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1. Introduction 

This paper looks at some of the regulatory assumptions and practices that are currently 

accepted worldwide, and examines their adequacy in the event of a major expansion of 

the nuclear industry in both existing nuclear countries and into countries that hope to 

generate electricity using nuclear power for the first time. The paper presents the case 

that there are major deficiencies in the current regulatory scheme which, if not corrected, 

will likely prevent the achievement of the new safety goals that have been set for 

Generation III reactors and beyond, which is a reduction by a factor of ten in the expected 

frequencies of core damage and of severe accidents. The thesis of the paper is that, to 

reduce the risks of the operation of nuclear power plants, the designer must be far more 

involved in the review and safety assessment of operational experience than is current 

practice. The paper discusses why regulators should be very cautious before requiring 

changes to the standard design offered by each vendor, why the concept of Design 

Certification needs to be strengthened, and why the clarification of the role of the designer 

in both licensing and in operation is an essential prerequisite if the widespread 

introduction of GEN III reactors to all countries is to be achieved at the same time as the 

likelihood of a severe accident is reduced. 

 

2. So – What causes accidents in real life? 
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2.1 The Piper Alpha fire 

The Piper Alpha accident took place on 6 July, 1988 in the North Sea, west of Scotland. 

It was caused by a series of failures that started with what was meant to be a routine 

maintenance procedure on a gas compressor. The work could not be completed in a day 

and was stopped until the following day. When restarting the procedure, a primary 

condensate pump failed and, not knowing that a vital part of the machine had been 

removed, the crew decided to start the backup pump. Gas leaked out and exploded, 

damaging critical equipment and safety systems. Key safety systems, such as the deluge 

system, were not activated; they had been turned off for the procedure. The fire spread, 

damaging more high-pressure flammable gas pipes. Of the 229 people on board, 167 

died. Stated causes are numerous and include the following: the permit-to-work system 

in place had become too relaxed; the design of the safety systems was insufficient for this 

type of event; there was a lack of training in safety procedures; audits had become routine 

and superficial, and failed to uncover the latent weaknesses within the organization (a 

regulatory audit performed seven days earlier had passed); isolation procedures were not 

properly followed; and emergency facilities did not recognize this possible event and the 

complications that would arise. One major shortcoming was identified that links all these 

contributing factors: the safety systems in place were not properly “managed”. The Cullen 

report [1] was highly critical of the management in general and of the management 

systems in place. 

 

Approximately one year before the explosion, company management had been warned 

that a large fire could pose serious concerns with respect to the safe evacuation of the 

platform. But this concern was not properly assessed and was discarded following a 

cursory examination. Cullen also found that the regulatory structure was partly to blame 

for establishing regulations that were unduly restrictive, and which focused on the 

solutions rather than on the objectives. Overall, the entire industry contributed to the 

disaster, not just the operators. 

 

2.2 The Texas City BP Refinery Accident 
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At the time of the accident, on 23 March, 2005, about 800 additional contract personnel 

were present at the Texas City BP Refinery. Temporary trailers had been installed 150 

feet from a blow-down drum and stack, contrary to company procedures. Occupancy of 

the trailer had not been authorized prior to the accident. However, the trailer was indeed 

occupied as early as November 2004 and additional trailers had been placed in close 

proximity. 

 

The accident occurred following a planned maintenance outage on the Isomerization Unit 

(ISOM). A Raffinate Splitter unit, shut down and cleared of hydrocarbons for the duration 

of the outage, needed to be restarted during a procedure that started on the evening of 

22 March and was due to be completed on 23 March. Following a series of procedural 

deviations and miscommunications, including shift changes without turnovers and clear 

derogation of the procedures for pre-job briefings, flow control and firing unit control, the 

temperature and pressure in the splitter and the overhead condensers began to rise, and 

a relief valve opened to relieve directly into the Boiler Drum and Stack. Gas and liquid 

started emerging from the stack like a geyser and ran down to form a pool of flammable 

mixture at the base of the stack. An operating vehicle present nearby may have provided 

the ignition, which caused a series of violent explosions killing 15 and injuring 170 

personnel who were near or in the trailers. The accident report [2] found several 

immediate causes to this accident, including violation of procedures by personnel and 

supervisors; improper decision-making; defective safety devices, inadequate equipment, 

lack of knowledge of hazards, distractions (human factors), complacency, and inadequate 

layout. More importantly, it pointed to serious management and cultural root causes: poor 

judgment, inadequate training, inadequate leadership, inadequate maintenance, 

inadequate enforcement of policies and standards, confusing business context, lack of 

safety as a priority, inability to recognize the risks, lack of proactive warning, organization 

complexity (conflicting roles and responsibilities), lack of safety meetings, and inadequate 

vertical and lateral communication. 
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2.3 The Davis Besse Pressure Vessel Head Corrosion Event 

On 2 March, 2002, during a refueling outage, David Besse engineers inspected the 

control rod nozzles that penetrate the Reactor Pressure Vessel (RPV) head and provide 

the path for the control rods to enter the core. The inspections had been ordered by the 

US Nuclear Regulatory Commission (NRC) to look for cracks. The engineers found 

cracks in a number of nozzles. To repair them, the weld between the nozzle and the RPV 

head that provides the pressure boundary on the inner face of the head had to be 

machined out. When the machining head was withdrawn from nozzle no 3, the nozzle fell 

over, to the surprise of the engineers. On inspection, it was found that the material of the 

reactor vessel head immediately adjacent to the nozzle had disappeared over a 20- 30 

sq inch surface area, leaving a cavity that went through the full thickness of the PRV head. 

