointed as commissioner. Holifield retired a year later and there was serious discussion of breaking up the JCAE. The arrival of new AEC commissioners from outside the nuclear industry had shifted the balance of power. The unlikely force behind the shift was Dixy Lee Ray. A University of Washington professor and head of Seattle’s Pacific Science Center, Ray joined the commission in 1972 with the support of President Nixon’s domestic affairs advisor John Ehrlichman. Greeting her appointment with unconcealed sexism, Nucleonics Week noted that Nixon only appointed the “spinster” after “scouring the rolls of distaff academia” and noted that “industry reaction was more amused than serious.” Observers predicted that Ray’s presence would “not seriously affect the work of the Commission.”42

The prognosticators were mistaken. When, in 1973, Nixon nominated Schlesinger to head the CIA, Ray was promoted to chairman. Ray’s academic background disposed her favorably toward the national laboratories in their conflicts with Shaw. Shaw, she concluded, was out to “destroy” Oak Ridge. She was equally “determined that that fine institution should live forever.”43 Stripping away some of Shaw’s power, she announced the formation of a new office of safety research giving regulators more control over safety research. One source told an industry publication, “They’re dancing in the streets of Idaho.”44 Rebuffed by the commissioners, Shaw left at the end of June.45 Ray went after Ramey next, winning the support of the other commissioners for a letter to Nixon requesting that he not be reappointed. Ramey, the four commissioners wrote, was a man bogged down by “ties to a world that no longer exists” and was incapable of the “independent thinking” needed to “harmonize the conflicting demands of energy sources on the one hand and the demands of safety and environmental quality on the other.”46 Ramey, the longest serving commissioner in AEC history, was not reappointed.

Ray’s move had broken the hold of the JCAE on the agency and elevated the importance of reactor safety research. While an angry Holifield and Craig Hosmer called Ray on the carpet, the JCAE generally considered the reorganization internal agency business. Seventy-two-year-old Senator Stuart Symington of Missouri told the fifty-nine-year-old Ray, “You stick to your guns, young lady.” As the New York Times reported, Ray had done what her male predecessors never did, “establishing the commission’s independence from the domineering Congressional committee.” Ray’s move was a power play, but it also addressed technical needs made obvious by the ECCS hearings. Ray seemed to admit that Shaw’s critics were right that safety research had not been independent. The new safety division, she said, would provide regulators with “greater emphasis and effectiveness in our safety research programs” and give “new directions and a renewed dedication to safety research [which] will help to speed resolution of the still unanswered questions in this rapidly developing technology.” The division’s new director dismantled many of Shaw’s mandates for the labs.47

For activists and a growing minority of the public, these moves were too little, too late. Shortly before he left the AEC in 1974, Commissioner William Doub assessed the damage. The AEC-industry alliance to sell nuclear power had created public distrust. “No one seemed to realize that these slanted ‘hard sell’ activities were counterproductive; that in fact they appeared antithetical to the AEC’s responsibility for regulating the use of nuclear energy in the public interest; and that a too intimate association with industry could easily lend itself to a charge of compromising the public health and safety.” While he believed the agency was striving to make amends, he feared that the “misjudgments and inappropriate actions of the past” would haunt future regulators.48

The success of UCS in raising questions about the AEC’s integrity and its aura of technical expertise energized the antinuclear movement. UCS’s most significant coup was recruiting consumer activist Ralph Nader to antinuclear activism. Nader praised the group’s influence: “The Union of Concerned Scientists has performed a public service which will go down in history.”49 Pronuclear forces inside and outside the agency were substantially weakened, and nuclear regulators saw their credibility damaged.

Establishment of an office of safety research set the AEC up for a relatively painless split and the creation of the Nuclear Regulatory Commission. In addition to its conflicts of interest, the AEC’s singular focus on nuclear energy was anachronistic after the Arab oil embargo. Congress wanted a federal agency that developed a broad array of energy sources, and it passed the Energy Reorganization Act in 1974 to split the AEC into the Energy Research and Development Administration (ERDA) and the independent Nuclear Regulatory Commission to oversee nuclear safety regulation. In 1977, Congress dissolved the Joint Committee on Atomic Energy, and ERDA was rolled into the new Department of Energy.

With a statutorily protected Office of Nuclear Regulatory Research, safety research gained a prominent role within the NRC, especially to resolve questions raised during the ECCS controversy and risk assessment. While antinuclear activists dismissed the NRC as the AEC with a new name and stationery, they overlooked the dramatic improvement in the staff’s technical capability made necessary by safety controversies. It was true, as critics noted, that the NRC simply absorbed the old AEC staff and regulations unchanged, but it was a far more capable regulatory agency than its predecessor. By January 1975, when the NRC began operations, it had grown to almost 1,500 personnel. The ECCS controversy committed the regulatory staff to a substantial research agenda, including work on risk assessment. The large research budget was dubbed “the ECCS mortgage” to fulfill the implicit promise made at the ECCS hearings that new research would reduce remaining areas of uncertainty. By the late 1980s, the NRC alone had spent a cumulative $700 million to improve ECCS systems by studying their behavior and creating sophisticated accident models. The AEC sponsored work at Idaho on the LOFT program; thermal-hydraulic modeling became the basis for the field of computational fluid dynamics and established some of the most important codes, such as the RELAP-5 code for nuclear power, the chemical industry, and even bioengineering. By ensuring that there was adequate protection against the consequences of a LOCA, the ECCS rulemaking, code development, and research had restored stability to the licensing process, expanded understanding of accident progression, and created new science and computer modeling to solve emergent safety issues. The NRC created what the AEC could not: a stable base of knowledge from which to regulate. Roger Mattson believed that the NRC became committed to maximizing regulation through research: “That agency and its intensity for technical truth are unparalleled in my experience in government anywhere in the world.”50

As controversy raged in 1972–73, meanwhile, some regulatory staff had been quietly at work on a new safety model based on probabilistic risk assessment, a major report to quantify realistic accident probabilities and consequences. Closure of the ECCS issue and the new report, these officials hoped, would prove nuclear power was safe enough and reassert the AEC’s technical authority.

THE REGULATORY NEED FOR RISK ASSESSMENT

In the late 1960s reactor vendors, led by GE, were well ahead of the regulatory staff developing fault-tree expertise for individual safety systems. Fixated on a predetermined set of credible accidents, regulators were not prepared to deal with incredible accidents that suddenly gained credibility. One such accident went by the inelegant name Anticipated Transient Without Scram (ATWS). Anticipated transients are common plant events, typically caused by human error or equipment malfunctions, and plants are designed to handle them. For example, the feedwater system pumps water that cools the nuclear reactor and boils to steam to operate a turbine generator producing electricity. If a feedwater pump fails, plant instruments detect the transient and typically send an automatic signal for a reactor “scram,” where neutron-absorbing control rods are inserted into the fuel to stop the chain reaction.

But what if the rods do not automatically scram? In some unlikely situations, a failed scram could lead to a violent, containment-bursting power surge, particularly in GE’s BWR reactors. Reactor vendors had considered scram system failures highly improbable events given their redundant (backup) channels and numerous control rods. A failure to scram required the simultaneous failures of multiple components.51

In 1969, E. P. Epler, a consultant to the ACRS, made scram failure a credible event. “The industry by not attempting to mitigate the ‘China Syndrome,’ ” he argued, “has placed the entire burden of protecting the public on the reactor shutdown system.” Without a stout containment only two things stood in the way of catastrophe, he continued: an anticipated transient and a failed scram. Epler backed up his case with probabilities. An anticipated transient, he pointed out, was likely to occur every year at a typical plant, and experience showed that scram systems could fail at a rate of about one in a thousand scrams. If the United States built one thousand reactors, a scram failure could happen about every year.52

Much higher than previous estimates, Epler’s probability figure included an estimate of common-cause failures that could disable all the redundant features of a shutdown system, such as an electrical fire or a common manufacturing defect that disabled all redundant scram systems at once. Such a defect had disabled the scram relays at a GE reactor in West Germany, a condition not discovered for two weeks. Similar ATWS-like episodes occurred in 1970 at Hanford and a test reactor in Arkansas. While the public was led to think a major accident was a one in one million chance, Epler said, experts knew better. The AEC had painted itself into a corner, “having claimed the [large radiation] release to be incredible, having failed to provide for civil defense against a massive contamination, and having failed to support an R&D program to combat the ‘China Syndrome.’ ”53

If a failed scram really was a credible accident, it had the potential to halt reactor licensing. The purpose of the AEC’s Three Ds was to ensure there were safety features for every credible accident. As Clifford Beck observed in 1959, “In the plants finally approved for operation, there are no really credible potential accidents remaining against which safeguards have not been provided to such extent that the calculated consequences to the public would be unacceptable.”54 ATWS might push a reactor beyond the outer boundary of design safety. It was the first of a new category of “beyond design basis accidents” that regulators confronted in the 1970s and 1980s, such as “loss of electric power events” (that is, station blackouts) and large fires, such as the one that badly damaged the Browns Ferry plant in 1975. The staff concluded, “Current scram systems will not provide adequate protection against anticipated transients when there are a large number of reactors (e.g. five hundred to one thousand power reactors) in the U. S. On this basis, we recommend that either the reliability of reactivity reduction be substantially improved or the consequences of ATWS be shown to be acceptable.”55

If the staff concluded a licensed reactor lacked adequate protection from an ATWS, it would have to be shut down for a “backfit.” Backfitting was the tool regulators used to require licensed plants to upgrade their safety systems to meet new minimum standards of adequate protection or for “enhancements” above the standard if it was deemed safety and cost beneficial. The nuclear industry complained that backfits were too common and of limited safety value. For example, the Humboldt Bay Unit 3 plant in Eureka, California, began operations in 1962 and by 1976 the AEC had required it to make twenty-two safety upgrades related to generic issues and another forty-two safety issues specific to its unique design.56 ATWS backfits might be very expensive, and licensees questioned the regulatory staff’s safety case.

More than any previous safety issue, ATWS forced the AEC to think probabilistically. At an ACRS meeting in 1970, numbers flew. GE, the most probabilistically-minded vendor, claimed the odds of an ATWS was less than one in four hundred trillion. AEC staff reported that all four vendors “consider the probability of failure to scram on anticipated transients to be so low that no additional protection is required.”57 Hanauer, however, called the GE estimate “nonsense,” and told his superiors that the vendor was using “fake probabilities.”58 Oak Ridge estimated a scram failure probability might be as high as one in one hundred years. Eight consultants to the ACRS agreed that the best estimate was between one thousand and ten thousand years. British and Canadian experts offered estimates closer to one in one thousand, and the British thought it would take too many years of operating experience to demonstrate a reliability estimate of one in ten thousand years. One ACRS consultant criticized GE’s analysis for missing numerous common mode failures, such as “human error, sabotage, or environmental states such as fires, floods, earthquakes, tornadoes, etc. . . . The AEC Staff figures of 10−3 [one in one thousand] for the unreliability of reactor scram systems is entirely reasonable. Certainly the GE value of 2.4 × 10−15 [~one in four hundred trillion] is entirely unreasonable.” As the divergent failure probabilities estimates attest, ATWS was among a class of potential accidents, such as fires, pipe breaks, and sabotage, that defied easy quantification.59

Whatever the true probability of a failure to scram, staff decided to articulate an informal probability they believed provided adequate protection for a major accident. They debated probabilities between one in one million per reactor year of operation (10−6) and one in ten million (10−7). A 10−7 probability, they believed, was certainly acceptable. With a thousand reactors that would be just one accident every ten thousand years. “We believe that most people would consider this an acceptable probability. We find it difficult to decide whether a 1000-year interval might be acceptable. However, we believe that it would be hard to obtain public acceptance for a 100-year mean interval between serious accidents.” Any individual accident scenario, such as a failure to scram or damage from a major tornado, should be one-tenth of the overall accident probability. These goals were never formally adopted by the AEC, but as one staffer recalled, such informal probabilistic standards had always influenced AEC thinking and, as will be discussed later, found their way into court rulings on AEC environmental impact statements in the 1970s.60

The staff’s informal goal for ATWS was unattainable. Even if the AEC ordered reactor plants to be outfitted with two diverse scram systems, it was not feasible to demonstrate a one in ten million (10−7) probability of scram failure. An entire generation of regulatory staff and their children would be long dead before there was enough operating history to gain confidence that the plants had achieved such a safety goal. Stephen Hanauer warned, “Our present position cannot be defended if challenged. There is no apparent way to close the gap between the unreliability we have and the unreliability that is needed. An interim solution is needed now.”61 AEC leaders worried that ATWS might stall licensing or make them look incompetent and biased if the issue was mishandled. The reliance on engineering judgment was proving inadequate to the task. Better probability estimates, however, required new staff expertise, better data, and new tools like computer modeling and fault trees. AEC consultants urged the agency to improve its analysis of scram failures by developing its own fault-tree expertise.62 The AEC and NRC wrestled with industry for fifteen years on an ATWS regulation.

THE POLITICAL NECESSITY OF RISK ASSESSMENT

The 1965 update to WASH-740 was withheld from the public, but it was never quite a secret. The antinuclear movement’s persistent requests for the update’s release, and its growing influence, made it harder to say no. By the early 1970s, the antinuclear movement had gathered strength in states such as California and Massachusetts, and it picked up the support of scientists with considerable credibility, such as MIT physicist Henry Kendall, a future Nobel Prize winner, who founded the Union of Concerned Scientists. The movement boasted congressional allies, too, such as Alaska Senator Mike Gravel. In 1970, Gravel requested the release of WASH-740’s update. Glenn Seaborg recorded in his journal that the commission debated “the difficult question of [Gravel’s] request.”63 Releasing the update’s grim assessment of worst-case consequences was no more appealing in 1970 than it was in 1965. The commission turned Gravel down but conceded to “an entirely new revision” of WASH-740 “on the basis of present information and experience.” The third time around, the AEC hoped it might finally do WASH-740 right.64

In early 1971, the AEC expanded the proposed study’s scope and split it in two. Milton Shaw’s promotional Division of Reactor Development and Technology would write a report to explain the AEC’s defense-in-depth safety philosophy. The AEC regulatory staff was to study “realistic accident probabilities and the consequences” for major reactor events, a WASH-740 with probabilities. It would “assess, on a quantitative basis, the consequences of accidents” to develop a staff position on whether the Price-Anderson Act was still necessary. The act came up for review and renewal in Congress every ten years on the assumption that enough operating experience and experimental data would allow the nuclear industry and insurance companies to carry liability insurance alone. The new report’s estimates, it was hoped, would also allow risk comparisons, as Chauncey Starr advocated, and provide “a proper perspective for those persons who must make social judgments between the benefits associated with nuclear power balanced against the benefits of fossil fueled power and their respective risks.”65 This quantitative approach, the AEC anticipated, would be “understood and assessed by the informed public.”66 Even though initial estimates for the study were a modest $250,000, workload constraints limited progress.

The AEC got a probabilistic nudge from another federal agency. NEPA and Calvert Cliffs opened the regulation of radiation to scrutiny from the Environmental Protection Agency (EPA). Numerous responsibilities were consolidated in the EPA, including setting safety standards for hazardous substances like radioactive materials. NEPA required a cost-benefit analysis of the environmental risks associated with government decision-
making, and the EPA was keenly interested in developing risk assessment expertise of its own. It questioned the AEC’s reluctance to use probabilities in its Environmental Impact Statements (EIS) to quantify the risk of a major reactor accident, what the AEC called a Class 9 accident. The AEC had to develop environmental impact statements that included a cost-benefit analysis and consideration of probabilities and consequences of postulated accidents. The AEC did not include consideration of Class 9 accidents, under the circular logic that even though it could not quantify the probability of a Class 9, such analysis was not needed because these accidents were highly improbable.67

Evolving NEPA case law supported the AEC’s exclusion of Class 9 accidents under the “rule of reason,” a court standard that allowed federal agencies to exclude consideration of impacts and alternatives considered remote and speculative. Courts accepted the exclusion of Class 9 accidents as reasonable based in part on the accident probability estimates offered in the 1957 WASH-740 report and the informal staff estimate of one in ten million. For example, the DC Circuit held that “there is a point at which the probability of an occurrence may be so low as to render it almost totally unworthy of consideration.”68

However, federal agencies pressed the AEC to justify its exclusion of Class 9 accidents through probabilistic methods. In reviews of draft EIS, federal agencies, such as the Department of Interior, pressed the AEC to consider Class 9 accidents. At a meeting with the President’s Council on Environmental Quality, staffer Tom Murley recorded in his notes that CEQ wanted a better answer, too. The “AEC is telling the world that Class 9 accidents are incredible—they should tell the world why they think so.”69 The AEC learned at the meeting that the EPA might invade its turf by crafting its own “Farmer Curve” and establishing an adequate protection standard. Eventually, the AEC inserted a statement in the EIS for proposed plants that the question of Class 9 accident probabilities would be addressed by the Reactor Safety Study.70

The AEC’s jousting with the EPA and other federal agencies paralleled similar skirmishes its congressional patron, the Joint Committee on Atomic Energy, waged with competing congressional committees. From its inception, the JCAE enjoyed unrivaled control over atomic weapons, energy legislation, and AEC oversight. Environmentalism empowered related congressional committees to challenge the JCAE’s monopoly on environmental grounds. Adding to the JCAE’s woes, Gravel proposed the repeal of the Price-Anderson Act’s insurance protection for the nuclear industry. To take back the initiative, Saul Levine, an AEC staffer on loan to the Joint Committee, recommended requesting an AEC study on its safety approach and the probabilities and consequences of major accidents. In October, the Joint Committee requested that Reactor Development and Technology begin its study, WASH-1250. In December, committee staff also pressed regulatory leadership to get moving on their accident study to stave off Gravel’s bill.71 By early 1972, then, there was enough political and regulatory interest to launch a major probabilistic risk assessment.

THE REACTOR SAFETY STUDY

Given the AEC’s growing credibility problems, the regulatory report on risk needed an outside expert to lead it. In March 1972, the AEC appointed Norman Rasmussen, an associate professor of nuclear engineering at MIT. Originally an instructor in the MIT physics department, Rasmussen was recruited to the nuclear engineering department, where he specialized in gamma ray spectroscopy and nuclear fuel experiments in MIT’s research reactor. In 1969, Rasmussen became more deeply involved in teaching reactor systems engineering and had considerable contact with AEC engineers who took summer classes at MIT.72

Rasmussen met with Hanauer to map out the report’s tasks. Several covered the traditional ground of consequence studies like WASH-740—estimations of fission product release, dispersion, and health consequences. The hard part would be two groundbreaking tasks: Rasmussen proposed to develop component failure data and construct fault trees for major accident sequences to quantify accident probabilities. He warned, “There will be a significant lack of precision in our final result.”73 Hanauer admitted the report team might have to “learn by trying.” “Are we willing to be told that the task is impossible of achievement with presently available resources?” he wondered. “We want the whole package. Doing [accident consequences without probabilities] would be another WASH-740 with the risk still unquantified. We might have to settle for that, but want to try to do probabilities.”74 Hanauer recognized the AEC needed cross-disciplinary help, and by the early 1970s, there was plenty of it. There was a host of experts attached to the defense industries and think-tanks like the RAND Corporation that were working to apply risk quantification to decision making. Hanauer wrote Howard Raiffa, a professor at the Harvard Business School and a pioneer in decision analysis and decision tree theory. Raiffa’s 1968 book Introductory Lectures in Decision Analysis was influential in business, military, and the emerging profession of public policy. Hanauer thought Raiffa’s ideas could help solve the probabilistic puzzle that bedeviled the AEC. He told Raiffa that he and the AEC had been “toiling in the same vineyard,” and he hoped to consult with him on the project.75 Raiffa’s research proved critical to the Rasmussen Report.76

Rasmussen was hired, but the study had a long way to go to win full support from a divided agency. As regulatory staff and contractors began work in 1972, the specter of WASH-740 hung over discussions. Tom Murley, a commission staffer, was tasked with keeping track of the new study. His informal notes on the early meetings reveal a staff that approached the report with hope and foreboding. Murley summarized AEC General Manager R. E. Hollingsworth’s goal that the new study would “bury WASH-740.”77 Chairman James Schlesinger, a former economist with the RAND Corporation, favored the probabilistic study and believed it would reveal that current designs were already too conservative. Others worried WASH-740’s problems would bury the new report. Commissioner James Ramey remembered the WASH-740 struggle well, and he tended to resist moving forward with the report, fearing the same flawed accident probability results that doomed the 1965 update. Among other moves, Ramey forbade Rasmussen from making any accident consequence estimates until he produced defensible probability estimates. With this restriction in mind, the AEC initially presented WASH-1400 to Congress only as a study of accident probabilities. Even as Ramey fretted about the study, he was attracted by its public relations possibilities. He gave the report a pro-nuclear orientation by requesting a section be added comparing nuclear to non-nuclear risks, as Chauncey Starr had proposed. In justifying the new section, the staff paper noted, “The public daily accepts risks to its health and safety when it uses automobiles, airplanes, subways, elevators, and so on. Many of these activities have risks that are precisely known or can be computed. . . . The risks associated with nuclear plants would then be placed in the context of other risks of the modern world.”78 Inserting a comparative section on accident probabilities might be persuasive to the public, but it made the accuracy of Rasmussen’s estimates crucial and controversial.

“Get Saul Levine full time!,” AEC Chairman James Schlesinger commanded Murley.79 Work on the report began sucking in more resources. The $250,000 price tag grew by more than an order of magnitude. Rasmussen only served the AEC on a part-time basis, and Schlesinger recognized the study needed a strong hand. Levine brought to the task a temper so “ferocious” that some staffers summoned to his office remained standing to dodge the desk items he might throw at them. But he possessed navy discipline, organization, and attracted loyalty from staffers who adapted to his temper and aim. William Vesely, a fault-tree expert recruited from the Idaho test station, said of his boss, “Saul was the heart of the Reactor Safety Study.” Rasmussen agreed: “His input was greater than mine in many ways.” He thought it should have been known as the Rasmussen-Levine Report.80 Like Starr, Levine believed quantification could change how society understood risk. The problem was that society could not “quantify the actual risk” of low-probability, high-consequence hazards of new technologies. The report would propel society “into facing this matter [of risk] explicitly as opposed to implicitly. . . . We have already accepted implicitly many low probability large risks in many areas. We are now changing direction such that these risks will begin to be considered explicitly.”81 Levine also brought to the study a conviction that it could have practical application to regulatory questions, such as the ATWS controversy.
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FIGURE 10 AND 11: MIT Professor Norman Rasmussen and AEC/NRC staff member Saul Levine were the main authors of WASH-1400—the “Rasmussen Report.” Source for Rasmussen: MIT Museum. Source for Levine: US NRC.





Meanwhile, Rasmussen toured Great Britain and West Germany to consult with risk experts. Dissatisfaction in Europe with the US design basis accident had grown, and there was considerable work being done to develop a probabilistic model. Rasmussen discussed risk assessment with F. R. Farmer over viciously combative games of ping-pong at the British regulator’s home. He came away impressed with their insights, including event trees, which worked well for the British in modeling “top events,” the major system failures leading to an accident. The critical innovation for Rasmussen and Levine was to combine event and fault trees into one complementary model.82

Over the next year and a half, regulatory staff, national laboratory experts, and outside consultants assembled the data and the new hybrid methodology. In early 1973, following a calculation approach advocated by Vesely, the report team opted to deal with uncertainty by presenting failure rate estimates within “a reasonable error band.” By contextualizing its estimates within bands of uncertainty, Rasmussen’s team thought its estimates could be applied to both technical analysis and policy.83

And maybe regulation, too. Safety questions had become more complex and, as Saul Levine observed, the report offered an avenue to improve regulatory capability. Murley recalled that some within the agency doubted whether the regulatory branch had the competence to handle tough technical issues. For that reason, Levine and Hanauer argued that the regulators had to use the report to gain competence beyond design basis accidents. If the regulatory staff could develop an expertise in the report’s methodology, they could get ahead of new safety questions. The AEC created an office of safety analysis “organized around a cadre from the Rasmussen Study” to investigate risk assessment for regulation.84

A year after the AEC brought Rasmussen on board, Ramey remained wary of a full study. At a meeting in early 1973 Ramey quipped, “If it shows just one human life [lost], I’m against it.” Pillars of the atomic establishment like Ramey were losing influence to the new arrivals, like Schlesinger and Manning Muntzing, who wanted the report regardless of its public impact. It was time to get all potential hazards out in the open, Muntzing thought. He was “inclined to let the chips fall where they may,” Murley noted. “But we should recognize what we are getting into. It may take an organization the size of Sandia,” a laboratory with seven thousand staffers, “to react to the implications [of the study].”85

In mid-May 1973, new events mooted Ramey’s efforts to keep Rasmussen’s probability estimates separate from consequence analysis. Armed with a more powerful Freedom of Information Act, Myron Cherry threated a lawsuit if the AEC did not release records of the 1965 update to WASH-740. Whether Ramey liked it or not, a worst-case accident study was about to make headlines with an estimate of perhaps forty-five thousand deaths. Manning Muntzing worried the update’s release would stoke antinuclear fires. The Rasmussen Report began to look more like a solution than a problem.86

In a decisive meeting in May 1973, Rasmussen carried the day. WASH-740, he reported, had overestimated accident consequences. His own preliminary probability estimates indicated a core-melt accident with serious health consequences was a one in a million proposition. A worst-case scenario of 1,400 acute (early) fatalities was about one in ten billion years. Drawing on a new study of radiation health effects, Rasmussen estimated that long-term premature deaths from cancer would probably be about the same as acute fatalities. All in all, these were limited consequences for such an improbable accident. His findings, he pointed out, had the concurrence of the probabilistically-minded British. Ramey agreed. WASH-1400 would estimate both probabilities and consequences. “OK to go ahead!” Murley wrote. The Rasmussen Report seemed to have threaded the needle. It would be technically sound, support nuclear power, and be acceptable to the commission.87 His term at an end, Ramey left the commission a month later.

Over the next year, Rasmussen’s team of almost sixty fleshed out WASH-1400, and, as it produced positive conclusions on a host of possible accident sequences, it quickly overtook in importance most other AEC reactor activity. The AEC began to deploy Rasmussen and WASH-1400 to make the case for reactor safety. In September 1973 at a JCAE hearing, Rasmussen made a show-stealing appearance where he deftly minimized the bad news on the WASH-740 update. He dismissed its “upper-limit” calculations as “far from reality” by at least a factor of ten. His report would be “fairly favorable” to nuclear power. Delighted, Congressman Craig Hosmer said the report was “one of the most significant things that we have been presented in a number of years in reactor safety.”88 Industry press reported, “If one thing is clear . . . the Atomic Energy Commission is counting rather heavily on the results of the Rasmussen risk quantification study to confirm . . . that the operation of nuclear reactors poses no undue risk to the health and safety of the public.”89 Another called it “a powerful new weapon . . . to reassure the public on the safety question.”90

In January 1974, the AEC began to advertise Rasmussen’s initial probability estimates. In presentations at the National Press Club and before Congress, Chairman Dixy Lee Ray presented the report’s preliminary results with “great relish,” as one trade publication observed. Significant accident consequences were no worse than a major airline accident with a probability of one in one hundred million reactor years. Even a less severe meltdown’s probability was only one in a million years: “It compares with, for instance, the chance of drawing two poker hands in a row of four of a kind while playing 5-card draw.” Ray’s presentation was a hit, but her poker analogy was a portent of mistakes to come. She presented accident probabilities as a single point estimate and did not explain that the report had large potential error bands. Her poker hand, presumably, had none.91
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FIGURE 12. Sample PRA. A key innovation of WASH-1400 was to combine the advantages of event and fault trees. In this example of a parachute failure, an event tree depicts the major sequences—top events—leading to a complete chute failure. A fault tree details how a reserve chute failure could occur. Adding in component-failure probabilities at each gate would allow for an estimate of overall failure probabilities. Source: US NRC.





WASH-1400 UNDER FIRE

Ray’s presentation galvanized critics of nuclear power. Under the leadership of MIT physicist Henry Kendall and executive director Daniel Ford, the Union of Concerned Scientists became nuclear power’s most effective critic. Their success at the ECCS hearings gave the UCS the credibility to pick up more high-level AEC staff assistance. As Ford later recounted, John O’Leary, the AEC director of licensing, secretly met with Ford and Kendall over lunch at the Cosmos Club in Washington, DC, to hand them a briefcase full of unreleased records about reactor vessel safety issues.92 UCS established a stable of experts willing to take on the nuclear establishment in public. To counter Rasmussen on risk assessment, Kendall recruited non-nuclear aerospace expertise. William Bryan, a former space program fault-tree expert, testified before a California legislative hearing that nuclear power plants, like rockets, were too complex and needed too much data for fault trees to accurately estimate accident probabilities. The multiple judgments required in developing a fault tree made “the absolute value of the number . . . totally meaningless.”93 Fault trees could be important safety design tools, but not to quantify absolute risk.94

Rasmussen countered Bryan’s critique, pointing out that he had overlooked substantial advances the Rasmussen team had made by combining fault and event trees into a unified model.95 The disagreement between the two experts signaled some of the wisdom and flaws in the differing paths chosen by the AEC and NASA. In WASH-1400, the AEC produced a pioneering risk assessment but with the large uncertainties and potential error that Bryan predicted. By contrast, NASA was so skeptical of the weaknesses in probabilistic risk assessment that it did not use it much in the Apollo and space shuttle programs. Only after the 1986 Challenger disaster did it concede that PRA techniques might play a useful role in assessing shuttle risk.96

Released in 1974, the draft of the Rasmussen Report contained unsettling revelations. An analysis of a broad spectrum of accidents revealed that the chance of any kind of core-damaging accident, including minor ones with few health consequences, was much higher than previous estimates—one in seventeen thousand reactor years (typically rounded to one in twenty thousand).97 It also revealed important flaws in the AEC’s regulatory assumptions. It did not consider significant core-melt or containment-failure accidents as credible, but Rasmussen found that such accidents dominated the overall risk to the public. The greatest risks were not the large coolant pipe breaks postulated in design basis accidents, but more common mishaps, such as small pipe breaks, common-mode failures, station blackouts, and accidents made worse by human error and poor maintenance. This estimate elicited skepticism in the industry and among regulatory staff. Robert Budnitz, who later joined the NRC as a director, observed that the staff remained anchored in the belief that an accident was a one in a million probability. They thought Rasmussen’s probability estimate was high by a factor of ten, an optimism common among experts untrained in probabilistic methods.98
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FIGURE 13 AND 14. Despite its methodological advances, the Reactor Safety Study’s numerical risk estimates came under heavy criticism. The study’s most effective antinuclear critic was the Union of Concerned Scientists, led by MIT physicist and future Nobel winner Henry Kendall and Executive Director Daniel Ford. The UCS was effective in raising questions about the potential for error and uncertainty in risk estimates. Source: Daniel Ford; Kendall, by permission of the Norfolk Charitable Trust, Sharon, MA, Amherst College Archives and Special Collections.





Mostly, though, the report offered good news for the nuclear industry. While his accident probability estimates were higher than previously assumed, Rasmussen’s consequence estimates were much lower. Privately, Henry Kendall scoffed: “Is it more than a coincidence that, with so much public controversy, ultimately the AEC should discover that accidents have much diminished consequences?”99 Nevertheless, Rasmussen’s results were good news for those wishing to promote nuclear power. Prominently depicted in the executive summary, reactor accident risk to an individual was two orders of magnitude below airline crashes and comparable to freakish deaths from meteors. It provided confirmation for the conviction long held by the industry and regulators that their adherence to extremely conservative safety standards had produced vastly superior safety.100

For the nuclear industry, the report offered the liberating possibilities of rolling back some safety regulations and dispensing with the much-maligned DBA and numerous unresolved safety issues. Philip Bray of GE strongly endorsed the study in hopes it would replace the industry’s “proverbial albatross,” the design basis accident.101 The report could not have come at a better time. Nuclear power seemed more necessary than ever. The nation was suffering through an energy crisis launched by the 1973 Yom Kippur War. The utility industry expected oil shortages would require a stunning 150 nuclear orders in 1974 across the four major vendors. John Dickman of Exxon Nuclear said, “I take an extreme view here, but, practically speaking, I believe central-station power plants will be essentially all nuclear from here on out both in the US and the highly industrialized nations abroad. There is no longer an economic decision to be made, in any location in the US.” Another industry official expected a “small vocal minority” would continue to oppose nuclear power, “but public acceptance of nuclear plants will be helped by continued good operating experience, expanded public education efforts by all segments of the industry, and increased public awareness of power shortages.”102

The industry was caught off guard when the spike in energy costs and inflation led to almost no growth in electricity consumption in 1974 and only 2 percent growth in 1975. Utilities had based their nuclear construction plans on the assumption of 5 to 7 percent demand growth every year. Nuclear plant construction costs, meanwhile, rose quickly. With flat demand, utilities began canceling reactor orders. In the midst of this tumult, WASH-1400 offered a calming message in the mid-1970s that reactors were safe enough. The executive summary’s comparisons of nuclear power to other risks implicitly established a standard of acceptable risk the public took in other areas of life. The report noted the “surprising degree” to which public tolerance for risk could be expressed in simple quantitative terms: a one in a million fatality risk was considered negligible, a number nuclear power easily met.103

WASH-1400 was also reassuring on specific regulatory issues like ATWS. One industry lobbyist predicted WASH-1400 would “be seen as a turning point in the struggle to replace rhetoric, emotion and intuition with quantitative systematic assessments.”104 The report’s ATWS estimates seemed to confirm the industry view that it was a “nonproblem”; citing WASH-1400’s estimates, one industry publication asked, “Is ATWS Real?”105 Utility companies lobbied to suspend consideration of the issue in licensing proceedings. Saul Levine disagreed that the report justified lowering safety standards, but he suggested the AEC might stand pat since nuclear power was already safer than other common hazards.106 The report complicated a regulatory solution to the failure-to-scram question. The agency’s ATWS team, led by Ashok Thadani, produced an estimate ten times more pessimistic than WASH-1400, and it was greeted with “general disbelief” among regulatory staff, which favored the Rasmussen report’s estimate.107 With conflicting probability assessments, the issue dragged on inconclusively for years.

Despite its successful rollout, the report came in for rough treatment due, in part, to its technical flaws, but also to the rapid negative shift of public confidence in US leadership generally. The social unrest of the 1960s, the Vietnam War, and the economic turbulence of the 1970s led to a well-documented disillusionment about leadership across a broad array of public and private institutions. The Rasmussen Report was conceived by the pronuclear AEC during the bandwagon market and in a period of majority public support for nuclear power. The report’s implicit mission to educate the public about the positive benefits assumed that a well-grounded message of reassurance from experts would be trusted by the public. By the time the final draft appeared in 1975, however, the plunge in public trust in the nation’s institutional leadership was, as one pollster described, “simply massive.” This attitude magnified nuclear power’s stumbles. Canceled plants vastly outnumbered new orders; the antinuclear movement thrived; and the new NRC needed to rid itself of the AEC’s promotional legacy and demonstrate that it was an independent regulator.108

The NRC quickly came under fire. It pleased neither the nuclear industry with an efficient regulatory process nor critics who believed the agency was no different than the AEC. When the agency announced it would move expeditiously in dealing with safety questions related to spent fuel reprocessing, critics complained the NRC was “more interested in reassuring the nuclear industry than in reassuring the public.”109 The agency was also caught off guard when one of its engineers, Robert Pollard, announced on the television show 60 Minutes that he was leaving the agency to protest what he believed were the NRC’s lax safety standards. He joined the Union of Concerned Scientists, where he became its lead technical expert on nuclear power issues. Intervenors also found success in producing significant delays to the construction and licensing of new reactors. One utility executive complained that the NRC’s regulatory process would “strangle the nuclear power industry.” Even if WASH-1400 had been flawlessly executed, nuclear power’s economic, political, and regulatory problems were bigger than any report could solve.110

And it was not flawless. WASH-1400 met detractors everywhere, even within the AEC/NRC. The ACRS was mostly positive about the draft report, praising its methodology, but expressed some reservations about potential error in its estimates. Many regulatory staff were skeptical and wary. The report team operated independently of the staff, and the latter was under no obligation to adopt a new complex tool like PRA. By 1974, the Three Ds had hardened into orthodoxy. The triad served nuclear safety well, why change? Executive Director of Operations Lee Gossick pointed out that staff had little expertise in risk assessment and needed extensive training. “We do not foresee, as either necessary or desirable, the complete replacement of current licensing practices by an assessment of aggregate risk for individual plants as was performed in the [report],” Gossick argued. It would neither improve regulatory efficiency “nor would it be likely to significantly affect the level of safety achieved in reactors.”111

WASH-1400 also came under unexpected criticism from physicists outside the agency. Cold War weapons development, Vietnam, and 1960s political activism spurred the rise of a new breed of activist scientists interested in influencing political debates on technology. Frank von Hippel, a Princeton physicist and antiwar activist, took an interest in the role scientists could play in domestic science and technology policy. He called on scientists to “bring about more open and democratic controls on the uses of technology.”112 Inspired by Kendall at the Union of Concerned Scientists, he encouraged the American Physical Society (APS) to evaluate the social implications of science and technology, particularly nuclear power. “With the current energy crisis and general political turmoil, physicists want to become involved,” he wrote.113 Stanford physicist and APS president Wolfgang Panofsky agreed that physicists had “social and political obligations. . . . Increasingly the many problems facing society have come to have important scientific and technological dimensions.”114

The AEC agreed to fund an APS review team, including von Hippel, to evaluate the report. Led by physicist Harold Lewis, a professor at the University of California–Santa Barbara, the APS team confirmed criticism that the report had underestimated the consequences of accidents and needed a better data base. It also doubted accident probabilities could express the absolute risk of an accident. Nevertheless, it praised the report’s methodology and called for quantification of accidents supported by improved data and a substantial safety research program.115 Critical, but not too critical, the APS review did not impede the report’s progress.

The Rasmussen team published the final revision of WASH-1400 in October 1975. The NRC was only nine months old, and it inherited the report under vastly different circumstances than those under which it was conceived. A study generated by the AEC to, in part, promote nuclear power, would have to be defended by a new independent agency with no promotional responsibilities. The nuclear industry had started the new NRC era, as Nucleonics Week put it, in “utter chaos” and at the lowest point in its history. The breakup of the AEC and the looming dissolution of the Joint Committee on Atomic Energy left the industry directionless. “It is scarcely an exaggeration to say that utilities have no idea how to finance nuclear plants . . . and no one has any idea whether there is going to be any Price-Anderson liability indemnification available. . . . The new Congress is an unknown quantity as far as its attitude to nuclear power is concerned, and the industry’s super salesmen Reps. Chet Holifield and Craig Hosmer are gone.” The antinuclear movement had the nuclear industry “on the run.” Things were only going to get worse.116

The Rasmussen Report became more a problem than a solution. The NRC commissioners voiced support for the study, but questions grew about its flaws and biases. Following the publication of the draft in 1974, a fire at the Browns Ferry nuclear power plant raised questions about WASH-1400’s apparent underestimation of fire risk. Rasmussen countered that greater consideration of fire did not materially alter the study’s reassuring absolute numerical estimates. But there were other problems. The executive summary’s favorable comparisons to other hazards presented reactor risk as a precise curve without displaying the potential error bands found in the estimates themselves. It contrasted those risks to well-established risk data for airplane crashes and natural disasters. Von Hippel pressed the NRC to rescind the summary.117 For nuclear proponents, the executive summary’s comparisons had been the whole point of the report: to prove to the public that nuclear power was safer than other common risks. Yet, the summary had no discernible influence on the negative trend in public opinion.118 As one friendly critic noted, it “will be a sad day indeed” if the report became known for its absolute risk estimates rather than its more important contribution to creating an engineering and safety tool. Having endorsed the report, the NRC could not easily back away from the summary. Several commissioners had cited the summary favorably in speeches, including the now ridiculed comparison of nuclear accidents to meteor strikes.119
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FIGURE 15 AND 16. The two most controversial figures in the WASH-1400 report compared its estimates of reactor accident risk to natural and human-made hazards. The graph on the right indicated that the risk of death from an accident was comparable to being struck by a meteor. Source: Reactor Safety Study, NUREG-75/014, Executive Summary, p. 2.





Von Hippel and other critics successfully lobbied Arizona Congressman Morris Udall’s Subcommittee on Energy and the Environment to hold hearings on the report. Udall’s open door to nuclear critics signaled a shift in the bipartisan support nuclear energy enjoyed. As Democrats in Congress became more closely identified with the environmental movement, staunch allies like Chet Holifield were harder to find across party lines. As the hearings raised questions about WASH-1400, Udall persuaded the NRC to create a second review committee, once again headed by Harold Lewis.120 While the Lewis Committee’s first review of the draft report was brief, its second review took a year. The Rasmussen Report was a massive, and massively complex, multivolume document that daunted many a reviewer with convoluted prose and obscure data references. By 1977, the Lewis Committee benefitted from the work of outside experts who had probed its calculations for weaknesses. In addition, the NRC’s own staff analysis uncovered flaws in WASH-1400 and industry’s sanguine assessment of ATWS.121

Published in September 1978, the Lewis Committee review of WASH-1400 was a head-spinning combination of high praise and damning criticism. It lauded the report’s value in creating a logical framework to assess reactor safety and its “pioneering” fault/event tree methodology. It upbraided the NRC for not applying its insights to research and regulations, particularly its findings of the relative importance of a full spectrum of events and actions not covered by design basis accidents, such as human error, small pipe breaks, and transients.122

In setting out WASH-1400’s shortcomings, the Lewis Committee was merciless. It promised to review its sins “in grisly detail,” and it did. “WASH-1400 is defective in many important ways,” it concluded. Its objections boiled down to three categories: poor writing, poor peer review, and poor probability calculations. The report was “inscrutable,” a “major failing” that impaired its usefulness and the conduct of peer review.123 In briefing the NRC commissioners, Harold Lewis joked, “Anyone who had tried to work with the thing [report] and learned how any given calculation was really done, comes away drinking heavily.”124 While the report’s staff cooperated with the Lewis Committee, it had such a “siege mentality” about public criticism that it proved “stubborn” in conceding even basic problems with the report.125

The Lewis Committee excoriated the report’s “deficient” calculational techniques, used to compensate for the still nagging problem of limited plant component failure data. Some techniques were inappropriate but inconsequential. For example, when the limited data did not fit into a common bell curve, called a log-normal distribution, WASH-1400’s authors drew a bell curve around the data anyway.126 The committee concluded this error likely made little difference in the final estimates. More problematic was WASH-1400’s use of a technique that, to many observers, seemed like cheating. Many of its estimates were, ironically, an amalgamation of expert opinion. Rasmussen’s team had aimed to replace AEC’s qualitative assessments of risk with hard numbers but used “subjective probabilities.” It was an approach that had been used in Howard Raiffa’s decision theory. The Rasmussen team used it when data was lacking, model complexity overwhelmed computing power, or common mode failures dominated an accident model. The Lewis Committee accepted the subjective probabilities as necessary, but objected to the arbitrary techniques WASH-1400 used to arrive at final estimates.127

Estimates of very improbable events, such as pipe breaks and scram failures (ATWS), proved the most troublesome. Experts offered probabilities that were often optimistic and could differ from those of other experts by a thousand times or more. The report had estimated ATWS as a one-in-one-million probability with a narrow upper and lower bound of potential error. The Lewis Committee called the model’s estimate “absurd” and the calculation so arbitrary that it “boggles the mind.” It pointed to a more acceptable approach being pursued by other NRC staff that was four to five times higher than WASH-1400.128 Harold Lewis later noted that, while he sympathized with “the Rasmussen team in their compulsion to quantify the probability of something that has never happened, . . . there may somewhere be a statistician who believes this is a valid procedure [to estimate ATWS], but he has yet to make himself known.”129 The Lewis Committee accepted the use of expert estimates, but their use and limits had to be clearly spelled out.

The Lewis Committee panned WASH-1400 for presenting its results as single point estimates when it had large uncertainties and limited data. Collectively, these flaws meant the error bands were so large that absolute risk estimates were not feasible, and that meant comparing nuclear power risk to other hazards was not feasible either.130 The executive summary’s “soothing” comparisons of nuclear power risk to other well-established hazards was an “unfortunate” effort to persuade the public of nuclear power’s safety. Lewis said the report had “overstepped the state of the art. . . . They tried to find numbers with greater precision than the data base available, the information available, and the statistical tools that they had available would permit.”131

The study’s clumsy use of expert opinion highlighted a growing body of psychological research into the biases and perceptions of risk held by the public and experts. It was not surprising that the public’s untrained perception of risk might be biased, but by 1979, it was clear that experts had their biases, too. They were too optimistic in assessing the probability of improbable events. The experts consulted by the Rasmussen team behaved a lot like geotechnical engineers, professional auto mechanics, and dam builders who, studies found, were often at odds with each other in assessing accident probabilities, too confident in the precision of their estimates, and too confident to admit to the substantial uncertainties in their estimates. Confidence could be disastrous. In 1976, the tragic failure of the brand-new Teton Dam underlined the little-known fact that one in three hundred new dams failed.132

The Lewis Committee conclusions forced the NRC commissioners to clarify their position on WASH-1400 and PRA.133 In a January 1979 press release, the commissioners noted that the report had advanced the state of PRA; they supported “the extended use of probabilistic risk assessment in regulatory decisionmaking” and licensing where “data and analytical techniques permit.” But the commission concluded that WASH-1400’s probabilities and consequence models needed “significant refinements” and should not be used as the principal basis for regulatory decisions. It withdrew its endorsement of the executive summary, warning that the report’s absolute estimates of overall risk could not be “used uncritically either in the regulatory process or for public policy purposes.” Norman Rasmussen got a call late in the evening about the NRC’s impending announcement. He later told an MIT colleague that he lay awake that night worrying. “He was truthfully upset, as you’d expect. He was about to be embarrassed nationally.”134

Reaction to the announcement did not bode well for the study. Morris Udall applauded the NRC statement as a sign that by distancing itself from the report, the agency was shedding the AEC’s promotional mandate: “they’re beginning to be the referee, the impartial referee that we all hoped they would be.”135 Some news outlets incorrectly portrayed the commission as having disavowed the entire report rather than the executive summary. The New York Times called it a “repudiation.” Times columnist Tom Wicker wrote, “the official rejection of the Rasmussen Report is one more piece of evidence that—aside from the basic questions of nuclear safety—both Government and industry have been too careless in their safety studies, too committed as advocates of nuclear energy, occasionally deceptive or misleading in that advocacy, and consistently over-optimistic both in their safety estimates and their judgment of the extent to which the public would accept questionable assurances.”136 Henry Kendall boasted that the report had been “demolished.”137 Daniel Ford characterized the AEC’s motives for WASH-1400 as a “religion in need of a Bible.”138

WASH-1400 was launched in part to win over the public to nuclear safety, but the report and the industry were in deep trouble. By 1978, new plant orders had collapsed completely. Numerous licensing hearings around the country were mired in delay, while construction suffered numerous cost overruns and quality assurance problems. Daniel Ford celebrated: “We’ve stopped nuclear power from being the miracle energy cure, and shown it to be a controversial, problem-ridden power source.” Utility executives openly questioned whether nuclear power had a future. John Selby, head of Consumers Power and builder of the ill-fated Midland nuclear power plant, admitted, “I’d be very reluctant to put shareholders’ money into another nuclear plant in the future.”139

Mixing promotional and safety missions in the same report had been a mistake. Risk estimates for policy purposes required broad expert support and public acceptance. WASH-1400 was already swimming against a broad negative tide of public mistrust in government and private institutions, and public support for nuclear power was about to turn negative for the first time in history. Coming from a respected group of physicists, the Lewis Committee’s peer review inflicted considerable damage on the report and made the NRC wary of PRA until much more work was done on it. Two decades passed after the report’s 1975 publication before the NRC issued a policy statement favoring greater use of PRA.140

As a public relations document, it is likely WASH-1400 was doomed from the start. Risk communication remains an extraordinarily difficult challenge. Stumbles like WASH-1400 became so common that one scholar described such a phase of failure as a necessary evolutionary step for experts. They had to learn that numbers were not persuasive. They did not level the comparative playing field among the hazards, especially when the public viewed expert opinion skeptically and believed nuclear power carries unique, hard-to-quantify risks from terrorism or genetic defects.141 Moreover, public perceptions of risk were not fixed, as Chauncey Starr thought. By the early 1980s, the public opposed the construction of a local nuclear power plant by a two-to-one margin, a complete reversal from the numbers a decade earlier. This shift in hazard perception was common across an array of environmental pollutants. Open debate among reputable experts did not help inspire public confidence, as the WASH-1400 debate demonstrated. For committed nuclear opponents, too, the Rasmussen report’s controversy confirmed their belief that risk experts were “shamans” hawking a pronuclear agenda. The same confidence gap resurfaced many years later after the 2011 Fukushima accident. PRA’s return to acceptance faced many obstacles.142

For the time being, it looked like the NRC was finished with risk assessment.143 The commission instructed the staff to review the report’s influence on previous agency decisions. Chairman Joseph Hendrie insisted the commission’s announcement was not “a political book burning,” but the staff distanced themselves from the report.144 They reported back that WASH-1400 was not used much at all in safety decisions. Saul Levine scoffed at the staff’s claim: “When suddenly asked by the Commission whether he had ever used it [PRA], everyone suddenly became a virgin. He’d never used it in any way, shape or form.”145 Frank Miraglia, an NRC supervisor, recalled a co-worker calling the staff review “the WASH-1400 enema.”146 Lewis Committee member Robert Budnitz thought the NRC staff had overreacted to their assessment. Budnitz went on to head the NRC’s research program for a time and found the staff’s attitude “toward risk assessment was generally negative or worse. They generally did not want to use the techniques, avoided the use of the methods and made it difficult for us to develop programs that they could use. . . . [The staff’s] denial of the validity or usefulness of probabilistic methods are shortsighted and backward.”147

RISK ASSESSMENT AND THREE MILE ISLAND

PRA was dead. For two months. The March 1979 accident at the Three Mile Island facility destroyed a reactor, but it saved PRA. It was not the dramatic design basis accident the AEC and NRC anticipated. The Unit 2 reactor near Middletown, Pennsylvania had no large cooling pipe rupture, no catastrophic seismic event. The cause was more prosaic: maintenance. A pressurized water reactor has a “primary” piping loop that circulates cooling water through the reactor core to remove its heat (fig. 8). The primary loop transfers its heat to a non-radioactive secondary loop as the two loops interface in a “steam generator.” The secondary water boils, and the steam drives the plant’s turbine generator to make electricity. The steam is then condensed back to water, and feedwater pumps send it back to the steam generator to be boiled again. At Three Mile Island, this flow in the secondary loop stopped when maintenance workers caused an inadvertent shutdown of the feedwater pumps. This event was a relatively routine mishap, an anticipated transient, and the reactor scrammed as designed.148

After that, however, nothing went as designed. A relief valve in the primary loop stuck open, and radioactive water leaked out into the containment and an auxiliary building. No pipe broke, but the stuck valve was equivalent to a small-break loss-of-coolant accident. One control panel indicator of the relief valve’s position misled the operators into thinking the valve was closed, and they did not realize they had a leak. This malfunction had happened at other plants, but the operators at Three Mile Island were never alerted to the problem. Unaware of the stuck-open valve, the operators were confused, as primary coolant pressure fell no matter what they did. A temperature indicator that could have helped the distracted operators diagnose the problem was practically hidden behind a tall set of panels. As a result, operators misdiagnosed the problem and limited the supply of cooling water to the overheating reactor core, leading to a partial fuel meltdown. For several days, the licensee and the NRC struggled to understand and control the accident while the nation anxiously looked on. The accident had negligible health effects, but the damage to the NRC and the nuclear industry was substantial. Many of the residents who evacuated the area never again trusted nuclear experts.

There was agreement that this event had exposed weaknesses in the NRC’s emergency response capability, but interpreting the accident’s broader meaning for safety split the nuclear community. Some saw a silver lining: there were no measurable health consequences despite a significant core meltdown. Radioactive isotopes and hydrogen leaked into the containment building where the hydrogen ignited. Yet, the containment building held up and prevented the escape of all but a negligible amount of radiation, so negligible that radiation readings taken after the accident were just a third of levels measured at the site during the 1986 Chernobyl disaster some five thousand miles away. Defense in depth had worked.

If the Three Ds had proved their worth, was there a place for PRA? Saul Levine did not think so. “Before the Lewis Report and TMI, I would have said the Commission was receptive [to risk assessment] and things were improving in the right direction. But I think for the moment, we’ve suffered a setback.”149 But it was a turning point. “Suddenly,” an NRC report noted, “the potential value of PRA as a regulatory tool—and of the insights of the [Rasmussen Report] itself—became apparent to the reactor-safety community.”150 As early as 1973, Rasmussen had pointed to the risk posed by human factors in testing, operations, and maintenance. He even recommended that control room panels be redesigned “so that operators can’t make mistakes as easily.” The report’s prescience was hard to ignore.151

Harsh post-accident assessments made PRA impossible to ignore. A presidential commission led by John Kemeny, president of Dartmouth College, excoriated the NRC for its antiquated approach to safety that did not promote learning, and pointed to the Rasmussen Report as a solution. Kemeny called the NRC “a total disaster.” It was an agency “hypnotized by equipment . . . there was literally no systematic way of learning from experience. The NRC believed their equipment was foolproof. TMI showed that no equipment is foolproof.” The accident could have been anticipated if pre-accident reports had been circulated and analyzed, but the training of operators was a “program for button pushing” that did not prepare them to deal with multiple equipment failures.152

A second report commissioned by the NRC, and led by attorney Mitchell Rogovin, faulted complacency with the Three Ds that encouraged ignorance. The NRC had “all but ignored” the human error and “nonsafety related” systems that contributed to the accident.153 Three Mile Island seemed tailor-made to prove WASH-1400’s point that there was more to safety than design basis accidents. Operator errors posed a different kind of risk that had received little attention from the industry and regulators. So little attention had been paid to human factors that another NRC-contracted report concluded, “The human errors experienced during the TMI incident were not due to operator deficiencies but rather to inadequacies in equipment design, information presentation, emergency procedures and training.”154 There had been little operator training on the best response to symptoms of smaller, more common loss-of-coolant accidents like Three Mile Island’s. Small accidents required a different configuration of safety systems and operator responses than large ones. “We have come far beyond the point at which the existing, stylized design basis accident review approach is sufficient,” Rogovin wrote. The NRC needed to change “by relying in a major way upon quantitative risk analyses and by emphasizing those accident sequences that contribute significantly to risk.”155

The post-accident validation of the Rasmussen Report, one NRC official told a reporter, signaled the “rebirth of WASH-1400.”156 The NRC’s director of probabilistic analysis, Robert Benero, noted, “The Three Mile Island accident seems to have converted many people to be believers in probabilistic risk assessment. Many people believe that if we had listened to WASH-1400 we would have been concentrating on transients, small breaks, and human error since 1975—and would probably have prevented TMI.”157

The AEC had launched WASH-1400, in part, to prove what experts thought they already knew—reactors were safe enough—but it revealed what they did not know.158 For all its warts, the Rasmussen Report really did make risk assessment more realistic and transparent. And, while it seemed ironic that the study used subjective expert estimates, the elicitation of expert judgments became more common. Expert were biased, but predictably so, and their judgments were potentially useful. A recommitment to PRA helped drive more safety research. Beyond failure-rate data, it needed insights from multiple disciplines in technical and social science fields. The NRC spent several million dollars annually on human-factors research, including quantifying error and performance measures for PRA.159

Three Mile Island also added an economic rationale to risk assessment. Defense in depth may have proven its worth in protecting the public, but not in protecting a billion-dollar investment. TMI-2 was a financial disaster because there had been too much focus on unlikely design basis accidents and not enough on the banality of small mishaps. Had small precursor events received attention, the operators at Three Mile Island might have known about a nearly identical event at the Davis-Besse nuclear power plant in Ohio, where operators correctly diagnosed the stuck-open valve missed in Pennsylvania.

THE END OF THE FIRST NUCLEAR ERA

The PRA controversy played out amid a tsunami of cancellations for new reactors. The collapse of orders had immediate impact on the utility industry and the far-reaching influence on the application of PRA. For a time, no nuclear construction project seemed safe. First, new plant orders dried up in the mid-1970s. Next, utilities cancelled “paper” plants already ordered but not started; fifty-two were terminated before March 1979—clear evidence that the industry’s troubles started before Three Mile Island. After the accident, however, cuts turned into a rout. Plants deep into construction were swept away, leaving behind concrete skeletons and debt. After seventeen years of construction problems, delays, and a $4.3 billion investment, Michigan’s Consumers Power Company announced it would convert the Midland nuclear facility to a combined-cycle gas facility, even though the plant was 85 percent complete. The William Zimmer nuclear power plant in Ohio was 97 percent finished when its owners gave up and converted the facility to coal. Others were halted simply because utilities ran out of money. In total, at least 120 plants were canceled, and no more than 112 ever held operating licensees in the same year, a far cry from the one thousand predicted. By the mid-1980s, utility default and bankruptcy loomed. The Washington Public Power Supply System had planned on twenty nuclear power plants and finished just one. It defaulted on $2.25 billion in debt. Electricity rate increases were so steep in some regions that industries considered relocating to low-cost power regions or tried to switch power providers, a rare option in the regulated power markets of that era.160

There were plenty of postmortems and recriminations. In a memorable assessment in Forbes magazine, James Cook declared the nuclear industry “the largest managerial disaster in business history. . . . For the U.S., nuclear power is dead—dead in the near term as a hedge against rising oil prices and dead in the long run as a source of future energy.” Cook, as well as others, broadly apportioned blame among the industry, the NRC, and state regulators, but much of the wrath fell on industry “mismanagement in the first degree.”161 Nuclear power was undone, for the most part, by utility leadership that did not look skeptically at the claimed inevitability of this new technology or doubted its need even though fossil fuels were abundant. They did not question their projections for robust demand growth of 7 percent, the maturity of reactor designs, or the wisdom of the rapid scale-up in power output. True costs were masked by heavy federal subsidies and the loss-leader deals with Westinghouse and GE in the 1960s turnkey era. When it ended, prices predictably doubled, but then continued to rise another four times between 1971 and 1987—much faster than coal. Lead times between the receipt of a construction permit and the commencement of commercial operation stretched from six years to ten. While vendors eventually standardized some plant designs, these came just in time to see orders evaporate in the mid-1970s.162

For many utilities, the selection of a nuclear power plant was not just ill-timed for the slumping power market of the 1970s, it was ill-suited to their modest capabilities. Some built nuclear plants the way they built fossil plants, with limited attention to construction management, quality assurance, and safety. For example, the ill-fated Zimmer plant had so many quality control issues that the NRC halted construction in 1982. Estimates indicated it would take $1.5 billion to fix them and build the last 3 percent. Managing the construction maze of vendors, architect-engineering firms, and subcontractors required detailed day-to-day utility attention, but a NRC study found cases where “no one was managing the project.” It concluded “poor utility and project management” were the root of quality problems. State utility commissions sometimes conducted “prudence reviews” and determined utilities could not recover costs from ratepayers for mismanaged projects.163

Cook’s judgment was scathing, but for the surviving licensees, he offered no roadmap to the future. The plants that escaped the carnage carried hundreds of millions in construction debt, and an extra helping of millions for post-Three Mile Island upgrades, into their operating phase. Had the new plants performed as advertised, licensees might have managed, but the post-Three Mile Island fleetwide capacity factor of about 55 percent was well below early forecasts. Some operated for years at less than 40 percent. Maintenance headaches contributed to operating costs at almost ten times original forecasts. There was obvious economic wisdom in licensees maintaining quality operations that minimized the probability of accident-inducing mishaps such as the one at Three Mile Island, but such a long-term view of operations, the NRC feared, competed with a persistent “fossil-fuel mentality” that shaved expenses for short-term profits. Further economic shocks to the power industry in the 1990s only heightened this concern. Squeezed between an increasingly aggressive regulator and strained finances, the table was set for NRC-licensee conflict. Operators needed new tools to reconcile the apparent contradiction between safe and efficient operation. Increasingly, the industry and the NRC believed PRA applications could do both.164

Whether the NRC contributed to the debacle was a question that came in for scrutiny. Nuclear supporters blamed the NRC for creating an overly complex regulatory system that piled on expensive new rules simply to assuage public opinion. This was not entirely fair, since rising construction costs transcended time and place. Internationally, realized construction costs always exceeded initial cost projections. Most US utilities did not blame the NRC, either. In a study of cancellations between 1974 and 1982, the Department of Energy found that in only thirty-eight of one hundred cancellations did utility executives attribute regulatory burden as a partial contributor to their decision. A substantial majority cited the industry’s optimistic demand expectations and the difficult construction financing climate. In some cases, regulation did contribute to delay and costs. As the NRC’s own studies showed, the complexity of the US regulatory process was exceeded only by West Germany’s, and Germany’s nuclear industry was not as complex as in the United States. Almost all the plants with the largest construction overruns and delays worldwide occurred in the United States. Estimates indicate that mandatory upgrades to safety and environmental features may have contributed as much as half to rising costs.165

True or not, were these complaints of regulatory burden even relevant to the NRC? It was not the AEC. Its mission was adequate protection of the public and environment, not promotion. If its upgrades bought more safety, they were worth it. Some industry supporters disagreed. One pronuclear author noted a common industry belief that the NRC’s “regulatory ratcheting” was expensive, arbitrary, and “has bought nothing” in the way of safety.166 By adding to plant complexity and requiring the allocation of licensee resources to minor safety issues, NRC backfits may have even reduced safety.

Post-accident risk analysis indicated that some post-Three Mile Island upgrades certainly made plants safer, but the industry’s line of questioning revealed a discomfiting insight. No one could be sure whether NRC backfits made plants safer or not. In a 1985 report by the General Accounting Office, NRC officials admitted staff did not analyze whether the safety enhancements they ordered provided “substantial additional protection,” as its backfit rule required. In some cases, the NRC ordered modifications without knowing if they added much to safety or were technically feasible. The GAO referenced a Department of Energy report that claimed NRC backfitting was “out of control.” The flood of modifications came so fast that licensees sometimes delayed maintenance important to plant safety to attend to them. A PRA could have quantified a backfit’s contribution to safety and prioritized the most risk-significant ones, but the agency confessed it did not have enough trained staff for backfit analysis. Between 1983 and 1985, the NRC began to apply risk analysis to general safety issues and in its revised backfit rule.167 Nuclear critics feared PRA would be abused in cost-benefit analysis to block backfits that were expensive but benefited safety. Supporters countered that PRA’s methodology could make risk knowable and bring stability and transparency to NRC regulatory decisions. With PRA, one risk expert said, there was “nowhere to hide.” PRA might not renew public trust, but it would be open and direct attention to important contributors to accident risk.168

There was much to be done to make PRA better, but there was now time to do it. Lots of time. With the bandwagon market a memory, the NRC turned to the multi-decade task of reforming its regulation of operating reactors, deploying tools like PRA with an eye to balancing safety and efficiency. For the authors of WASH-1400, the pivot back to risk assessment was gratifying. Norman Rasmussen observed that skeptics at the NRC “have now strongly embraced quantitative risk assessment and insist on people doing it for all kinds of problems.”169 He was confident that critics had overstated the uncertainty in his risk estimates. Saul Levine, too, glimpsed vindication. The NRC’s attitude on PRA, he wrote, “has now come almost full circle. . . . It seems that the United States nuclear power community is finally taking to heart the words of Cicero (circa 40 BC): ‘Probabilities direct the conduct of wise men.’ ”170
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Putting a Number on “Safe Enough”

After the Three Mile Island accident, the NRC’s complex regulatory structure got more complicated. An agency task force called the NRC’s regulations a “quilt work” of requirements, and a new layer of “beyond design basis” regulations were layered on top of the traditional Three Ds approach. The NRC also added on new requirements for operator training, control-room design, and emergency planning. By 1983, upgrades had cost each plant about $55 million. As noted earlier, many doubted whether the new regulations improved safety.1

To control this growing complexity, the Atomic Industrial Forum revived Chauncey Starr’s vision and called for a long-term conversion to measurable risk-based regulation, where safety decisions needed just two things: quantitative safety goals—a number that said when a plant was safe enough—and a PRA to calculate it. The industry found the approach attractive because it would simplify regulation, limit regulatory backfits to those with substantial safety benefits, and demonstrate that nuclear power was the safest technology of all. “We believe that the application of such a consistent set of safety principles would reveal that the risks associated with other human activities or technologies deserve attention equal to or greater than that currently being focused on nuclear power risks,” the Forum wrote.2 Quantification would create a “rational framework for decisions” that would solve the “arbitrary” nature of the NRC’s deterministic regulations, an industry source stated. “You can argue about the data base, but it’s all laid out” and would address “public concerns about nuclear energy and getting them out in the open.”3 The NRC’s Stephen Hanauer agreed, arguing that more quantification would help eliminate the perception that the NRC’s proceedings had a “star chamber” quality that relied on opaque expert judgment.4

Regulation based on risk insights met resistance within the NRC. Robert Budnitz, the head of the NRC office of research, said the staff thought PRA was a “Pandora’s box” that would require tremendous effort and offer uncertain benefits. Given the wide variation in probability estimates, an NRC official warned against using PRA as “a magic crutch. . . . To use it for decision making is next to useless because of variations in situations. . . . Getting an adequate data base in our lifetime is not possible, so we have to live with uncertainty.”5

Live with uncertainty the NRC did, but PRA advocates were determined to turn risk assessment into a tool for risk management. The NRC was part of a larger movement, particularly among federal agencies, to incorporate risk assessment into a broad spectrum of government regulatory activities. On the leading edge of this wave, NRC regulators worked to inform regulations with quantitative risk insights while allowing decisionmakers discretion to consider qualitative factors in determining a threshold for “adequate protection.” Ultimately, a new and hybrid regulatory regime emerged from the NRC’s work. Neither solely deterministic nor completely risk-based, it became risk-informed regulation. The agency spent several contentious decades herding quarrelling staff, industry, and critics to an uncertain regulatory model.6 By 2000, it had risk-informed some regulations, developed quantitative safety goals, published a policy statement on risk-informed regulation, and developed risk-informed regulations in plant operations. These gains, however, came with a recognition of PRA’s practical limits.

BEYOND THE DESIGN BASIS: SAFETY THROUGH RELIABILITY

After Three Mile Island, the NRC moved with greater purpose to regulate accidents beyond the design basis of existing plants, but it had to be mindful of criticisms that it had not followed its own backfit rule. The design basis met the requirements of AEC/NRC regulations and guidance documents that a plant design provides, in NRC parlance, “reasonable assurance of adequate protection,” or similar language that it could be operated “without undue risk” to the public.7 If a safety feature was essential to cope with a DBA, the NRC considered only its safety benefit when requiring it, not cost. New safety questions not addressed in the design basis cropped up, as did Anticipated Transients Without Scram (ATWS) in 1969. Any backfits to remedy ATWS were considered enhancements beyond the minimum requirement for “adequate protection,” and the NRC could weigh benefits with costs before imposing new requirements.

The NRC developed more quantitative regulations for several safety systems and events. The ability to cope with station blackouts was improved with new regulation, training, and requirements that plants meet minimum coping times. The NRC also established quantitative reliability requirements for emergency diesel generators. A study in 2003 showed the station blackout regulations exceeded safety expectations. A probabilistic approach also informed upgrades to auxiliary feedwater systems with seismic improvements, more pumps, and diverse power sources.8

Debate over how to reduce the probability of scram failures (ATWS) had dragged on for over a decade, with the nuclear industry contending it was an almost one in a million event with few consequences. Events settled the issue in the NRC’s favor. In June 1980, the scram system partially failed at the Browns Ferry Unit 3 nuclear power plant in Alabama. When an operator scrammed the plant during a routine shutdown, it failed to insert 76 of 185 control rods. Repeated attempts finally inserted the rods. The event was likely caused by clogging in a hydraulic scram line. A year and a half later, a reactor scram signal partially failed to open circuit breakers and shut down the Salem 1 nuclear power plant during a plant startup. Neither event caused damage, but they lent credence to the NRC’s probability estimates—more pessimistic than WASH-1400 or industry estimates—and the role of common-cause failures.9

In June 1984, the NRC adopted a final rule on the ATWS issue. Incorporating orders the NRC had already issued to licensees, the rule provided a long-term requirement that scram systems incorporate principles of redundancy, reliability, independence, and diversity. The NRC staff recommended a probabilistic goal that an ATWS event should be no more likely than once in one hundred thousand reactor-years of operation. The NRC also advised plant operators to seek ways to reduce the probability of scrams. Every time a plant scrammed, there was a small chance of an ATWS. Fewer scrams meant fewer scram failures and also the side benefit of profit; a scrammed plant could not sell electricity. Safety and shareholder return went hand in hand. In the 1980s and 1990s, scram rates dropped by a factor of ten through more effective maintenance and operations.10 Probabilities were finding a place in the regulations.

THE INDIAN POINT AND ZION RISK ASSESSMENTS

After the Three Mile Island accident, WASH-1400 gained new life as a regulatory tool from legal challenges brought by the antinuclear movement. The environmental group Friends of the Earth petitioned the NRC to issue supplemental environmental impact statements at several nuclear power plants in Arizona and California to consider beyond-design-basis accidents known as Class 9 accidents. In 1971, the AEC had determined that it did not need to consider Class 9 accidents under NEPA’s “rule of reason” due to their exceedingly low probability of occurrence. Friends of the Earth argued the “repudiated” probability estimates of WASH-1400 and the Three Mile Island Accident proved otherwise.11 The Council on Environmental Quality (CEQ) added weight to the Friends of the Earth petition by revising its regulations on environmental impact statements to require worst case analysis. CEQ informed the NRC that its review of agency environmental Impacts statements was “very disturbing,” and it did not believe the NRC’s position on Class 9 accidents “is any longer sustainable, assuming it ever was.”12

As an independent regulatory agency, the NRC did not view CEQ regulations as having substantive impact on its regulatory functions. It admitted, however, that “a change is needed.”13 In June 1980, the commission approved an interim policy statement containing guidance on the treatment of nuclear power plant accidents in environmental impact statements, particularly sequences that could lead to core melting and radioactive releases.14 The statement took a positive view of WASH-1400’s value in regulation. It pointed out that its reconsideration of Class 9 accidents was appropriate, in part, because WASH-1400 had identified accident sequences other than design basis accidents that dominated plant risk. The commission statement acknowledged the uncertainties and limitations of risk assessment highlighted by the Lewis Report, but it expressed optimism that the state of the art was advanced enough to explore the use of the methodology in the regulatory process. The commission was also confident the new assessment would reach a similar conclusion as those in the past as to the remote probability of Class 9 accidents. A later court opinion agreed; in 1984, the DC circuit court ruled that the NRC was within its discretion when it held that an earthquake fault near the Diablo Canyon nuclear power station did not warrant a “special circumstance” to reopen the Class 9 issue in a supplement to Diablo Canyon’s environmental impact statement. WASH-1400’s troubles and Three Mile Island, the court concluded, did not mean Class 9 accidents carried more than “remote and highly speculative consequences.”15

In another line of attack, the Union of Concerned Scientists struck at the operating licenses of two of the nuclear industry’s most controversial plants. In September 1979, UCS filed a petition to suspend operation of Units 2 and 3 at Indian Point, New York, located about twenty-five miles north of the Bronx. With nearly 10 percent of the US population living within sixty miles of the site, UCS asserted that the Indian Point plants were unsafe given their “known safety deficiencies,” the “potential for enormous consequences to the densely-settled population,” and the need for a “massive evacuation.” UCS filed a similar petition for the Zion Nuclear Power Station, located halfway between Chicago and Milwaukee. Like Friends of the Earth, UCS argued in its Indian Point petition that with the Rasmussen Report now “repudiated” the “Commission can no longer hide behind the fiction that a [severe] accident . . . can never occur.” Indian Point and Zion, they claimed, were unique risks among nuclear power plants.16

UCS had astutely chosen the timing and ground on which to do battle. The NRC had paused licensing during its Three Mile Island review, and the public was concerned with the safety of other operating plants. Critics believed that radiation releases, confusion, and human errors, such as had happened in a more remote area of Pennsylvania, might unleash chaos in populated areas such as Indian Point. The UCS case for closure of Indian Point and Zion hinged on a question of relative safety: Was nuclear power too risky to be located near cities?

The prospect of evacuating a large part of the New York metropolitan area seemed daunting. Just prior to Three Mile Island, the NRC had improved emergency planning near nuclear plants, but requirements and drills amounted to mostly paper and communication exercises between site staff and local authorities. The NRC stepped up emergency planning requirements and drills after Three Mile Island.17 But even NRC Chairman Joseph Hendrie admitted that evacuation plans at Indian Point might require “special provisions.”18

In February 1980, the NRC staff rejected the UCS petition to immediately suspend operations at Indian Point and Zion. Drawing on qualitative judgments and the Rasmussen Report’s failure-rate data, Harold Denton, the director of nuclear reactor regulation, refused to suspend plant operation given the very low probability of a large loss-of-coolant accident of about one in one hundred thousand reactor years of operation. He agreed that the densely populated sites “present a disproportionately high contribution to the total societal risk from reactor accidents” and required interim measures while the NRC investigated.19

The Indian Point/Zion reviews jolted the industry. As John Garrick of the consulting firm Pickard, Lowe, and Garrick (PLG) recalled, the UCS petition created “a sense of desperation and urgency to do something so technically sound and beyond the normal analysis that it would be impossible to shutdown the plants on technical grounds.”20 In 1976, PLG wrote the first industry PRA on the Oyster Creek nuclear power plant, capitalizing on Garrick’s 1967 dissertation work and subsequent advances in the field. PLG’s risk assessment included significant advancements in seismic modeling, including a seismic hazard curve that became a PRA standard. With a daring born of grave circumstances, the industry decided to defend Indian Point and Zion through a PRA developed by PLG, a “WASH-1400 Mini Study” with improved data and methodology.21

The preliminary PRA results were reassuring. Indian Point’s owners argued the plant designs were tailored to the large local population by incorporating extra safety features. In its PRA, PLG claimed it had developed better solutions to some of the problems that bedeviled the Rasmussen Report, including a better accounting for uncertainties, operator error, fires, treatment of external events like floods and earthquakes, as well as modeling containment failure and the escape of radioactive plumes. Accident analysis also benefitted from research launched after Three Mile Island into core melt accidents and the capacity of containments to withstand meltdowns, steam explosions, and flying debris. The results buttressed industry contentions that accidents that penetrated containment had a “vanishingly small probability.” There were some hazards, such as fires and earthquakes, that were more worrisome than previously shown, but the overall results were encouraging.22

With the possibility that the Indian Point/Zion risk assessments might produce defensible probability estimates, interest in establishing quantitative safety goals grew. The utilities requested the NRC spell out “a uniform, quantitative unambiguous safety goal for Zion and Indian Point plants,” a number that equated to “adequate protection” as required by the Atomic Energy Act of 1954. The NRC was already exploring safety goals, and the effort became a major program.23 The Indian Point PRA might save Indian Point and demonstrate nuclear power was safe enough, too.

In 1982, the utilities that operated Indian Point 2 and 3 released the final Indian Point Probabilistic Safety Study. The study claimed PRA was ready to serve as an integral part of safety regulation. It calculated the components of reactor risk “as precisely as possible” to compare the relative risks and benefits of nuclear power to competing technologies. The competition was not close, the study found. The probability of an accident resulting in acute deaths of more than one hundred was no more than one in 4.8 million reactor years for Unit 2 and one in 29 million years for Unit 3. The more likely estimate was one in one hundred million for Unit 2 and one in a billion years for Unit 3.24

The commission directed the agency’s Atomic Safety and Licensing Board to conduct informal hearings to collect information and evaluate issues raised in the UCS petition. The commission requested that the board consider PRA as part of the evaluation process. This constituted a new licensing direction for the NRC. Wary of PRA after the Lewis Report, the commission decided to take another look. PRA, as much as Indian Point, was on trial.25

Outside reviews of the PLG study by Brookhaven, Sandia National Laboratories, and antinuclear groups were less confident of PLG’s estimates. Much as with the Rasmussen Report, reviewers raised doubts about the error bands associated with the top-line numerical results. Sandia, for example, found PLG had comprehensively covered previously unaddressed issues, but its estimates were “unconservative” for earthquakes, tornadoes, and hurricanes, underestimated the importance of fires, and expressed “undue optimism” about the reliability of humans when it came to responding to accident situations.26 Expert witnesses for the Union of Concerned Scientists, the National Audubon Society, and Friends of the Earth agreed that PRA could improve reactor safety design, but they saw little improvement in the large uncertainties that had beset WASH-1400. PLG’s absolute probability estimates, they said, were inappropriate for regulatory decisions. Focusing instead on accident consequences, they predicted up to fifty thousand latent cancer deaths.27

While Sandia and NRC staff analysis criticized PLG’s confidence in its estimates, they agreed that the risk from a large radioactive release was “well below the design objective.” Compared to competing hazards that nearby residents lived with every day, Indian Point did not add significantly to background risk. The area already had over seventy-five hundred accidental deaths and twenty-eight thousand cancer deaths per year. The plant likely met the draft quantitative safety goals under development by the commission.28

The licensing board majority sought a middle ground. They agreed that risk assessment had value but concluded the large uncertainties might warrant a “risk aversion factor” that established a much lower acceptable probability for unlikely, high-consequence accidents than ones with higher probabilities and lower consequences. The risk aversion factor was similar to that proposed in the British “Farmer Curve” in 1967 that factored in public dread of very large accidents. This was a particularly appealing standard for sites in densely populated areas such as Indian Point and Zion. The nuclear industry, however, objected that aversion factors were unfair and unethical, since they placed the risk burden on rural residents in sparsely populated areas, and they penalized the nuclear industry despite its superior record of safety. Studies showed that the nuclear industry already devoted as much as thirty-five times the resources to save a hypothetical life than the mining industry and highway designers. Nevertheless, the board majority recommended the commission consider adopting such a standard.29

In May 1985, PRA won a modest victory. In its review of the licensing board’s recommendations, the commission concluded Indian Point’s accident risk was a “small fraction of the competing non-nuclear background risk to which the population around Indian Point is exposed.” Drawing on PRA insights and engineering judgment, the commission concluded that Indian Point was not a “risk outlier” and might even pose less risk to the public than comparable plants. It was unnecessary, the majority argued, to add expensive features with little safety benefit, such as filtered containment vents. Beyond the design and emergency planning modifications already underway, the reactors did not need additional modifications.30

The decision was not unanimous. Commissioner James Asselstine wrote that he “could not disagree more. . . . The uncertainties are so large” that anyone could make the case that a catastrophic accident was either credible or incredible. With these uncertainties, the commission should have considered filtered containment vents that would relieve dangerously high containment pressure while removing radioactive particulates. He feared the commission majority was returning to “the complacent attitude toward safety” that existed before Three Mile Island. The other commissioners rejected Asselstine’s assessment, but disputes over PRA uncertainty and the value of accident mitigation systems remained contentious for many years.31

The commission’s Indian Point decision effectively endorsed the consideration of risk assessments in licensing proceedings, but it also set out its practical limitations. The commission agreed with intervenors that PRA estimates were “not empirically verifiable” nor “sufficiently reliable” to serve “as the sole basis” for a licensing decision.32 Yet, PRA had made significant advances since the 1960s, John Garrick wrote, toward “an engineering definition of probability” that better accounted for uncertainty and limited data by using the Bayes Theorem, which infers the likelihood of an event from new information and develops probability curves. With a better accounting for uncertainties, probabilities could assess the credibility of various hypotheses regarding extremely unlikely events.33 As Garrick recalled, his PLG colleague Stanley Kaplan said, “Statistics is the science of handling data. Probability is the science of handling the lack of data.”34 Risk-based regulation that leaned heavily on a quantifying risk was not appropriate; however, PRA could supplement qualitative engineering judgment and deterministic safety with its quantitative insights.

SAFETY GOALS

By the 1980s, it had been more than thirty years since the AEC’s Reactor Safeguard Committee first pined for a quantified safety goal of one in a million. Until it had run into trouble, the Rasmussen Report rekindled hope for a quantitative goal. NRC commissioner Victor Gilinsky told Congress in 1976 that with the Rasmussen Report regulators might soon be able to spell out “an explicit numerical safety goal.”35

As the Rasmussen Report became controversial, the issue lay dormant until Three Mile Island. Less than two months after the March 1979 accident, the Advisory Committee on Reactor Safeguards (ACRS) informed the commissioners that it was “time to place the discussion of risk, nuclear and nonnuclear, on as quantitative a basis as feasible” by developing safety goals that could “provide important yardsticks” for judging safety.36 The initiative came from ACRS member and UCLA professor David Okrent. Among ACRS members, Okrent had been the most persistent advocate for conservative safety positions, but he agreed that efficiency and safety went hand in hand. In the mid-1970s, he had directed a multifaceted National Science Foundation project to improve risk assessment methodology and data on nuclear and nonnuclear hazards. In July 1979, he testified to Congress in favor of safety goals that might limit “ad hoc decisions” and “gross inequities” in safety spending. Nuclear plant operators spent more than one hundred times what coal plants did to save a life. “If you don’t [pursue safety] in a way that is cost effective,” Okrent said, “you are killing people.”37

A safety goal offered numerical clarity that qualitative terms like “adequate protection,” “defense in depth,” and “engineering judgment” did not. NRC general counsel Leonard Bickwit told the commission that the NRC’s deterministic regulations “are not specifically based on any single underlying concept of adequate protection.” “The regulations,” he wrote, “do not provide any guidance as to which accidents are credible and which are not, although accident probability is clearly the determining factor.” He suggested developing a clear policy statement on the commission’s safety philosophy.38 The time to put a number on “safe enough” seemed to have arrived.

Three Mile Island made safety goals imperative. The NRC had paused licensing of new plants during its Three Mile Island review, and in October 1980, it announced it would launch proceedings to establish new rules on siting, emergency planning, and severe accidents; the latter was called the degraded core rulemaking. Industry feared the rulemakings might lead to expensive, exotic safety devices, such as filtered containment vents, or a “core retention” system like the core catcher proposed by Westinghouse in the 1960s. Like a giant soup ladle, it would catch a molten core blob as it melted through the reactor vessel. One trade publication feared “a never-ending spiral of new regulations that cost billions of dollars in delays and backfitting [with] . . . only marginal safety improvements.” Safety goals might put a limit on backfits.39 Norman Rasmussen confided to Saul Levine, “I can’t tell you how important I think it is to establish [safety goals].”40 Goals would give meaning to PRAs. “If you don’t have a [numerical] target in mind,” one official said, “how do you know if your [design] is successful? . . . You really have to have a goal in mind.”41

The seeming objectivity and simplicity of a regulatory system based on quantified safety goals held broad appeal. The president’s commission on Three Mile Island, an NRC staff task force, and the Rogovin Report recommended greater use of PRA and safety goals to increase public understanding and bring order to the NRC’s regulations. Rogovin acknowledged the still “large uncertainties” in risk assessment, but he expected it was “possible to envision establishing quantitative risk standards” to augment existing regulations. “How safe was safe enough?” was a policy question fit for Congress and the executive branch, he admitted, but no such direction was likely. He urged the NRC to strike out on its own. “The time to begin is now.”42

In 1979, the NRC launched an unprecedented effort to apply the latest social science and technical research to a safety goal policy statement. The NRC set out with aspirations to draft goals that acknowledged the public psychology of risk, the value judgments and uncertainties in risk estimates, and the possibility of shifting public expectations. They were to be publicly acceptable, practical for regulatory application, and stated with simplicity. The agency gathered information from numerous public forums and contracted for an important report from psychologists Baruch Fischhoff, Sarah Lichtenstein, and Paul Slovic from the Decision Research group and others who had studied carefully public attitudes toward nuclear power. The input of the social scientists resulted in one of the most lucid NRC reports issued on almost any subject, Toward a Safety Goal. From this input, the NRC sought to eliminate its penchant for stating risk in the fog of negative powers of ten from the goals. The process was to be transparent and the policy statement would include qualitative goals written in plain English, and quantitative targets written as plain numbers expressed as a small percentage of the typical risk borne by the public in everyday life. More complex technical jargon would be relegated to subsidiary goals. Decision Research and the NRC hoped the safety goal process would educate participants and the public: “Somehow society should become better or wiser for its adoption.”43

Drafting the new goals took six years, as NRC aspirations had to confront the messy reality of policymaking. Nuclear power critics were suspicious. PRA methodology and the goals seemed like an effort by experts to hide political choices behind purportedly objective numbers. Toward a Safety Goal acknowledged that nuclear power’s opponents were worried “about power being concentrated in an intellectual elite . . . and ideological biases lurking in the ostensibly neutral assumptions underlying the methods.” This suspicion of risk experts operating under a “cloak of professional wisdom” was shared widely among environmentalists and reached into social science scholarship, where studies of a “risk society” theorized that risk experts exerted influence by redistributing societal risk from the powerful to the powerless.44

The commission considered proposals for goals from the ACRS, the public, and industry. NRC staff vowed goals written with “clarity,” and the Atomic Industrial Forum called for “simplicity of expression and practicality of application.” Drafting clear descriptive qualitative goals was relatively easy. The first goal stated that the risk to residents near a power plant should be “such that individuals bear no significant additional risk to life and health.” A second societal goal stated that risk “should be comparable to or less than the risks of generating electricity by viable competing technologies.”45

Simplicity did not characterize the formulation of quantitative safety goals. The debate over them elicited sharp, complex disagreement over arcane numbers. What did it mean to a layperson that nuclear power should have less than one annual fatality per one thousand megawatts of electricity generated? Or that a backfit be limited to $100 per man-rem averted? Even a simple value like one in a million was abstract for experts, let alone the public. Education did not seem to work. An intense educational effort about nuclear power launched by the Swedish government left its eighty thousand participants more confused than when they started.46

Mistrust also dominated the debate. Critics of nuclear power saw darker forces at work in the safety goal debate. Ellyn Weiss, an attorney representing UCS, said PRAs “give the illusion of precision, but can be manipulated to support whatever the predetermined objective may be.”47 Paul Gunter spent most of his adult years opposing nuclear power. He recalled, “We saw nuclear power as concentrations of not only power but influence. And, ultimately, connected to the military industrial complex.”48

Critics argued that it was impossible to compare conventional hazards to the incomparable risks of nuclear power. Weiss said any attempt to compare nuclear and non-nuclear technologies will “inevitably overlook” nuclear power’s “unique risks” that turned the exercise into a “political quagmire.”49 “One cannot equate the risks of nuclear weapons proliferation with health and safety risks associated with solar photovoltaic technologies,” critics argued, “nor can one make the risk of a catastrophic accident at one of today’s operating reactors ‘consistent’ with the risk of air pollution from burning fossil fuels.”50

Risks that seemed reasonable to nuclear proponents were viewed differently by others. By aggregating the few additional annual cancers caused by each nuclear power plant, critics turned seemingly small numbers into big ones. They pointed out that over the life of the US fleet of about one hundred plants, the proposed goals accepted the possibility of twelve thousand dead and twenty-one thousand cancer cases. “The quantitative goals [proposed by NRC staff] are incredible,” said one critic. “I can’t believe the commissioners will approve these.” Such goals implied “that a catastrophic nuclear accident in our lifetime is acceptable. We disagree.”51

The antinuclear perspective had a difficult time before the commission. In the 1980s, the political climate for nuclear power had improved. The Jimmy Carter administration had been skeptical of nuclear power. Ronald Reagan’s victory in the 1980 presidential election cemented a more partisan alignment of pronuclear and antinuclear leanings among Republicans and Democrats. This led to changes among NRC commissioners that augured well for the industry. Reagan returned Joseph Hendrie to the NRC’s chairmanship following his demotion from the position after the Three Mile Island accident. When his term ended, he was replaced by Nunzio Palladino, a former member of the ACRS and chairman of the nuclear engineering department at Penn State University. Palladino championed establishing safety goals. They “should be quantitative insofar as that is possible.”52 The new chairman also responded to the contention by nuclear critics that the safety goals would make death from nuclear accidents acceptable. “The implied premise behind the safety goal is not that injuries or deaths from nuclear accidents are acceptable, but that some additional risk from the possibility of nuclear accidents is inescapable.”53 Nevertheless, in a series of votes between 1982 and 1986, the commission mustered a bare majority for new policies and rules on safety goals, severe accidents, and backfits.

The early draft safety goals were a close substantive match to industry prescriptions but offered weak execution. Downgrading the quantitative goals to “objectives” or “guidelines,” the commission stated that the individual risk of a prompt fatality within one mile of a plant boundary should not exceed 0.1 percent of the prompt fatality risk from all other accidents. Within fifty miles of the plant, fatality risk from cancer could not exceed 0.1 percent of all cancer risks. These values were remarkably close to the one-in-a-million (10−6) goal that had long dominated nuclear risk thinking. The prompt fatality objective was slightly higher than 10−6, and the cancer risk was slightly less.54 The commission majority acknowledged the “sizeable uncertainties” and “gaps in the database,” and it conceded that quantitative guidelines should be “aiming points” subject to revision “as further improvements are made in probabilistic risk assessment.”55

Reducing the goals to aiming points did not quell dissent from commissioners Peter Bradford and Victor Gilinsky. Bradford approved the draft but echoed the UCS criticism that the quantitative guidelines accepted thirteen thousand deaths over the life of the US fleet. The majority rejected Bradford’s figure on the basis that it was still one-thousandth of the total deaths in the same period for all other prompt fatalities and cancer deaths.

Gilinsky had come to distrust risk quantification as impractical and an abdication of commission authority. The goals were too abstract, “too remote from the nitty-gritty hardware decisions that have to be made every day.” He was particularly skeptical of turning over commission discretion to numbers. “It is an illusion to think, as the Commission apparently does, that ‘probabilistic risk assessment’ will alter that picture in the foreseeable future.” The majority was “delegating the Commission’s safety decisionmaking to complex computer programs that no one fully understands and which may or may not turn out to contain errors.”56 The NRC staff was divided among supporters and skeptics, too. ACRS Member Harold Lewis, the head of the WASH-1400 review team, became a strong advocate of PRA use, but he worried about relying too much on quantitative safety goals.57

As the industry recommended, the commission put in place a two-year trial period where the staff would evaluate the goals and PRA, but they would not be used in regulatory decisions. The two years also provided time for research on whether radioactive emissions during an accident would really be as high some estimates. The “numerical guidelines” and “design objectives” were to be met “where feasible.” A subsidiary objective called for a probability of a core-melt accident of one in ten thousand reactor years, a figure very close to the probability estimate in the Rasmussen Report. The industry lamented that the policy statement had become more aspirational than concrete.58

At the end of the two-year trial in 1985, the NRC staff issued a favorable review of the safety goals. The policy statement would “strengthen decisionmaking by adding more objectivity and predictability to the regulatory process.” The goals were a good “yardstick against which a wide range of regulatory issues can be measured.” The staff cautioned that the goals would supplement rather than supplant “traditional safety review methods.” It did not recommend major revisions to the policy statement.59

In the same year, the commission approved (in a hotly disputed 3–2 vote) its revision of the backfit rule. It included firmer requirements that the staff review a backfit for its impact on plant complexity, costs, and risk; however, costs were only to be considered for safety enhancements, not backfits that brought a facility up to minimum standards of adequate protection. The rule did not require PRA be used, but the Union of Concerned Scientists and commissioner James Asselstine believed the rule would unleash indiscriminate use of inadequate PRAs to block backfitting. Asselstine argued PRA was not yet ready for backfit determinations “because all contributors to risk cannot be quantified and because core meltdown phenomena are poorly understood no one calculation of risk yields a remotely meaningful value of risk.” He feared the backfit rule and safety goals would freeze safety standards for nuclear power when upgrades were still necessary. The NRC majority disagreed. The rule did not create a PRA straightjacket, they argued, and allowed ample room for staff judgment and qualitative information.60

The final debate on the safety goals was similarly divisive. Commission membership had changed, and a vigorous debate ensued even over the previously uncontroversial qualitative goals. Disagreement emerged over the benefit-cost guidelines of $1,000 man-rem averted. The number had been formulated to control the cost of expensive backfits that did little to reduce radiation risks. Debate arose as to whether the cost savings should also include property damage to plant equipment. Adding in such savings would make it easier for the NRC to order a backfit. The industry and members of the ACRS argued that the NRC should stick to its core mission of public health and safety. For similar reasons, the commission debated the subsidiary objective of limiting the probability of a core-melt accident to one in ten thousand reactor years. The number lumped together accidents, such as Three Mile Island, that did much property damage while killing no one, with severe ones costing dozens of lives. Commissioners Frederick Bernthal and James Asselstine pushed for a risk aversion approach by increasing the core-damage probability objective from one in ten thousand to one hundred thousand reactor years, a standard more restrictive than other energy technologies.61

Outgoing chairman Nunzio Palladino negotiated a compromise that he and two other commissioners supported, and Asselstine and Bernthal did not oppose. With a few tweaks, the final 1986 policy statement looked much as it had in 1983. The benefit-cost guideline was eliminated and turned over to the staff for further development. The final statement was approved just a few months after the Chernobyl accident, and the subsidiary objective of limiting all core-damage accidents to one in ten thousand reactor years of operation was replaced with a non-mandatory goal for a substantial radiation release from containment of one in a million reactor years. The industry objected. To model an accident all the way to the point of a containment failure and radiation release—a level 3 PRA—was complex, costly, and typically had large potential errors compared to a limited core-damage Level 1 PRA that was appropriate to meet the goal of one in ten thousand.62 Nevertheless, the number stood. One in a million had become part of the NRC’s safety goals.

The precedent of having a safety goal policy was probably more important than the specific numbers it established. The commission had finally put a number on “safe enough” where constant striving to improve reactor safety was not necessary. The goals also made PRA a permanent regulatory fixture. The policy statement admitted PRA could not operate on its own due to the nagging problem of “sizeable uncertainties . . . and gaps in the data base.”63 Quantitative goals had to be “consistent with the traditional defense-in-depth approach and the accident mitigation philosophy requiring reliable performance of containment systems” and could not “serve as the sole basis for licensing decisions.” Yet, as NRC director Gary Holahan said, “Both PRA and safety goals are intertwined in a way that neither one can be used without the other. PRA technology with no goal in mind never tells you how to be satisfied. Safety goals without PRA would leave you blind to when you had achieved them.”64

By the end of the safety goal policy debate and considering the Chernobyl accident, probabilistic thinking pervaded how NRC commissioners and staff thought of accident risk. In testimony before Congress, Palladino was optimistic. Noting its very different design and lack of a containment building, he expected that Chernobyl had little to teach the United States. He reviewed recent staff analysis of PRA work by the industry and the NRC. In the next twenty years, he told Congress, a severe core melt accident had about one chance in eight, a notable improvement from estimates just a year earlier. Commissioner Asselstine, a PRA critic, vigorously disagreed but did so by invoking probabilities. He predicted, “we can expect to see a core meltdown accident with the next twenty years” in the United States. Chernobyl was a reminder, he said, that “each design has its own core meltdown vulnerabilities,” and called for a containment failure rate of no more than one in one hundred accidents. Pro or con, the language of probabilities dominated the safety debate.65

Translating the quantitative health objectives into regulations took several years and, in the process, they lost clarity.66 The values for prompt fatalities and cancer expressed in the final statement had to be of practical value to plant operators and NRC staff. Engineers lived in a world of hardware, not health physics. Radiation’s health hazards had to be translated into “surrogates” that engineers could use, measures of hardware and safety system failure probabilities. For example, the prompt fatality health objective was expressed as the Large Early Release Frequency (LERF).67 The staff also split into two probabilities the subsidiary objective of one in a million reactor years for a large release: one for core damage frequency (CDF) and one for containment failure probability.68 Splitting the objective this way supported the concept of defense in depth. A licensee, for example, could not argue for eliminating a containment building even if their PRA estimate showed a low core-melt probability without one.

In January 1992, NRC staff rolled these objectives into a proposed decision matrix for backfits that linked decisions to PRA results and the safety goals. A reactor with low probabilities of core damage and containment failure could require no backfit on a safety issue. As probabilities of core damage and containment failure shifted higher on the matrix, a cost-benefit analysis was required. Backfits that improved safety for less than $1000/person-rem were cost-justified. If the reactor did not meet the minimum level of “adequate protection,” no cost-benefit analysis was needed to justify the change.69

For all the controversy, convoluted debate, and arcane numbers, the NRC’s safety goal policy statement had worldwide influence. Almost every country affiliated with the Organization for Economic Co-Operation and Development’s Nuclear Energy Agency (NEA) adopted some version of quantified goals, objectives, or criteria.70 Numbers, even ones hard to understand, proved popular in establishing regulatory stability and public acceptance.

Did all the effort mean that nuclear power plants met the safety goals? The answer was mixed. The goals were formulated as a rough average for the US fleet. Analysis showed that most plants met the goals for core damage and containment integrity. The staff also concluded that for internal events most plants were likely to meet the quantitative health objectives for prompt fatalities and latent cancers, but some were close to or above them. Add in the risk of external events, one NRC report concluded, and the picture was less sanguine. “While it is likely that the fleet of plants, on average meet the Safety Goals, large margins [of safety] do not exist.”71 Later studies viewed that assessment as pessimistic.

SEVERE ACCIDENTS AT OPERATING PLANTS

The Rasmussen Report and Three Mile Island exposed a host of unanswered questions regarding core-melt behavior, containment building performance, data collection, and PRA methodology. The AEC had done limited severe-accident research in the late 1960s, and the NRC supported new studies into the progression of a core meltdown and the potential for flammable gasses, steam explosions, and chemical reactions between a melted core and concrete. Data collection on plant operations and unusual events also received greater priority when the NRC created the Office for Analysis and Evaluation of Operational Data and an Accident Sequence Precursor Program. Precursors were component malfunctions and errors that, if combined with other mishaps, could produce a sequence leading to core damage. The NRC used fault tree analysis to find patterns in these precursors and determine how close these events came to core damage. This work allowed the NRC to make comparisons between events to determine which posed the greatest risk. For example, the NRC found that the 1974 Browns Ferry fire had come closer to core damage than any other precursor event at a nuclear power plant. Fire hazards were a major contributor to plant accident risk.72

The NRC’s research helped inform development of a 1985 policy statement on severe accidents for future designs and existing reactors. The policy statement declared that existing plants did not need further regulatory action unless significant new safety information emerged that might call into question whether a plant posed undue risk to public health and safety.73 Before closing out the question of severe accidents, the NRC applied its research and PRA advancements to a safety review at each plant. First, it carried out an ambitious “do-over” of the Rasmussen Report, NUREG-1150, a multi-plant study that addressed many of WASH-1400’s weaknesses and unanswered questions.74 The new study sought to establish several gold-standard reference PRAs for utility use. The NRC staff could then use the utility results to draw general conclusions about the overall safety of nuclear power plants relative to the safety goals.

NUREG-1150 improved on previous PRAs in its use of data and methodology.75 It was also notable for how it drew on insights from social science research to incorporate expert judgment in risk estimates. Research among social scientists had revised scholarly understanding of bias and perception of risk among the public and in expert judgment. Bias among experts was a problem, but the research also suggested their judgments could be used in limited PRA application when structured through a formal elicitation process. The NRC devoted considerable resources to developing elicitation methods for practical PRA application.76

NUREG-1150’s results indicated that accident sequences related to internal events, such as pump failures, pipe breaks, or operator errors, were generally shown to have low probabilities of core-damaging accidents. It also found differences in the overall accident risk posed by different reactor designs. General Electric’s boiling water reactors (BWR) had lower probabilities of core-damaging accidents than pressurized water reactors (PWR). In addition, GE’s containments designs—the Mark I, II, and III series—allowed operators to vent gases during a LOCA filtered of many isotopes by the suppression pool, an attractive feature especially after the Three Mile Island accident inadvertently released small amounts of radioactivity.77

Nevertheless, the Mark I containments had long concerned regulators. In a memorable 1972 “shot from Steve,” Stephen Hanauer proposed that the design be discouraged for future construction proposals due to its vulnerability to failure during a core melt accident.78 NUREG-1150 concluded that the BWR/Mark I system had a lower probability of a core meltdown, but, if one happened, it was more likely to fail than a PWR with a dry containment.

In this situation, defense in depth overrode a literal reading of risk numbers. Regardless of a BWR’s low accident probabilities, defense in depth required it have balanced capability between each layer of defense. The NRC looked for ways to improve the resiliency of the Mark Is. In 1989, the staff recommended to the industry that the gas vent ductwork in Mark Is be replaced with hard piping. By the mid-1990s, all but one of the Mark I plants had voluntarily made the hardened-vent modification. The Mark I vent issue demonstrated the value of risk-informed regulation that balanced PRA insights with defense-in-depth principles.79

The NRC also used NUREG-1150 to improve understanding of lingering accident issues raised by the Rasmussen Report regarding fires and external events, such as airplane impacts, flooding, earthquakes, and tornadoes.80 With these insights, the NRC instructed licensees to draw on NUREG-1150 to conduct Individual Plant Examinations for internal vulnerabilities and conduct a similar review of external hazards. Utilities identified over five hundred safety upgrades to plant operation and design, such as improved procedures, personnel training, upgrades to auxiliary feedwater systems, components, electrical power, and added diesel generators. The review of external events produced similar improvements. While most licensees did not attempt to quantify the safety value of their improvements, those that did indicated that their upgrades reduced the risk of a core-damaging accident.81 In taking its regulations beyond the design basis with NUREG-1150, the NRC supplemented the Three Ds of traditional regulation of reactor designs with the insights of PRA.

In the decade after Three Mile Island, the NRC was consumed with improvements to its regulation of operating reactors and digesting the possibilities of PRA. This work had a second implicit goal: a “second nuclear era.” If licensed reactors could operate safely, new ones might be built. By 1990, “nuclear renaissance” became a term used without embarrassment. Even in the bleakest years after the TMI-2 accident, industry and government agencies held quiet discussions about what a second chance might look like, one that avoided the regulatory errors of the first—interminable hearings, unpredictable design requirements, and a labyrinthine licensing process. In 1989, the NRC published a final rule, 10 CFR Part 52, to pre-certify power plant sites, reactor designs, and create a one-step combined construction permit and operating license.82 In this second era, risk assessment would have a central place. Part 52 required PRAs from the start. In 1992, Congress enacted supportive legislation to allow a licensing process with only one evidentiary hearing. Congress also appropriated $100 million over five years to support advanced reactor designs. As one industry journal observed, “In a single stroke, the nuclear community has now been given virtually everything it has said it needed from the federal government to make nuclear power an attractive, economic energy choice.”83 Vendors and the NRC had to bide their time. If market conditions were right, the nuclear industry and the NRC would be ready. In the meantime, upheaval in the power industry altered the staid world of electric utilities. In these tough times, PRA became a tool to make reactor operations more efficient while keeping reactors safe enough.
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Beyond Design

Toward Risk-Informed Regulation

“The principal deficiencies in commercial reactor safety today are not hardware problems, they are management problems,” concluded the so-called Rogovin Report, the NRC-sponsored study on the Three Mile Island accident. “[The NRC] has failed to take timely account of the actual operation of existing plants . . . [and] is incapable, in its present configuration, of managing a comprehensive national safety program. . . . [It] has virtually ignored the critical areas of operator training, human factors engineering, utility management, and technical qualifications.”1

Rogovin set the tone for a new regulatory era. Design safety and construction commanded regulatory attention in the 1960s and 1970s; in the 1980s, the NRC was preoccupied with how people and management influenced safe operations. Like the earlier Kemeny Commission report, Rogovin’s blistering assessment recommended a consistent solution: More oversight, more inspections, and more enforcement.2 But the call for “more” was inconsistent with the two reports’ other main complaint: the nuclear industry was over-regulated. Kemeny and Rogovin left the agency with a paradox. How could the NRC insert itself deeply and punitively in the day-to-day operations of its licensees, meting out “substantial penalties,” without increasing the already “vast body of regulations” that was so “voluminous and complex” as to be a “disincentive to safety” and a threat to industry viability?3 More oversight was sure to spark harsher enforcement and conflict with industry, and it did. In 1978, just before Three Mile Island, the NRC issued just fourteen monetary penalties for regulatory violations. By 1987, it issued 114. Well-publicized lapses in safety culture forced the NRC to deliver firm penalties. At the Peach Bottom plant in Pennsylvania, thirty-three of thirty-six plant operators were fined for “inattentiveness” (sleeping) while on duty. Only a whistleblower tip alerted the NRC. To avoid detection and catch offenders, an NRC plant inspector turned off the lights in his plant office and hid under his desk until late into the evening shift. Emerging from his hiding spot, he entered the control room and caught a dozing operator. A Time headline, “Wake Me If It’s a Meltdown,” offered humorous commentary on a serious safety lapse. The NRC ordered a shutdown of Units 2 and 3 that lasted over two years. Each year, industry employees faced criminal charges such as conspiracy, making false statements, and lying to NRC investigators.4 Peach Bottom was not alone. The Tennessee Valley Authority’s three units at Browns Ferry in Alabama remained offline for years.

To bring consistency to management, the NRC used the blunt tool of enforcement power. NRC confronted an assemblage of licensees that ranged from small municipal utility districts to Fortune 500 corporations with unsettling variability in management quality. While operations did improve, progress came at a heavy cost. By 1989, the NRC-industry relationship was so poor that executive director Victor Stello admitted to an industry audience the United States had the world’s “most adversarial relationship between regulators and industry. . . . We do not trust you, you do not trust us.”5

Stello was not exaggerating. In turning to its enforcement powers, the NRC was unique among the world’s regulators. In a survey of nine nations, the NRC found all favored quiet negotiation over enforcement. While many nations had empowered regulators to issue fines or shut down facilities, they did not use it. Part of the difference could be explained by national ownership of nuclear power plants in some nations, but it was clear others saw enforcement as a last resort.6

The US regulator-licensee relationship had not always been riddled with such conflict over operations. Since the Atomic Energy Act of 1954, operational safety had been rooted in the twin beliefs that ownership of a plant bred a sense of ownership for safety, and that a regulator was ill-equipped to regulate corporate management. Until Three Mile Island, the NRC’s oversight role was as an auditor of rules compliance, not an assessor of management competence.7 After the accident, NRC oversight became more aggressive. Resident inspectors became a permanent fixture at every site, and it instituted a new oversight and assessment process. There was not yet a satisfactory operational database or reliable quantitative performance indicators, and the domain of an NRC inspector was rules violations, large and small. As the public expected more, the NRC tried to assess management quality and whether a collection of minor violations was a portent of a major safety event. This more aggressive stance was a recipe for conflict that persisted for two decades. To escape, the NRC and industry turned to PRA, whose perceived objectivity might smooth relations. The first part of the solution involved maintenance.

MAINTAINING SAFETY

Maintenance does not usually command the attention of historians. Yet, disaster lay in ambush in its dull activities. The underlying causes of the nation’s worst nuclear-related accidents—the loss of the USS Thresher nuclear-powered submarine, the death of three workers at the SL-1 experimental reactor, the Browns Ferry fire, and the Three Mile Island accident—were rooted in improvised maintenance, inspections performed under tight deadlines, and too-tired night-shift errors. The Three Ds focused on design safety and did not recognize sufficiently the relationship of operations and maintenance mishaps to risk. WASH-1400 and Three Mile Island demonstrated that significant safety gains could be found by reducing the probability of maintenance problems.

At nuclear power plants, personnel devote much of their routine to performing testing and maintenance on safety equipment. NRC regulations, called technical specifications, placed limiting conditions when certain safety equipment became inoperable or taken out of service for maintenance. For example, if problem equipment could not be fixed within a specified time, the plant might have to shut down. Other specifications governed the timing and duration of surveillance-testing requirements. Beyond these minimum requirements there were few regulatory tools to compel high-quality maintenance programs.

Although technical specifications set safe operational boundaries, it was not clear that they always made plants safer. Their requirements sometimes included excessive testing and maintenance, which could cause operator errors, accidental scrams, and equipment wear-out. The numerical requirements in technical specifications, such as the time safety equipment was permitted to be out of service, were sometimes arbitrary judgments rather than a true risk-reducing requirement. Post-Three Mile Island accident reviews noted, but did not make much of, maintenance’s role in the accident, and the NRC mostly deferred to industry to improve maintenance programs. Founded in 1979, the Institute of Nuclear Power Operations (INPO) helped utilities strive for “excellence” in safe operations, including reducing unplanned events. Embracing the INPO creed, however, was voluntary and relied on a collective industry ethic of safety and peer pressure. INPO’s message of excellence was not heard by every licensee. Nuclear power required a different managerial attitude than a conventional plant. “Our major management shortcoming,” said the CEO of Boston Edison, “was the failure to recognize fully that the operational and managerial demands placed on a nuclear power plant are very different from those of a conventional fossil-fired power plant.” With this fossil-fuel mentality, one industry official admitted, “repair and maintenance wasn’t a high priority. What was important was continuous operation, and repair and maintenance means being shut down.”8 Another industry official agreed; the lawyers and financial leadership at utilities looked at fossil and nuclear plants the same way, as a “cash cow. . . . They weren’t really interested in how the plant runs , so long as it produced. ‘Let’s run the plant every minute we can and we’ll fix it when it breaks.’ ” It was not clear to licensee management that an investment in maintenance meant profits.9

But it did become clear that good maintenance meant safety. On June 9, 1985, eight operators took the midnight watch at the Davis-Besse nuclear plant east of Toledo, Ohio. Nestled among soybeans and cornfields in the flat countryside along Lake Erie, Davis-Besse was a near twin of the Babcock and Wilcox reactors at Three Mile Island and, as mentioned earlier, in 1977 it had a nearly identical loss-of-feedwater event and stuck relief valve as did TMI-2, which its operators correctly diagnosed. The supervisors who took the night shift had worked at Davis-Besse since it started up in 1975, and they were well versed in how to respond a transient like TMI-2. They did not need a lesson in the seriousness of a loss-of-feedwater event. They were about to get one anyway.

All PWRs have three cooling systems (see figure 8). The primary cooling system is a piping loop that circulates water through the reactor core. Once it removes the heat from the core, the water—now radioactive—passes through a steam generator where it transfers its heat, but not its radioactivity, to a secondary loop of water that is boiled at high temperatures and pressures. The secondary system’s steam passes through a turbine generator to make electricity. The steam is condensed back to water by a third loop of cooling water. This last loop is pumped outside and sprayed down into a cooling tower—parabolic concrete structures, such as the four iconic ones at Three Mile Island. Meanwhile, the condensed water in the secondary loop is pumped back to the steam generators via feedwater pumps and the secondary cycle repeats. Feedwater in the secondary loop is critical to keeping the primary loop and reactor fuel cooled. Because of its safety importance, an auxiliary feedwater system provides a backup in case feedwater is lost due to a malfunction or operator error.

It was an uneventful change of the watch, and the routine of the “graveyard” shift began. The plant was at 90 percent power with no ongoing equipment testing or expected change in plant conditions. There were some concerns with the automatic control system for the feedwater pumps; they had tripped offline the week before and troubleshooting had not identified a cause. Plant management had opted to restart Davis-Besse and monitor the pumps. The first hour of the shift change involved instrument checks and routine surveillance. By 1:35 a.m., tedium. One of the reactor operators went to the kitchen for a snack with an equipment operator. The other reactor operator monitored the plant while studying procedures for an upcoming qualification test. The assistant shift supervisor was on his way back to the control room after finishing his snack. The shift supervisor was doing paperwork.10

As the assistant supervisor entered the control room, he saw that one of the main feedwater pumps had tripped offline. The water level in the steam generators began to drop. Temperature and pressure in the primary cooling system rose, and, before the operators could respond, the reactor scrammed automatically due to high coolant pressure. This was a routine anticipated transient, but a scram is an unsettling event. The accustomed scream of the turbine was broken by the steam stop valves as they slammed closed with a thud so forceful the giant valves swayed; pumps stopped and the steam turbine audibly wound down; primary coolant and steam generator relief valves opened; and automatic control systems rapidly cycled valves, started pumps, and tripped electrical equipment. Operators scattered throughout the plant heard the change in plant conditions and headed to the control room.

Over the next twenty minutes there were twelve separate equipment malfunctions, including several common-mode failures, and operator errors. The safety significance of this collection of mishaps was that the steam-driven main and auxiliary feedwater systems tripped offline and could not be restarted from the control room. This total loss-of-feedwater event was beyond the design basis of the plant, and the reactor coolant started to heat up. The reactor operators had their hands full as the primary system temperature rose four degrees per minute and pressure soon exceeded 2400 psi. The pilot-operated relief valve cycled open and closed three times to relieve primary coolant pressure before it stuck open—just like at Three Mile Island. The operators isolated it by closing a different valve. The environment in the control room was “hectic” and the assembled group of operators understood the importance of restoring feedwater. Two plant operators would have to improvise and run down several levels to the locked basement auxiliary feedwater rooms to reset the trip valves and start the pumps.

Despite a “no running” policy, a pair of men bounded down the stairs. One operator was fleeter than the other, and the lagging operator threw him the key ring as he sprinted ahead. Once they removed the padlock, they had to descend a ladder, remove more chained locks, reset the pump’s trip valve, and reposition other valves. The two operators had not reset the pump trip valves before in such a hurry. Under high steam pressure, the valves were very hard to open. A third operator brought a valve wrench to help turn the handwheels.

The assistant supervisor arrived and decided to improvise. He tried to start a small utility electric feedwater pump not used for emergencies. It was a multistep task requiring the supervisor to run to four separate locations of the plant to remove locks, position valves, and install the pump’s fuses. Four minutes elapsed, but it worked. The first water started flowing to the steam generators at 1:51 a.m., sixteen minutes after the event began. Soon, the steam-driven pumps spun to life. Cooling restored, there was no TMI-2, part two, at Davis-Besse.

The Davis-Besse loss of feedwater event was the most significant since Three Mile Island. On the positive side, the event did not end in disaster for two important reasons. For all their mistakes that night, the operators understood what had happened and what needed to be done. One NRC staff member thought “the operators performed admirably” by compensating for each other and the malfunctioning equipment. It showed that operators can add to safety, even when they made mistakes. In addition, some post-Three Mile Island upgrades made a positive contribution to the outcome.11

For the second time, Davis-Besse had drawn uncomfortable comparisons to Three Mile Island. “What makes it so unsettling is the auxiliary feed pumps went out and the relief valve stayed open,” said an NRC spokesman. “It was like the early stages of TMI, although you never got to the final stages.”12 From the perspective of PRA, the event underscored WASH-1400’s observations about the value of diverse safety equipment. A standby electric pump could have overcome the common-cause failures to the steam-driven auxiliary feedwater pumps. As part of its post-Three Mile Island action plan, the NRC had moved to upgrade auxiliary feedwater systems and had pressed Davis-Besse’s licensee, the Toledo Edison Company, to add an electric feedwater pump. Based on an optimistic PRA it conducted, Toledo Edison offered an inexpensive procedural alternative. The NRC responded with a risk assessment of its own, which found the more expensive option of installing a pump provided a substantial risk benefit. In late 1984, Toledo Edison agreed to install the new pump, but had not started the installation when the event occurred in June 1985. Pointing to the very different estimates in the two PRAs, commissioner James Asselstine argued that Davis-Besse was “an excellent example of the inadequacies of PRAs for truly predicting risk.” The NRC drew a different lesson on the need for greater PRA consistency and standards.13

The root cause of the event, the NRC concluded, was weak plant management and lax maintenance practices. The numerous malfunctions of high-quality equipment were caused by “the licensee’s lack of attention to detail in the care of plant equipment” and a history of performing maintenance “in a superficial manner.”14 Toledo Edison was a small utility company, and its ambitions for nuclear power perhaps exceeded its grasp. Along with co-owner Cleveland Electric Illuminating Company, Toledo Edison had planned on three nuclear plants at Davis-Besse, but cancelled units 2 and 3 in 1980, and post-Three Mile Island upgrades stressed its bottom line, as did its historically low capacity factor. As one shift supervisor at Davis-Besse later wrote, INPO’s emphasis on excellence had not filtered down to Davis-Besse. Toledo Edison ran it as if it was “just another power plant.”15 NRC officials wondered how many other Davis-Besses and Peach Bottoms were out there. In 1986, NRC official James Sniezek told an industry conference that events like Davis-Besse were caused by general “shoddy practices” from “significant programmatic and maintenance deficiencies.”16 “We would like to see the industry get better on its own,” said one staffer.17 The NRC concluded it could no longer continue to defer to industry on maintenance. It restarted the human and organizational factors research program it had cut in 1985, and resolved to provide more oversight on maintenance.18

THE MAINTENANCE RULE

Maintenance regulation and oversight were unfamiliar territory for the NRC, and it needed a new kind of regulation. The NRC’s traditional prescriptive regulations were loathed by industry as nitpicking that did not benefit safety. The NRC cast about for a model and investigated programs in Japan, France, and West Germany. Japan had established a superior maintenance program. Its plants had far fewer maintenance-induced scrams, but international programs did not translate well to the US context. France, for example, had just one utility operator and a fleet of nearly identical power plants, which was nothing like the unique designs and multiple vendors in the United States. Nevertheless, the NRC identified key practices common to all effective maintenance programs, such as a placing a high value on reliability, doing root-cause analysis, providing extensive technical training, and using systems of data collection and monitoring.19

As a regulatory model, the NRC also reviewed the approaches used by other federal agencies, such as the US Federal Aviation Administration (FAA). The FAA operated in an environment like the NRC, with multiple aircraft manufacturers and airlines. Given this diversity, it did not follow a prescriptive approach that spelled out one recipe for developing a maintenance program.20

The NRC kept it simple: require utilities to develop a maintenance program, assess its results, and develop plans to improve it. The NRC’s role would be detached oversight by monitoring the program’s safety results through performance indicators, the agency’s first “performance-based” regulation. More flexible guidance documents or industry standards would fill in the details for maintenance on structures, systems, and components essential to safety.21

The nuclear industry resisted NRC intrusion on management territory. It argued that industry’s voluntary initiatives were already enough. Unconvinced, NRC staff requested permission from the commission to develop a policy statement to “force the industry to sign up.”22 Commissioner James Asselstine told Congress that voluntary initiatives were not working. “We have not yet seen any significant improvement in US industry performance,” he said, and pointed out that other nations had taken a more aggressive approach to maintenance.23

Industry representatives warned the rule’s simplicity masked the complex decisions needed to make it work and would stifle management creativity. For example, the policy statement required all systems, structures, and components (SSCs) important to safety be maintained to perform their intended function. There were thousands of SSCs; which ones were most important to safety, and how much did they matter to overall risk? Since most plants in the United States were unique designs, developing a common standard for maintenance would be difficult.24

The US nuclear navy lent a hand. Former vice admirals Lando Zech and Kenneth Carr joined the commission in the 1980s and served back-to-back as chairmen. Zech’s and Carr’s nuclear navy experience dated back to the world’s first nuclear submarine, the USS Nautilus. Both had skippered submarines and held fleet-wide commands where the quality standards of the nuclear navy were engrained in their professional ethic. The NRC’s deference to industry on maintenance baffled them. Carr was renowned as a fussbudget on housekeeping and maintenance who inspected the emergency battery room of every plant he visited. He noted, “I was amazed when I got here to find that we have all kinds of rules on everything but maintenance. We have zero rules on maintenance.” He vowed to “chew on” industry management to get one.25 One NRC consultant agreed and thought the industry’s resistance to a rule bordered on “paranoia.”26 Zech and Carr grew impatient with what they believed was a dilatory response. Along with commissioner Kenneth Rogers, they resolved to issue a final rule before Zech retired in June 1989.27

As a vote on a final rule approached, opposition intensified. Zech complained that the NRC “got essentially no cooperation at all.”28 Industry feared compliance with the rule could cost $4 billion, and it vowed to go to Congress if a rule was passed. The NRC’s Advisory Committee on Reactor Safeguards (ACRS) gave the industry a surprise boost by warning that the proposed rule “strains severely and may violate the boundary between regulating and managing. . . . [The rule’s scope is] so broad that almost every facet of plant operation would be under the continuing scrutiny of the NRC.”29

Frustrated, the commission sent the rule back to the staff to allow more time for industry improvement and data collection. Carr was blunt. “If they stonewall for the next year,” he warned, “they might get a bad rule” in the end. The ill will spilled out into NRC hallways after the commission meeting. In a heated exchange, NRC’s Executive Director of Operations, Victor Stello, pressed industry leader, Joe Colvin. Stello worried that if the NRC “backed off” in pressing industry to improve maintenance, the industry would slack off too. Colvin objected, “We’re committed to improving maintenance.” Stello shot back, “That’s bulls—. I can give you a hundred examples” where the industry had to be forced to keep up maintenance.30 Zech retired later in June 1989, and ACRS member Forrest Remick, an opponent of the rule, joined the commission. Prospects were uncertain.

Carr continued to chew on the industry. As chairman he pressed the staff to develop a more satisfying rule. Ultimately, PRA came to the rescue. In August 1989, the NRC published a draft regulatory guide on effective maintenance programs but added a PRA twist. The guide proposed that licensees establish quantitative maintenance goals for the structures, systems, and components “commensurate with the[ir] safety significance.” The NRC encouraged licensees to tap reliability data and PRAs already developed by utilities. To give licensees guidance, the NRC contracted for a report that would demonstrate “risk-focused” methods of implementing maintenance programs.31

The NRC dangled the possibility that the rule would not be necessary if industry showed progress. The industry, through INPO, took the lead in developing maintenance standards and guidance. NRC staff review found that the industry did not always consider the risk significance of taking equipment out of service for maintenance. For example, the proposed rule required that a safety-related system had to be both available for use and reliable enough to count on. “Available and reliable” created a maintenance paradox. Preventive maintenance done while the plant was operating could make a safety component more reliable, but it had to be unavailable while personnel performed the maintenance. Whether maintenance done during plant operation was worth the added short-term risk was a question PRAs could address.32 Concluding that industry had made progress, the staff and ACRS favored the policy statement rather than a rule.33 The trade press reported that the nuclear industry “may be approaching success in its efforts to head off [the maintenance rule].” One industry representative noted, “It’s hard to see how an NRC rule could improve [maintenance].”34

The commission passed the rule anyway. In a stunning vote, three commissioners set aside industry pressure as well as staff and ACRS advice. They chose a rule that measured maintenance program results. Industry resistance convinced Carr that licensees might “backslide” once the NRC turned its attention to other issues. Commissioner James Curtiss took a sunnier view and argued that this was a “ripe opportunity to create a results-oriented rule” that could transform regulation. Curtiss’s staff drafted the final language for a “reliability-based, results-oriented” rule. To limit intrusive NRC oversight, it applied only to systems that might cause safety-related equipment to malfunction.35

The nuclear industry reported it was “surprised” and “disappointed.” Licensees, they noted, had improved their maintenance programs and “existing regulations were fully adequate.”36 Commissioner Forrest Remick voted against the rule as unnecessary and counterproductive. In communications with Curtiss, industry opinion was less diplomatic. One industry executive called the rule “a regulatory surprise” that would be an “arduous task to implement” and “will drain significant industry experience, expertise, time and money.” He wondered whether “nuclear power has a place in an environment where cost containment will be the only means of survival.”37 Implementation of the rule resulted in confrontational and blunt meetings between NRC staff and industry.

From pessimism to praise, the turnabout was swift. By 1993, industry representatives confessed their astonishment that implementation of the maintenance rule “achieved more than we really had anticipated.”38 The NRC agreed to let industry develop its own guidance document. In selecting the systems and components that should be covered by the rule, industry guidance called for the use of expert panels that could combine PRA insights with their own judgments and defense-in-depth considerations. This approach took advantage of PRA’s possibilities and limitations.39 The rule was the first risk-informed regulation, a term still waiting to be coined, and was distinct from a “risk-based” regulation that relied exclusively on quantitative assessments. PRA’s influence over daily nuclear plant operations expanded rapidly and enabled licensees to deploy new tools that revealed and managed risk from maintenance activities.

PRA made implementation of the rule workable, and the rule spurred advancements in the use and sophistication of PRA. These new applications of PRA required later changes to the rule. The NRC, the national laboratories, and industry had worked since the 1980s to make PRA programs dynamic “living PRAs” that licensees could update to reflect current plant conditions and monitor real-time risk during operations and maintenance. By 1995, the NRC found licensees were aggressively deploying them in operations. Licensees in the United Kingdom and Scandinavia were doing it too. Some programs called Risk Monitors were sophisticated “full-plant,” “real-time” PRAs that monitored risk on the fly as plant configurations and maintenance changed. As we will see, the South Texas Project (STP) served as a model for the value of sophisticated PRA tools in operations.40

Implementation still had some hurdles. Licensees had increased preventive maintenance done during reactor operation, but they did not always consider maintenance risk adequately. Moreover, the quality of utility PRAs varied, and they made limited use of general industry operating experience. In 1999, the commission added a new section to the maintenance rule that required a licensee to “assess and manage the increase in risk” from maintenance activities through a “risk-informed evaluation.” The revision recognized the benefits to managing maintenance and operations through risk monitoring programs. The programs helped plant personnel think, work, and plan through an organizational risk culture that probed for small increases in risk. For example, one plant added consideration of the risk of nearby wildfires to its risk profile and worked to manage the hazard’s threat to external power sources.41

The maintenance rule provided a bonus of smoothing the way for license renewals—twenty-year extensions of the original forty-year license. The NRC’s early versions of a regulation on license renewals were panned by the industry as highly prescriptive and expensive. A key point of concern was plant component aging. The maintenance rule already covered the aging of “active” safety components—pumps, valves, and breakers—and utilities argued that these components did not need special review during license renewal. The NRC agreed. In 1995, the NRC revised the rule on license renewal to focus on aging management of “passive” components, such as piping, containment buildings, and pressure vessels, which significantly reduced the complexity and cost of license renewals.42

The maintenance rule was the industry’s road-to-Damascus moment. A new kind of regulatory framework seemed possible that was both safe and efficient. In 1996, the Nuclear Energy Institute (NEI), an industry trade association, offered up “a vision . . . for creating a new paradigm and regulatory culture in our industry” that was “risk-based and performance-based.”43 Citing the success of the maintenance rule and the development of utility PRAs, NEI believed the NRC’s deterministic, inefficient regulations could be complemented with PRA insights. The industry would be more efficient, and so would the NRC. The primary benefit for the nuclear industry was its ability to cut in half the time it took to complete a refueling outage, and well-maintained plants soon saw their capacity factors jump from an industry average of about 65 to nearly 90 percent by the year 2000.44

The two-for-one benefit of the PRA-informed maintenance rule made it a rare success; it pleased everyone. The NRC addressed its safety responsibilities and improved licensee management culture with minimal intrusion. A licensee’s bottom line benefitted from improved plant capacity factors and shortened refueling outages. Most importantly, the nuclear industry found that risk-informing maintenance with PRA-tools made plants safer.45 Licensees could see risk and how it changed with shifting plant configurations. Risk management reduced the possibility of a reactor shutdown gone wrong, such as the one that destroyed TMI-2. Industry critic David Lochbaum, the director of the Union of Concerned Scientists’ Nuclear Safety Project, called it “the best thing the NRC has done during my 40-year career in the nuclear power industry.”46

SAFETY CULTURE, BY THE NUMBERS

The maintenance rule and PRA addressed the NRC’s concerns with managing hardware maintenance. Could PRA work the same magic for managing people? The NRC wanted a predictive measure of the risk posed by substandard licensee organization and management. The measure went by different names—organizational culture, organizational factors, and safety culture. The differences in how these terms were defined are of greater import to specialists than to readers of this story. In recent years, safety culture has become an omnibus term subsuming the others.47 It entered the lexicon after the 1986 Chernobyl accident, coined by the International Nuclear Safety Advisory Group of the International Atomic Energy Agency, and the international nuclear community devoted considerable time to defining it and identifying its traits. The NRC attempted to go a step further with a program to quantify safety culture among its licensees. The number would be plugged into a PRA that could predict the likelihood of a licensee’s degrading safety performance. The NRC would then be able to take enforcement action when poor safety culture increased accident risk above a threshold value. Engineers were not experts on culture, and to measure it, they enlisted social scientists and their analytical tools.

Quantifying nuclear power plant safety culture at a power plant was a formidable challenge. It was complicated by the NRC’s adversarial relationship with its licensees and professional differences between nuclear engineers and the social scientists they recruited. The differences in part emerged from an engineer’s preference for hard numbers versus the descriptive assessments of human behavior specialists, but there was also a question of professional respect, perhaps best captured in an incident involving Admiral Hyman Rickover. Prompted by a 1970 report on the US Navy’s new human-factors research program, Rickover fired off a memo of protest. The “father of the nuclear navy,” whose name adorns the engineering building at the US Naval Academy, called the report “the greatest quantity of nonsense I have ever seen. . . . It is replete with obtuse jargon and sham-scientific expressions.” The program would require “a vast new social ‘science’ bureaucracy contributing absolutely nothing to the building of ships.” Before an appreciative congressional committee, Rickover elaborated on his dim view of the social “sciences.” “I could just imagine . . . one of these specialists advising a project engineer that . . . his fire control panel should play soft background music to ease the tension during combat.” The program, he concluded, was “about as useful as teaching your grandmother how to suck an egg.”48

Almost fifty years later, social scientists still struggled for acceptance in the nuclear engineering world. Dr. Valerie Barnes, a psychologist, spent a career in the nuclear industry and at the NRC applying her insights on organizational factors and safety culture to assessments of licensees. Until her retirement, she was among a cadre of NRC social scientists that oversaw its human factors, organizational factors, and safety culture programs. She recalled that her engineering colleagues did not understand that her Ph.D. did not qualify her to be a therapist, and they dismissed her professional methods as “fluffy,” unquantifiable, and, therefore, valueless in regulation. “We spoke completely different languages.”49

The NRC’s ambition for safety culture was to get engineers and social scientists to speak the same PRA language. It was a quixotic campaign. Perhaps no nuclear regulator was as supportive of research into the intersection of organizational factors and reactor safety or as cautious in applying those findings to its regulations. The NRC’s ambivalent pursuit of quantified safety culture embodied a mix of competing motives. There was an institutional skepticism of the value of social sciences in the engineering-dominated regulation of nuclear safety. The agency operated from a long-held belief that it should regulate power plants, not people. Intrusive oversight of a licensee’s business would destroy its ownership for safety. Three Mile Island challenged that conviction, and subsequent plant mishaps compelled the agency to cross the line between regulation and management. As the NRC-industry relationship grew more adversarial, the agency needed a non-intrusive, objective basis to judge a licensee’s safety culture. The agency turned to social scientists not simply to improve PRA as a technical tool but to reduce conflict with licensees. Behavioral experts joined plant oversight review teams and received generous funding to develop indicators of risky organizational culture. Scores of scholars at national laboratories, institutes, and a dozen universities contributed to the project. The NRC had previously funded psychologists to produce reports on public risk perception, but its aspiration to quantify safety culture was more ambitious than any social science research it had ever sponsored.50

It did not work out as planned. The social science researchers who stepped into plant control rooms became part of the NRC’s adversarial relationship with industry. They were greeted with suspicion by licensees and professional skepticism by regulators, especially when their research findings drew valuable qualitative insights but not PRA-suitable results. The NRC abandoned the work in the mid-1990s. Without an impartial, objective measure of organizational performance, the NRC’s oversight of licensee management remained mired in controversy.

The NRC’s road to cultural quantification evolved over two decades. Before Three Mile Island, human error in plant accidents received limited attention in control-room design. Industrial psychologists had been well-established in the human factors profession since World War II, particularly in control-panel design for defense and commercial aircraft industries, aerospace, and consumer applications. Yet the safety importance of the so-called “man-machine” interface in nuclear plant control rooms—the specialty of human factors experts—was not obvious. Neither regulators nor design firms employed human-factors experts. Designers simply borrowed from the functional control rooms of fossil-fuel plants. They created sprawling versions at nuclear plants with reliable, oversized controls and indicators spread across multiple panels and arranged for normal operations. In “off-normal” events, operators might dash about from one panel to another to find the right switches and meters to stabilize the plant.51

By 1972, a series of mishaps made evident the risks from a poor man-machine interface. Operator errors aggravated and prolonged several routine plant transients. The Atomic Energy Commission issued a report calling for greater attention to “human engineering” with improved control room design, operating procedures, and personnel training. Several years later, the NRC issued similar reports calling for control-room design and procedures suited to accident conditions.52

WASH-1400 identified the risks posed by human error as significant contributors to accident risk, perhaps even more than the major hardware failures postulated in design-basis accidents. These lessons did not find much application until after the Three Mile Island accident. Even then, the NRC’s response was an engineering solution that hardly tapped social science expertise. It reflected the dominant engineering philosophy that hardware design, procedures, and training would compensate for the unstudied hazards of human foible and organizational weaknesses.53 As it was, there was limited social science research on the contributions to disasters from organizational culture.54

Three Mile Island validated larger budgets for human engineering. Within a couple of years, the NRC’s human factors research program swelled to over $20 million, addressing human error studies known as Human Reliability Analysis, control room design, revisions to procedures, accident training, and organization and management. There was broad agreement that the accident might have been avoided with an effective lessons-learned program, more simulator training, and intelligent control room layouts and procedures.55
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FIGURE 17. The TMI-2 control room (1979) was typical of the complex, functional panels of the 1970s. After the accident, control rooms underwent substantial redesign to consider human factors in accident conditions. Source: US NRC.





Calls for more substantial attention to organizational culture came from outside assessments of the Three Mile Island accident. The Kemeny Commission and Rogovin reports identified management dysfunction as an accident contributor. Kemeny called for “higher organizational and management standards for licensees,” closer attention to organizational decision-making, and utility capability.56 Similarly, Rogovin pressed the NRC to regulate “organizational structure,” human factors, and management. These were high-level observations, however, and in the aftermath of Three Mile Island only limited attention was paid to the influence of organization and management on safety.57

Eventually, the Kemeny and Rogovin reports prodded the NRC into forbidden territory, and agency staff tried to squirm away from direct management assessment. In late 1980, they produced broad, uncontroversial guidelines for acceptable utility structure and safety functions they believed were adaptable to the idiosyncratic management structures and styles of the NRC’s many licensees. The agency conceded evaluation would be “on a largely subjective basis” and promised to show great flexibility. Nevertheless, a draft and redraft of the guidelines elicited sharp criticism from utility executives that the guidelines were an “over-reaction to TMI,” “unrealistic and over-zealous,” and “too prescriptive and unnecessarily restrictive.” In search of firmer ground, the staff launched research into “safety-related management attitudes” and “organizational variables [that] can be objectively assessed” to make “it possible to relate effective and ineffective management behaviors to safety criteria through an appropriate model.”58

For the first time, the NRC awarded experts in organizational management and psychology substantial funds to investigate the link between utility characteristics and safety. In 1982, the Battelle Human Affairs Research Center in Seattle, Washington contracted for several reports on industry organization and management. Battelle was a think tank with deep experience in nuclear power, and it proposed developing a database and model of utility organizations predictive of declining safety performance. Battelle dispatched teams of social psychologists, sociologists, and political scientists to observe NRC staff assessments of utility management during their application for a new operating license. The NRC assessments inferred an organization’s competence through its adherence to formal requirements for training, the structure of plant management, regulations, and staffing levels. Lacking training in social-science interview techniques, however, the staff tended to stray into unstructured, subjective questions about management culture, attitudes, morale, and in drawing unmeasurable conclusions, such as having “a good feeling” about management. A licensee’s reputation also seemed to bias staff assessments. Battelle argued for more objective assessments that could withstand legal challenge with better evaluation criteria, training, and performance indicators.59

For operating reactors, Battelle proposed a less intrusive model that did not require new data collection from licensees. It used publicly available qualitative and quantitative data on utility organizational structure and plant performance. Published between 1983 and 1985, the Battelle studies offered an upbeat message that behavioral scientists could solve some of the NRC’s touchy oversight issues with detached assessments. Theirs was “an integrated socio-technical, human machine perspective” on the “interconnections and interdependencies among the human and technical aspects of complex organizations [that would avoid] much of the inherent limitations of narrow, segmented, and partial views” of engineers. Battelle grouped organizational factors into four categories—utility environment, historical context, organizational governance, and organization design. Among them, organization design offered the most promise for making predictive statements about plant operational safety. Their conclusions were preliminary, but they found that “measured aspects of utility organization were . . . associated with measured safety indicators.”60

To verify and validate their tentative findings, Battelle requested continued funding. The consequences of human error, it warned, were too great to ignore. “There is comparatively little opportunity for instructive learning until after dysfunctional effects have occurred.” By creating a model that was “predictive as well as explanatory of safety,” Battelle’s model would optimize utility organization, learning, and resources; a more efficient plant was a safer plant.61

Later scholars considered Battelle’s passive collection of data and focus on organizational structure shortcomings reflective of the pre-Chernobyl scholarship on organizational factors and accidents. It served as an intellectual stepping-stone to research into organizational processes and culture measured through advanced psychometric surveys and interview tools. Battelle scientists were aware of this new scholarship on management culture but slighted it in their model. Why they did so is not clear, but their motive for favoring organizational structure is. Battelle’s model aligned with the political realities of the NRC’s increasingly adversarial relationship with licensees.62 Battelle believed its methods would be “less obtrusive” and more politically palatable than invasive NRC plant oversight. “Neither the NRC nor the industry wishes the NRC to become involved in the day-to-day management of the nuclear plants,” Battelle observed. “This would mean active involvement in supervision and decision-making that would be unhealthy for both parties and the public safety.”63

Battelle’s careful balancing of politics and science still ran afoul of the regulator-licensee divide. At a December 1982 commission briefing on human factors programs, Chairman Nunzio Palladino expressed his discomfort with an aggressive human factors program. “I get worried when we get our tentacles out so far where we seem to be ‘big brothering’ every aspect of the operation. . . . I get a little uneasy when we get into peripheral aspects because . . . if we get into everything we tend to lose the initiative of the organization itself.” Palladino repeated the “tentacles” metaphor, and the staff promised to revamp the program.64

Issued a month later, the revised program eliminated direct research and regulatory activity on organizational factors in favor of a “more practical program capable of near-term accomplishment, as contrasted to the more academically oriented program previously described in the Plan.” The NRC deferred to self-regulating initiatives under the leadership of INPO.65

The cutbacks reflected a changing environment during the Ronald Reagan administration of general skepticism toward regulation. There was pressure on the NRC to get back to a pre-Three Mile Island “normal.” In January 1981, the NRC controller promised that by 1983 the agency budget would be “just as though there’d never been a TMI.”66 Palladino’s deference to industry initiatives also accorded with the core belief in limited oversight, that licensees had to take ownership for the safe operation of their plants. Thirty years later, former commissioner Kenneth Rogers echoed Palladino’s sentiments. Licensees, he said, must “never lose that sense of responsibility that it is their responsibility, not NRC’s responsibility, to take the lead. . . . ‘This is your plant, this is your facility.’ ”67

The NRC was caught between a tradition of management deference and post-Three Mile Island pressure for more active regulation. In handing the lead to INPO, the staff warned its patience was not infinite. “As now envisioned, NRC will not develop management and organization criteria for operating reactors unless the INPO effort proves to be unsatisfactory for our needs.”68

Dissatisfaction soon followed. The 1986 accident at the Soviet Union’s Chernobyl nuclear power plant crystalized international recognition of the importance of safety culture in operations, and the International Atomic Energy Agency became a consistent champion of developing safety culture criteria and assessment tools. The NRC acknowledged the importance of safety culture, but it also sought to distance the US industry from the Soviets by stressing distinctive features of the US system, including requirements against degrading operator performance and superior safety features of light-water reactors.69

The management lapses at Davis-Besse and Peach Bottom made some wonder if the NRC was drawing a distinction without a difference. Despite post-Three Mile Island reforms and INPO’s drive for licensee excellence, human error and organizational factors played a role in half of all plant events. INPO actively worked to overhaul Peach Bottom management but met stiff resistance. One INPO official explained that the staff at Peach Bottom “thought that ‘By God, we’ve done it this way for years, and it’s worked for us. So we don’t see any need to change.’ It was a fossil fuel mentality. They had never really joined the nuclear era.”70 At the NRC, Chairman Lando Zech announced that the NRC needed to do all it could to create a plant environment that maximized operator performance. In 1989, the commission approved a policy statement on the conduct of plant operations that included a definition of safety culture as “the personal dedication and accountability of all individuals” to practices of plant safety and the promotion of an “environment of safety consciousness.”71

The agency looked again to the social sciences to make its assessment of safety culture objective. It commissioned the National Academy of Sciences to recommend a comprehensive human factors program including organizational research. Chaired by human factors expert Neville Moray, the NAS panel included diverse membership from the nuclear industry, engineering, traditional human factors experts, business management, and the social sciences. The Academy committee faulted the NRC’s post-Three Mile Island human factors program as unimaginative. It offered “purely technical solutions to human problems,” an approach typical of “a community with a strongly established engineering culture.” A nuclear power plant was a complex “sociotechnical system” affected by organizational factors and a technology’s social context. It could only be understood by “multidisciplinary teams,” including university researchers, doing on-site research into its “culture of management.” Moray told the NRC’s Advisory Committee on Reactor Safeguards, “Management can make or break a plant.” The NRC needed to identify what made for a positive organizational culture of reliability and safety and develop feedback mechanism to reduce accident risk.72

By the time the NAS report was published in 1988, much had changed in organizational scholarship. The Academy committee included Todd LaPorte, a political scientist at the University of California–Berkeley, who was a pioneer in the study of “high reliability organizations.” HRO scholarship positioned itself as a practical alternative to earlier theoretical work by sociologist Charles Perrow on “Normal Accidents.” Perrow argued that technologies like nuclear power were too complex and carried consequences too great to operate safely. The ambition of HRO studies was to identify and measure the traits of successful organizations that operated in high risk environments where trial-and-error learning was not an option, such as aircraft carrier flight operations and air-traffic controllers.73 A new NRC research program also stood to benefit from the maturation of social-science survey tools, such as psychometric inventories, that quantified aspects of organizational and managerial culture. The combination of theory, methods, and tools heralded the arrival of the social-science PRA expert. As sociologist William Freudenberg argued, if nuclear engineers wanted to improve the accuracy of their PRA calculations, they needed social scientists to help them understand and quantify human and organizational behavior.74

The NRC tried to turn social-science research into regulatory reality. Its staff recommended the NAS report to the commission, anticipating that in-depth research of licensee culture could be combined with its own inspection programs to produce measures that were “predictive as well as descriptive” of degrading licensee performance. If successful, the research would become “a basis for integrating management factors into the probabilistic risk assessment (PRA) process, and as a basis for developing indicators of organization and management performance.”75

Reducing an organization’s cultural complexities to a number in a risk calculation appeared like engineering naivete, but it also reflected regulatory priorities and rising confidence in risk assessment. By the late 1980s, the NRC had painstakingly pieced together elements of a more risk-informed framework with safety goals, a revision to WASH-1400, and several probabilistically-minded regulations. The NRC commissioners and some elements of the staff placed a significant bet on PRA to reform its cumbersome regulations and reduce conflict with its licensees. PRAs used very specific equipment failure-rate data and other quantitative inputs to estimate accident risk. To convert to “risk-based” regulation, PRA experts had to reduce the existing uncertainties associated with hard-to-quantify factors such as poor plant management.76 To be useful, social science research needed to conform to PRA quantification.

By 1989, PRA experts were confident it could be done. George Apostolakis, a PRA expert at the University of California–Los Angeles who later became an NRC commissioner, co-authored an editorial that captured the discipline’s optimism that PRA could serve as the basis for a new regulatory framework and resolve industry conflict. PRA had become “a kind of lingua franca of risk-related decision making,” the authors wrote. “We have a common language with which to discuss a particular problem area, like nuclear risk.” Without it, the nuclear industry would suffer “chaos, confusion, controversy, fear, litigation, and paralysis.” With “living PRAs,” utilities would know accident risk at every moment of operation. They expected that soon the uncertainties that bedeviled the quantification of cultural factors, such as “morale, esprit de corps, management attitude, . . . should see considerable progress.”77 Apostolakis laughingly recalled, “we thought we could quantify everything.”78

Brookhaven National Laboratory had on-staff organizational psychologists, and the NRC contracted with it for a $5 million study. Under psychologist Dr. Sonja Haber, Brookhaven worked with two other national laboratories, several institutes, and twelve universities with teams of social scientists. Apostolakis and his UCLA team were to integrate the results into PRA models to see if it worked. Brookhaven developed a structural model of a nuclear power plant’s organization drawn from research by professor Henry Mintzberg at McGill University in Montreal, Canada. A nuclear plant organization, Brookhaven concluded, was best described as a “machine bureaucracy” with highly formalized procedures and rules, specialized groups, extensive professionalism, and a special need for safety. Investigators identified promising organizational factors through interviews, surveys, and observation.79

Wary but interested, Pacific Gas and Electric Company allowed a team of researchers from the University of California–Berkeley and Brookhaven to test out their Nuclear Organization and Management Analysis Concept (NOMAC) model at its fossil-fuel plant at Pittsburg, California. Satisfied with their scientific rigor, PG&E permitted the team to move on to the Diablo Canyon nuclear power plant. The NRC reported with hope that NOMAC “can be implemented in a reasonably nonintrusive manner, can be received favorably by utility personnel, and that meaningful data can be extracted for use in exploring the influences of organization and management factors on reliability and risk.”80

So far, so good, but broadening the study to include other licensees posed a considerable challenge given the NRC’s difficult relationship with its licensees. The NRC’s modest use of social scientists in plant oversight had not reassured the industry. After Three Mile Island, the agency created the Systematic Assessment of Licensee Performance (SALP) to combine quantitative and qualitative assessments into a rating system of plant performance. Following the Davis-Besse and Peach Bottom episodes, the agency added a capstone senior management meeting to review the performance of each plant and a “watch list” of problem plants. Plants with worrisome performance received special attention from a Diagnostic Evaluation Teams (DET) that made a multiweek assessment of operations. DETs consisted of about fifteen staff, including behavioral scientists, that conducted a broad assessment in areas such as organizational culture and management “beliefs, attitudes, practices . . . as well as key sociological factors.” Initial DET assessments, staff reported, were useful and utilities appreciated DET insights.81

The era of good feelings did not last. By the early 1990s, the industry had turned decisively against the SALP and the DETs. A diagnostic-team visit was a plague at a utility’s doorstep. DETs were often a prelude to a plant joining the watchlist, a black eye that got upper management fired, sent utility stock prices tumbling, and required millions on maintenance and operational improvements. The industry and trade press derided DETs as “subjective,” a claim substantiated to a degree by the NRC’s DET guidance documents, which requested judgments on “safety culture” without any standards to measure it.82

NRC leadership began to look askance at DET evaluations, too. In the late 1980s and early 1990s, Navy veterans had taken over key leadership positions on the commission and agency staff. The NRC’s executive director, James Taylor, had worked under Rickover and was especially skeptical. Brian Haagensen is currently an NRC inspector, and he worked as a contractor on DETs. He recalled that Taylor thought the “DETs were too aggressive” and that the social scientists on the teams issued harsh grades without understanding management or nuclear technology. Taylor preferred Haagensen’s firm, in part, because it was led by nuclear navy veterans like himself.83

The Brookhaven teams that visited nuclear plants, then, worked for a regulator dubious of their capabilities and studied licensees suspicious of their motives. Rather than serve as dispassionate scientific observers in a clinically controlled setting, they became entangled in their research environment. In anonymous evaluations collected in 1991, they vented their frustrations. “The nature of the relationship between the NRC and the utilities permeates our role as contractors to the NRC,” one researcher reported.84 While some utilities showed keen interest in their work, the “anxiety of nuclear utilities” at their presence was palpable. There was little incentive for licensees to cooperate when research findings might become burdensome regulations. “Success is failure,” one observed. “The better the research on the impact of organizational factors (success), the more likely the industry will put pressure on the NRC to cut the funding for future research (failure).” The whole project, one concluded, was hindered by “the utilities’ lack of trust in the NRC to use the results of our research sensibly.”

The scholars were even more exasperated with the NRC. Fearful that the social scientists would produce inflammatory finds just like the DETs, the NRC did not allow the teams to study poorly performing plants or interview upper management in corporate offices. While elements of the NRC staff supported the Brookhaven project, the researchers detected from NRC management “a general distrust of the social sciences and behavioral science data.” These experts in organizational culture also found they could not bridge the cultural divide with engineers on their own research teams. “The gap between engineers/PRA-types and behavioral scientists does not seem to be closing very fast,” one observed. Another wrote, “Social scientists in an engineering world will always have a tough time.” The research teams bridled at the NRC’s restrictions. With a bit of irony, these experts in social and political sciences wanted to rid their research environment of the politics that defined it. They asked the NRC to calm utilities and remove the fetters on their access to utilities and corporate management. “The future success of this effort depends upon the cooperation of regulators, contractors, and the nuclear industry.”

As the teams asked for more, the research itself produced mixed results. Haber reported in 1995 that there were good qualitative lessons in the work. Brookhaven analyzed twenty organizational factors grouped into the four broad categories of culture, communications, human resource management, and management attention to work practices related to safety. There were connections between safety and organizational traits such as effective communication, the ability of an organization to learn, management attention to operations and safety, and the external environment of corporate and regulatory factors. They found some stable correlations between the factors, such as organizational learning and safety performance, but they could not find correlations with many others.85

Applying those insights to PRA did not work. George Apostolakis concluded it was “extremely difficult, if not impossible” to incorporate organizational factors into PRAs.86 Part of the problem, as Haber recalled, was finding utilities willing to work with Brookhaven to develop more data, but survey and interview results were a difficult fit for PRA anyway. It was one thing to develop a 1 to 5 rating scale of a “good” or “fair” utility organization. It was another to quantify organizational influence on equipment failure rates or human error for input into a PRA. Haber concluded that “continued efforts to correlate organizational dimensions with performance indicators may have limited value as a nexus to safety. . . . We consider ‘Culture’ as a ‘higher order’ factor which cannot be incorporated into [PRAs].”87 The Brookhaven methodology was best suited for inspections and diagnostic evaluations, such as the unpopular DETs. The NRC staff concluded the program was “resource intensive” and had “relatively low cost-effectiveness.” It recommended discontinuing research until organizational factors could be integrated into PRAs.88

As it approached the twenty-first century, the NRC did not explicitly regulate safety culture. As will be discussed, the NRC abandoned the SALP in favor of a new oversight process that inferred management competence and culture from baseline inspections. The new process avoided the extensive oversight and subjective assessments of the SALP and assumed that significant management issues would show up in performance indicators, such as the number of unplanned plant shutdowns. INPO took the lead in inculcating safety culture among licensees.89

Other nations took an interest in safety culture. The IAEA produced numerous consensus documents on a safety culture definition, framework, and guidance on assessments. It shunned the NRC’s quantitative bent in favor of qualitative guidance in safety-culture reviews. Safety culture, the IAEA observed, was a search for “tangible evidence of an essentially intangible concept.” It encouraged review teams to explore “attitudes, morale, motivation, and commitment to safety” without quantifying them.90

The Brookhaven methodology went into exile. The Atomic Energy Control Board of Canada was interested in the NRC-sponsored research. Haber left Brookhaven and, with Michael Barriere, adapted the NOMAC model to reflect advances in methodology and research. Unconstrained by the NRC’s compulsion to apply organizational factors to PRAs, the AECB simply required the methodology be practical, generate reliable, generate reproducible results, and develop an accurate picture of nuclear plant operations. While the Canadians applied the model to numerous facilities, it was still, as the NRC had found, resource-intensive. Spain investigated a similar model.91 A few countries, such as Switzerland, Finland, Germany, Canada, and Spain formally established safety culture regulations or required operators to perform safety-culture self-assessments. Most other nations adopted policy statements where safety culture appeared as a major theme or stated its key traits.92

The NRC’s inability to translate social science research into a practical tool was a major setback for social scientists who had aspired to engineering rigor. Regulatory conflict gave them a unique opportunity to influence regulation. Armed with new theories on organizational behavior, researchers seemed poised to demonstrate their practical relevance to the engineers who dominated safety regulation. The NRC’s adversarial relationship, however, demanded assessment by unambiguous, objective data and methods, a task that did not play to the qualitative strengths of behavioral scientists.

In 1998, Nick Pidgeon, a psychologist and safety culture scholar at the University of Wales, assessed with dismay the fracturing of safety culture research. “Some 10 years on from Chernobyl, the existing empirical attempts to study safety culture and its relationship to organizational outcomes have remained unsystematic, fragmented, and in particular underspecified in theoretical terms.” Engineers wanted a “best” solution, but social scientists had only managed to raise “the thorny issue of whether culture can be ‘measured’ at all using quantitative psychometric methodologies such as questionnaires or surveys. . . . If the theoretical fragmentation of the field is not overcome, commentators will conclude that the work failed to realize its considerable promise.” The term “safety culture,” he lamented, might turn into “hollow rhetoric that pays lip service to safety.”93 A few years later, George Apostolakis seconded Pidgeon with an assessment gloomier than the one he held in 1989. “Defining indicators of a good or bad safety culture in a predictive way remains elusive. [PRAs] certainly do not include the influence of culture on crew behavior and one can make a good argument that they will not do so for a very long time, if ever.”94

The NRC’s derailed ambition to quantify organizational factors remains one of PRA’s “grand challenges.” PRAs still do not explicitly model their contributions. Large uncertainties and data collection remain major hurdles, although there has been some progress in demonstrating an empirical link between safety culture and safety performance.95 Several years passed before the NRC revisited the Brookhaven methodology and safety culture.

PRA POLICY STATEMENT

Despite the Brookhaven disappointment, the success of the maintenance rule gave the NRC confidence to move forward with a more positive stance toward PRA. First it had to revisit its history. Fifteen years had passed since the commission partially withdrew its endorsement of WASH-1400 and told the staff to go slow on PRA. By the 1990s, the time seemed right for a benediction to go forth with PRA at deliberate speed.96

First, the NRC staff needed to get smarter about PRA. Its applications had grown opportunistically rather than with clear direction. Regulations and policy statements on backfitting, ATWS, station blackouts, safety goals, and changes to technical specifications all bore its mark. Pockets of the agency still distrusted PRA. In the early 1990s, Scott Morris joined the agency as an inspector. He recalled that much of the staff viewed PRA as “black magic.”97 As the era of licensing new reactors gave way to the era of oversight, familiarity with design computer codes and PRA had not advanced beyond a coterie of staff experts. In 1991, the ACRS wrote Chairman Ivan Selin that it supported a “deeper and more deliberate integration” of PRA into regulation, but there was “unevenness and inconsistency” in staff use of PRA methodology and a worrisome ignorance of the pitfalls of using of PRA’s bottom-line numbers.98

In response to the ACRS letter, the staff established a working group on integrating PRA within the regulatory system.99 In August 1995, the commission approved a policy statement declaring that PRA should be increased “in all regulatory matters to the extent supported by the state-of-the-art in PRA . . . in a manner that complements the NRC’s deterministic approach and . . . defense-in-depth philosophy. . . . The Commission’s safety goals for nuclear power plants and subsidiary numerical objectives are to be used with appropriate consideration of uncertainties in making regulatory judgments on the need for proposing and backfitting new generic requirements.” In sum, the commission encouraged a thoughtful, deliberate increase in the use of PRA as a supplement to defense in depth and expert judgment.100

To the industry’s discontent, the NRC proceeded with deliberate speed. In 1994, Selin told an American Nuclear Society conference that “the public is best served by a regulatory framework that is well grounded in risk-based priorities.” But he and other commissioners demanded qualitative improvements in data collection and methodology that would encourage public acceptance.101 Commissioner Kenneth Rogers told an industry audience, “Regulation is essentially a political . . . process. It can be successful . . . only if the process and results are accepted by the public and by their elected representatives. . . . Public trust requires that the regulatory process be open and understandable.”102

A change in leadership did not alter the NRC’s deliberate application of risk insights. In 1995, the NRC’s new chairman, Shirley Jackson, said she was skeptical of the term “risk-based” regulation. “I prefer to talk of risk-informed, performance-based regulatory approaches,” which blended traditional qualitative, deterministic principles with new quantitative risk insights.103 Echoing the NEI’s justification for risk-informed regulation, an NRC staff paper explained that it would “better focus licensee and regulatory attention on design and operational issues commensurate with their importance to public health and safety.”104 Risk-informed regulation could be a new “paradigm” that stepped beyond the design basis accident, but Jackson warned that industry PRA’s had to be of high quality. Their PRAs still had “significant limitations. . . . If the industry desires regulatory changes and decisions based on risk insights, then the industry and the NRC must narrow the gap on such issues as PRA methodology, assumptions, consistency, level of detail, and reliability data.”105 The NRC expected deliberate progress toward risk-informed regulation, but events changed its plans.

NEAR DEATH: THE BIRTH OF THE REACTOR OVERSIGHT PROCESS

It was “the NRC’s day of reckoning,” Republican Senator Pete Domenici recalled of his meeting in June 1998 with NRC Chairman Shirley Jackson. As the chairman of the Senate Committee on Appropriations’ subcommittee on Energy and Water Appropriations, Domenici had considerable sway over the agency’s budget. As an ardent supporter of nuclear power, he entered the meeting convinced that the NRC had crossed the line from regulating safety to regulating management, and he aimed to do something about it. The NRC was an unreliable and “adversarial” regulator, drove up costs without improving safety, and imposed “interminable” adjudicatory proceedings and arbitrary oversight on licensees. Until that meeting, it enjoyed rubber-stamp congressional review. Domenici decided to administer “tough love” and enlisted the support of Harry Reid, the subcommittee’s senior Democrat from Nevada and a fierce opponent of a proposed high-level radioactive waste repository proposed at Yucca Mountain in his home state. Domenici hit Jackson with a surprise ultimatum: Develop risk-informed, performance-based regulation or face drastic cuts of up to $150 million—a third of its budget—and the loss of seven hundred staff.

“You can’t be serious?” Domenici recalled Jackson asking. When it was clear he was, she pleaded for time to show the agency could change. Domenici gave her a few months. “Chairman Jackson got up, left, and didn’t look back.” The meeting, Domenici wrote, was a “turning point” for the NRC in its move to risk-informed regulation and, he anticipated, would spur a “rebirth of interest” in new reactor construction.106

Jackson’s version of events differed. Domenici’s cuts were not a surprise, she insisted. They had been announced in May. Under her guidance, the NRC was already moving toward risk-informed regulation. It was a term she had invented! NRC staff had spent several years developing a comprehensive implementation plan.107

The two principals disagreed on the details, but the meeting was a turning point. Years later, NRC staff recalled it as a “near-death” experience.108 Jackson returned from the meeting to calm anxious staff. Budget cuts would not be severe, she assured them. But “it does not mean ‘back to business as usual.’ ” The NRC had to “accelerate the re-alignment of our regulatory approach to be responsive to legitimate concerns of our stakeholders—even shifting the regulatory paradigm, as appropriate.”109 By the end of the 1990s, the NRC had doubled down on its wager on PRA and risk-informed regulation as something more than a technical tool in regulation. It became its lodestar.

The Domenici-Jackson showdown pitted two outsized personalities. Domenici entered the Senate in 1972 and went on to serve six terms. He was a major force in Congress; the New York Times called him “one of the Senate’s hardest-working, most intelligent and most intense members.” He was renowned on Capitol Hill as budget hawk, but one who took care of his home state’s large atomic weapons and nuclear energy infrastructure, so much so that Los Alamos scientists called him “St. Pete” for keeping the national laboratory well-heeled. When discussing nuclear power, he could be as inspired as Dwight Eisenhower delivering his “Atoms for Peace” speech. In the twenty-first century, he predicted, “nuclear power will be a major contributor to global peace and a better quality of life for both the developed and developing world.” His goal was to ensure that by the year 2045, the one hundredth anniversary of the first atomic test in New Mexico, nuclear energy would have a “strongly positive” impact on the world.110

Shirley Jackson was also special. At the age of four, she told her mother that one day she would be called “Shirley the Great.” She grew up a prodigy in the nation’s still-segregated capital, with an intense interest in all things science. Her 1973 Ph.D. in physics from MIT was the first it bestowed on an African-American woman. She moved up the ladder with stints at Bell and Fermi Labs, a research appointment in Europe, and a professorship at Rutgers University. Her rise as a pathbreaking African-American woman, she recalls, also came at some personal cost of being isolated from others, but she was a force. When President Bill Clinton appointed her to the NRC in 1995, she brought to the job her brilliance and a personality that others found compelling or imperious.111 Her time as chairman was confrontational, turbulent, and consequential.

There was more to the Domenici-Jackson meeting than personalities. It was a culmination of political and market forces that had had reconfigured Congress, transformed the electric power industry, and finally swept over the NRC. Deregulation of electricity production and distribution reordered the power industry. Previously, utility companies owned the power plants and transmission grid within their territory. State public utility commissions mediated consumer and utility interests by setting rates on a “cost-of-service” basis with a reasonable rate of return on approved capital investments and operating costs. By 1989, it became clear the 1990s would be a decade of upheaval. Utility executive Corbin McNeil predicted that “the threat of deregulation and the reality of competition will replace regulatory and quasi-regulatory pressures.”112

Deregulation broke down utility control over production and distribution territory. The Public Utilities Regulatory Policies Act of 1978 intended to encourage conservation and create a market for alternative energy sources by creating a new class of electricity-generating sources called “qualified facilities,” operated by nonutility power companies. Qualified facilities were given preferential access to utility company grids. Although still a small share of electric power production, qualified facilities tripled their output between 1979 and 1990, and they started to break down the monopoly utility companies enjoyed on power generation. The high costs of nuclear power plants drove up the rate base and encouraged the development of less expensive sources. States sought alternatives with more efficient power production and bidding markets for producers. The National Energy Policy Act of 1992 helped upend the traditional arrangement by allowing electricity sales on an open market with customer choice of a supplier. The Federal Energy Regulatory Commission (FERC) followed with rules giving non-utility power producers access to the transmission system. For the first time, states and regions could create competitive electricity markets.113

Convulsive industry consolidation followed. Mergers created complex energy-producing corporations that were often a mix of utility subsidiaries operating in states that retained their traditional regulated markets and power-producing entities that retailed electricity to deregulated markets in California, Pennsylvania, Rhode Island, Massachusetts, Vermont, and Maine. By 1997, 86 percent of electric industry executives conceded that consumer choice for power was inevitable. Fifty percent thought most utility companies would not survive the decade.114

Deregulation meant the end of the line for smaller, older nuclear plants and even some large ones that were expensive to operate. Maine Yankee, Michigan’s Big Rock Point, Zion 1 and 2 in Illinois, and Connecticut’s Millstone 1 closed in 1997 and 1998. Many more closures were expected in the next five years. Plants that had been expensive to build were saddled with high “stranded costs,” which could not be recovered in a competitive market. Battles in state legislatures ensued over how utilities could recover those costs. Utility companies often sold nuclear plants at a loss, which at least relieved a utility of the uncertainty of bearing a plant’s huge decommissioning costs.115

In 1998, the fire sale began. The first to go was the undamaged Unit 1 at Three Mile Island. GPU Incorporated sold it for $100 million to AmerGen Energy Company—a new joint venture of British Energy and PECO Energy. The price was less than the value of the fuel sitting in the reactor vessel. David Lochbaum of the Union of Concerned Scientists compared the sale to “buying a used car with the contents of the gas tank being worth more than the car itself.” A GPU spokesman conceded, “That’s what the market says [nuclear plants] are worth.”116

The next year, AmerGen scooped up New Jersey’s Oyster Creek plant almost for free—$10 million—as its owners unloaded it in an arrangement to recover some of its stranded costs as New Jersey’s power market opened to competition. AmerGen was not the only shark in the water. It lost to Entergy in bidding for Boston Edison’s Pilgrim nuclear plant, and was later rolled into Exelon, which controlled almost a quarter of the nation’s nuclear power.117

On its surface, the nuclear power industry’s consolidation was not the NRC’s concern. Its legislative mandate was safety, period. What did it matter to safety if reactors became “merchant” plants run by large energy corporations? There might even be safety benefits. One industry executive predicted, nuclear power plants “will end up owned by people who can run them efficiently and do well, not by all these mom-and-pop utilities.”118 Nevertheless, a leaner industry posed safety questions. Were efficient plants safe plants? Would utilities have resources for adequate operation and decommissioning? Deregulation, Jackson told an industry audience, represented “potentially revolutionary change” that could have “profound impacts” on a licensee’s access to “adequate funds to operate and decommission their nuclear plants safely.”119 The NRC peered closely at the financial health of its licensees.

Licensees peered back at the NRC. Deregulation exacerbated dissatisfaction with “regulatory burden.” The NRC spent ample resources on the safety implications of deregulation, industry officials believed, but devoted little attention to the safety implications of its inefficiency and burdensome regulations. “We have to adapt . . . to competition,” said utility executive Corbin McNeil, but there “is no similar incentive driving the NRC to change the way it does business.”120 Jackson took a resolute line: the agency would be mindful of burden, but it had to ensure “economic pressures do not erode nuclear safety.”121 As nuclear power plants approached the end of their forty-year operating license, industry worried the NRC would create a license renewal process with impossibly long reviews and costly upgrades. As the maintenance rule paved the way for surprisingly easy renewal, the industry was anxious to see similar regulations. An industry financial analyst warned a Nuclear Energy Institute conference, “It’s hard to see how NRC oversight . . . can fit into a competitive environment.”122

The solution to their competitive woes, the nuclear industry concluded, was “risk-based” regulation—a term that later gave way to Jackson’s preference for “risk-informed” regulation. Prescriptive oversight regulations, NEI argued, pushed the NRC across the line into management as it inspected “all aspects of a licensee’s work practices and operations.” It proposed an alternative of formulating and monitoring quantitative safety outcomes based on risk information. Such a monitoring role for the NRC would create “a regulatory framework that is more focused, objective and efficient.” The cultural shift for the NRC would be challenging, NEI acknowledged, but nuclear power “must improve its cost effectiveness to remain a viable option . . . in a competitive market environment.”123

By the mid-1990s, the industry could point to model licensees that deployed PRA to ensure safe operations and save money. Perhaps the greatest PRA success was the South Texas Project (STP). In the early 1990s, the STP’s two reactors faced an NRC action letter shutting them down over numerous management and hardware issues. The plants were expected to remain shuttered for five years. STP turned to PRA. It had been a leader in developing in-house, high-quality PRAs and applying them to operations. It used that capability to prioritize the most risk-significant work and gain approval from the NRC for its recovery plans. Restart took just thirteen months.124

The NRC stuck to its position that the transition to risk-informed regulation would be an “incremental process.”125 As commissioner Kenneth Rogers told an audience, the NRC’s use of PRA and risk insights would be “evolutionary, rather than revolutionary.”126 Incrementalism was not what the industry had in mind. Deregulation, NEI argued, created a “need for urgency in the pursuit of risk-informed, performance based [regulation].” NEI held up the maintenance rule as the model that “should be applied to other areas [of regulation] without the need for protracted debate.”127 Frustrated with the NRC’s perceived slow-walking reform, NEI developed a more aggressive critique of the NRC’s prescriptive practices. In 1994, it contracted with the consulting firm Towers Perrin to review the NRC’s relationship with its licensees. After polling power plant staff, the firm submitted its assessment just two weeks before the momentous 1994 elections where the Republican Party gained control of Congress.128

The report portrayed the NRC as an arrogant regulator whose “current regulatory approach represents a serious threat to America’s nuclear energy generating capability.” NRC and industry metrics, it argued, indicated plant operations were safe and getting safer. Despite that record, plant staff told Towers Perrin that the NRC punished high performance with an arbitrary, punitive oversight process with no safety benefit. In fact, NRC activities might reduce the safety margin by distracting licensee management with trivial issues. Plant staff confessed they dared not object to inspection violations “because of an intense and widespread fear of retribution by the NRC.” Two-thirds of respondents said they avoided confronting inspectors even when they issued violations for non-violations. The report concluded that NRC oversight diverted plant management from real safety issues, eroded public trust, and was pricing nuclear power out of the market.129

Towers Perrin zeroed in on the NRC’s plant inspections and Systematic Assessment of Licensee Performance (SALP). Industry respondents believed the NRC’s SALP rating system and dreaded “watch list” of problem plants were arbitrary, secretive, and subject to the whims of NRC managers. Relegation of a plant to the watch list could have serious economic consequences for a licensee, as some plants on the list stayed shut down for years, lost hundreds of millions in revenue, and, as Towers Perrin argued, gained no safety benefit. The report claimed NRC inspectors wrote up frivolous violations even as they admitted, in private, that they did so to meet unofficial quotas. Inconsequential violations included one for leaving blank spaces on a routine form and poor housekeeping that missed dustbunnies behind a plant telephone. Trivial safety was crowding out real safety. The NRC promised reform, Towers Perrin claimed, but delivered disappointment.130

Some of SALP’s weaknesses reflected the practical limits of oversight in the late 1970s. When Three Mile Island rocked the agency, staff had been at work in crafting a more objective assessment process based on quantitative data. The hope had been to find leading indicators that flagged a plant with degrading safety performance, but data was limited. Three Mile Island forced the agency to turn what had been a pilot program into a permanent qualitative assessment process, dominated by the detection of procedural violations large and small and hard-to-measure judgments of a licensee’s willingness to institute prompt remedial action. The NRC enforced SALP findings with the blunt tools of poor performance ratings, fines, and shutdowns.131

SALP’s tools were blunt but effective, the NRC believed. Scott Morris joined the NRC as an inspector after serving in the nuclear navy. The SALP, he believed, “gets a bad rap.” Tough as it was, it was appropriate to the difficult regulator-licensee environment of the 1980s. For many years following implementation, it influenced industry performance in positive ways. But as industry performance improved, the SALP did not adapt. There was no rule, but the NRC seemed to reward inspectors for writing tickets. “Scads of tickets!,” Morris recalled. Getting inspectors to focus primarily on the risk-significance of violations was difficult.132

NRC assessments of the SALP supported some of Towers Perrin’s claims that it was subjective and produced inconsistent grades between NRC regional offices. Arbitrary grades by the regions was a “big time” problem, Morris agreed.133 Efforts to improve consistency with senior-level management meetings created another layer of review and another layer of complaints. The industry believed the NRC paid too much attention to well-run plants and not enough to the poor ones. Without numerical safety goals and quantitative measures of performance, SALP was opaque and divisive.134

While the nuclear industry portrayed the NRC as an overbearing regulator, others faulted NRC permissiveness. The agency had tried to be a “kinder, gentler NRC,” said director Tom Murley, where enforcement would be “more diagnostic and less punitive.” Yet, poorly managed plants were numerous, one NRC inspector recalled. Searching for violations at a plant was “like fishing in a stocked pond.”135 Nevertheless, a GAO report thought NRC oversight was lax and upbraided its “culture of tolerating problems” and inconsistency.136 Some problem plants managed to avoid the NRC’s watch list even as others stayed on it for years. The NRC searched for the Goldilocks zone that was not too hot and not too cold.137

Even as the NRC worked to reform the SALP, the “problem plants” produced intense publicity and regulatory confrontation. In March 1996, Time magazine ran a cover story about George Galatis, an engineer-turned-whistleblower at Northeast Utilities, which operated five nuclear power plants, including three at the Millstone station in Waterford, Connecticut. In 1992, Galatis realized there was a licensing issue with a common practice at Millstone, Unit 1. During outages, staff routinely removed, or “offloaded,” all the reactor fuel from the reactor vessel to its spent fuel pool. The potential hazard of relocating all the physically hot fuel to the pool had not been analyzed as part of the plant’s operating license. It was a configuration outside the plant’s design basis. Time detailed Galatis’s successful three-year battle to compel Northeast Utilities to file a license amendment to modify the plant’s procedures and systems to accommodate a full offload.138

The episode tainted the reputation of both Northeast Utilities and the NRC. NRC inspectors knew about the full offload, but they did not grasp its significance. The article suggested darkly that there might have been “collusion between the utility and its regulator,” and that the utility had problems with its safety culture.139 Unable to quantify safety culture, the nuclear industry and NRC often debated how to apply the ill-defined concept for US licensees. Millstone seemed like a clear example of a licensee that lacked it. Forty percent of Millstone’s staff, Time reported, did not trust management enough to raise safety concerns. The NRC conducted a close examination of Millstone’s operations, which uncovered multiple issues regarding site management, whistleblower protections, and the NRC’s response to the controversy. It took more than two years for Millstone-2 and Millstone-3 to receive NRC permission to restart. Millstone-3 alone cost Northeast Utilities $500 million to return to service. Millstone-1 closed for good. “The changing utility structure and electric marketplace,” the utility announced, “lead us to the harsh reality that there is insufficient value in Millstone-1 for our customers.”140

Millstone was not an outlier. Problems of weak safety culture made headlines elsewhere. In January 1996, the NRC issued a confirmatory letter suspending operations at the Maine Yankee Nuclear Station. A follow-up NRC assessment of numerous violations portrayed unacceptable managerial incompetence.

Many of these violations and underlying causes were longstanding and appeared to be caused by ineffective engineering analyses, review and processes which led to inadequate design and configuration control; a corrective action program which was fragmented; a quality assurance function which was not effective at both an individual and organizational level; and ineffective oversight as well as inadequate knowledge of vendor activities. The NRC’s assessments . . . found that Maine Yankee was a facility in which pressure to be a low-cost performer led to practices which over relied on judgment, discouraged problem reporting, and accepted low standards of performance, as well as informality rather than rigorous adherence to program and procedural requirements. Lastly, Maine Yankee had become insular, falling to keep up with industry practice and failing to communicate adequately with the NRC.141

Maine Yankee never produced another watt of electricity. Closure allowed the utility to avoid a substantial fine, and abandonment was less costly than NRC-required upgrades. The NRC’s more aggressive position left some debating whether Maine Yankee’s demise was the result of an NRC-enforced “homicide or suicide” by poor utility management.142

Millstone and Maine Yankee alarmed the NRC. At a 1996 NRC-sponsored conference, James Taylor, the NRC’s executive director of operations, expressed a sense of betrayal as he scolded industry executives. “We have placed a tremendous amount of trust in licensees to operate their facilities in accordance with their operating license. . . . I want to reemphasize how disturbing the situation at Millstone is. With nuclear power generation a mature industry, it is most distressing that an organization can treat its design basis with such disregard that issues fester for years, are ignored, or don’t get fixed.”143

Jackson warned the audience that market competition could degrade safety. She noted that Maine Yankee had fallen prey to “economic pressure to be a low-cost energy producer,” and the NRC would remain on the lookout for plants where “economic stress may be impacting safety.” She worried that in its rush to respond to Towers Perrin, the NRC too may have “moved away from an important balance” in its inspections of design and operational safety. Jackson’s words matched the NRC’s deeds. In just one year, the number of plants on its watch list spiked from six to fourteen.144

The NRC went further. In late 1996, it issued a “request for information” to all licensees to demonstrate they were within their design basis and report deviations found. As Millstone demonstrated, plant management had made numerous seemingly small changes to their plant designs, often at NRC direction, which were not analyzed in the plant’s Final Safety Analysis Report. It was akin to a home mechanic souping up a sports car with numerous modifications, and then being surprised with a safety inspection that required proof that the changes did not degrade the car’s original safety design. Initial estimates indicated that some older plants might have to spend $100 million to satisfy the NRC. While Jackson argued that that “public health and safety is entirely compatible with a deregulated environment,” others were doubtful.145 A utility executive said, “A lot of utilities are looking really seriously at shutting down if they have a big regulatory problem.”146

Where industry saw NRC excess, critics of nuclear power perceived a slipping commitment to safety. Groups such as Public Citizen and the Nuclear Information and Resource Service warned that economic pressures might foster a “utility attitude of ‘minimal compliance’ ” with NRC regulations, and PRAs would simply justify reduced safety margins in the face of “mounting competitive pressure.”147 David Lochbaum of the Union of Concerned Scientists also pointed out that the request for information had revealed numerous instances where plants were not built to their original design specifications, as PRAs assumed. In one instance a critical cooling system would not have worked if needed.148 The NRC’s burgeoning watch list did not mollify critics, either. The NRC, they argued, responded to poor performers reluctantly and with kid gloves rather than decisive enforcement. A General Accounting Office report seconded their arguments.149

In reality, the NRC oversight process split the difference between pronuclear and antinuclear perspectives. Staff hours devoted to inspections and oversight had declined since the early 1990s, and the watch list’s growth indicated the agency was focused on poor performers. Yet, industry fumed at what was called the “Jackson effect,” a reference to the chairman’s perceived fixation with conformance to original licensing documents that proved costly to the whole industry.150 The spike in watch-listed plants and issuance of low-level violations appeared arbitrary and pinned an embarrassing scarlet letter on licensees that could send company stock prices tumbling. Wall Street analysts even used SALP scores in models to predict the stock performance of nuclear power companies.151 “The existing regulatory process gives the public an inaccurate view of plant safety,” said Corbin McNeill, chairman of the PECO energy company. “The NRC applies the regulatory process to every plant as if it were performing at a low level.”152 Even Millstone’s problems, some argued, did not add up to a significant safety problem. Jackson fired back, “It’s like saying, ‘Well, nothing has happened yet.’ ”153

An NRC Inspector General report sided with industry. It pointed out that the NRC’s practice of “enforcing strict compliance” had turned up few safety-significant problems and was costly. The NRC had estimated licensees would expend only four hundred hours to comply with its request for information, but the industry average was two thousand hours. Only two percent of the problems identified warranted further evaluation. Also, the SALP and watch lists did not prove to be predictive of poor performance or a cure for it. Being placed on the watch list did not necessarily incentivize licensee improvement.154

Missing from the debate was congressional guidance. The “Republican Revolution” of 1994 established a new tone in congressional oversight; it was friendly to business, skeptical of bureaucrats, and instinctively hostile to regulation. Initially, the GOP’s wrath focused on agencies inside the beltway. Legislators introduced wide-ranging bills to halt bureaucratic action with regulatory moratoriums and proposals to abolish numerous agencies, including a “near-death” bill for the Department of Energy appropriately named the “Department of Energy Abolishment Act.” Things were comparatively quiet at the NRC’s headquarters in Rockville, Maryland, a safe sixteen subway stops from Capitol Hill. The agency had not had a specific authorization hearing in thirteen years.155

The quiet was shattered in 1998. Dennis Rathbun, who served in Jackson’s office and headed the Office of Congressional Affairs, recalled visits to Capitol Hill that spring where he heard hints that NRC staff might have to worry about how they were going to pay the mortgage. The news broke in May. The nuclear industry had armed Senator Pete Domenici with a study from Tim D. Martin Associates that estimated seven hundred NRC staff could be cut without impact to safety. The reduction in force was to be applied like the tenth plague of Passover in singling out its victims—five hundred engineers and inspectors heavily involved in oversight. The Senate appropriations report excoriated the NRC and echoed much of the criticism lodged in the earlier Towers Perrin report. An industry source told a journalist that he had never seen such language in an appropriations bill and called it a “commentary on the Jackson regime.”156

After his confrontation with Jackson, Domenici said his intention was to send a message. It worked. Jackson gave him satisfactory assurances that the NRC would change. The budget cuts were scaled back. Domenici won a commitment to hold NRC oversight hearings in late July to consider his criticisms and discuss moving to risk-informed, performance-based regulation.157 In mid-June, commissioner Nils Diaz went to Capitol Hill and signaled the NRC’s path forward. A former professor of nuclear engineering, Diaz was sympathetic to the nuclear industry and pushed for “fully risk-informed regulations.” Nuclear power was “a socio-political issue,” he noted, and he acknowledged the “strong inducement” Domenici gave the NRC “to conduct a searching evaluation of itself.” It was time to “give priority . . . to risk-informed regulation. . . . Everyone agrees to it, why not do it?” If the industry petitioned the NRC to develop ambitious risk-informed regulations, he suggested, “I believe you will get it.”158

The subsequent oversight hearing, conducted by Oklahoma Republican James Inhofe, produced an incongruous moment of unity between the industry and antinuclear activists on the need for NRC change. NEI applauded Congress’s renewed interest in the NRC and assailed the agency’s “outdated, ineffective regulatory framework” that relied too much on subjective judgments and punitive enforcement actions. “Immediate, fundamental changes in policy and culture are necessary.” The NRC needed to adopt “risk-informed and performance-based concepts” that would be “objective, safety-focused, and responsive.” David Lochbaum was skeptical that PRA quality was good enough for regulatory use, but he agreed with industry that “the NRC needs to have objective criteria to understand what plant performance is. They don’t have that and that puts them into this box where a good performing plant overnight comes on the watch list. . . . That is not fair to anybody involved.”159

Congress wanted swift action and got it. In June, the commission directed an end to adversarial oversight. Enforcement, they told the staff, should not be the “driving force” of a new assessment program. At the July 30 hearing, commissioner Edward McGaffigan admitted the NRC’s existing system was not working. “We have this old, prescriptive, deterministic framework hanging around, driving us to do things that are trivial.”160 After the hearings, Jackson directed the staff that Congress expected “the NRC to accelerate ongoing improvements and to immediately make additional, significant changes and improvements” to the reactor oversight program and speed up processing license renewal applications. Jackson wanted quick victories on a few visible projects; shed work elsewhere as necessary, she instructed. After that, “we will need to consider more profound changes . . . over several years.”161

With the NRC in retreat, the nuclear industry tossed it a lifeline, then another, and another. Just three days after the Jackson-Domenici meeting, NEI sent the NRC a policy blueprint to “conduct a reasoned debate” on the policies necessary to allow nuclear power to thrive. Time was of the essence, the brochure warned. “Competition in the electricity business necessitates the NRC’s achieving these changes as soon as possible.” The “new paradigm in regulation” would be to employ “risk insights from probabilistic [risk] assessments, [which] can greatly improve the safety focus of regulatory requirements.”162 NEI had ideas for a new oversight program that married engineering judgment, defense in depth, and insights from probabilistic risk assessments. Objective numerical thresholds of declining performance would trigger greater NRC oversight. The NRC suspended the SALP program in October, and the following spring it halted publication of the “hated” watch list.163

With the moment ripe, NEI also proposed what one industry publication called a “revolutionary” revision to regulations. It outlined a way to risk-inform the whole of the safety regulations governing existing operating reactors. The revisions to “Part 50,” known for its location in the code of federal regulations at 10 CFR Part 50, were simple and breathtaking. It covered 51 separate sections of Part 50 and its appendices. It redefined the term “safety-related” and limited its application to accidents and safety systems “which operating experience or probabilistic risk assessment has shown to be significant to public health and safety.” Applying PRA to the regulations could reduce requirements for reactor systems, fire protection, emergency planning, quality assurance programs, control room designs, and spent fuel pools. Millions in savings was predicted for each plant.164

The most revolutionary part of this revolutionary proposal would eliminate as a credible accident the grandfather of all design basis accidents, the large-break loss-of-coolant accident (LOCA). As the founding myth of nuclear safety, every operating light water reactor in the world kept vigil to cope with it. A plant’s safety-related systems had special requirements for quality, redundancy, and reliability based on a LOCA—fuel design, emergency core cooling systems, containment spray, containment sump pumps, electrical equipment, containment buildings, and hydrogen scavenging systems. The LOCA also set standards for “environmental qualifications,” the harsh accident environments safety equipment had to operate in. Changing the design basis accident to a smaller pipe size could relax these requirements and save money by cutting back on refueling requirements. Rather than stylized accidents selected by expert judgment, those with quantitative safety significance would take center stage. All that was needed was enough data, operator experience, and a thorough PRA.165 Data, experience, and good PRAs were easier said than done. But for the moment, advocates of risk-informed regulation had momentum, helped along, as one industry publication noted, by the fortunate timing of the industry’s safety record and “congressional overseers [who] are sympathetic if not outright supportive.”166

To some NRC staff, the change in direction after the Jackson-Domenici meeting was a serious challenge to the NRC’s independence. At an agency meeting, commissioners Jackson, Diaz, and McGaffigan worked to persuade employees skeptical of risk-informed regulation to make a “culture change.” McGaffigan warned, “Congressional attention is not going to go away. . . . The old model was [a] ponderous utility dealing with ponderous state utility commission[s] dealing with ponderous Nuclear Regulatory Commission. That model is not going to be adequate in the twenty-first century.” One staffer said the NRC had been “relatively resistant to political pressure” and resented “the fact that . . . we are being threatened by someone who has the power of the purse over us.” Jackson responded, “We are creatures of Congress, and we have a responsibility to be responsive. . . . Congress has provided us with a platform to accelerate our movement in a direction we know we must go, a direction we ourselves already had decided we needed to go.” “Take a drink of risk-informed regulation and let it go to work in your system,” Diaz joked. “You never know. You might enjoy it.”167

In public testimony, Jackson went further. When asked by Senator Bob Graham of Florida about nuclear power’s decline, she declared, with the endorsement of the other commissioners seated with her, “I am a proponent of nuclear power. I regulate it, but I believe in it. I don’t think it is desirable to have a decline. I think having a diversity of energy supply from an economic security point of view is an important goal.” The way the NRC could help solve the industry’s economic problems was through “shifting the regulatory paradigm to become risk-informed and performance based” and “no unnecessary burden beyond that.”168

The commission talked of a paradigm shift, but substantive change was more modest. Among the successes was the Reactor Oversight Process (ROP), which replaced the SALP. As one industry publication noted, NEI “literally co-wrote” the ROP with NRC staff.169 The new process combined a probabilistic approach with defense in depth expressed in “cornerstones” of safety. Grading of plant performance was done through a more transparent and objective color-coded scheme that measured increments of increasing risk from performance indicators. Enforcement was calibrated to the safety significance of an infraction. Except for issues found to be in the lowest category of safety significance—a “green” finding—NRC specialists were to perform a risk assessment of their findings. Higher-level risk findings would require more NRC oversight resources, public involvement, and utility planning. As the NRC relied on performance indicators, however, some qualitative assessments were left behind. The NRC would infer declining safety culture from performance indicators, but it would not measure it.170 “That was the end of the DETs,” recalled Brian Haagensen. For the moment, the experiment with the social sciences and organizational research was over.171

While the ROP closely reflected industry desires, industry did not get all it wanted. It proposed that the NRC perform inspections only when performance indicators revealed worrisome trends. The NRC rejected this concept. “Our mere presence at a site changes licensee staff behavior,” observed Scott Morris, one of the ROP’s authors.172 The final product won the approval of some industry critics. David Lochbaum of the Union of Concerned Scientists served on a task force that evaluated the piloting of the ROP. The new process, he concluded, “can make a large, positive contribution to nuclear power plant safety” and was “substantially better than the [SALP] and Watch List processes.”173 Along with the maintenance rule, the more objective, risk-informed ROP brought some peace to the NRC-licensee relationship.174

A warming of relations between industry and regulator was evident as Jackson’s momentous term as chairman wound down. In February 1999, Senate oversight hearings before subcommittee chairman James Inhofe were mostly amicable.175 The NEI expressed its general satisfaction with the NRC’s progress. Nuclear critics, on the other hand, complained that the nuclear industry was “regulating the regulator.”176 Jim Riccio of Public Citizen later quipped that the NRC’s “near death experience” had really been a “non-hostile takeover of NRC by NEI.”177 Whether or not that was a fair assessment, it was noteworthy that the industry’s safety performance has substantially improved during the ROP’s two decades. As it was, few mourned the SALP’s demise. Sparse attendance marked the hearings; Inhofe mostly sat alone while his colleagues attended to details of President Bill Clinton’s impeachment trial.

PRA had made inroads into NRC regulations in the 1990s. The maintenance rule, PRA policy statement, and emerging Reactor Oversight Process had given the methodology practical applications in ways not envisioned in WASH-1400. Its quantitative insights contributed to a fundamental rethinking of the Three Ds’ qualitative safety, particularly the meaning of defense in depth. The 1957 WASH-740 accident study described defense in depth as three barriers to the escape of radiation—fuel-rod cladding, primary-coolant piping and vessel, and containment building. By the twenty-first century, the lessons from operations, mishaps, and PRA produced a more sophisticated understanding of defense in depth. In the risk-informed era it involved multiple layers of technology and humans—barriers, safety systems, operators, organizations, and emergency responders—as compensation for its incomplete knowledge of accident hazards. Quantitative risk insights helped make qualitative safety better.178

The improved regulatory climate came along just when prospects for the nuclear industry were looking up. The predicted wave of decommissioned plants never broke over the industry. Instead, licensees sought twenty-year license extensions, a process eased by the maintenance rule. In 1999, former NRC commissioner James Asselstine was a managing director for Lehman Brothers. While at the NRC, he had been an industry critic, but he told an NEI conference that there was palpable optimism on Wall Street regarding nuclear power. “Investors are coming to realize well-run nuclear plants can be very competitive.”179 Performance measures at operating plants were on the rise and on par with or better than plants in other nations. Since 1982, significant safety event reports had dropped 92 percent; the median unit capability factor had risen 38 percent. The plants that survived “a healthy industry shakeout,” one industry official said, became valuable baseload providers. The plants that closed, another conference speaker pointed out, had not been managed well and had capacity factors below the industry average.180 The surprise of deregulation, Scott Morris thought, was that it made plants safer not less, as the NRC feared. Market forces made licensees “terrified” of low marks from the NRC.181 They went to great lengths to stay in the good green column of ROP performance metrics. Improved performance allowed the industry to turn to the future. At a “Profit with Nuclear Power” conference—a title unthinkable just a few years earlier—a vice president with Entergy Nuclear confessed, “Three years ago I said 20–25 [nuclear] units would shut.” Now he predicted “a nuclear renaissance.”182

A renaissance was more than conference talk. With nuclear power’s stock on the rise, the NRC, Department of Energy, and reactor vendors laid the groundwork for a second nuclear era. In addition to the streamlined licensing process for new reactors, DOE offered seed money to encourage vendors to obtain NRC-approved standardized, “passive safety” reactor designs. There was also money for utilities to bank pre-approved sites, ready for the day they could place a reactor order.183

With the success of risk-informed regulation loomed potential setbacks. As it permeated NRC regulations and decisionmaking, it would rise or fall, be praised or blamed based on solid plant performance, mishaps, and accidents. A little of all those factors awaited in the new century, but the nuclear industry and the NRC could look back at a surprisingly positive run. Paul Joskow, an MIT economist, remarked, “The 1990s were an especially good decade for nuclear energy. The U.S. nuclear industry has finally learned how to operate the existing fleet of nuclear plants economically and safely.”184

Before turning to the NRC’s PRA story in the twenty-first century, it is edifying to step outside US reactor plant regulation and to review how risk assessment fared in other applications. As the NRC and nuclear industry worked to establish PRA as a cornerstone of a new reactor safety era, the descendants of WASH-1400 were making their mark in new applications at home and abroad.
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Risk Assessment Beyond the NRC

Risk assessment succeeded as a nuclear safety tool, disappointed at public persuasion, and enjoyed modest progress in NRC regulation. The NRC’s creation had varied but important influence outside the US nuclear power industry. Mishaps and disasters revealed the limitations of qualitative safety and engineering judgment in other complex technologies. The PRA lessons of Three Mile Island were taught anew during the chemical disaster in Bhopal, India, the loss of the space shuttle Challenger, and the Chernobyl disaster in Ukraine. The NRC’s reports on PRA quickly became templates for nonnuclear safety assessments.1 This chapter details three cases where the NRC influenced the use of risk assessment beyond the original application to US nuclear power plants: the US space program; assessing the safety of Soviet-designed reactors after the fall of the Communist bloc; and the NRC’s cooperative effort with the Environmental Protection Agency (EPA) to deploy risk assessment in the decommissioning of NRC-licensed facilities.

In two of these stories, PRA helped produce positive results. The National Aeronautics and Space Administration (NASA) came to lean heavily on the nuclear industry for a new safety model, as did former Communist-bloc nations searching for safety in a post-Chernobyl, post-Soviet world. PRA became a tool of diplomacy as a nascent European Union sought to resolve reactor safety disputes across the former Iron Curtain.

Risk assessment diplomacy did not always work, however. Policymakers at the NRC and EPA hoped risk quantification would allow them to speak a common technical language and facilitate their occasionally contentious cooperation in the regulation of low-level radiation hazards at decommissioned facilities. Risk assessment did clarify differences between the two agencies in their approach to low-level hazards. Ironically, this improved understanding exacerbated their differences and, for a time, hindered compromise. A final resolution required regulators to step beyond quantified risk to consider a mixture of social, political, and technical factors. These three cases, then, reveal the possibilities and limits of risk assessment when used by government agencies and international negotiations on technical issues.

WASH-1400 COMES TO NASA

“Statistics don’t count for anything. They have no place in engineering anywhere,” said Will Willoughby.2 In the 1970s, Willoughby directed NASA’s reliability and safety program; his comment, made in 1989, reflected the disdain some engineers held toward statistics and probabilities and their preference for engineering judgment. With the 1986 Challenger disaster and a subsequent, and scathing, presidential commission report, NASA was under fire for not taking risk quantification seriously. Nobel-prize-winning physicist Richard Feynman served on the Challenger commission and ridiculed NASA’s probability guesswork that a shuttle disaster—a Loss of Vehicle (LOV)—would occur in only one in one hundred thousand launches. It was, he noted, the equivalent of sending a shuttle aloft every day for three hundred years and expecting just one LOV. NASA’s obliviousness to the real probability, he believed, encouraged it to play “a kind of Russian roulette” where each successful launch convinced its leadership to keep spinning the cylinder and pulling the trigger on the next one.3

The cause of the Challenger disaster was straightforward: an unusual Florida cold snap led to a common-cause failure of a primary and backup O-ring in one of Challenger’s solid rocket boosters. The long, tubular boosters mounted on either side of the shuttle’s large liquid-fuel tank consisted of numerous ringed segments stacked vertically to a height of one hundred fifty feet, the largest solid rocket ever built. The gaps between each segment were sealed by O-rings to prevent the escape of hot gasses created by the igniting rocket fuel. The frigid morning temperatures shrank and hardened the O-rings, creating tiny openings. Once the leak started, the rush of hot gasses enlarged the openings even more, destroying the shuttle seventy-three seconds after launch.

If the accident itself was simple, NASA’s failures were complex and hotly disputed. Technical and scholarly investigations mostly focused on a host of design and management problems, particularly NASA’s culture of high production, a can-do confidence that refused to consider the possibility of failure, and engineering groupthink that accepted a flawed design and launch decision as normal. As one scholarly assessment put it, NASA was beset by “a diffusion of responsibility, a bias toward political pressure, and an overall success-oriented perspective.”4 Success bred a euphoric optimism that blinded management to a probability of shuttle failure that was at least a one in one hundred proposition. Feynman blamed NASA “management’s fantastic faith” in success that was disconnected from the real risk.5 Other explanations explored NASA’s excessive faith in redundant components, such as the extra booster O-ring that failed, too.6 Another faulted NASA’s “normalization of deviance,” in which the risks of launch were accepted until they could be proven to be very high.7 Harold Lewis, who headed the committee that critiqued the Rasmussen Report, believed NASA was victim of the same “psychological trap” that befell the nuclear industry before Three Mile Island and the Soviets before Chernobyl “that because something has not happened, you are doing just fine.”8

Others attributed NASA’s blindness to risk to an engineering cultural bias that, like Willoughby, disdained probabilities. “There’s a general reluctance by engineers . . . [to use] probabilities,” one risk expert said. “This reluctance is not unique to NASA.”9 Safety margins and engineering judgment were “the way engineers have operated for, well, forever,” another expert agreed. “The Romans were not computing probabilities when constructing aqueducts.”10 Even after Challenger, one NASA official said, “For everyone in NASA that’s a big PRA seller, I can find you 10 that are equally convinced PRA is oversold.”11 Like the NRC before it, NASA adopted PRA incrementally and, for many employees, reluctantly, over two decades that included the additional inducement of the loss of the Columbia spacecraft in 2003.

These explanations overlook NASA’s longer history with risk assessment; it was not biased against quantified tools, but rather had turned away from them after unsatisfactory experience. In the 1960s, it had energetically pursued PRA for its Apollo program, and some of the nation’s best PRA experts came from aerospace. Just as quickly, however, NASA abandoned this tool in favor of a system that relied heavily on qualitative engineering judgment. The choice of qualitative over quantitative tools brought NASA much success with Apollo, and Willoughby’s comment reflected hard experience with still-clunky PRA tools and a justifiable pride in NASA engineering that, like the Three Ds of nuclear safety, worked well. This decision, however, came at a long-term cost. PRA might have helped the agency see the relative risk significance of the shuttle’s solid rocket boosters to crew safety.

Dependent on qualitative safety tools, NASA’s poor grasp of probabilities was normal. Experts in multiple fields operated in confident ignorance of risk.12 Untethered from disciplined risk assessment methodology, NASA’s maligned one-in-one-hundred-thousand launch-failure estimate (about two thousand times lower than its estimates for a loss of crew on Apollo missions) was a little pessimistic compared to guesswork in other fields. Uncommon hazards usually came with a common probability: about one in a million (10−6). In nuclear energy, numbers close to 10−6 were used by the 1949 Reactor Safeguard Committee, the 1957 WASH-740 report and its 1965 update, and later by the AEC regulatory staff. In other fields, the FDA, EPA, and even the Supreme Court picked something close to 10−6 when establishing risk goals regarding hazardous substances. Congress, too, chose 10−6 as an acceptable emission risk standard for individuals when it amended the Clean Air Act in 1984. The million-to-one standard was popular, so popular that there was even a unit of measure for it, the micromort. Nevertheless, it was arbitrary; it equated to the odds of getting cancer from smoking 1.5 cigarettes in a lifetime or drinking three glasses of wine.13 “One in a million” was shorthand for the belief that modern life could be made to pose negligible risk. NASA’s poor instincts on shuttle risk fit with the times.

Not everyone at NASA abstained from quantitative risk assessment. Post-Challenger assessments revealed that in the back corners of the agency, away from shuttle launch decisions, qualitative and quantitative safety did battle even before the doomed launch. Risk experts familiar with nuclear industry PRAs squared off with NASA engineers who stood by engineering judgment. PRA experience brought to these debates a realistic perspective grounded in booster failure-rate data and an awareness of common cause failures. They exposed the space agency’s successful qualitative safety approach as antiquated and cumbersome. Without PRA, NASA, like the NRC before it, struggled to develop reasonable estimates of launch risk and identify safety issues that should receive the most attention. In the years after Challenger, NASA turned to the nuclear industry for PRA expertise, which has grown in importance at NASA.

Why, in the 1960s, did NASA stop quantifying and start guessing on probabilities? Its decision was rooted in the crude state of 1960s PRAs and the demanding deadlines of the Apollo program. Along with the US ballistic missile program, NASA pioneered quantitative risk assessment. By the mid-1960s, NASA had developed fault trees for Apollo’s Saturn V rockets and the Command, Service and Lunar Modules. Then just as rapidly, it abandoned quantification as too expensive, labor intensive, and slow to keep up with the swift redesigns NASA’s engineers made as they raced to the moon.14 NASA discarded PRA in favor of a more qualitative methodology called Failure Mode and Effects Analysis (FMEA). FMEA worked well during Apollo, and its limitations only became evident during the complex space shuttle program when qualitative approaches left NASA unable to discern the most beneficial safety design changes.

There may have been more to the story. NASA abandoned quantitative risk assessment, some believed, because it delivered bad news. As NASA’s chief engineer later testified after the Challenger disaster, the Apollo risk assessment “was so pessimistic that we did away with that study.”15 NASA veterans recalled that the early PRAs indicated success rates as low as one in twenty. Revised estimates came in with an alarming one failure in three launches, and even the more optimistic goal of an 80 percent success rate indicated the chance of disaster over a dozen missions was distressingly high.16

A more benign interpretation was that NASA wisely concluded that quantitative risk assessments were just wrong. Even accounting for the mission failure of Apollo 13, NASA enjoyed greater success than their PRAs predicted. The slow, labor-intensive construction of fault trees did not keep pace with Apollo’s rapidly evolving design. NASA staff believed it correctly opted for FMEA—a careful engineering investigation of each safety system to identify weaknesses and “single-point failures” that might spell doom for a flight.17 FMEA prioritized safety problems through a tracking system into “criticality” categories of their potential to cause a loss of mission and crew. Items on this Critical Issues List (CIL) had to be resolved or waived before launch. While some subsystems might employ probabilistic data and methods, the FMEA/CIL system relied on component reliability data and engineering judgment from multiple committees of engineers.18

For Apollo, the success of the FMEA/CIL system and a heavy emphasis on quality assurance convinced NASA that careful attention to detail and old-fashioned engineering judgment offered superior safety. Going to the moon had substantial political support and funding to solve design issues through NASA’s qualitative approach. The cash-strapped shuttle program was another matter. By the time the first shuttle launched in 1981, almost a decade had passed since the last Apollo mission. The shuttle was extremely complex, and unresolved problems grew. Advances in computers and PRA could have been useful in assessing risk and prioritizing safety issues. Yet, NASA’s pride in its pencil and paper launch decisions created a culture distrustful of PRA. Early shuttle success added to this confidence. Nuclear regulators admired NASA’s enviable safety record.19

In the deep recesses of the US space program, PRA survived. Nuclear-powered satellites often used uranium or plutonium as a heat source to generate electricity. NASA launched many nuclear-powered satellites in the 1960s and early 1970s under the AEC’s Systems Nuclear Auxiliary Power Program (SNAP). In 1961, the AEC recognized that an accident from a SNAP satellite had important safety, environmental, and diplomatic implications. Despite their small size, a failed SNAP launch and burn-up in orbit could spread radiation globally. These risks proved more than hypothetical, as one plutonium unit disintegrated on reentry in 1964 and almost tripled the global atmospheric deposit of a key plutonium isotope. President John F. Kennedy issued directives to NASA, the AEC, and the Department of Defense to assess each satellite launch for its risks and benefits. President Jimmy Carter issued an updated directive in 1977.20

The AEC’s traditional conservative reliance on large design margins would not work in space. SNAP units had to be light and compact. This meant a probabilistic assessment of potential accidents was important to ascertaining that a mission posed no undue risk. By 1965, an interagency panel drew on experts with nuclear and aerospace expertise to assess risk with rudimentary event trees and estimates for postulated accident scenarios. SNAP’s quantitative risk assessments encouraged similar work for land-based civilian and weapons reactors in the 1960s.21

The use of PRA for nuclear-powered satellites continued during the late 1970s. The reentry and burnup of a Soviet satellite over Canada led to a United Nations working group on satellite safety. The United States planned for its new space shuttle program to launch plutonium-powered scientific probes to Jupiter and the sun, and it contributed papers to the working group calling for space-bound nuclear sources to be subject to a probabilistic risk analysis, an environmental impact statement, and a numerical “risk index” evaluation. Through this approach, the United States said the radiation risk from its units would be as low as reasonably achievable. These satellite initiatives gave the US space program something of a split personality on risk. Qualitative engineering judgment dominated shuttle design and launch decisions, and NASA established a poorly-informed failure rate objective of one in one hundred thousand launches. However, whenever a shuttle carried a nuclear-powered cargo, the mission would be evaluated with a quantitative risk assessment.22

In anticipation of the shuttle carrying nuclear payloads by the mid-1980s, NASA contracted with the J. H. Wiggins Company to estimate the probability of a loss of the shuttle. Since early shuttle launches did not carry nuclear payloads, NASA’s running debate over the Wiggins study played out in the background and had no role in any launch decision, including Challenger.23 The Wiggins study began before the first shuttle was launched in 1981, and it lacked operating data on many shuttle components. Wiggins looked outside aerospace, collecting failure-rate data from the nuclear industry, the WASH-1400 study, and relevant military missile technology. The failure data on the shuttle’s solid rocket boosters was alarmingly high, so high it dominated the total probability of a LOV. Historically, a catastrophic failure occurred in one in fifty-seven flights. With two boosters, shuttle failures could be twice that. After consultations with NASA, however, Wiggins concluded that NASA’s “learning curve” would be a steep one, much like the Apollo program. It concluded the failure data was too pessimistic. Wiggins set aside the data in favor of an engineering estimate that lowered the probability by more than an order of magnitude, to one in one thousand flights. A NASA committee further claimed that “unique improvements” in the boosters justified adding a failure range between one in a thousand and ten thousand flights. From this estimate, Wiggins concluded that the shuttle represented a risk “very small compared to other public risks.”24

The revisions to the Wiggins study were greeted with skepticism. An interagency nuclear safety review panel thought the risk estimates were too optimistic, and the Air Force contracted for a review of its findings from Teledyne Corporation. Its authors, Robert Weatherwax and E. William Colglazier, had worked on aerospace and nuclear power risk assessments. Weatherwax had offered an important critique of WASH-1400 and served as expert witnesses for intervenor groups on the Indian Point nuclear plant risk assessment discussed previously. Although they had been critical of the Indian Point study by Pickard, Lowe, and Garrick, the duo suggested the Wiggins report should use this latest nuclear PRA methodology. They were concerned that Wiggins made “selective use of data” and “optimistic and unrealistic” assumptions. Wiggins’s results “seriously understate the Shuttle risk . . . and should not be relied upon.” They concluded that the historical data indicated a mean failure rate of one in seventy for each solid rocket booster.25

Debate continued. The Marshall Space Flight Center countered that the shuttle’s solid rockets were a superior design. The use of a second O-ring to prevent hot gas leakage through gaps between rocket segments, they predicted, would dramatically lower failure rates. “It is our expectation, and that of Morton-Thiokol [the booster designer], that [with the solid rocket’s] inherent design margins, unique configuration and control measures that have been taken, the zero-failure data base [in tests] will be maintained.”26 That Marshall believed the second O-ring would eliminate the possibility of leakage revealed its ignorance of common cause accidents, such as the cold snap that rendered both O-rings inoperable on Challenger. Common cause accidents had been debated in detail in the WASH-1400 controversy. The Air Force next turned to Sandia National Laboratory’s light water reactor safety division, which had done PRA work for the NRC. Their review of the Wiggins and Teledyne reports took a middle position, finding Teledyne’s criticisms of Wiggins valid, but thought its risk estimates could be too pessimistic.27

In May 1985, the interagency nuclear safety review panel sided with Weatherwax and Colglazier. As one NASA official noted after the Challenger accident, the panel expressed “grave concerns” about booster safety, concluding that NASA’s probabilities “ignore historical data and are based instead on engineering judgment.”28 It rejected the Johnson Space Center’s claim that the boosters were two orders of magnitude safer than previous versions, since there were few design differences. In fact, the boosters were more complex than earlier designs and might fail at higher rates. The panel demanded revisions to account for human factors and common cause failures. Only months before the Challenger disaster, the panel estimated an LOV probability of between one in a hundred and one in a thousand. These experts, familiar with nuclear risk assessment, pegged shuttle failure probability almost one hundred times higher than NASA. When NASA abandoned PRA during Apollo, it became blind to realistic risk assessment.

The Challenger disaster led to reform efforts within NASA’s culture of decision-making and a substantial redesign effort of the shuttle, particularly the solid rocket boosters. Like the NRC, the space agency was reluctant to augment its previously successful qualitative launch decisions with PRA insights. The presidential panel on the Challenger disaster, however, called for an expert panel under the National Academy of Sciences (NAS) to investigate NASA’s risk assessment methodology. The NAS committee included experts in PRA from the nuclear industry, such as John Garrick of the firm Picard, Lowe, and Garrick. In 1988, the committee concluded the NASA system of risk assessment and management was “illogical,” “biased,” and “subjective.” The report asserted, “Without more objective, quantifiable measures of relative risk, it is not clear how NASA can expect to implement a truly effective risk management program.”29

NASA’s safety tracking system, the committee found, was too unwieldy to make launch decisions. One journalist reported that the committee “found a system in chaos, one that provides top officials with lots of data but very little perspective.”30 The CIL was more like an unmanageable to-do list. After Challenger, the number of items on the list labeled “Criticality 1”—components and systems whose malfunction could destroy a shuttle—jumped from 2,500 to about 4,500. Without risk quantification, the committee pointed out, it was impossible for anyone to sort out the items most important to safety or determine if some of the items belonged on the list at all. In a typical nuclear power PRA, only twenty to fifty accident sequences out of the millions of possibilities pose a significant risk, and it was likely that many of the 4,500 Criticality 1 items were unimportant. NASA’s post-Apollo aversion to PRA was impacting safety, the committee noted. “This disinclination still prevails today. As a result, NASA has not had the benefit of more modern and powerful analytical assessment tools [developed by] the communications and nuclear power industries.” NASA needed to adopt PRA “at the earliest possible date.”31

As with the NRC before it, adoption of PRA at NASA took decades. In 1987, NASA started raiding the nuclear industry for talent, hiring Benjamin Buchbinder, an NRC chief of risk analysis. Buchbinder acknowledged the difficulty in selling PRA to NASA leadership: “A probabilistic way of thinking is not something that most people are attuned to. We don’t know what will happen precisely each time. We can only say what is likely to happen a certain percentage of the time. . . . That is no comfort to the poor decision maker.”32 In response to the NAS committee recommendations, NASA also created an Office of Safety, Reliability, and Quality Assurance to oversee PRA development.33

NASA contracted with several companies with deep roots in nuclear power risk assessment to develop PRAs for the nuclear-powered Galileo space probe. The early studies were successful enough to help defeat lawsuits against the Galileo launch, since they found that while a launch catastrophe had a higher probability than previously expected, the risk posed to the public was still quite low. By the early 1990s, NASA used fault trees and other PRA methodology at the component and system level.34

Science Applications International Corporation (SAIC), a veteran of nuclear industry risk assessment performed a complete PRA on the space shuttle in 1995. It concluded that a median value for a LOV was about one in 145, supporting previous pessimistic estimates. It found that the main engines represented the greatest risk to the shuttle (37 percent of the total) and that the new redesigned solid rocket boosters posed much less risk. It also concluded that the CIL “only grossly correlated with the actual distribution of risk.” Other systems not on the list were significant risk contributors. PRA’s value to the shuttle, the authors argued, was as “a living model” that could be revised to incorporate new data.35

In the following decade, importation of nuclear PRA knowledge continued. NASA purchased the SAPHIRE PRA code, first developed for the NRC, from Idaho National Laboratory. William Vesely, a technical expert on the Rasmussen Report, was the lead author in developing a fault-tree handbook for aerospace applications. In the late 1990s, cooperation on risk assessment between NASA and the NRC increased, with conferences and an interagency agreement for cooperation on risk assessment.36

The loss of the Columbia highlighted additional weaknesses of NASA’s risk approach. Although engineers were aware that foam insulation could break loose from the external fuel tank and strike the shuttle’s heat tiles, poor communication and a failure to perform a comprehensive risk analysis obscured the total picture of potential damage.37 A NASA risk expert admitted, “There’s all sorts of complexity that we may not be able to capture.”38

With the end of the space shuttle program, NASA deployed PRA to assess the International Space Station program and elements of future missions to Mars. In 2010 and 2014, NASA published a two-volume system safety handbook with striking similarities to the NRC safety framework, including the use of PRA as part of making a risk-informed case for safety, establishing numerical safety goals, and a requirement to be as safe as reasonably practicable. This was hardly a coincidence; the handbook’s authors were veteran PRA experts from the nuclear industry, DOE national laboratories, and the NRC’s safety research program.39 Any future mission to the moon or Mars will rely on nuclear-inspired PRA safety.

RISK ASSESSMENT ABROAD

PRA crossed the technological border between nuclear power and space flight; it also found applications across national and Cold-War borders as a technological-diplomatic tool. After the Chernobyl accident in 1986, the fall of the Iron Curtain and the dissolution of the Soviet Union, much of the public in Western Europe expected Soviet nuclear power technology to join the communist system on the ash heap of history. Instead, there followed an unprecedented collective effort by the United State, Western Europe’s nuclear nations, and Japan to “Westernize” the safety of Soviet-designed reactors in the former Soviet states and Central and Eastern Europe (CEE). Only those deemed unsafe and unsalvageable were closed. After a decade of sorting the blessed from the unblessed reactors, CEE nations shuttered six older PWRs and two Chernobyl-design reactors.40 After some upgrades, sixteen newer Soviet models continued to operate.

The paltry list of closures was something of a surprise. In the early 1990s, safety inspections of CEE reactors by Western experts were so alarming that they evoked comparisons to Chernobyl. At the same time, the post-Soviet desperation of impoverished CEE nations seemed to put the region at mercy of the new European Union (EU) and United States. Bereft of Soviet technical expertise, the CEE needed the West’s resources to ensure safety and build new regulatory systems of their own. In such an unequal relationship, closure decisions were expected to be swiftly dictated by the West. Instead, negotiators took a decade to wring limited plant closures from CEE nations as they sought accession to the EU.41

On the whole, the controversy over the closure of Soviet-era plants has been interpreted though the lens of EU accession politics and the negotiating leverage Western Europe enjoyed over CEE nations. There were, to be sure, political factors at play in closure decisions, such as the unique dynamics of the EU accession process, the strength of EU antinuclear sentiment and activism, and consideration of the interests of each accession nation. Yet, the safety case for these plants was critically important.42 The death sentences meted out to a few CEE reactors correlated closely with their lack of safety features as compared to Western plants. Reactors that met informal international safety standards kept operating; ones that did not were shut down.43 The fate of these Eastern-bloc reactors turned less on politics than on technical evaluations, including PRA.

This success in turning potential political conflict into satisfactory technical outcomes stemmed from a framework of cooperation created by Western experts in collaboration with their Eastern counterparts. To the satisfaction of policymakers, they were able to answer which Soviet designed reactors were about as safe as those of Western nations or could be upgraded as a reasonable cost.44 They found answers in traditional Western concepts of safety, such as defense in depth, and tools such as PRA and other computer codes.45 They helped establish a common technical language between nuclear experts working across the former Iron Curtain. In evaluating exotic Soviet reactors, PRA learned to speak Russian, German, French, and Bulgarian as it gained some acceptance by the international nuclear community.

CEE nations accepted PRA and other tools because they were empowered by them. It offered a fair chance to demonstrate their reactors were safe enough.46 To bring Eastern bloc nations into this system, the nuclear nations of the West gave away PRA and other reactor modeling codes and provided financial, technical, and training assistance. These carrots, along with the sticks of safety-based EU accession criteria, induced broad-based change. The relationship between Western and CEE experts was not an equal one, but it was mutually beneficial. CEE nations had to participate in a program that could shut down their plants, but in return they gained the means and competence to meet safety standards and protect their national interests. They influenced the consensus that CEE reactors were not as safe as Western plants but not as dangerous as initial assessments supposed. PRA provided the breathing room to carry out an orderly evaluation process. CEE nations had to accept some painful closures of their oldest, least safe reactors, but they gained expertise and regulatory independence.47

The collaborative nature of this system had reciprocal influences across the East-West divide. CEE nations were largely compelled to join the Western reactor safety system, but it was a system that they learned from, helped shape, and from which they drew benefits. In remarkably short order, a group of safety experts found technical and regulatory solutions to a political/diplomatic problem that sped the technological integration of Europe.

PRA’s influence extended beyond questions of individual plant safety and European integration. The end of the Cold War created a fluid situation in Europe, with many competing interests vying to influence safety decisions on Soviet reactors. An international community of experts worked to tame these contending forces by creating a stronger international framework for reactor safety based on international conventions, capable regulatory agencies, and safety assessment tools, such as PRA.48 Common technical rules, computer evaluation codes, and PRA, they hoped, would help curb the socio-political forces at play and build an international consensus on safety.49

The groundwork for the integration of East and West in nuclear power was laid during the Cold War through the long history of scientific cooperation between the United States and Western Europe. As John Krige has shown, the United States used its considerable scientific advantages early in the Cold War to establish a collaborative program of technological development that proved beneficial to European allies who accepted US assistance and leadership. In this post-Cold-War story, the scales shifted, with the United States and Europe operating more as equals to integrate CEE nations, assisted by technical tools pioneered in the United States and shared widely as a common language of safety.50

Such cooperation was not an obvious outcome before the Cold War ended. Nuclear nations carefully guarded the autonomy of their strategic and civilian nuclear programs, and nuclear safety standards were national standards. While there were international conventions on nuclear accident liability, state sovereignty over nuclear programs precluded any binding agreement on safety standards. As early as 1974, the International Atomic Energy Agency (IAEA) sought to achieve a global consensus on reactor safety. Prospects had improved, in part, because most nations outside the Soviet bloc abandoned alternatives to US-designed light water reactors. While new reactors were built using shared principles of design, national regulatory safety approaches differed enough to cause the IAEA concern. Over a twenty-year period, the IAEA, the European community, and the United States worked toward an international set of safety and reliability criteria. Nations agreed to the optional guidance documents because they did not challenge national nuclear autonomy. The IAEA initiatives were modest, but until Chernobyl, considered good enough.51 This regulatory patchwork made it difficult for Western nuclear regulators to articulate a common vision of what “safe enough” looked like.52

The shock of the Chernobyl accident provided a boost to an international nuclear safety regime. “A radiation cloud doesn’t know international boundaries,” IAEA Director General Hans Blix noted. “[Chernobyl] will help foster stronger bonds for international nuclear safety.”53 Nations quickly signed on to conventions establishing rules for mutual emergency assistance pacts and early accident notification, but there was little headway toward meatier agreements on nuclear reactor safety or improved liability compensation for nuclear accidents.54 As Blix noted, “It is important to retain the principle that responsibility for nuclear safety must remain with national governments. They alone can legislate. They alone exercise the power to enforce. They cannot be relieved of this duty by any international arrangements.” The Netherlands’ permanent representative to the IAEA concluded, “The nuclear community, operators, regulators and constructors seemed to have closed ranks behind the principle of exclusive national control and national safety standards.”55

If formal international agreements were limited, technical East-West dialogue blossomed, nonetheless. In early 1988, direct talks between the United States and the Soviets led to a formal memorandum of cooperation between the NRC and Soviet regulators. In high-level meetings with their Soviet counterparts after Chernobyl, NRC staff shared their experiences with the Three Mile Island accident and noted that older Soviet plants lacked standard US safety features. Soviet regulators, they said, needed to adopt the three pillars of the US safety approach: independent capable regulation, safety-minded operations, and safe plant designs. Like the old Atomic Energy Commission, Soviet regulators still had a contradictory mission of both promoting nuclear power and ensuring reactor safety. The NRC proposed exchanges of inspectors, regulators, and operators with the Soviets, and urged them to take advantage of US PRA tools and codes.56

The international community was not uniformly enamored of PRA. Nations relied on the United States’ Three Ds, but some viewed PRA with skepticism. Pierre Tanguy, head of France’s Électricité de France, admitted that the “French philosophy [on safety] started with the NRC regulations,” but doubted the widespread use of PRA was worthwhile.57 The specter of Sweden, the Netherlands, Switzerland, and Italy retrenching their nuclear programs after Chernobyl alarmed the more pro-nuclear French. In 1988, Tanguy told a gathering of the American Nuclear Society that French politicians would “never again be enthusiastic” about nuclear power and PRAs would not win them back. “The probabilistic argument never worked well with the public; it does not work at all now [after Chernobyl].” He preferred easy-to-grasp deterministic solutions, such as invulnerable containment buildings. “We must always keep in mind that our approach on future nuclear plants should not make it too difficult to explain why we are still confident in the safety of plants presently in operation.”58 If the French were skeptical, the rest of Europe was more open to PRA, especially West Germany, Britain, and Sweden. Chernobyl prodded the IAEA to step up its work on PRA and develop a very similar version of the NRC’s quantified safety goals. By the late 1980s, the French too developed quality PRAs, though their role in regulation was limited.59
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FIGURE 18. After the 1986 Chernobyl accident, thawing relations between the United States and the Soviet Union resulted in a cooperative agreement between the NRC and its Soviet regulatory counterpart. In early 1988, Chairman Alexander Protsenko and NRC Chairman Lando Zech signed the Bilateral Agreement on Reactor Safety. To Zech’s left is NRC and State Department staff member Carol Kessler. The cooperative agreement allowed the United States to begin sharing computer accident modeling programs, including PRA, with the Soviets. Source: US NRC.





Chernobyl and the collapse of the Soviet bloc disrupted entrenched views. In 1992, IAEA experts concluded that a poor reactor design substantially contributed to the accident, rather than criminally negligent operators as was first claimed. “There was a visceral part of Chernobyl” that far exceeded the international response to Three Mile Island, recalled Karen Henderson, an NRC expert in international programs. “The Russians hadn’t told people about it; the lying that went on. . . . There was . . . a feeling that once again the Soviets were not being honest with people and that made them crazier.” The NRC’s more transparent response to Three Mile Island and safety reforms contrasted positively with the secrecy of the Soviets. Their failures “resonated all through the years after that.”60 At an international meeting in 1989, Secretary of Energy James Watkins called on the Russians to “get their cultural act together” and develop a “firmly embedded safety culture of openness, critical self-assessment, and resolute corrective follow-up.”61

This repudiation of Soviet regulators and Chernobyl’s graphite-moderated RBMK reactor—the only “good RBMK is a dead RBMK”—spilled over to assessments of Russia’s light-water PWR design, commonly built in CEE. Soviet-bloc reactors had been designed and regulated from Moscow, and the Soviet pullout from East Europe left reactor operations there in chaos. Former satellite nations had limited indigenous regulatory and operational expertise, no money, many plants Western experts considered dangerous, and a workforce so demoralized that one East German official estimated that 70 percent might be drunk on the job.62 West German experts found terrifying conditions at East Germany’s Greifswald facility, which had several of the oldest Soviet PWRs, the VVER-440. There were two models of the VVER-440. The VVER-440/230 was akin to a base-model, no-frills automobile that sometimes lacked even rudimentary defense-in-depth features, such as emergency core cooling systems and containment buildings. Their instrumentation and control systems readily caught fire. The VVER-440/213 was like the 230, but it came with an extra package of safety features and a “confinement” building that did a more effective job of limiting the escape of radiation during a loss-of-coolant accident. As a result, safety concern in the West centered on the older 230s rather than the 213s.63

At Greifswald, West German inspectors reported its 230s had “serious deficiencies” in safety culture and design safety issues that were “very bad.”64 The reactor pressure vessels—the big steel pots that held reactor fuel—were dangerously close to brittle fracture, a condition where the vessels might split open and make fuel cooling impossible. A Western expert said, “Those machines are very far off our own regulations and requirements. Not marginally off, but incredibly far off.”65 One West German news magazine called Greifswald an “atomic bomb that could blow up any second.”66 In 1990, the West German government in Bonn announced that the plants were beyond salvaging and closed them forever.67

Bulgaria’s reactors seemed to be in the same shape. Its four 230s at the Kozloduy facility supplied about 40 percent of the country’s electricity. As economic crisis set in, unpaid Russian operators left. An IAEA review team found appalling housekeeping, significant fire hazards, ignorant and powerless inspectors, and poorly trained operators. The IAEA review team concluded that the sorry conditions at Kozloduy were due to “more emphasis on production than on safety; lack of safety culture; poor work practice” and numerous other alarming deficiencies. Restarting the reactors, they warned, would be “imprudent.” For the diplomatic IAEA, it was a stern warning.68 Kozloduy seemed to prove that former Communist nations had defective reactors, defective operators, and defective regulators.

The West’s experts agreed on the need for wholesale reform in CEE. “There were probably 200 engineers or less around the globe that were really trying to struggle and understand in some level of technical detail what those differences and similarities were [between Soviet and Western reactors],” recalled Jack Ramsey, an NRC expert on Soviet reactors. “I’m a child of TMI and a child of Chernobyl. . . . Trying to make sure that things like that don’t happen has been a very strong driving force for me.” “These accidents instilled in me a very strong lesson that any technology has the potential to be both good and bad.” Among his international counterparts, he noted, Chernobyl was a particularly important moment: “The design deficiencies, . . . a complete mistrust [of the Soviets] . . . as the[y] initially lied about Chernobyl, and a vivid memory of how . . . a radioactive plume had traversed Europe were all factors that led to a common belief among ‘western’ experts that urgent safety upgrades were needed at the highest-risk plants.”69 The perception of Soviet incompetence was further fueled by a memoir published by Valery Legasov, a high-ranking Soviet nuclear official. Legasov detailed the failings of the Soviet nuclear safety system and claimed it was incapable of solving its problems. Of PRA, he despaired that “not a single organization in the Soviet Union is posing and examining these questions with any degree of competence.” His suicide sparked speculation that it was out of despair over Chernobyl.70

Even before the dissolution of the Communist bloc in 1989, CEE nations turned to Western nations for safety advice. By 1987, the requests were so numerous that the Department of Energy contracted for a study to vet the kinds of technical help that could be offered to still-Communist nations. Recognizing that the safe operation of CEE reactors was a global issue and essential to the continued viability of the nuclear industry, the DOE and NRC supported numerous requests for the technology transfer of computer codes and PRA, as well as training and advice. Other nuclear nations, such as West Germany, received similar requests.71

As Western experts inspected CEE operations, a consensus hardened that former Communist nations could not be trusted with reactors of dubious safety. The World Association of Nuclear Operators recommended that VVER-440/230 reactors should be rapidly closed.72 NRC Chairman Ivan Selin agreed: “I think [the CEE is] basically a dangerous area.”73 A West German expert confessed, “It’s a miracle there has been no accident so far.”74 “I don’t feel good about any of them working,” said another. “Even with a responsible crew, those plants have high safety risks.”75 Germany’s minister of the environment and nuclear safety, Klaus Toepfer, called for an emergency program on Kozloduy aimed at pulling units 1–4 “from the grid for good.”76

At the NRC and other federal agencies, concern with Soviet reactor safety was so great that officials pressed for presidential engagement with Russia. At a 1993 summit between President Bill Clinton and Russian President Boris Yeltsin, Clinton made a substantial commitment of US resources to improve reactor safety. On a subsequent commission chaired by Vice President Albert Gore and Prime Minister Viktor Chernomyrdin, Gore emphasized US discomfort with the continued operation of Russia’s least safe reactors and the critical need for an independent regulatory agency like the NRC. He also requested the Russians enact measures to reduce accident risk at RBMK and VVER-440/230 plants.77

To experts in former Communist nations, the pressure to close their reactors seemed unfair and ill-considered. Yanko Yanev, Bulgaria’s leading nuclear regulator in the early 1990s, believed CEE nations knew how to attain safety, but Western experts “didn’t understand VVER technology and they were applying their standards to a technology which had completely different margins [of safety].”78 Nevertheless, the “clunkers” at Kozloduy, the industry press speculated, might never be restarted.79

Initially, upgrading the oldest plants seemed impracticable. Safety backfits of all CEE reactors were estimated to cost over $20 billion, a figure so large, some called it a nuclear Marshall Plan. Neither the United States nor even the Group of 7 (G-7) industrialized nations would fund such an ambitious program. Rather, the G-7 declared RBMKs and 230s should be shut down, without offering much funding for alternative power sources.80 In early 1993, the NRC met with a group of wise men—many former high-level NRC officials—who had been active in assessing Soviet-designed reactors. The group argued that Western nations had no coherent assistance strategy, and CEE nations were ignoring the West’s demands to close reactors. “There is little evidence that western recommendations to close down the less safe plants are being followed.” In fact, it seemed likely Russia, Lithuania, Ukraine, and CEE nations would operate the RBMKs and VVER 440/230s “for the indefinite future.” Regulators in the former Communist bloc concluded that no financial aid was forthcoming, and what was spent went into the pockets of Western contractors. Some nations, such as the Czech Republic and Hungary were becoming quality regulators, the wise men thought, but others had a long way to go to “de-Sovietize” their nuclear programs. Making plants safer did not have to be expensive, they reported. Former Communist nations needed to be taught to be independent, given the technical tools to do the job, and “take ownership of their own safety and regulatory programs.”81 Unable to buy or force the closure of Soviet technology, the United States and Europe would have to invest in Westernizing them.

Relations got worse before they got better. Some CEE nations began to resist Western intrusion. The Bulgarians viewed the West’s meddling as an imperialistic move to promote the economic interests of its nuclear industry, and they resented Western technological chauvinism. “We won’t be the Trojan horse that will let Western banks impose unacceptable conditions on East European countries,” said Yanko Yanev, Bulgaria’s head of nuclear regulation. Shuttering the reactors was “a sovereign decision.”82 Isidro Lopez Arcos, a nuclear expert with the European Commission, noted that Western European nations worried that CEE nations would take the assistance without shutdown commitments. “They were obviously resistant [and we were concerned] that they were using our help to improve the status of their reactors to avoid shutting [their troubled reactors] down.”83 In 1994, the NRC’s Chairman, Ivan Selin, noted, “frankly we in the West still lack confidence in the ability of Russia, Ukraine, Bulgaria, Lithuania, and Armenia to manage their nuclear power systems with the same attention to safety that we take for granted.” Somehow, CEE reactors and operations had to be made safer.84

But how safe was “safe enough” for CEE reactors? There was no consensus yardstick among Western nations to measure the safety of designs different than US light water reactors. CEE nations recognized the division. CEE regulators could shop for the best answer among US, French, British, and German experts and corporations. “It was the wild West,” recalled Karen Henderson.85 PRAs offered a tempting measure of safety, but former Communist nations quickly grasped that a PRA with optimistic starting assumptions produced optimistic results. It was “a very dangerous slope,” Jack Ramsey noted. He worried that some regulators simply wanted a PRA to “cook” some positive accident probability numbers in a “public relations” campaign to justify continued plant operation.86

The positives and negatives of PRA studies were evident at the Kozloduy station. German deterministic analysis had concluded that units 1 and 2 might need billions in refitting and upgrades.87 The Bulgarians, however, had other options. Even before the Soviet Union collapsed in late 1991, the San Francisco based firm EQE International swooped in to Sofia to propose that it fill the post-Soviet void with consulting services, including a PRA of Kozloduy’s reactors based on US and UK standards. It was the first PRA on a Soviet-designed plant. EQE’s surprising conclusion was that a modest $150 million would raise plant safety to minimum Western standards, not good enough for long-term use but safe enough to run a plant through a cold Bulgarian winter or two. EQE said an expensive containment building was not necessary, even though it was an essential feature of deterministically designed Western PWRs. Safety could be raised in the less robust confinement buildings, the report continued, by fitting them with a filtration system for radioactive particulates. EQE also highlighted that even the 230s had some superior safety features, such as enormous volumes of water that could cool the reactor fuel for a longer time than a typical Western PWR during a station blackout. This was not enough to compensate for the 230s’ defense-in-depth deficiencies, but the extra water helped save two plants during station blackouts caused by fire.88

EQE’s PRA offered a creative, cost-effective way to improve safety, but dismissing the need for containment was a cardinal sin that highlighted the weaknesses of a PRA-only approach. There was limited data to develop risk estimates for Soviet reactors, and EQE’s PRA had large uncertainties. EQE might claim containment was unnecessary, but experience indicated otherwise. Three Mile Island’s containment building had been critical to limiting discharges to the environment during the accident. The lack of a containment building at Chernobyl contributed to the magnitude of the disaster. EQE’s PRA also had no peer review. Without it, a PRA could bury optimistic assumptions in the computer program. A 1997 PRA done for Kozloduy 3–4 did that by implausibly assuming a loss of coolant accident was nearly one hundred times less likely than Western PRAs did.89 CEE nations wanted a risk-based approach to safety. The West wanted something more like the NRC’s risk-informed regulation that combined the Three Ds with risk insights. Deterministic analysis and defense in depth provided a more certain margin of safety.

CEE gaming of PRAs, as international experts saw it, led to doubts that some former Communist nations were ready to use PRA tools. Still missing was an adequate safety culture. One German regulator said, “there has not been enough progress to move from deterministic to probabilistic analysis.”90 The IAEA launched several initiatives aimed at standardizing the safety evaluation of Soviet-designed plants, and it developed PRA methodology and peer-review standards. Jack Ramsey recalled that the idea of performing peer review on a report “was a foreign concept in the Eastern bloc countries. There was no peer review of anything.”91 Nevertheless, change came. Carol Kessler, an NRC and State Department staff member, noted the “remarkable success” of NRC PRA education efforts in Russia. It “opened Soviet eyes to what it really meant to do a [PRA]. . . . None of them knew how their plants were built,” but “what we saw over the years was the scientists on the Russian side slowly beginning to see that they weren’t being given proper tools [in the Soviet system] to evaluate the reactors.”92 Luis Lederman, who led the IAEA PRA initiatives, noted, “The PRAs started to [change] from the ones of EQE . . . to the more comprehensive ones . . . in the second half of the 1990s.”93 To this end, much of the support provided by the United States and Western Europe focused on training CEE regulatory staff for plant inspections, developing codes and standards, using computer evaluation tools, and developing regulations.94

This training helped inculcate in former Communist experts a Western safety philosophy, but it also allowed them to deal with the international community as equals. As their PRAs achieved greater quality and showed positive results, they disrupted reactor closure negotiations. These “living PRAs” called into question the need to negotiate rapid plant closures. PRAs mediated difficult politically-charged technical choices through an objective measure of reactor safety.95

The Bulgarian reactors at Kozloduy were an example of how engineering methods and analytical tools empowered CEE nations and even smoothed fraying relations. The positive assessment from EQE emboldened the Bulgarians to move forward with a restart plan for Kozloduy reactors 1–2, much to the consternation of European officials who believed the reactors were still too dangerous.96 Materials testing indicated that Kozloduy 2’s reactor vessel was not nearly as embrittled as once thought. It restarted in late 1992 with the acquiescence of Western experts. As one industry publication surmised, it was “something of a recognition by the West that the Model 230 Soviet-design PWRs, rejected not so long ago as near monsters, may be salvageable for operation to, say, 1995.”97

There were, however, limits to the Western endorsement of the 230s, which lacked basic defense in depth. “I had always been under the impression, and actually still am today, that there are some very serious safety deficiencies associated with [the 230s],” noted Jack Ramsey.98 NRC staffer Karen Henderson recalled that “everyone [in the West] was searching for a handle” to compel reactor closures.99 The emerging European Union provided the prod. Responding to a request by the European Community, the IAEA held a conference in 1991 on nuclear safety. German nuclear safety chief Klaus Toepfer surprised non-European delegations with his proposal for an “international regime for nuclear safety.” Arguing that “a serious accident in any country represents a set-back for us all,” Toepfer suggested that the convention use existing IAEA-based standards. Citing the CEE situation, particularly at Kozloduy, Toepfer asked that the convention include “internationally binding minimum requirements for safety provisions [that] can be established and implemented.” He announced that the German government was “absolutely decided” that Kozloduy 1 and 2 “must close” soon. He saw international standards as a way of ending the Bulgarian stalemate in the West’s favor.100 A few nations balked. The United States and Japan opposed any binding international standards. NRC Commissioner Forrest Remick doubted the standards would influence the CEE. Other US representatives worried that standards would “stifle creativity” and an international regime would waste resources reviewing well-established programs, rather than weaker CEE programs.101 Nevertheless, the conference members agreed to work toward a convention.

The final convention managed to protect US and EU interests through a common Western vision of reactor safety within a collaborative framework. The key sticking point was protecting national sovereignty. Any international mechanism with enforcement power was a nonstarter. The Convention on Nuclear Safety offered a novel solution. It obligated each signatory nation to abide by its tenets, but it was an “incentive” document. There was no verification or enforcement mechanism beyond the peer pressure felt by a nation when its program report was critiqued by experts of other nations at regular meetings. Convention standards were loosely defined and based mostly on IAEA standards and technical documents.102 Nuclear nations could choose to define how they met the convention’s mandates.

The peer pressure provision appeared to offer little additional leverage over CEE nations, but that was not the case. First, a consensus had formed among Western nuclear nations providing aid that CEE nations needed to do more to reform their systems. Ivan Selin declared it was “crucial” that former Communist nations become signatories to the convention and “demonstrate to the rest of the world their commitment to international values regarding nuclear safety.”103 Secondly, EU accession provided teeth to enforce the convention’s standards. In July 1997, the European Commission issued a road map for EU enlargement. It required that accession nations meet Western safety standards and culture. Singling out Lithuania and Bulgaria, the roadmap noted that “the problems of nuclear safety in some candidate countries cause serious concern to the EU . . . and should be urgently and effectively addressed. It is imperative that solutions, including closure where required, be found to these issues in accordance with Community nuclear [standards] and a ‘nuclear safety culture’ as established in the Western world as soon as possible and even before accession.”104

The EU’s firm position pleasantly surprised US officials who had advocated closing all model 230s. They worried that the EU would be too conciliatory, but Carol Kessler noted, “They went further than we would have believed.”105 While some nations, such as Lithuania, were viewed as lacking in Western safety culture, others were ready for the change. Karen Henderson at the NRC recalled, “the knee-jerk reaction was shut them [CEE reactors] all down.” But this overreaction dissipated with demonstrations of regulatory competence in some CEE nations. “Some of those regulators were very, very tough. They had been waiting in the wings all this time to really be free to do their job—the Hungarians, the Czechs—model regulators.”106

Regardless of regulatory competence, reactor closures hinged on defense-in-depth safety. VVER-440/230 reactors were shut down throughout CEE. Czechoslovakia’s vaunted reputation for technical competence did not save its VVER-440/230s at the Bohunice facility. Slovakia closed them as part of its accession agreements with the EU. The plants in the Czech Republic and Slovakia that remained operating were VVER-440/213s.107 PRAs were sometimes a critical measure of whether the surviving plants met Western standards. The Czech Republic fended off pressure from its neighbors to cancel a new reactor at its Temelin facility. There was an antinuclear movement within the Czech Republic, and an aggressive one in neighboring Austria and Germany, driven by Green Parties and Greenpeace. Opposition to Temelin became so heated that activists blockaded all entry points into the Czech Republic. The Austrian government hinted it might veto Czech EU admission over Temelin.108

Temelin’s opponents could not overcome its PRA-supported safety case. Temelin’s VVER-1000 had upgraded safety features, such as emergency core cooling, redundant systems, and a containment building. Its Soviet-era instrumentation and control system was inferior to Western plants, but a PRA indicated a new system would achieve, as one Czech utility official put it, the “Westernization” of the facility. The Czechs contracted with Westinghouse Corporation and the final “Eastinghouse” design met all Western safety standards.109 Gunter Verheugen, an EU enlargement commissioner, predicted that “when all planned changes are completed, Temelin will probably be the safest nuclear power plant in Europe.”110 Czech officials deflected Austrian pressure to close the plant, responding that “we would shut down Temelin only if it were objectively proved that it does not comply with fundamental safety criteria.”111 The startup of Temelin and the admission of the Czech Republic to the EU went off with little delay.112

As the Bulgarians discovered, the persuasive power of a PRA had limits. Officials in Sofia lobbied the EU to accept its Kozloduy 3 and 4 reactors as sufficiently Westernized to operate. EU officials had allowed Bulgaria to proceed with accession if it agreed to close Kozloduy 1–2 by 2002 and units 3–4 at the end of 2005.113 The Bulgarians submitted PRA results claiming the plants met recommended international probability guidelines for fuel-damaging accidents.114

PRA or not, the Kozloduy reactors needed a containment building. Defense in depth still mattered.115 The EU insisted that all 230 models close. Units 3 and 4 were shut down in 2006. Yanko Yanev argued that the decision was political: “This has always been on the border of politics and technics. Technically, it is OK, politically it not OK. And I always say, in nuclear you have two conditions, you have to be technically sound and politically correct. Only technically sound doesn’t work.”116 Western experts doubted Kozloduy’s technical case and thought the upgrades were of dubious quality. Eager to join the EU, Bulgaria stuck to the December 31, 2006 closure deadline. Shutting down all model 230s proved a politically and technically clean solution for the West. The solution was not as clean for Bulgaria. Yanev pointed out that it lost an inexpensive, green source of energy and increased its reliance on more expensive, polluting coal power.117

Chernobyl and the end of the Cold War created an unprecedented crisis for Soviet-designed reactors. CEE nations initially lacked the capacity, expertise, and regulatory institutions to operate their reactors safely. It was inevitable that Western assistance would dramatically change their reactor operations. While assisting countries had an upper hand in the relationship, CEE nations were empowered by the process; their reactors were safer, their regulators were smarter, and their national nuclear autonomy was stronger. Yanev recalled that the great benefit of period was that “nuclear people started to talk to each other” across the former Cold-War border.118 This improved dialogue required greater efforts at consensus. Western experts could not impose their nuclear safety system on CEE nations unchallenged, in part because their students learned their lessons. CEE regulators gained the expertise, clout, and independence to police nuclear safety in their countries and challenge existing assumptions about Soviet reactor safety. Dana Drabova, the Czech Republic’s chief regulator, enthused about the “significant benefit” of the EU’s reactor-safety harmonization efforts. “We will have common grounds for understanding what is expected of us.”119

Notable, too, was how solving this engineering and regulatory problem changed the West. The engineering program to Westernize or close exotic Soviet reactors led the international community to overlay a lightly applied international framework of conventions, guidelines, and values on a sovereign system of reactor safety. “The basic safety principles are common now,” Isidro Lopez Arcos observed. “There is common ground.”120

EU integration, however, changed its safety approach. The new EU members appropriated Western technical knowledge and became fans of PRA studies. PRAs, they saw, overcame the bias against Soviet-designed plants by providing an engineering measure of their worth. CEE’s PRA-friendly regulators complicated the harmonization of reactor safety among EU nations. France sought a unique European safety approach on PRAs, one that used but looked skeptically at this US-sponsored product. As France called for a “very prudent” use of PRAs and cautioned against “giving excessive confidence to numerical results,” CEE nations, the industry press reported, had jumped “enthusiastically onto the NRC’s ‘risk-informed’ bandwagon.” This enthusiasm, however, has been limited in the long run by the expense of performing and maintaining a plant PRA among cash-strapped nations.121

The effect of European integration and an emerging international framework has not been to achieve safety through a unique European approach, as France wanted; it has been done largely the American way. Regulatory bodies around the world have moved to separate technology from politics with independent regulatory structures like the NRC. Article 8 of the Convention on Nuclear Safety states that regulatory independence is essential to reactor safety, a tenet that led France to reconfigure its nuclear regulatory regime to align more with the NRC’s independent structure. This aping of the US regulatory approach includes the adoption by many nations of the US safety philosophy: defense in depth, quantitative safety goals, risk-informed regulation, and widespread requirements for PRA use by licensees and regulators.122

The engineers and diplomats who created the international nuclear safety system had to juxtapose international conventions and technical safety systems against existing political systems in ways that accommodated multiple interests and concerns while not losing sight of Western safety goals and standards. PRA became a lingua franca of these negotiations. As they evaluated exotic Soviet technology in a post-Cold War world, PRA experts helped smooth international cooperation on nuclear safety by creating a common language. This reliance on PRA has since increased in international activities, especially after the 2011 Fukushima accident.123

PRA, then, was part of a package of Western techno-diplomatic tools that helped resolve a difficult post-Cold War conflict with benefits to former Communist nations that would have been hard to imagine when the Soviet Union collapsed in 1991. On March 11, 2012, the first anniversary of the Fukushima nuclear accident, German and Austrian Green activists gathered at the Temelin nuclear power facility in the Czech Republic to protest the site’s planned addition of two new nuclear reactors. The protestors no doubt appreciated the irony that a leading competitor for the new contracts was a Russian design.124

The balancing of safety, national interest, and national sovereignty were negotiated in less publicly contentious ways among engineers and diplomats through technical tools, international conventions, technical committees, and international agencies. That continues to be the goal. Jack Ramsey noted that in his peregrinations around the globe promoting NRC safety methods and values, he was often asked to toast his hosts. He told them that if they did their job well, they will be forgotten by society, as history typically remembers nuclear safety failures not successes. He then raised his glass for the toast: “In twenty years, I hope no one will remember us.”125

QUANTIFYING RISK IN THE FEDERAL GOVERNMENT

While risk assessment successfully mediated foreign relations, it did not always smooth relations at home. Quantified risk assessment could sharpen disagreement, even as it increased transparency and understanding. This proved to be the case in a difficult episode for the NRC and the US Environmental Protection Agency (EPA). Its early work in quantifying risk made the NRC a leader in the federal government in promoting risk assessment in regulation. Other agencies, including the EPA, turned to quantitative risk assessment to analyze diverse risks posed by drugs and toxic chemical substances in the workplace and environment. Government agencies found quantitative risk assessment to be an appealing technical solution to bureaucratic turf wars and political disagreements, inserting objectivity into risk-based policy decisions and hopefully restoring public faith in government. The burst of interest in risk assessment led to a complex web of interagency efforts to harmonize risk approaches. The 1983 government publication Risk Assessment in the Federal Government: Managing the Process signaled the broad acceptance of risk assessment in federal agencies.126 Yet, for the EPA and NRC, risk quantification increased disagreement during their collaboration on the development of residual radiation criteria at the decommissioned sites of former NRC licensees. There were sometimes practical limits that a trust in numbers could offer on complex issues.

Risk runs a gamut from improbable, catastrophic events down to routine, low-level emissions of hazardous substances. Somewhat uniquely among federal agencies, the AEC and NRC regulated at both ends of the spectrum. Early radiation standards developed for low-level exposures to workers and the public often served as templates for other agencies that regulated cancer-causing chemical substances, such as the Occupational Safety and Health Administration (OSHA), Food and Drug Administration (FDA), and the EPA.127 Even as the number of federal agencies that managed risk multiplied, they shared a common scientific and regulatory heritage in radiation’s Linear No-Threshold model (LNT). LNT assumes that a linear relationship exists between dose level and the risk of cancer from a very large exposure right down to an exposure to a single gamma ray. Some laws have banned even tiny hazardous exposures, but for the most part, the linear model led to regulations that balanced benefits and risk by permitting use of a substance at very low doses. In the 1970s, researchers used numerous studies of tumor rates in laboratory animals administered high doses of chemicals to quantify risk at low doses by linear extrapolation. By the 1980s, these scattered efforts to understand low-level risk coalesced into interdisciplinary professional organizations such as the Society for Risk Analysis.128

Courts, too, favored such quantified cost-benefit regulation. For example, in 1980, the Supreme Court ordered OSHA to develop a risk-based standard for airborne benzene in the workplace, and even suggested a probability range of acceptable risk. In his decision, Justice John Paul Stevens ventured that the public would find “plainly unacceptable” a lifetime risk of cancer greater than one in a thousand for any toxin while “plainly acceptable” odds approached one in a billion.129 The difference in the range between Stevens’s unacceptable and acceptable standards—one in a thousand to one in a billion—was huge, a million times. But these rough boundaries became the gray area within which most substance regulations operated.

Risk, radionuclides, and regulation brought the EPA and NRC into a close relationship that sometimes turned fractious. The two agencies had much in common. They shared similar histories as a new breed of technically capable regulatory agencies. Each took an early interest in quantitative risk assessment and produced their first quantitative risk assessment in 1975. For both agencies, risk assessment offered a solution to the dueling expectations that they regulate safely and efficiently.130

The potential for conflict emerged from an overlap in regulatory responsibilities. The EPA set standards for radionuclide exposure by the general public. The NRC enforced those regulations for its licensees and the public. Essentially, once radiation drifted beyond a licensee’s fence line, it was more the EPA’s concern. The division of responsibility was clear on paper but not in practice. Differences concerning jurisdiction emerged, but conflicts over this coregulation were minimized by the EPA’s deference to the NRC’s oversight of its licensees if its regulation and enforcement practices were “protective,” that is, equivalent to the EPA’s. The NRC worked with the EPA on regulations for air and water emissions and low-level and high-level waste facilities.

The two agencies’ growing reliance on quantitative risk assessment in the 1990s helped drive them into bitter disagreement. While they worked together on high-profile issues regarding regulatory oversight of radionuclides in air, water, and at low-level and high-level waste facilities, it was an issue of comparatively low public interest—the decommissioning of NRC-licensed facilities—that pushed them into what one industry publication called a “war” so disagreeable that they abandoned negotiation and beseeched their Congressional allies to legislate a solution.131

The key question was: when releasing for unrestricted public use the property of a decommissioned NRC-licensed facility, what level of residual radiation was acceptable? Over several years, each agency deployed their risk assessment expertise and management tools to find an answer. As the EPA and NRC came to slightly different conclusions, the process exposed the historical differences in their methods, safety standards, and legal authority. The two agencies had produced standards and practices with similar levels of safety, yet the small gaps in their criteria took on importance in public perception that transcended narrow safety questions. Both agencies set out to answer the common question “how safe is safe enough?,” but found compromise almost impossible on a practical question: “when is a risk estimate close enough to safe enough?” It was only when the two agencies accepted a less quantitative framework of risk management that they found a workable agreement.

The dispute between the agencies was ironic since their approach to risk assessment sprang from the same source, national and international research on health effects of radiation. In addition to the fault-tree PRA approach of WASH-1400, the AEC’s weapons development program also contributed to quantified risk assessment methods to estimate the probability of contracting cancer and other diseases from what were considered low-level, non-fatal exposures to radionuclide emissions; it was a debate that eventually influenced the regulation of non-radioactive hazardous substances, too. Before World War II, radiation protection standards established in the United States set a “tolerance dose.” The standard was based on a maximum exposure that produced no observable symptom of injury, typically skin inflammation. The standard did not consider the potential for latent effects, such as cancer or genetic damage. While experts understood that such standards were preliminary, a tolerance dose could be interpreted to mean there was a “safe” dose below which there was little or no risk.

The Manhattan Project, bombings of Hiroshima and Nagasaki, and postwar above-ground weapons testing forced a reconsideration of radiation regulation. Research by H. J. Muller and other geneticists indicated that even small doses of radiation caused imperceptible gene mutations that scientists worried could be inherited by offspring or cause cancer. It was not feasible to design studies to detect an imperceptible rise in general cancer rates from low doses. To estimate such low-level risk, the health effects from high doses on atomic bomb survivors were extrapolated to lower exposure levels. Initially, exposure guidelines were set by an informal committee of scientists through the National Council on Radiation Protection and Measurements (NCRP). Later, in 1964, the NCRP received a formal charter from Congress for its work on radiation safety research and standards recommendations. The NCRP cut the tolerance dose in half and renamed it the “maximum permissible dose” to convey the idea that the “the probability of the occurrence of such injuries [from the dose] must be so low that the risk would be readily acceptable to the average individual.” This step across the regulatory divide from a no-risk, tolerance-dose to acceptable-risk regulation had far-reaching consequences. In accepting that a substance had health consequences down to small amounts, regulation became a balancing act between benefits and risk. Since even small doses “must be regarded as harmful,” NCRP Chairman Lauriston Taylor said, “the objective should be to keep man’s exposure as low as possible and yet . . . not discontinue the use of radiation altogether.” The evaluation of hazards switched from ascertaining the bright line between safety and danger to a less certain exercise of balancing risk vs. reward, costs vs. benefits.132

Regulators turned to a linear model of radiation damage as a conservative safety standard, which assumed a simple straight-line correlation between dose and effect. The true relationship between regulation and reality was uncertain. Scientists disagreed as to the validity of the LNT, since there were other plausible models. For example, some scientists posited that radiation damage at low doses was sublinear, meaning that it dropped off dramatically. Experts who favored a sublinear model reasoned that humans had evolved over thousands of years bathed in natural radiation and developed genetic repair mechanisms to low-level radiation. Only at high doses did radiation overwhelm human defenses. It was nearly impossible to verify the validity of the linear and sublinear models due to the virtually undetectable number of cancers that would occur in either case.133

For regulators, there seemed little alternative to using the LNT model in regulation. It was more conservative than the sublinear model, easy to apply, and allowed for risk comparisons among hazards. One member of the International Commission on Radiological Protection (ICRP)—an international body of radiation scientists similar in function to the US NCRP—admitted the “arbitrary judgments” that went into the standards the ICRP set, but he argued that the conservative risks that went into those judgments would be acceptable to individuals exposed. He favorably compared the risks posed by maximum permissible doses with common risks accepted by society. More data would make possible quantitative comparisons that “relate acceptable radiation risks to other risks of society.”134

The ease of implementing the LNT model in regulation was attractive to a broad array of life-science researchers and government officials who dealt with chemical toxins and radioactive materials. By the 1970s, radiation’s LNT model applied to non-nuclear toxin regulation for food additives, pesticides, and other chemicals by the FDA, EPA, and OSHA. Their common use of the LNT in regulations introduced a common assumption about how a hazard affected health. Radiation and chemical regulations had to govern exposures so low that the health effects were estimated by extrapolation from victims of high single doses. In chemical regulation, low-dose cancer risk was typically extrapolated from high-dosage tests on animals.135 Regulation by LNT shifted public perceptions and regulation away from prompt observable symptoms to conservative assumptions of long-term cancers.
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FIGURE 19. Models for the health risks from exposure to low leveles of ionizing radiation. There are several competing hypotheses about biological damage at low doses of radiation. While all models converge on damage at higher doses where there is ample data, extrapolation to lower doses is uncertain. The linear no-threshold line dominates radiation and chemical regulations, but some studies suggest damage at low doses could drop to zero (threshold), provide a health benefit (hormesis), or even compound damage (hypersensitivity). Source: International Journal of Radiology and Medical Imaging, https://www.graphyonline.com/archives/archivedownload.php?pid=IJRMI-123.





For the AEC, regulating by the LNT model produced substantial controversy and negative publicity, which, ironically, spurred more effort to quantify radiation’s risks and benefits. Several dissenting scientists argued that the allowed levels of radioactive discharges by AEC licensees could lead to tens of thousands and even hundreds of thousands of cancers and genetic mutations.136 While other scientists criticized these estimates, the uncertainty of the competing estimates and the ease with which licensees already met emission standards led the AEC to revise downward the permissible dose. It adopted an approach unique among federal agencies at the time called “As Low as is Reasonably Achievable” (ALARA). ALARA meant licensees should keep radiation releases as low as reasonably achievable after “taking into account the state of technology, and the economics of improvements in relation to benefits to the public health and safety, and other societal and socioeconomic considerations, and in relation to the utilization of atomic energy in the public interest.” ALARA forced licensees to consider, for example, the benefit of operating radioactive medical equipment against its cost to health calculated by probabilities and linear damage estimates.137 In practice, ALARA resulted in routine exposures well below permissible dose standards, but its lack of a clear numerical standard made it a complicated, hard sell with other federal agencies and the public.

With the NRC and EPA speaking the same probabilistic language and working from the same linear model of risk, harmonization of their regulations should have come quickly. But each agency operated from different governing legislation, confronted different hazards, and relied on different risk assessment methods and management approaches. In some ways, the NRC had the easier regulatory task. In the field of atomic energy, unitary control dominated. Early on, radiation protection operated mostly from one law, the Atomic Energy Act of 1954, drafted by one congressional committee, the Joint Committee on Atomic Energy, and gave regulatory oversight to one agency, the AEC/NRC. The result was one measure of radiation’s health consequences—the REM (Roentgen Equivalent Man), called Sieverts in international units. The REM condensed all kinds of radioactive emissions—gamma rays along with alpha, beta, and neutron particles—from all exposure pathways (air, water, and external exposures) into a single measure of biological damage. Most low doses workers and the public received were expressed in millirems (each one-thousandth of a REM).138

There was no similar unity to the regulation of chemical substances. At least seven different agencies were responsible for screening and regulating cancer-causing substances under more than two dozen statutes. The EPA’s enabling legislation came from multiple congressional committees that did not sort out overlapping responsibilities and conflicting language. The EPA mandate was to regulate specific pathways through clean air and water acts or Superfund legislation for site contamination. A further complication was that, unlike ionizing radiation, there was no consensus on the mechanism that triggered cancer among many different chemical compounds and no universal measure of damage like the REM. Instead, EPA regulators set concentration limits for each hazardous substance along each pathway. In setting radiation standards, the EPA used a hybrid approach, developing a standard for total population dose and an individual one that limited specific pathways.139

While the EPA had taken an early interest in quantitative risk assessment, pressure grew in the 1980s for all agencies to make extensive use of risk assessment and numerical criteria. In 1980, the Supreme Court validated the use of risk assessment methods for hazardous substances to determine if they represented a “significant” risk. The decision implied an upper bound at which an agency should act to reduce a substance’s risk: a one-in-one-thousand lifetime cancer risk. It also suggested a lower limit where the risk could be neglected, one in a million. Additional court rulings and the passage of the Clean Air Act of 1990 further supported the use of risk assessment.140

The EPA’s full embrace of quantitative risk assessment came during the Reagan administration, in the wake of accusations that it had a pro-industry bias. Land contamination episodes, such as in the Love Canal neighborhood in Niagara Falls, New York, led to the passage of “Superfund” legislation to clean up waste sites. In the early 1980s, Congress investigated suspected Superfund mismanagement, which forced the resignation of EPA administrator Anne Gorsuch Burford in 1983. Reagan replaced her with the respected former head of the EPA, William Ruckelshaus. Restoring faith in the agency was Ruckelshaus’s top priority, and he did it by leaning on professionals held in high regard, scientists. Ruckelshaus was a devotee of Harvard economist Howard Raiffa’s advocacy of applying risk techniques to environmental problems. Raiffa’s decision theory and risk quantification methods had been a key model for Rasmussen and Levine’s construction of the WASH-1400 model. Ruckelshaus determined that the EPA would pursue risk management through quantified risk and science-based decisions. Acknowledging that many communities with toxic waste nearby were “gripped by something approaching panic,” Ruckelshaus called on the public to reject “emotionalism” in favor of “the idea that disciplined minds can grapple with ignorance and sometimes win: the idea of science.” He set out a clear distinction between risk assessment and risk management. “Scientists assess a risk to find out what the problems are. The process of deciding what to do about problems is risk management. . . . Risk management . . . [weighs a chemical’s] benefits, the costs of the various methods available for its control, and the statutory framework for decision.” By contrast, risk assessment “must be based only on scientific evidence and scientific consensus.”141 The initiative continued with Ruckelshaus’s successor, William Reilly. The EPA set its priorities according to what science said were the biggest risks not, as one EPA official put it, “the last phone call from Capitol Hill or the last public opinion poll.”142

Policy by science was a tall order. In the 1980s, the EPA, like the NRC, had to contend with public opinion that was increasingly unwilling to trust experts. Public perception of the seriousness of many hazards was at odds with expert opinion. For example, nuclear power plants and radiation generally figured high as a hazard in public polls but did not appear at all among top concerns by EPA experts. Hazardous waste sites were also a conspicuous public concern that did not crack the experts’ top ten list. Like the NRC, the EPA hoped to reorder its priorities to focus on the greatest environmental hazards, but it was no more successful in convincing the public to treat risk probabilistically than was the AEC/NRC. Trust in authority had declined across nearly every profession, including science. Basing risk management decisions on scientific reputation and the still fragile tools of risk assessment was a gamble. Ruckelshaus admitted that the “enormous scientific uncertainties” in formal risk assessment create a great “dissonance between science and the creation of public policy,” but he saw no other option.143

Ruckelshaus relied on the LNT model. Even if there were doubts about extrapolating the observed damage from large doses down to small ones, the LNT was acceptably conservative to the public. Ruckelshaus wrote, “We must assume that life now takes place in a minefield of risks from hundreds, perhaps thousands, of substances. We can no longer tell the public that they have an adequate margin of safety.” He pledged millions to improve risk assessment capabilities to provide a technical basis for a “statutory formula” for risk-benefit analysis.144

Over the next decade, the EPA worked vigorously to articulate its approach to risk assessment and management. In laying out acceptable risks for Superfund sites and air pollution standards, the EPA established an unofficial criterion about an individual’s lifetime likelihood of cancer from a toxic substance. It would not exceed the ever-reliable one-in-a-million standard. The EPA’s data on chemical toxicity was often worse than what the NRC struggled with. One EPA scientist who had worked on radiation and chemical hazards noted, “When you turn to chemicals, the information is even more incomplete [than radiation hazards].”145 Allowing for error and uncertainty, the EPA eventually established an acceptable range for cancer risk of one in ten thousand to one in a million. One in a million served as an aspirational goal of de minimis (trivial) risk, a “point of departure” that should cover about 90 percent of the population near a Superfund site. The EPA’s range was also shaped by court rulings that compelled the agency to determine minimum levels of “acceptable risk” based on a judgment of “what risks are acceptable in the world in which we live.” Only then could it weigh costs and benefits of exposure levels. This determination was analogous to rulings that the NRC’s regulations meet a minimum level of “adequate protection” before costs of safety improvements could be considered, and the NRC also used one-in-a-million as a point of departure for its approach to many of the risks it regulated.146 The EPA’s range aligned with levels at other federal agencies. As one study found, agencies almost always acted on a hazardous substance when its estimated lifetime risk exceeded about one in two hundred fifty. Risks lower than that usually involved a risk-benefit calculation. The risks at NRC licensed facilities compared favorably to sites with non-radioactive hazards.147

As the EPA promulgated numerous regulations for airborne, waterborne, and ground contamination, its criteria had the potential to run afoul of the NRC’s more unitary regulation of its licensees. The NRC worried that the EPA’s more fractured regulatory approach could “destabilize the federal regulatory framework” for radiation hazards. Calling for a high-level interagency task force to work out differences, the NRC proposed that the EPA defer to NRC regulation where EPA involvement provided “no additional benefit.” The task force focused on “the development of a common understanding of the quantification of risk” and of what constituted “an adequate level of protection from those risks.”148 Congress sought to reduce regulatory conflict with revisions to the Clean Air Act that allowed EPA to defer to NRC on airborne emissions of radionuclides. The revisions did not address other areas, such as low-level waste and groundwater.149

The EPA and NRC worked to achieve regulatory harmony. In a 1992 memorandum of understanding, they agreed to “actively explore ways to harmonize risk goals and . . . cooperate in developing a mutually agreeable approach to risk assessment methodologies for radionuclides.” The EPA pledged it would not impose its own regulations on NRC licensees if existing regulations were “protective” by providing “an ample margin of safety” equivalent to EPA regulations. That same year, the EPA proposed to rescind its regulation of emission standards for radionuclides in deference to the NRC.150

The two agencies had to traverse complex terrain to reach harmony. The NRC’s emission standards accorded with international and national radiation standard-setting bodies. These criteria were above the EPA’s standard of 10 millirem (0.1 millisievert in international units) per year for public exposure. While the EPA’s criteria seemed more stringent than the NRC’s, the latter agency argued that its ALARA guidance to licensees produced results comparable to EPA standards. An EPA survey of NRC licensees found that ALARA was successful in reducing emissions below the EPA criteria. While the NRC incorporated ALARA into some of its regulations, its use was a vexing public relations problem. It was a goal to reduce exposures, not a hard and fast numerical requirement.151

ALARA’s complexity was only part of the problem in reconciling radiation regulation. By the mid-1990s, radiation safety regulation had become more convoluted than in previous decades and was governed by a quilt work of contradictory rules comprehensible only to experts. A General Accounting Office (GAO) survey found there were more than two dozen draft or finalized federal radiation safety standards or guidelines with numerical criteria. The multiplicity of regulations, the GAO found, was a symptom of deeper problems. Agencies did not agree on what constituted acceptable risk, risk-assessment methodology, or protective strategies.

Did these regulatory differences matter to public safety? There was little confidence among experts that they could detect the small number of cancers that might result from marginal differences in exposures. In a population of one hundred thousand, the GAO noted, twenty thousand would contract cancer from all causes. Assuming the LNT model was correct, only one thousand cancers were due to natural background radiation. Even if the entire US population received the extra 100 millirem (1 millisievert) per year allowed by the ICRP and NRC public dose limit, 350 cancers might be added to the twenty thousand, essentially statistical noise. The EPA’s more restrictive approach reduced it to about eighty-eight cancers, but that was below detectable levels, too. The GAO questioned the wisdom of exhaustive debate over tiny differences: “Federal radiation limits (however precise they may appear to be numerically) reflect a series of theories and assumptions about radiation effects. They are inherently imprecise.”152 In response to the GAO report, Senator John Glenn of Ohio criticized the federal government’s “piecemeal approach” to radiation protection and called on the NRC and EPA to harmonize their radiation standards. “I don’t think the public’s interest is being served” by the debate, he said.153

Glenn’s exhortations did not work. By 1995, the harmonization task force’s progress had ground to a halt. The two agencies could only agree on a “white paper” laying out their methodological and numerical disagreements. The harmonization initiative began, the paper reported, because differences in risk assessment and management “appeared to be the root cause” in their regulatory disagreements. The paper admitted that despite “fundamental differences in approaches” to assessing and managing risk, the EPA and NRC achieved similar levels of protection. The NRC criteria seemed more permissive and, to the public, more dangerous, but that was less true on close examination. For example, when decommissioning a site, the NRC used a longer seventy-year exposure period, while the EPA used just thirty years at its Superfund sites. NRC modeling of risk was very conservative. If the NRC just used the EPA’s “less stringent standards,” the interagency task force wrote, “[it would likely show] a level of protection equivalent to that achieved by EPA.” Moreover, the NRC’s use of ALARA meant licensees almost never came near the annual limit.154

The EPA and NRC’s unbridgeable differences boiled down to a 10 millirem (0.10 millisievert) gap in their criteria for releasing a decommissioned site for unrestricted use—what was called “green field” status. The EPA called for a 15 millirem (0.15 millisievert) annual exposure standard while the NRC favored 25 millirem (0.25 millisievert). The EPA also favored a separate standard for the groundwater pathway of 4 millirem (0.04 millisievert) per year. In 1994, the NRC initially proposed criteria that aligned with the EPA’s. After receiving public comment, NRC staff shifted to the 25-millirem criteria recommended by the Health Physics Society (HPS). The HPS pointed out that 15 millirem was substantially lower than recommendations from it and national and international radiation councils. It argued the criteria was so low that it fell within natural variations of background radiation within a region. It would be “of little or no benefit” to health and safety and extremely difficult to demonstrate compliance. While the gap between 15 and 25 was small, the costs associated with compliance could be huge. Some sites might spend exorbitant sums for remediation below 25 millirem. The HPS wrote, “We are concerned that the NRC staff is . . . developing new standards limits for radiation protection without appropriate scientific justification or basis.”155

The HPS objections went to the heart of the “small-dose problem” of reaching chosen cleanup thresholds. As Justice Stephen Breyer observed, cleaning up the first 90 percent of a contaminated site might be easy. Once the low-hanging fruit was picked, tens of millions of dollars might be needed to save the next statistical life. This “last 10 percent” might exhaust resources while making a “virtually meaningless” reduction in risk. For example, an EPA ban on asbestos pipe was predicted to save seven to eight lives at the cost of $200–300 million over thirteen years. The standard saved fewer lives than those lost by accidentally swallowing toothpicks. To the public, it still mattered. Asbestos, like radiation, was a dreaded hazard and the agency faced intense pressure to regulate it.156

NRC staff reported significant concerns that EPA standards lacked a scientific and cost-benefit justification. With Republicans gaining control of Congress in 1995, the NRC and EPA were under fire for excessive, inefficient regulation. In late 1996, NRC Chairman Shirley Jackson reported at a conference that the NRC was considering a criterion above 15 millirem and that a separate pathway standard favored by EPA for groundwater was not justified. The announcement shocked the EPA. Administrator Carol Browner, one industry publication reported, “fired a shot across the NRC’s bow” in a letter to Jackson, calling the NRC’s “significant changes” to its decommissioning rule “disturbing.” Drinking water was “a valued national resource,” and if the NRC followed through on its plans, Browner warned, the EPA would likely not accept them as protective under Superfund legislation. Such an action by EPA meant licensees would face double jeopardy in meeting separate NRC and EPA regulations.157

The NRC did not blink. In July 1997, it issued its rule on decommissioning, including 25-millirem “all-pathways” criteria.158 NRC staff argued that there was no good reason to use a separate criterion for groundwater, and its criteria was just 25 percent of its public dose limit already established in its regulations and international standards. One EPA director warned at an NRC Commission meeting that the 25-millirem criteria did not provide enough margin of safety and was “nearly doubling the allowed level of cancer risk to the public.” It was a higher allowable risk than other toxic substances the EPA regulated. The NRC was treating radiation as a “privileged pollutant.” Privately, EPA sources accused the NRC of doing the industry’s bidding. “What’s come into play here is that [the NRC] wants unrestricted release of [licensee] sites,” an official noted, when the NRC’s ALARA guidance had no “teeth.”159

Browner turned to Congress. EPA ally Senator Joseph Lieberman of Connecticut complained to the NRC that the rule posed an unacceptable risk to the decommissioning of his state’s Haddam Neck nuclear power plant. The Senate’s GOP majority, however, sided with the NRC. Frank Murkowski of Alaska said he feared the EPA’s use of the “Superfund’s vendetta-like policy of ‘polluter pays’ ” would result in fewer decommissioned sites due to expense. Senators James Inhofe, Craig Thomas, and Mike Enzi warned that the application of EPA Superfund standards to NRC sites would be “fundamentally unsound and disruptive.” They threatened to give the NRC sole regulatory authority over its licensees.160 The EPA issued a memo to its regional directors that the NRC’s criteria “will not provide a protective basis” for remediation goals at decommissioned sites, but its threat to invoke Superfund oversight remained in limbo.161 Stalemate.

The bureaucratic turf war seemed to have no significance for public safety. The insignificance of the 10-millirem gap could be expressed many ways. It was the dose to a passenger on a one-way flight from Tokyo to New York, one quarter of a mammogram, one-tenth the extra dose received by moving from sea-level Boston to mile-high Denver, or the average natural dose a person receives from living just twelve days on earth.162

Such risk comparisons had failed before to persuade the public. WASH-1400’s executive summary comparing nuclear power to coal plants and meteor strikes had been a debacle, and recent experience indicated nothing had changed. An initiative by the NRC to establish a level “Below Regulatory Concern” (BRC) for low-level waste sites was abandoned, even when it adopted just 1 millirem as its threshold interim policy. The proposed level was less than one chance in a million of fatality risk per year, and intended to avoid unnecessary regulation of tiny hazards. NRC outreach failed to quell a public outcry. Antinuclear groups suspected the NRC’s motives and claimed the policy would cost over 12,412 cancer deaths. Citizen groups sued, states sued, and Congress intervened by revoking the policy in the Energy Policy Act of 1992.163 One NRC staffer concluded, the public “didn’t buy the ‘below regulatory concern’ concept . . . [and] was outraged because they didn’t understand the concept, and it wasn’t explained to them.”164 Viewed across multiple efforts to communicate radiation risk, it was more likely that even good communications campaigns fight an uphill battle with public mistrust. Divisions within the staff over small differences and outside criticism opened the agency to accusations that it served industry interests, not public safety.

The NRC’s conflict with the EPA risked a similar public relations backlash. Yet bridging the 10-millirem gap was almost impossible. Carefully quantified, the EPA and NRC standards were the sum of their intricate regulatory frameworks, assumptions, and technical approaches crafted over many years. The underlying basis for the numbers could not be reconfigured for the sake of numerical consistency like a set of Legos. For the NRC, altering its criteria to suit the EPA meant abandoning its consistency with international radiation standards, which were already considered quite conservative. For the EPA, accepting the NRC’s numerical criteria meant backing away even more than it had already from the arbitrary but symbolically meaningful one-in-a-million point of departure. The EPA had already shown flexibility by permitting risks down to one in ten thousand in limited circumstances. The EPA had oversight for many toxic substances. Even if the NRC achieved equivalent safety in practice with more conservative calculations and ALARA principles, consistent safety criteria across multiple substances was important to the public and the courts.

The NRC’s clash with the EPA fed into a larger debate within the nuclear community about its approach to radiation safety. For many years, the AEC and NRC had minimized radiation controversies by reducing exposures through stricter standards and improved ALARA practices. This strategy worked because the nuclear industry usually operated well below existing criteria. Tighter standards were easy to meet. The conflict with EPA, however, indicated that compliance costs could become prohibitive. Had the NRC gone too far? NRC Commissioner Gail de Planque, a leading health physicist who held a Ph.D. in environmental health science, thought so. “I think we are pushing the dose limit thing too far. To get some interagency agreement [with EPA], we may be moving away from what I consider some very valid regulatory philosophies. I think . . . a lot of people forget about the ‘R’ for reasonable in ALARA. . . . We’re in danger of pushing [criteria] much lower than they need to be for public health and safety . . . and would not stand up to ‘a valid risk-cost analysis.’ ”165

Doubts about the validity of LNT emerged in some quarters. Some research in the 1990s found little correlation between low doses and cancer. At a meeting of health physics professionals, many experts criticized the NRC for conceding too much and questioned the ethics of regulating by an unproven linear model. “The people who preach the false science of LNT should take responsibility for doing harm to humanity,” one critic said, by scaring the public away from life-saving therapies and diagnostic technologies.166 NRC Commissioner Edward McGaffigan said that the NRC’s “radiation standards may or may not be totally rational.”167 “We pretend that [radiation has] a linear effect. We pretend that you can go down to 1 millirem and calculate that the chance of a certain type of cancer goes up . . . and therefore we have to do something.” NRC Commissioner Greta Dicus countered that there was no conclusive evidence to revise the LNT model. A Canadian regulator agreed with Dicus: “Without evidence in hand [to refute the model], the regulator has no choice but to rely on some form of LNT.”168

The NRC remained committed to the LNT as a regulatory principle, but its disagreement with EPA forced the staff to confront its practical limits at very low doses. When the NRC published its 25-millirem rule on decommissioning, it pointed to the “uncertainty associated with estimating risks at such dose levels.” Proof of health effects, the NRC pointed out, were lacking even as high as 20 rem (800 times the 25-millirem standard).169 Given this uncertainty and its quite conservative assumptions about public exposures, the NRC stated its criteria were based on “judgment . . . rather than an analysis based on probability distributions for such exposures.”170 The commission concluded the scientific basis for the EPA’s criteria was “based on outmoded modeling that does not reflect current understanding of the uptake and doses resulting from ingestion of radionuclides through drinking water.”171

For the EPA, the NRC criteria seemed to compromise the compromises it had already made. In the 1980s it developed a broader more flexible framework. It accepted risk estimates that fell short of its one-in-ten-thousand minimum threshold—one in 3,333. This approach had withstood court review. However, the NRC rule was closer to an approximate increased lifetime risk of one in two thousand. With a commitment to ALARA, the real risk would be lower but unquantified and uncertain.172

Ultimately, both agencies backed away from the spiral down into a maze of hypothetical numbers of risk assessment and found common ground in risk management. It was a compromise eased by a change in leadership. In March 2001, NRC Chairman Richard Meserve met with EPA Administrator Christine Todd Whitman, the first meeting of agency heads in five years. Soon, the EPA signaled its willingness to accept the NRC’s 25-millirem limit at New York’s West Valley Demonstration Project, but with an array of risk management tools, such as the development of administrative controls and mitigating measures.173 In 2002, Whitman and Meserve signed a new memorandum of understanding confirming this new approach. Risk from residual radiation at a decommissioned site would be managed by returning a greater measure of judgment to the process. The EPA affirmed that its involvement in site evaluation would occur “very infrequently,” since most sites decontaminated under NRC would fall below EPA Maximum Contaminant Levels (MCL). The memorandum replaced a hard and fast numerical standard with numerical “trigger levels” of consultation between the two agencies when the MCLs were likely to be exceeded.174

In the controversy over site decommissioning, quantitative risk assessment did not provide the cross-agency consistency and “statutory formula” EPA administrator William Ruckelshaus had sought. He looked to risk assessment to save a risk management process that seemed hopelessly flawed by politics. In this case, the risk managers and political decisionmakers had to save quantitative risk assessment by broadening regulatory discretion to include qualitative factors. As the EPA and NRC reached the limits of technical certainty and their complex legal histories, policy judgments were essential parts of the “formula.” Institutional and administrative controls at decommissioned sites became critical tools for sites that fell short of “green field” status.

The experience of risk assessment outside the context of US nuclear power plant regulation reinforced the lesson that PRA was a powerful tool with important limits. In the right place, it could provide risk insights and produce consensus, but it also required risk-informed decisions rather than risk-based ones. Policymakers still needed a range of management options and the flexibility to consider qualitative information and social and political factors.
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Risk-Informed Regulation and the Fukushima Accident

As the NRC entered the twenty-first century, it charted a clear, aggressive course to risk-inform its regulations to ensure adequate protection of the public while improving efficiency. After the Domenici-Jackson meeting in 1998, risk-informed regulation dominated NRC rhetoric. The NRC’s strategic five-year plan for 1997–2002 mentioned “risk-informed” only a half dozen times, but in the revised volume for 2000–2005, it appeared more than ninety times. Similarly, the NRC had barely mentioned reducing “regulatory burden” in the 1997–2002 strategic plan, but it appeared over one hundred times in the next volume, often as a benefit of risk-informed regulation.1 To be “risk-informed” was more than a technical approach to safety regulation, it was the NRC’s language of progress, a program that would modernize it as a regulator.

It was not certain whether the industry would follow along. NEI was a champion of risk-informed initiatives, but the industry was still a hodgepodge of large and small entities whose bottom-line calculations often varied considerably. Licensees were skeptical risk-informed regulation would provide the advertised benefits. One industry publication described the risk-informed initiative as a “massive overhaul of NRC regulations” requiring “spending millions of dollars—how many millions nobody knows—to create a shadow set of risk-informed regulations with little assurance that anybody will use them when they’re finished.”2 John McGaha of Entergy Operations told the commission that its adoption of risk-informed regulation would hinge on a “business decision,” and he confessed that his plant staff were so wary of it that none of Entergy’s plants volunteered to pilot risk-informed experiments.3 Industry wanted to see an obvious payoff from a long-term investment in risk-informed regulation. The NRC’s new chairman, Richard Meserve, admitted, “It’s sort of a gamble, I guess, at this junction.”4

Gamble the NRC did. As one industry newsletter noted, NRC staff floated “things that would have been unheard of from federal regulators before,” such as the possibility of risk-informing the ECCS acceptance criteria to allow more fuel degradation during an event.5 It committed millions to the implementation of the risk-informed Reactor Oversight Process and risk-informing regulations for fire protection, technical specifications, in-service inspection, and loss-of-coolant accidents. Some regulatory revisions were completed with modest effort, but risk-informing just one regulatory section on the obscure “special treatment” of safety equipment consumed fourteen thousand staff hours within a couple of years.6

The NRC also worked to communicate risk and risk-informed regulation to the public. As one NRC commissioner noted, “We can have the most advanced risk insights, the best science, the leading experts in the field, but if we do not have an effective communication plan, we will fail.”7 The field of risk communication was thirty years old and the NRC sought to distill its lessons into training useful to effective public communication strategies on the role of risk in regulation.8

Despite the effort, skeptics of risk-informed regulation abounded. “If I was a betting man, I don’t think that it’s going to happen,” said David Lochbaum of the Union of Concerned Scientists.9 He predicted the cost of compliance with new risk-informed regulation would exceed savings. Many in industry were in unusual agreement with one of their primary critics. The industry’s lobbying organizations in Washington, DC, and a few larger utilities had a strong interest in applying PRA to regulations, but a manager at a smaller plant dismissed the expensive safety tool. “For older plants, single unit utilities, the cost-benefit just isn’t there,” he said. Industry participation “is all going to be very market-driven,” one NEI official admitted.10

There were plenty of skeptics of risk-informed regulation within the NRC staff, too. One executive of a PRA firm thought much of the staff was not interested in risk-informed regulation and were “very comfortable with the way things are.”11 PRA expert John Garrick noted that the commissioners were usually more interested in reforming regulations than the staff. Referring to outgoing chairman Shirley Jackson, he said, “The person who coined the phrase [risk-informed]” is leaving. “I don’t know what to expect from the others.”12

Even while some nuclear critics thought risk-informed regulation might not happen at all, others worried it might. They feared risk-informing regulations meant reducing safety margins. Public Citizen’s Jim Riccio warned that steps away from traditional deterministic safety would endanger the public. Risk-informed regulation, he said, was merely a euphemism for deregulation, an economic motivation wrapped in the language of safety.13 NEI’s Ralph Beedle objected to Riccio’s characterization. Economics and safety could be pursued simultaneously. “There should be no doubt in anybody’s mind that the industry is interested in maintaining these plants in a safe configuration. There is no one that’s more interested in that than the CEOs of these facilities. Because an unsafe plant is one that represents major financial risk, and he’s not about to take that. So, the last thing we want is deregulation of the safety regulations.”14

The NRC, too, had to struggle with the perception that risk-informed regulation sacrificed safety to benefit the industry’s bottom line. Gary Holahan, a regulatory office director at the NRC, expressed his frustration that much of the debate hinged on appearances. “If we had a risk-informed approach that everybody was comfortable with . . . [and it] didn’t look so much like relaxing safety, but as a good decision,” there might be more risk-informed regulation.15 Another NRC staffer admitted to a reporter that if the public did not see risk-informed regulation as an initiative to improve safety, critics would have the upper hand.16

The maintenance rule and ROP may have created excessive confidence in what could be accomplished with risk-informed regulation. Nuclear plants had been designed according to a complex deterministic regulations and guidance documents. To risk-inform a regulation, NRC staff and industry had to apply risk insights piece by piece, regulation by regulation, while keeping alert to how changes in one small part could affect the whole.

The NRC considered ambitious initiatives to risk-inform Part 50 regulations for operating reactors. One option was simple but far reaching: change the application of the term “safety-related.” Safety-related equipment and systems had “special treatment requirements” for quality assurance, maintenance, and their ability to survive in the harsh environments of design basis accidents that exceeded requirements for standard commercial versions. If a licensee had a high-quality PRA, it could identify equipment with low safety significance and replace it as it aged with a less expensive commercial grade. A safety-related valve priced at $36,000 might cost just $9,500 at commercial grade. Industry estimates indicated that 75 percent of safety-related equipment could convert to commercial grade.17

In 2004, after six years and tens of thousands of staff hours, the NRC issued its new risk-informed special treatment regulation, known as 50.69, with high hopes.18 The following year NEI published a guidance document to the industry.19 There was confidence that the rule would have wide application to operating plants and even new reactor construction. NRG Energy, the operator of the South Texas Project plants, indicated it was considering the addition of two new reactors where special treatment regulations could control costs and achieve safety. In 2006, an STP official said its plant staff were excited at the prospect of being able “to do things right the first time. . . . This will be a risk-focused station” that will “better focus construction” on true safety.20 In 2007, NRC staff gave the commission a positive update on the special treatment rule and reported it was “awaiting industry implementation.” NEI’s Biff Bradley predicted, “I think the day will come when every plant has adopted 50.69.”21 The wait lasted ten years.22 The NRC’s PRA quality requirements and high implementation costs made the rule a hard sell among licensees.

In parallel with the special treatment rule, the staff and industry followed up on NEI’s proposal to risk-inform and essentially eliminate as a design basis accident the large-break, double-guillotine, LOCA. As an accident that had never happened, it was, as one industry official put it, the “mother of all assumptions.” Preventing and mitigating a LOCA had been a significant concern since the Hanford production reactors. Removing the large-break LOCA from the regulations was akin to deleting original sin from the book of Genesis.23

For an industry under competitive pressure, the savings from the LOCA rulemaking were tantalizing. For less than $1 million in application costs, industry estimated, a licensee might bank $8 million per year in savings. Adding in the potential for power uprates (increases in allowed power plant output), the collective industry benefits could be nearly $12 billion.24 The safety case for eliminating the large-break LOCA had been around for decades. Experts were confident that large pipes did not suddenly break in half, as postulated. The much more likely scenario involved a pipe developing a detectable “leak before break” long before any sudden rupture occurred. Only smaller pipes in the range of six to eight inches might break suddenly. Pipe breaks above a “transition break size” could be neglected due to their improbability. Proof had to await operating experience. By 2002, when NEI filed a rulemaking petition to treat a large-pipe break as “an extremely unlikely event” of “negligible risk,” PRAs could draw on data from two thousand five hundred reactor years of operation.25 Experts concluded that large-break LOCA probabilities were much lower than WASH-1400’s estimates.26

The long path to revising the LOCA regulations illustrated how difficult it was to achieve the promise of risk-informed regulation in practice, particularly when the costs of acquiring regulatory approval and implementation provide uncertain long-term benefit. In debates about the proper balance between qualitative and quantitative safety, the quality of licensee PRAs and data collection, the expected benefits could vanish. The transition break size became a major sticking point. NRC staff divided all breaks into categories above and below the transition break size, typically the second largest pipe diameter in the plant. At about twenty inches, such a break was still too large to provide much savings to the owners of General Electric Boiling Water Reactors (BWRs), and they withdrew from the rulemaking. PWR owners remained interested parties. NEI’s Anthony Pietrangelo argued that unless the transition break size was small enough to relax safety requirements on Emergency Core Cooling Systems and other safety equipment, the rule change would be an “implementation nightmare” that could cost the industry over $160 million. The NRC’s Brian Sheron replied that the staff would reduce the break size if it preserved safety, but if it just meant “they’re going to crank out more megawatts and make more money, we’re not that receptive.”27

As the industry pushed for a smaller transition break size, the ACRS pushed the other way. It objected that the NRC was in danger of abandoning the principle of defense in depth. In November 2006, ACRS Chairman Graham Wallis said the proposed rule “should not be issued in its current form.” He called for revisions to “strengthen the assurance of defense in depth for breaks beyond the transition break size.”28 Disagreement was strong enough that the NRC did not issue a revision for almost three years.

In 2009, the staff’s proposed final rule satisfied the ACRS and industry, though with less benefit than anticipated. The ACRS concluded that the staff had crafted an acceptable risk-informed regulation that preserved defense in depth for larger breaks even while relaxing certain low-probability safety requirements. Despite PRA quality requirements that were “pretty high,” NEI’s Biff Bradley observed, the rule remained “the poster child for risk-informed regulatory reform” and was “a fundamental reform objective for the industry.” Bradley voiced the industry’s “hopes [that] we can achieve the win-win of safety benefits as well as being able to enable power uprates and other benefits of the rule.”29 In January 2011, the rule’s twelve-year journey was nearing its end and it went to the commission for approval. The NRC’s regulations were on the threshold of major change.30

DAVIS-BESSE’S HOLE IN THE HEAD

In the years after its 1985 loss-of-feedwater event, Davis-Besse gained a reputation as a well-run plant. Events in 2002 changed that.31 Like all PWRs, the reactor vessel at Davis-Besse is a huge steel pot that holds the reactor fuel and cooling water at temperatures greater than five hundred degrees and pressures above two thousand pounds per square inch. The vessel walls are a nearly impervious six and a half inches of carbon steel and, to limit corrosion, are lined with stainless steel cladding about three-eighths of an inch thick. The reactor fuel is loaded from the top and an equally substantial domed vessel head is clamped on the vessel like a pressure cooker with gigantic bolts to create a perfect—almost perfect—seal. The plant’s chain reaction is managed with long control rods, sixty-nine of them, including a few penetrations for other purposes that poke down through the vessel head. A forest of nickel-alloy steel tubes, called nozzles, are inserted into each hole. The nozzles are welded to the head and capped with a flange. The drive mechanism for each control rod is bolted to the flange to complete the pressure seal.

Leaks sometimes occur at the flanges. The primary coolant that leaks out contains chemicals, notably boron, an element that helps control the chain reaction. Like salt from boiled seawater, the boron in the leaky water precipitates out as the water flashes to steam. The boron usually deposits on the vessel head and elsewhere in the reactor building. If the leak is small, the boron is more of a nuisance than a hazard. While wet boron could become corrosive boric acid, boron deposits on the very hot reactor vessel generally are harmlessly dry and periodically cleaned off during outages.

Over time, leakage became a more complicated issue for some plants. In the early 1990s, it was evident that the nozzles and the welds that attached them to the vessel head were susceptible to developing small stress corrosion cracks. Axial cracks, running vertically up the nozzle, were far less dangerous than circumferential cracks that might go all the way around a nozzle tube. If a circumferential crack circled all the way around and went all the way through the nozzle wall—a “through wall” crack—the tube and control rod could sever from the reactor head and eject violently. A medium-break LOCA would ensue.

In 2001, nozzle cracking went from a minor to major technical problem. Previously, most cracks had been axial, but circumferential cracks were found at two plants at the Oconee Nuclear Station. They were revealed by inspection methods not normally required by engineering codes. Further investigations found cracking at other plants, particularly if the nozzle was made of Alloy 600 steel. The NRC was confronted with a “special circumstance” where engineering codes and NRC regulations might not provide assurance that adequate protection existed at the nation’s sixty-nine PWRs.32

The nozzle cracking issue emerged while the application of risk-informed regulation was still new. Staff guidance documents on risk-informed regulation were only a year and a half old. It had not been applied to a generic operational issue with such uncertain safety significance. There was only limited guidance about how to assess the quality of PRA submissions from a licensee and how to weigh quantitative risk with qualitative factors. The staff adapted a procedure used elsewhere in the licensing process. As one NRC official later said, the nozzle-cracking issue became a learning experience in applying risk-informed regulation.33

To understand the extent of this new problem, the NRC sent a bulletin to all PWR licensees requiring them to analyze their plants for susceptibility to cracking. For plants with high susceptibility, the NRC wanted further information about how safety would be maintained until the next scheduled shutdown. If a licensee could not make that deadline, they were required to justify how they would maintain adequate protection until they shutdown to inspect. As requested by the industry, the NRC allowed licensees to perform a risk-informed analysis as part of their response.34 Deadline: December 31, 2001.

Based on this process, the NRC identified twelve plants as highly susceptible to cracking, including Davis-Besse, which was owned by FirstEnergy Nuclear Operating Company (FENOC). Of the twelve plants, only Davis-Besse and D. C. Cook requested an extension of time before shutting down to inspect. FENOC hoped to align the inspection with its scheduled March 31, 2002 refueling outage. It argued accident risk was low.

The staff was unpersuaded and began drafting a shutdown order even as it continued to communicate with the licensee. To address staff concerns, FENOC offered a series of measures to reduce risk. It presented video recordings of previous vessel inspections, which indicated that there was no significant nozzle leakage, though viewing the head was made difficult due to sizable deposits of boron FENOC said were from past flange leaks. There were also a few nozzles at the very top of the head that were inaccessible to viewing, but from what could be seen on the rest of the vessel head, nothing was amiss. FENOC also cut in half its extension request to February 16, and it offered compensating measures on plant operations, maintenance, and monitoring that it claimed reduced core damage risk by 20 percent. The NRC’s own calculations indicated that the increased risk of letting the plant operate was within regulatory guidelines.35

FENOC’s proposal created a dilemma for the NRC. How could they turn their uncertain judgment about accident probabilities into a regulatory decision? When confronting this “special circumstance” of nozzle cracking, staff had to “assume the burden” of demonstrating that new information indicated that the “adequate protection” standard was not met. This was a difficult threshold to determine based on uncertain data and PRA assessments.36

There was no bright line where staff could declare FENOC’s data and measures met the adequate protection standard. Its deadline of December 31, 2001 was somewhat arbitrary, “not a defined threshold of risk acceptability.” The NRC’s Allen Hiser pointed out the staff’s conundrum: “We cannot demonstrate numerically that this is the ‘correct’ date, and we certainly cannot differentiate 12/31/01 from 01/01/02, or 01/19/02 or 03/31/02.” Trying to claim there was a firm technical basis for the date, he wrote, was “a no win situation for us . . . due to the judgmental nature of the date” that was set by “regulatory discretion.” It was a date set by a mixture of quantitative and qualitative factors, including risk estimates, uncertainty, and practical questions such as plant scheduling for the short supply of skilled repair contractors who jumped from one plant repair to the next. The NRC, with some staff dissent, accepted FENOC’s proposal.37

Davis-Besse accordingly shut down on its revised schedule of February 16, 2002, and its repair contractor, Framatome, began nozzle inspection and repair. The first cracks discovered were reassuring—less dangerous axial cracks with some leakage and boric acid deposits. Workers moved on to repair Nozzle 3, which was located almost at the summit of the domed vessel head. During the machining process, the nozzle tipped to the downhill side and only stopped when it hit the nozzle flange next to it. Since the nozzle tubes were inserted through the 6.5-inch thick vessel head, tipping should have been impossible. It was as incongruous as waking up one morning in Manhattan to see the Chrysler Building leaning up against the Pan Am/Metlife building. After cleaning away the boric acid deposits, Framatome discovered a “massive amount” of vessel-head erosion, a cavity the size of a pineapple in a 180-degree arc around the nozzle. A crack in the nozzle had opened a pathway where boric acid had eaten away the vessel head. In some spots the erosion was so complete that only the stainless steel inner liner remained as the last barrier to a LOCA. It was considered one of the most potentially dangerous events in US commercial nuclear power history.38
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FIGURE 20 AND 21. The Davis-Besse degraded vessel-head event was one of the most serious in the history of commercial US nuclear power. The illustrations above identify the location of nozzle no. 3, near the summit of the vessel head. The photo on the right is a cleaned-away image of the erosion area. The silver area is the inner stainless-steel cladding, just three-eighths of an inch thick. The arrow points to a crack in the cladding. Source: US NRC.







The Davis-Besse vessel-head event had grave implications for FENOC. It lost millions in operational revenue, replaced plant management, and received the largest fine in regulatory history, $33.5 million in criminal and civil penalties. Some plant staff were found guilty in federal court of intentionally misleading the NRC about the state of the reactor.39 The leak may have started as early as the mid-1990s and been overlooked for years. FENOC’s internal review concluded the staff had followed “minimum compliance” in controlling boric acid degradation and did not heed symptoms of a leak. FENOC concluded the plant’s reputation as a top performer in the industry had allowed it to become “complacent” and “isolated.”40

The episode exposed the NRC to attacks on its use of risk-informed guidance and PRAs. David Lochbaum of the Union of Concerned Scientists and Paul Gunter of the Nuclear Information and Resource Service penned an analysis entitled “NRC has a brain, but no spine.” They claimed the NRC had worried more for the financial health of FENOC than living up to its risk-informed principles. Detailing the staff “anguish” and dissent over the decision, Lochbaum and Gunter charged that “the NRC knowingly and deliberately violated its own safety policies and procedures to allow Davis-Besse to continue operating.” Briefing slides, they argued, showed staff may have recognized that continued operation would increase the chance of core damage above acceptable levels. The NRC had the evidence against operation but had capitulated. As Lochbaum and other UCS staff argued, industry reluctance to invest in improved PRA quality was at the core of the NRC’s poor decision.41

Discovery of Davis Besse’s vessel-head erosion cast doubt on NEI’s recently filed petition to the NRC to risk-inform the large-break LOCA and ECCS rule. Representatives Edward Markey of Massachusetts and Marcy Kaptur of Toledo, Ohio, pointed to the potentially disastrous consequences of the Davis-Besse event and asked the NRC if it should reconsider risk-informed regulation entirely.42

Reviews by three federal entities were also critical of the NRC. An investigation by the NRC’s Inspector General, Hubert Bell, concluded that the NRC decision was “driven in large part by a desire to lessen the financial impact” of a shutdown on FENOC. The staff had “established an unreasonably high burden of requiring absolute proof of a safety problem” before requiring a shutdown. NRC practices, the inspector told a Senate hearing, were increasingly cost conscious and “becoming unsafe.”43 The NRC’s lessons-learned task force also noted FENOC’s risk assessment had “a considerable level of uncertainty” and the final staff decision was poorly documented, including the degree to which it relied on quantitative risk estimates.44 A report by the General Accounting Office took the NRC to task for its limited guidance to staff on PRA use, poor documentation of its decisions, and for failing to recognize that accident risk was higher than its own standards.45

The NRC admitted it did not recognize some symptoms of a leak, and it committed to deal better with risk uncertainty and documenting its decisions. But it was blunt about other criticisms. Gary Holahan, director of the Division of Systems Safety and Analysis, warned the commission that accepting Bell’s conclusions threatened the agency’s risk-informed initiatives. The decisionmaking process at “Davis-Besse was not only correct, but . . . it constitutes a good and appropriate model for future actions.” The staff was constrained by the lack of evidence that the FENOC was in clear violation of the technical requirements of its license. The increase in the probability of core damage of 5 × 10−6 (one in two hundred thousand) reactor years was acceptable under NRC guidelines. Holahan believed the NRC decision “was the only decision that could have been made in light of the applicable processes and the information and analysis available at the time.”46

Holahan’s point about the reliability of licensee information was echoed in the NRC’s rejoinder to a GAO report on the event. Noting the ongoing criminal investigations by the Department of Justice into the veracity of information supplied by Davis-Besse staff, the NRC told GAO that its oversight of licensees relied on them to “provide us with complete and accurate information.” In a point-by-point rejection of the GAO’s critique of the NRC’s risk-informed methodology and calculations, the NRC concluded, “We regard the combined use of deterministic and probabilistic factors to be a strength of our decisionmaking process.”47

SAFETY CULTURE, AGAIN

Davis-Besse did compel the NRC to revisit its deference to the nuclear industry on safety culture. For twenty-five years, the nuclear industry had resisted NRC initiatives to assess or quantify safety culture. After the Brookhaven study, INPO and licensees took the lead on safety culture. The industry made dramatic improvements to its operations, including an order-of-magnitude reduction in significant events at power plants. Why should the NRC measure safety culture?

The vessel-head erosion event provided an answer: even if safety culture could not be quantified, the NRC needed to include it in the ROP. Citing IAEA qualitative safety culture guidance, the GAO report pressed the NRC to develop some safety-culture assessment methodology for the ROP. The NRC pointed to the subjectivity of any methodology and the time-honored line between regulation and management. Yet the questions continued. FENOC had taken over operations from Toledo Edison Company and enjoyed a reputation as a top performer, a reputation that may have caused the NRC to let its guard down on the nozzle cracking issue. FENOC met minimum performance requirements of the ROP without revealing a plant culture that prioritized efficiency over safety.48 The public and Congress asked tough questions. Why had the licensee’s safety culture degraded? Where was plant management? Where was INPO? Where were NRC inspectors? Sixteen years after Chernobyl, why didn’t the NRC have a safety culture regulation?

The NRC felt the heat from Capitol Hill. Ohio Senator George Voinovich pressed NRC Chairman Nils Diaz: “Why do you disagree with everyone that you should put in place a regulation to monitor safety culture? . . . Why do the Europeans do it? . . . You are going to be [doing safety culture assessments at] Davis-Besse for the next five years. . . . Why [don’t we] make that applicable to all the facilities?” Echoing Nunzio Palladino’s reservations twenty years earlier, Diaz replied, “Because it will get into an area that the Commission believes that we should not be, which is managing the facility.”49

As a condition of restarting the plant, the NRC required that FENOC contract for an independent safety culture assessment. Sonja Haber, who had led the Brookhaven study, headed a team of consultants that included psychologist Valerie Barnes and veterans of the nuclear navy. Using an updated version of the Brookhaven methodology, the team assessed FENOC by widely agreed upon IAEA safety culture traits: 1) Recognition of the value of safety; 2) Integration of safety into all plant activities; 3) Accountability for safety; 4) Learning-driven safety practices; and 5) Clear leadership for safety. Despite improvements, the team concluded, FENOC had made only partial progress toward those characteristics. FENOC spent several years conducting additional safety culture assessments.50

The NRC did not develop a safety-culture regulation, but it inserted a little more room for qualitative judgment on safety culture into its Reactor Oversight Process. In 2006, NRC psychologists such as Julius Persensky collaborated with other technical staff to create opportunities for inspectors to diagnose and act on safety culture weaknesses, a process to determine the need for an evaluation of a licensee’s safety culture, and guidance on evaluating a licensee’s self-assessment of safety culture or to conduct an independent assessment.51

To Valerie Barnes, a recent addition to the NRC staff, integrating safety culture into the ROP seemed misguided because untrained NRC inspectors—engineers rather than social scientists—would judge safety culture. Nevertheless, she and other social-science staff helped establish appropriate protocols in the ROP and the language of the NRC’s 2011 safety culture policy statement. The final products, Barnes believed, captured standard elements of such assessments. The NRC’s training and guidance documents, as well as INPO’s work in the area, provided a shared vocabulary for the NRC and industry to discuss safety culture issues. She remains concerned that the commitment to safety culture may not endure.52 The insights of social science experts found a place in the ROP, but only after a delicate balancing of quantitative and qualitative factors.

THE RENAISSANCE

By 2010 the Davis-Besse episode seemed like a bump on the road to an industry revival. As the industry’s outlook improved, the lessons from Davis-Besse, the maintenance rule, the ROP, safety goals, and other risk-informed initiatives were connected to a larger purpose: the “renaissance.” The NRC and industry had made plants safer without wrecking their economic viability. In the twenty-first century, old and new reactors might flourish together. As one Entergy official put it, the flood of license renewal applications for operating reactors “builds a bridge to the nuclear renaissance.” Economic prospects were so good for operating plants that eighty-year operation—a second twenty-year extension—seemed a likely prospect for many plants.53

With operating plants money-makers, crossing the bridge to the renaissance was not such a long trip. Nuclear power’s public standing was higher than it had been in decades, topping 60 percent approval in some polls. Its potential to solve the threat of global warming brought around high-profile environmentalists, such as Stewart Brand, James Lovelock, and Greenpeace founder Patrick Moore. Other environmentalists were unmoved. Jim Riccio of Greenpeace called the renaissance “more propaganda exercise than a serious discussion of the viability of the industry.”54 There were still substantial doubts new nuclear plants were a sound investment. Another accident, the chairman of the World Association of Nuclear Operators warned, would undo all the good work of recent years. It would be almost impossible to convince the public, power providers, and politicians to take another chance with nuclear power, thought one engineering news publication. The “return of the nukes will take a miracle.”55

Yet nuclear power seemed to be walking on water. Wall Street and the power industry were taking another look at the peaceful atom. “Performance has just been stellar,” said a director at Goldman Sachs. Investors “are not afraid of nuclear power.”56 While deregulation had hit nuclear plants hard in the 1990s, they had trimmed costs and profited. Meanwhile, the dark side of a deregulated electric marketplace became evident. California, a leader in deregulation, suffered from power shortages and rolling blackouts. The uncertainties and shortages had been so severe that public opinion favoring new nuclear plant construction spiked in 2001 to 66 percent. There was even growing acceptance of local construction projects. Amid rising fuel costs, power producers searched for stability and engaged in bidding wars for operating nuclear plants. The time seemed ripe for a second nuclear era. As one industry observer noted, “the nuclear industry has another chance to rescue itself.”57

In the White House and on Capitol Hill, the renaissance enjoyed bipartisan support. Nuclear power was a major part of President George Bush’s energy plan. In 2001, Vice President Richard Cheney touted it as a solution to global warming. “If you want to do something about carbon dioxide emissions,” he said, “then you ought to build nuclear power plants.”58 Congressman Billy Tauzin told an industry audience, “Who would have thunk that we’d be discussing the possibility of nuclear construction in this country?”59

Talk turned to action. In 2005, with funding from Congress, the Department of Energy finalized a cooperative agreement with NuStart, an industry consortium of energy companies and vendors Westinghouse and General Electric, to provide $1.1 billion to help guide the industry through the new NRC combined construction and operating license process. “I used to wonder whether any of us would ever see the day,” said Senator Pete Domenici, “but the horizon is getting shorter and we can see some real action coming.”60 Two years later, the NRC accepted an application from the Tennessee Valley Authority for two new plants at the Bellefonte site in Alabama; NRC Chairman Dale Klein announced, “The nuclear renaissance is here.”61

The NRC had a new spring in its step. There was strong interest in its regulatory programs for operating and new reactors. In 2008 an Electric Power Research Institute survey found the “vast majority” of licensees expected extensions to eighty years. With a wave of new plant orders expected, the NRC hired more staff and expanded to a third building on its campus in Rockville, Maryland. Support for a new generation of power plants was evident in public opinion and at the NRC’s annual conference. One session on new reactors was so packed that four NRC employees were stationed at entrances to hold back the overflow crowd.62

With the NRC’s burst of activity, it was the industry that had fallen behind. Although the NRC had taken years to give birth to its risk-informed regulation on large-break LOCAs, Biff Bradley of NEI acknowledged “most envisioned regulatory improvements have been achieved.” Bradley called on the industry to upgrade its PRA tools. “The investment will pay off,” he predicted. With PRA expertise in short supply and a noted “trepidation” by licensees to commit the resources or volunteer their plants to pilot regulations, it was the industry that seemed to be racing to catch up with their forward-thinking regulator. When NRC staff asked owners of PWRs why none of them had implemented the risk-informed special treatment regulation, known as Part 50.69, a perplexed participant asked, “What’s 50.69?”63

These were the NRC’s halcyon days. Democrats, historically skeptical of nuclear power, took back control of the White House and Congress, but it did not matter. In his 2010 state of the union address President Barack Obama called for “a new generation of safe, clean nuclear power plants in this country.”64 Obama’s support was a critical piece of the puzzle. For all the hope of a new day for nuclear, its economics were still such an open question that it needed federal seed money. In a 2009 update to its upbeat report issued in 2003, an interdisciplinary team of MIT faculty noted that advanced reactor designs met safety goals, but cost was uncertain. Expectations for cost reductions and on-time construction of nuclear power “were plausible, but not yet proven.” The only way forward, the study concluded, was for the federal government to provide more loan guarantees to a demonstration “first mover” project. Just a couple weeks after Obama’s speech, the Department of Energy announced $8.33 billion in loan guarantees for two Westinghouse AP1000 reactors to be built at the Alvin W. Vogtle Generating Plant in Burke, Georgia. In its press release, DOE argued nuclear power was an environmental necessity: “To meet our growing energy needs and prevent the worst consequences of climate change, we need to increase our supply of nuclear power.”65

The NRC received seventeen applications for twenty-six new reactors, had a heavy backlog of operating license renewal applications, and worked to bridge its shortage of degreed nuclear engineers. In early March 2011, the NRC’s annual conference again hosted record crowds. Congress still had not passed a bill to limit carbon-dioxide emissions—a critical boost to nuclear power’s competitiveness—but commissioners spoke confidently of the NRC’s accomplishments and the way forward. Chairman Gregory Jaczko boasted of a recent positive evaluation of the US regulatory system by the International Atomic Energy Agency, and he pointed with pride to the staff’s persistence in grinding out a complex risk-informed regulation on fire protection that endorsed an engineering fire code called NFPA 805. The process of qualifying two pilot plants had taken seven years, he admitted, but the use of PRA in NFPA 805 “works.” Commissioner William Magwood ventured that the nuclear industry was “entering a new era” and predicted that new reactor technologies would dramatically alter energy production by mid-century.66 Commissioner William Ostendorff agreed: “I envision that nuclear has a clear, important role in our future.”67

FUKUSHIMA

The Tohoku earthquake of March 11, 2011 registered 9.0 on the Richter scale, the fourth strongest in recorded history. A quake of such magnitude was considered an incredible event in the Japan Trench off the coast of the island nation. In six minutes, the annual electrical energy consumption of the Los Angeles region erupted along a three-hundred-mile rift about forty miles off the coast of the northeast section of Japan’s main island, Honshu. Japan grew wider, as Honshu’s eastern coast was pulled eight feet closer to North America and dropped two feet in elevation. The quake’s tremors made Antarctica’s glaciers flow faster. Seawater in Norwegian fjords sloshed about. The earth shrank; tipped on its axis; rotated faster; gravity lessened; days shortened. The quake’s epicenter was eighteen miles beneath the sea floor, but it affected the orbit of satellites in space.68

It was the largest quake in Japan’s history, but its people were ready. The advanced early warning system picked up the fast-moving, relatively harmless P-waves that arrived ahead of the slower, more deadly S-waves. Tokyo had eighty seconds to prepare. Factory workers, office employees, and college students knew the drill. Families had their emergency kits ready. Many children trained with earthquake simulators calmly strapped on the soft helmets that normally served as classroom seat cushions and executed “duck-and-cover” drills or rode down evacuation chutes from upper floors. Trains slowed down, isolation valves on natural gas lines closed. Japan’s already strict building codes, upgraded after the 1995 Kobe quake, worked as intended. High-rise buildings around the island swayed, but for a temblor that easily exceeded safety margins, damage was limited. They did not slip over a “cliff edge” and collapse.69

Japan also prepared for tsunamis. About 40 percent of Japan’s coast had tsunami seawalls of varying sizes. The northern Sanriku coast had experienced Japan’s worst tsunamis, and some small fishing communities had built impressive sea walls. Taro’s “Great Wall” was thirty-three feet high, and Fudai’s was fifty-one feet. There were drills in some towns, too. A week earlier, Taro, a village of five thousand, had completed its annual tsunami drill on the anniversary of a wave that destroyed the village in 1933.

With a tsunami, there is a cliff edge. As the Pacific Plate slid under Japan’s Okhotsk Plate—a process called subduction—the latter thrust upward twenty-three feet, displacing the ocean water above it. Magnified by a combination of plate displacement, vibrations, and underwater landslides, the resulting tsunami surpassed anything Japan had seen. In deep water, the tsunami was only a few yards high as it rolled toward the island at about five hundred miles per hour. As it came ashore, it slowed and rose to a crest of between thirty and seventy feet. Front to back, a tsunami’s wavelength can be dozens of miles deep, and its surge does not quite crash on shore like a surfing wave. The whole ocean seemed to rise for over twenty minutes. As the ocean overtopped seawalls, it looked like the sides of a giant bathtub that overflowed from some enormous faucet that someone forgot to turn off. A wall just a few feet too short was almost like no wall at all. Fudai’s fifty-one-foot wall held and one resident died. Taro’s thirty-three-foot Great Wall did not; the town was destroyed. Its March 3 drill did help limit casualties. Some towns had no wall and had made limited preparations and few drills, such as Minamisanriku. They saw thousands die amid complete destruction.70

For the nuclear power plants closest to the epicenter, wave heights and seawalls determined which plants slipped over the cliff edge. On the coast north of Tokyo, there were fourteen plants clustered at five stations. Each one had a General Electric boiling water reactor (BWR). Each reactor in operation scrammed, started its diesel generators, and began cooling down. Even with an earthquake that exceeded their design basis, the plants were safe.

Until the wave. Only the Onagawa station was designed for such a tsunami. Located to the north of Fukushima Daiichi on the Sanriku coast, Onagawa’s three reactors sat behind a Fudai-like sea wall just over forty-eight feet high, enough to survive the forty-two-foot wave. To the south, the Fukushima Daini station was fortunate. Its defenses were much lower, but so was the tsunami. It did not completely lose power, and its backup cooling systems worked sufficiently to restore cooling within fourteen hours.71

Fukushima Daiichi, however, suffered Minamisanriku’s fate. It was designed to handle a tsunami only half as high as the wave that arrived about fifty minutes after the quake. The flooding that followed disabled all diesel generators at the four oldest units, as well as electrical switchgear and cooling pumps, in what is known as a common cause event that takes out multiple safety systems and nullifies the careful redundancy designed into them. Heroic efforts by Daiichi station workers to string emergency power cables and bring in mobile diesel generators, pumps, and cooling water also failed. Battery power was eventually lost, too. As NRC risk assessments had observed, a loss of power was one of the most dangerous accidents for BWR Mark I containment. It was smaller than a comparable PWR containment and vulnerable to damage from melting fuel and the buildup of explosive hydrogen gas. As pressure rose, the hydrogen leaked from the containment vessel into the secondary containment building. Operators had the capability to vent off the gas, but complications in local evacuations, chain of command, communications, and the operation of the vent valves created delays.

Nearly seven thousand miles away, there was growing alarm among US nuclear experts. As NRC staff arrived for work on Friday morning, March 11, the news was already “ominous.” Word of the station blackout and loss of reactor cooling quickly circulated. With the knowledge of over thirty years of post-Three Mile Island severe accident research, computer modeling, and training, the gravity of the situation became evident to some staff from the scraps of information gleaned from the media. By early afternoon, confidence that emergency cooling would be restored turned to alarm. In nearby Delaware, the NRC’s PRA expert, Nathan Siu, attended a conference of international PRA experts. He recalled that those in attendance expected the plant would recover quickly and were “stunned” as conditions grew worse. Charles Casto, who would soon lead a post-accident NRC team in Japan, followed the news in disbelief. “I kept thinking, Soon they will restore emergency power; they’ll stop the accident from happening.” Grim reports of resident evacuations, a declaration of an emergency, and containment venting told one staffer, “This may get really ugly in the next few days.” Within a couple hours, it already had. Staffer Daniel Mills wrote: “BBC is reporting radiation levels at reactor are 1000 times [above] normal. I feel like crying.” Ten hours later, Unit 1’s secondary containment building exploded from leaking hydrogen. Unit 3 followed two days later, Unit 4 the day after. Unit 2 did not explode, it burned. Core meltdowns occurred at Units 1–3. It was the first live broadcast of a major nuclear accident in history.72

The shock of the explosions and evacuations set off an international mobilization to help stabilize the plants and limit the escape of radiation. Experts also worried there might not be enough cooling water in Unit 4’s spent-fuel pool, filled with thousands of used fuel rods. With experts from industry, federal agencies, and other nations, over four hundred NRC staff supported the effort.73 For the nuclear community and PRA experts, introspection was in order. The quake and tsunami raised age-old questions about the wisdom of design basis accidents and the dividing line between credible and incredible events, especially when the incredible seemed to happen regularly. There was a disquieting familiarity to the surprise expressed by Japanese engineers, echoes of the Three Mile Island and the Challenger disaster. “We can only work on precedent, and there was no precedent,” said one former director of the Fukushima site. The existing tsunami defenses, he admitted, provided a false sense of security. “When I headed the plant, the thought of a tsunami never crossed my mind.”74 A Fukushima shift manager said the tsunami was “bigger than what we expected, trained, prepared for, or believed was possible—it was unimaginable. We must always be prepared for the possibility that something much bigger can happen.”75 Critics and supporters of PRA debated anew the merits of risk informed regulation as they mined assessments from Japanese, international, and U.S. organizations. The risk triplet asked: What could go wrong? How likely is it? What are the consequences? Experts and policymakers had to answer a similar set of questions: Could an accident like Fukushima happen here? What might be the consequences? Could existing reactors be made safe enough?

In deterministic fashion, some nations opted to answer the last question first with a firm “no.” Germany and Belgium announced they would phase out their nuclear fleets, and other European nations reduced their plans for future reliance on nuclear. For some European experts, the accident discredited US-inspired PRA safety approaches even though Fukushima was built in the era of deterministic design. Olivier Gupta and Philippe Jamet of the French Nuclear Safety Authority argued that Fukushima demonstrated the limits of PRA. As a coordinator of the EU response to Fukushima, Gupta said, “What looked acceptable before Fukushima no longer looks that way after Fukushima.” Analysis of extreme events like Fukushima, he said, would be done “independent of the probability of such situations.” Jamet pointed out that a Fukushima-type event had been “completely neglected” in PRAs worldwide. Gupta asked a reporter, “What probability would you have given to having three core melts?”76 Javier Reig of the OECD Nuclear Energy Agency said, “Risk alone is not enough,” and predicted “the US will probably have to switch” back toward deterministic safety.77

Russia, too, criticized the made-in-America PRA approach to safety. Sergey Kirienko, the head of Russia’s state corporation Rosatom, told an international conference, “A probabilistic approach is no longer valid. We should go to a deterministic approach [that will] guarantee” safety in all circumstances. New Russian-designed reactors for sale to other countries, he said, met these requirements. NRC Commissioner George Apostolakis, a PRA expert from MIT and former member of the ACRS, said it was “utterly false” to claim, as Kirienko did, that Fukushima had invalidated PRA. Abandoning PRA, he said, “would roll back the cause of safety for several decades.”78

There were more specific criticisms of PRA. As experts admitted, the potential significance of a region-wide disaster was missing from even the best PRAs. The treatment of two related disasters, such as an earthquake and tsunami, needed greater consideration. Human factors were an important contributing factor in the accident’s progression. Despite their heroic efforts, operators at Fukushima had made mistakes, too. Their training had not prepared them for the extreme accident conditions they faced. During pre-accident station blackout drills, Fukushima instructors “froze” the simulation before they reached a loss of all DC battery power. When they really lost all DC power, one Fukushima operator joked, “Isn’t this where the instructors say, freeze?”79 In darkness, operators had to perform critical, unpracticed emergency actions while coping with physical exhaustion and worry over the fate of loved ones. PRAs did not model sufficiently the contributions to accidents from such error-prone conditions.80

Academic critics of PRA in the social sciences also joined the fray. When PRA and risk management emerged in the 1980s as disciplines, some political scientists and sociologists labeled the development negatively as the birth of a risk society controlled by experts. Charles Perrow, a Yale University sociologist, observed that the accident was symptomatic of a uniquely dangerous industry. Fukushima had occurred because of nuclear power’s “probabilistic” approach to safety. For such dangerous technologies and nuclear power, Perrow called for a “possibilistic” treatment of risk, where any credible or incredible accident should be considered. PRAs were instruments of power, he argued, which gave experts control over those who lived with the risks. Fukushima, he concluded, demonstrated “the risk that we run when we allow high concentrations of energy, economic power, and political power to form.” Similar critiques were offered by scholars in international studies, political science, and history.81

Defenders of risk assessment countered that the problem at Fukushima was not that PRA was used too much, but that it had been used too little. Japan, it was claimed, did not have the regulatory structure or a strong commitment to PRA. “Japanese safety rules generally are deterministic because probabilistic methods are too difficult,” admitted a Japanese expert on BWRs. “The US has a lot more risk assessment methods.”82 In the United States, the creation of PRA, risk-informed regulation, and the backfit rule allowed the NRC to regulate “beyond-design basis” accidents when an upgrade provided a “substantial” safety benefit. Japanese regulators did improve reactor safety, but a substantial backfit regulation was developed after Fukushima. For example, while the Tokyo Electric Power Company modestly improved its tsunami defenses, Fukushima’s original design basis for tsunamis had not changed. It was still under examination by TEPCO in response to recently discovered evidence of large tsunamis striking the coastline near the plant in the previous three thousand years.83 As one US seismic expert explained of the slow response, “The Japanese fell behind. Once they made the proclamation that this was the maximum earthquake, they had a hard time re-evaluating that as new data came in.”84 Whether this was a uniquely Japanese problem was debatable. Analysis of emergent evidence followed a deliberate process in other countries, too.

Post-accident assessments argued in favor of increased use of risk insights for external events. An IAEA report issued in 2015 concluded that the Japanese regulatory system and the Tokyo Electric Power Company would have benefitted from external-hazard PRAs that measured up to IAEA standards and thoroughly considered common-cause failures and the vulnerability of diesel generators and electrical equipment to fires and floods.85 The IAEA and other lessons-learned assessments in the United States agreed that nuclear regulation needed to rely on more risk insights.86 PRAs grew in scope and sophistication, and were required more often by many regulatory systems, even in PRA-skeptical nations. Risk-informed oversight gained currency in Japan as it adopted a similar version of the NRC’s Reactor Oversight Process.87

Fukushima raised difficult questions at a tender moment in the US nuclear renaissance. As US licensees lined up for twenty-year licensing extensions and power-output uprates, nuclear plant opponents brought Fukushima into the proceedings. For example, an expert supporting intervenors on the Pilgrim plant’s license renewal called on its owner, Exelon, to revise its PRA in view of Fukushima. Adding the accident into the worldwide operating data history, he pointed out, indicated that the probability of a core-damaging accident was an order of magnitude higher than claimed in Exelon’s PRA. This new estimate was based on a history of five core-damaging accidents—Three Mile Island, Chernobyl, and the three reactors at Fukushima—and over fourteen thousand years of worldwide plant operation. If correct, the world could expect one core-damage accident every six to seven years.88

Fukushima, industry critics argued, also demonstrated that PRAs were still too incomplete and of limited quality to use extensively in regulatory decisionmaking. Congressman Edward Markey of Massachusetts and his staff argued that Fukushima revealed that “flawed assumptions and under-estimation of safety risks are currently an inherent part of the NRC regulatory program,” particularly risk-informed regulations of emergency diesel generators and hydrogen control equipment. His office also produced a report that claimed the NRC had failed to keep current with recent findings in seismology that indicated earthquake risk in metropolitan areas such as Boston and New York presented “a much higher probability of core damage . . . than previously believed.”89 While recognizing that PRAs “can be a valuable tool when used appropriately,” the Union of Concerned Scientists cautioned, “the NRC should not make decisions about reactor safety using probabilistic risk assessments (PRAs) until it has corrected its flawed application.” Fukushima proved “the peril the public can face when regulators make safety decisions based on overconfidence in [quantitative] assessments of low risk.” Industry needed to raise the quality of its PRAs to account for “all internal and external events that could lead to an accident.”90

While there were key differences in nuclear regulation between Japan and the United States, particularly the NRC’s more independent authority as a regulatory commission, there were parallels too. Some Japanese regulations were close cousins of the AEC and NRC versions. Fukushima’s design was a lot like that of more than two dozen United States-based BWR plants. While US reactors on the west coast had robust defenses against seismic and tsunami hazards, two events in the summer of 2011 served as reminders that earthquakes and floods happen in surprising places. First, a rare 5.8 magnitude earthquake struck Virginia near the North Anna nuclear power station. The plant shut down safely with no significant damage. The quake, however, exceeded the plant’s licensed design basis earthquake. As part of its accident sequence precursor program, the NRC concluded the event had a greater than one in ten thousand probability of causing core damage, and it initiated a formal analysis and review by the licensee.91 Additionally, there was no chance of a tsunami in Nebraska, but the Missouri River crested within six feet of the Fort Calhoun plant’s design-basis flood. Precursor flooding events, such as a 1999 event at France’s Blayais Nuclear Power Plant, also gained attention.92

THE NRC RESPONSE TO FUKUSHIMA

Within weeks of the accident, the NRC established a Near-Term Task Force to review the implications of the accident and report back to the commission. Although designed to provide a rapid response to the accident, the task force concluded that no emergency actions were necessary. The NRC’s current regulations, plant design, and licensee ability to mitigate severe accidents meant continued operation of nuclear power plants did not “pose an imminent risk to the public.”93

To bolster the layers of defense in depth most challenged by the Fukushima accident, the task force made ten specific recommendations in three broad areas: 1) improve the ability of licensees to protect against fuel damaging external events, such as earthquakes and floods; 2) improve the ability of operators to mitigate against the consequences of station blackouts and hydrogen control; and 3) emergency preparedness to address prolonged station blackouts, events involving multiple units, and radiation monitoring.94

The task force also recommended a restructuring of NRC regulations. Fukushima, the task force noted, was emblematic of the informal beyond-design-basis category of events the AEC and NRC had developed since the anticipated transients without scram (ATWS) issue first emerged in 1969. Regulators had created the beyond-design category “piece-by-piece over the decades. . . . The result is a patchwork of regulatory requirements and other safety initiatives” including “voluntary” industry initiatives, especially for coping strategies during severe accidents. Dissatisfied with relying on “industry initiatives for a fundamental level of defense-in-depth,” the task force sought to formalize and extend the beyond-design-basis category. It also called for a “more balanced application” of defense in depth and use of “state-of-the-art” licensee PRAs to assess severe accident risk. This extended beyond-design-basis category, the task force argued, would create a coherent program “for dealing with the unexpected.”95

The task force report landed before the staff and commissioners at a time of growing internal strife. NRC Chairman Gregory Jaczko was at odds with the other four commissioners on issues of policy and management. Commission disputes attracted extensive press and congressional attention. Jaczko came to the NRC after serving as a staffer to Congressman Edward Markey and Nevada Senator Harry Reid, the latter a fierce opponent of the proposed Yucca Mountain high-level waste repository in his home state. With Congress’s defunding of the Yucca licensing proceedings, Jaczko was criticized for his handling of the closure of NRC activity on it. Intra-commission policy disagreements also grew over the design certification of the new Westinghouse AP1000 reactor and about approval of new reactor construction and operating licenses. Jaczko’s leadership came under fire, especially during the NRC’s response to the Fukushima accident. The other commissioners wrote to the White House expressing their dissatisfaction with the chairman, who resigned in mid-2012.96

Congress also disagreed over how the NRC should respond to the task force report on Fukushima. California Senator Barbara Boxer called for the “prompt” implementation of the task force recommendations. “Any stalling will not be viewed favorably by the American people. . . . Their support for nuclear power is waning.” Senator Bernie Sanders of Vermont agreed: “Delay is not an acceptable option.”97

Supporters of nuclear power called for a more deliberate consideration of the issues. They offered some support for specific task force recommendations to upgrade plant hardware and enhance on-site emergency equipment but were skeptical of the task force’s more sweeping call for regulatory reform. James Inhofe of Oklahoma warned that the NRC needed “to take time to learn the right lessons” from Fukushima rather than act rashly, as he thought it had done after the Three Mile Island accident. Senator John Barrasso, from Wyoming, criticized the task force report for “a lot of recommendations for more Washington red tape.” The NRC should not be distracted redesigning “a regulatory framework that has served us very well.”98

Despite their disagreements, the commission unanimously directed the staff to prioritize the task force recommendations into three tiers. Tier 1 activities had substantial safety benefit and should begin without unnecessary delay. Tier 2 and 3 activities needed further technical assessment or resources.99 In March 2012, the staff issued a series of orders and requests for information from licensees. For example, spent fuel pools were to be outfitted with instrumentation to monitor pool water level during a beyond-design-basis event. Licensees were also requested to reevaluate vulnerabilities to earthquakes and floods and perform system “walkdowns” to identify flaws and degraded plant conditions.100

The accident highlighted the importance of mitigating strategies and emergency equipment in coping with severe accidents. At the less-severely-damaged Fukushima Daini plant, south of Fukushima Daiichi, operators had been able to improvise long enough to prevent core damage. Even at Fukushima Daiichi, where operators made some mistakes, they forestalled core damage longer than anticipated in accident models. Counterintuitively, it was possible to be too conservative for the good of safety. By assuming a meltdown would occur faster than in reality—that it was “game over” early on—the pessimistic assumptions in design basis accidents might discourage training operators for severe accident situations, as was the case with the loss-of-DC-power training mentioned previously.101

These insights into the value of coping measures validated NRC actions taken after the September 11, 2001 attacks on the Pentagon and the World Trade Center. The 9/11 attacks demonstrated that the risk of terrorist attacks and sabotage might come from unimagined and unquantifiable sources, but power plant personnel should still possess skills and resources to cope. The agency required multiple improvements to nuclear power plant security, portable emergency equipment, and strategies to mitigate the potential loss of power and the release of radiation.102 After Fukushima, the NRC staff built on the post-9/11 regulations and issued an order that licensees implement further coping strategies for a station blackout to protect the reactor core, containment integrity, and spent fuel pools.

The NRC’s own research supported post-Fukushima lessons about excessive conservatism. The agency’s SOACA study found that the large-break loss-of-coolant accident was too unlikely to influence calculations of accident probabilities. Even in situations where operator action was unable to affect the progress of an accident, containment failure and the escape of radiation evolved more slowly than in previous studies. Emergency responders had more time to carry out an orderly evacuation, and there was low risk of short-term deaths. Long-term cancer fatality risk was “millions of times lower” than overall cancer rates. Nuclear plants easily met the safety goals adopted by the NRC in 1986. Economic and social consequences, such as the permanent loss of property and dislocation of communities, could be more severe than previously estimated.103

The nuclear industry organized a “diverse and flexible mitigation capability” strategy called FLEX to ensure that there were multiple sources of power and cooling for the reactors and spent fuel pools. Exelon, an owner of seventeen nuclear power plants, estimated that it would spend $350 million to implement the plan. There would also be regional backup centers that would cost $30–40 million to establish and $4 million in annual operating costs.104

The NRC strengthened previous efforts to upgrade containment venting with an order that required a hardened venting system for BWRs with Mark I and Mark II containments. In June 2012, the NRC modified the order to ensure that the vents would remain functional even after extensive core damage and high pressures in the containment building.105

The accident also compelled upgrades to some licensee PRAs. Most licensees had not made significant changes in assessing external events since the early 1990s, and only 40 percent had conducted a seismic PRA. Even fewer had done one for flooding hazards. The GAO found that more than half of the experts it interviewed believed that licensees should expand their use of PRAs in assessing natural hazards. The NRC staff required a seismic risk analysis at fifty-nine operating plants in the eastern and central United States. Twenty-seven licensees reported that additional risk analysis was necessary. Numerous other nations also upgraded their seismic PRAs.106 The NRC and industry also agreed to a quantitative approach to credit post-Fukushima mitigating strategies in risk-informed decisions.

Fukushima fed into increasingly negative assessments of nuclear power’s viability in competitive electric power markets. At an industry meeting in May 2011, executives were still confident in the market for new reactors, even with a Great Recession dip in electricity consumption. The CEO of Mitsubishi Heavy Industries said Japan and the United States “have the responsibility to proceed” with new nuclear construction projects “because we have a lot of experience and technology.” An official with the French firm Areva, however, said his company had paused establishing a reactor component manufacturing facility in Virginia “because the economy slowed in the U.S. dramatically two years ago.” At the meeting there was also mention of a new wrinkle in power markets: falling natural gas prices. An executive from Dow Chemical noted the influx of shale gas produced cheaply by the new “fracking” technology, but he was skeptical of the “dash to gas. . . . The need for more nuclear power cannot be discounted.”107

By late 2011, the economic outlook for new nuclear plants had deteriorated again. The International Energy Agency warned that financing for new projects might dry up in the face of mounting regulatory burden and longer lead times for construction.108 Although their fuel costs were higher than nuclear power, natural gas plants were just a fifth of nuclear’s “overnight” construction costs.109 In the United States, the drive to build new nuclear power plants halted. The NRC had applications for twenty-eight new reactors, but in early 2012 power companies had backed out of two projects in Texas and one in Maryland. NRG Energy CEO David Crane credited his company’s withdrawal to the “multiple uncertainties” induced by Fukushima.110 Exelon concluded that “new merchant nuclear power plants in competitive markets [are] uneconomical now and for the foreseeable future.”111 Prospects for new plants survived in South Carolina and Georgia, which had regulated power markets that guaranteed a return on investment, although the South Carolina project was later cancelled, too.112

The threat to nuclear power from the fracking revolution in fossil fuels eventually spread to operating reactors, especially small single units. The generating costs for a lone nuclear power plant were about 35 percent higher than a multi-unit site. As commercial gas prices plummeted almost in half, profits became losses. In 2011, the owner of the Kewaunee nuclear power plant in Wisconsin obtained a twenty-year license renewal. A year later, it could not find a buyer. “It’s very difficult to take a 50-year-view as a merchant [plant],” said one industry official.113

Fukushima upgrades also placed demands on an NRC staff still busy with applications for twenty-year license renewals and power uprates. Long-term projects on risk-informed regulation had less priority. With no nuclear renaissance in the offing, Congress took a more skeptical view of the NRC budget, and the agency launched an initiative to improve efficiency and shed non-essential workload.114

The Fukushima Task Force’s recommendation for a new regulatory category of “extended design-basis requirements” received more scrutiny. The proposal had been picked up by a different task force on risk management established just before the Fukushima accident. NRC commissioner George Apostolakis, a PRA expert, chaired a task force. It renamed the proposal a “design-enhancement category” and rolled it into an ambitious effort to finally resolve the “patchwork” nature of NRC regulation. The Apostolakis task force called for a Risk Management Regulatory Framework “establishing a common language of risk management” and balancing defense in depth with insights from risk assessment.115 There was resistance to imposing an ambitious regulatory change with uncertain safety benefits and potentially burdensome new requirements. Citing limited resources, NRC staff recommended against implementation, and the commission voted against the proposal in 2016.116

Work on risk-informed regulations was trimmed back, even the highly touted rulemaking on the large-break, loss-of-coolant accident. In 2012, the NRC staff requested commission approval to withdraw the rule to review it in the context of the Fukushima task force report and as part of a broader initiative to reduce staff workload. The withdrawn rule could be revised and resubmitted, but prospects for the NRC’s most ambitious risk-informed regulation seemed dim. NEI’s Biff Bradley said the industry was “extremely disappointed.” “It seems crazy to . . . come that close to the finish line and then just boot it off into oblivion.” Critics of nuclear power praised the decision. Edwin Lyman of the Union of Concerned Scientists said the rule was poorly formulated and based on “ill-defined” criteria. “It’s not the right time to be thinking about reducing safety margins like that.”117

In 2016, the commission accepted a staff recommendation to discontinue the rulemaking. Lyman reiterated his organization’s assessment of PRA, consistent since it had first criticized WASH-1400 in 1974. PRA was still not ready. Efforts to improve it had “floundered. . . . We don’t think that probabilistic risk assessment is at a state where it can be used to justify risk-informed regulations, especially something as fundamental as a large-break LOCA.” The “absolute values” produced by PRAs were still too unreliable.118 After forty years of development, debate, and disagreement, proponents and critics of PRA remained divided along familiar lines.

THE SEARCH CONTINUES

In 2013, a discouraged Anthony Pietrangelo, NEI’s vice president, wrote NRC Chairman Allison Macfarlane. Risk-informed regulation had “stagnated” after its promising start in 1998. He blamed the industry’s waning interest on the negative political climate for nuclear power, the “Fukushima Fallacy” that the accident undermined the case for PRA, and a cultural bias among NRC staff for “deterministic thinking” and a reliance on qualitative factors even when quantitative information was available. He pointed to what he believed was a failed effort to produce a practical risk-informed fire protection regulation, called NFPA 805. “Political pressure,” he concluded, had produced a fire regulation that was “laced with conservatisms” and a process that was too “protracted, costly, and unstable” to implement. “NFPA-805’s Chilling Effect” had diminished industry confidence in risk-informed regulation. To regain the initiative, the NEI vice president called for a collection of new initiatives.119

The knotty problem Pietrangelo pointed to of balancing qualitative and quantitative factors has vexed risk-informed regulation for many years. The nuclear industry pressed for a position that qualitative factors should supplement quantitative factors in regulatory analysis, rather than the other way around.120 That position has elicited spirited debate among commissioners which will likely continue.121 Whatever balance may be struck, risk-informed regulation remains the NRC’s primary solution to reconciling its need for safety, efficiency, and transparency. In the years following Pietrangelo’s letter, there was an uptick in activity of PRA-related licensing actions, particularly regarding regulations on fire protection and the special treatment of safety equipment. The latter regulation had been issued in 2004 and languished for over a decade. The successful piloting of the special treatment regulation at the Vogtle nuclear plant in Georgia produced a surge of new applications. Risk-informed regulation is still nuclear power’s primary, if elusive, option.122

The seventy-year campaign to apply PRA to nuclear safety has left a substantial legacy. Beginning in the insulated setting of AEC plutonium production reactors, engineers turned to risk quantification since qualitative safety tools were sometimes inadequate to determine when reactors were safe enough. Determinism, defense in depth, and design-basis accidents established a remarkable safety foundation that remains in place today, but they were born of necessity in an era uncertain about quantitative probabilities. Risk quantification methodologies were one of the intellectual technologies AEC engineers deployed to understand and solve the technical challenges the Three Ds could not.

As nuclear power passed from secrecy to public application, the external motivators of political power, public opinion, and industry expectations buttressed the technical case for developing a PRA like the Rasmussen Report. While WASH-1400 initially proved a political disappointment, it has allowed regulators to accommodate rising public expectations for safety, made decisionmaking more transparent, and influenced nuclear power’s safety philosophy. As experience has shown, the most important causes of reactor accidents have been more varied than those considered by design basis accidents. WASH-1400’s insights enabled the regulation of beyond-design-basis events and reshaped defense in depth from a design concept into a multilayered strategy of technology, humans, and organizations. Despite its flaws, WASH-1400’s methodology and key insights endured. As the nuclear industry found practical applications for PRA in plant operations, a model for risk-informed regulation emerged that provided benefit to regulator and licensee alike.123

Although its probability estimates were highly controversial, WASH-1400 seems to have gotten the big questions right. It observed that accidents were more likely but less consequential than previous approximations had suggested. Historical experience and later studies are reasonably consistent with WASH-1400 estimates, though the later studies included consideration of more internal and external events. WASH-1400’s low consequence estimates were also substantiated. Subsequent research estimates and the consequences of Three Mile Island, Chernobyl, and Fukushima indicated that the tens of thousands of fatalities predicted in the 1957 WASH-740 study were too pessimistic. The authors of WASH-1400, however, might have given greater consideration to the disruptive impacts of land contamination and forced relocations on local populations, as happened at Fukushima.124 As risk assessors pushed back on the uncertainties that dogged early PRAs, absolute results have crept into some regulatory decisions. Work continues to reduce uncertainties, establish appropriate conservatisms, and balance deterministic and probabilistic approaches to safety.125 Some practitioners, such as John Garrick, believe risk assessment methodology, comprehensiveness, and transparency make it possible to quantitatively assess an accident hypothesis’s credibility, a term criticized and avoided since the 1960s as an arbitrary, opaque engineering judgment.126

The path to PRA and risk-informed regulation forged by WASH-1400 influenced safety regulation and understanding of risk in ways that would have pleased and disappointed some of its authors and supporters. PRA altered the scientific and social science understanding of risk, risk perception, and the role of bias in expert judgments. It spurred risk management and assessment methods in fields as diverse as the petroleum industry, aerospace, medical devices, and bioterrorism. It found unanticipated applications in plant operations and maintenance. PRA helped solve a techno-diplomatic dispute over Soviet designed reactors, but it was no panacea. The NRC’s conflict with the EPA over site decommissioning indicated that quantitative assessments had to co-exist in policy decisions with political, social, and other qualitative factors.

There remain “grand challenges” to further PRA success and risk-informed regulation. It is still difficult to capture the contribution to accident risk from errors of commission (an operator who takes a wrong action), safety culture, and security events, such as sabotage. Finding a clear linkage in the ROP between safety culture and safety performance has been challenging. Comprehensive PRAs are expensive, and the benefits can take years to realize. This has left the NRC and the nuclear industry at odds over appropriate plant PRA quality standards for regulatory use and the balance between defense in depth and risk insights in regulations.127

Even as the quality of PRAs improved, their numbers had limited communication value. Public views of nuclear power have responded less to risk communication than events. Support for nuclear power rose with industry success in the 1990s and plunged after accidents like Three Mile Island, Chernobyl, and Fukushima. To trust the numbers, the public had to trust the experts through an established record of safe operation.

Risk-informed regulation remains a central strategy for change at the NRC. At an NRC conference held in 2016, Chairman Stephen Burns told the audience, “Part and parcel of everything we do is an assessment of risk.” Burns arrived at the NRC in 1978, just before the Three Mile Island accident. He rose in the ranks from a young staff attorney to become general counsel before joining the commission and came to see risk assessment as not just a technical tool but as a necessary public process. “There is a considerable level of risk aversion, of fear, even paranoia” of nuclear power that stemmed from a lack of trust in the NRC and nuclear industry. The “regulatory craft,” he believed, had to build public confidence by “constantly reassessing how safe is safe enough.”128 Quantifying “safe enough,” as envisioned by Chauncey Starr, aimed to end the nuclear power debate; it became instead a continuous search for safety.

The search continues. Despite its setbacks and the expense of a good PRA, the NRC’s commitment to risk assessment and risk-informed regulation reflects PRA’s ability to make accident risk knowable, improve defense in depth, and reconcile the need for safety and efficiency.129 The NRC’s Nathan Siu maintains, “Although a PRA aims to identify ‘what can go wrong,’ it actually is a statement of optimism—despite the complexities of real life and the uncertainties in the future, we understand things well enough to identify what’s important to safety and can state this understanding in a way useful to decision making.”130 But this pragmatic proponent’s view continues to be tested by persistent questioning. In 2015 physicist Frank von Hippel, the influential critic of WASH-1400 and skeptic of PRA, assessed the changed regulatory landscape since the 1970s. “We won the battle and lost the war” on PRA, he conceded, but “I’m still fighting the war.”131 Von Hippel’s sentiment reflects an enduring reality. PRA’s progress will be tempered by those who doubt whether experts can and should quantify risk.
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