Only the 3/8-inch thick stainless steel cladding on the inside surface remained to provide 

the pressure boundary - a very thin membrane indeed that was preventing a major, 

unanalyzed, loss of coolant accident, and possibly a control rod ejection accident. 

 

The NRC set up a Task Force to identify the lessons learned from this event. Stress 

corrosion cracking was first observed in Inconel 600, the material of the nozzles, in the 

late 1980’s. Nozzle cracking was first observed in the Unit 3 reactor at Bugey, France, in 

1991. This was not known to many NRC or Davis Besse staff. Nozzle cracking was also 

found in the Oconee station in the spring of 2001. Babcox and Wilcox reactors such as 

Oconee and Davis Besse were considered to be highly susceptible to circumferential 

cracking in the nozzles, and by November 2001, axial cracking had been found in all B&W 

plants, and circumferential cracking of at least one nozzle in 86% of them. The NRC 

bulletin recommended inspections be completed by Dec 2001; Davis Besse management 

felt it would be safe to operate until the next refueling outage in the spring of 2002. 

 

The Task Force report [3] noted that the NRC, the industry and David Besse were all 

aware of stress corrosion cracking as an issue, but with only some parts of their 

organisation aware of previous incidents, indicating the presence of significant latent 

organizational and engineering issues. Leakage, for example, had existed for many years 

at Davis Besse, to the extent that boric acid deposits were fouling some key components 
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in containment, and cleaning the deposits off those components had become a routine 

event. However, these indicators were not properly assessed or evaluated or simply 

ignored. The Task force concluded that Davis Besse was suffering from a number of 

management problems including strained engineering resources; an approach of 

addressing the symptoms of problems as a means of minimizing production impacts; a 

long-standing acceptance of degraded equipment; a lack of management involvement in 

important safety significant work activities and decisions, including a lack of a questioning 

attitude by managers; a lack of awareness of internal and external operating experience, 

including the inability to implement effective actions to address the lessons-learned from 

past events; ineffective and untimely corrective actions, including the inability to recognize 

or address repetitive or recurring problems; and a lack of compliance with procedures. 

 

2.4 Common factors 

Close regulatory supervision and the legislative framework under which the regulation of 

an industry operates are designed specifically to try to ensure the likelihood of a serious 

accident is very low. All three of these examples occurred in heavily regulated industries 

that strive for high reliability. In all three, there were safety programs, quality assurance, 

regulations, inspections, risk reviews, safety analyses and event reporting systems 

already in place, which were deemed effective. In spite of these programs and safety 

initiatives, these incidents or accidents happened. 

 

What are, in fact, the most common causes of real accidents? James Reason, Professor 

Emeritus of the University of Manchester, and many others have studied the causes of 

real accidents for many years and the answer is clear: human error, not the sudden failure 

of the components and systems in a plant, is the largest contributing factor to accidents 

[4]. Table 1 illustrates Professor Reason’s conclusions for a number of high reliability 

industries: 

 

Table 1: Estimates of Human Error (as a %age of all failures 

Jet transport  65-80 

Air traffic control  90 
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Maritime vessels  80-85 

Chemical industry  80-90 

Nuclear power plants (US) 70 

Road transportation 85 

Source: James Reason: Human Factors – a personal perspective. Human Factors 

Seminar, Helsinki, February 2006 

 

There is basically no difference in these numbers. Human errors dominate the risks in 

high reliability industries. 

 

Reading the inevitable post accident report- frequently headed by a retired judge or other 

lawyer- confirms these conclusions. A serious accident in a high reliability industry almost 

always arises from multiple contributing factors – 6, 7, 8 or more. In fact, in the vast 

majority of cases, it is not possible to point to a single root cause. Each accident is a so-

called complex accident, and the absence of any one of the contributing factors would 

likely have prevented the accident from occurring at all. This also means that studies of 

“near misses” such as the Davis Besse event are relevant surrogates for serious 

accidents, as a near miss is also a complex series of contributing factors, minus the last 

one or two that would have turned it into an event with serious consequences- i.e. an 

accident. When a serious accident or a near miss occurs, it usually appears at first that 

human error on the part of control room operators or maintainers (or pilots in the aviation 

business) - that is, the people at “the sharp end” of operations - played a large part in 

causing the accident. 

 

But closer inspection and analysis shows that most of the root causes of the accident 

arise from failings in the way in which complex technological organisations such as 

airlines or electrical utilities organize themselves. The errors are still human errors, but 

they arise from latent weaknesses in the way the organization runs, rather than individual 

error. The usual term for these weaknesses is “Institutional Failure”. It is this type of failure 

that provides the greatest contributor to real accidents and near misses. 
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3. The Issue for the nuclear industry 

The nuclear industry has had its share of accidents and of “near misses”. The nuclear 

industry has a remarkable safety record, but unlike the aviation industry, it is a 

comparatively small industry, and as a result there are very few actual accidents where 

people have been killed or injured. 

 

We all understand that to provide the electricity that the world is going to need if it is to 

deal successfully with the coincident issues of global warming, aging of all types of 

electricity generation plants, a desire for better security of energy supplies, the return of 

high and increasing fuel costs, the increased demand for electrical energy to power the 

information age, and the need to find alternatives to fossil fuel, needs a widespread 

expansion of the use of nuclear power, not only in countries that already have it, but also 

in many more that will use it for the first time. The number of reactors in service around 

the world is expected to double in the next 15- 20 years from around 400 to 800 reactors 

[5] – and beyond 2050, we can expect to be dealing with 4000 reactors to provide the 

world with the electricity it needs. If the institutional failure rate stays the same, the actual 

number of incidents and accidents that will make the headlines will double in the near 

future, and will become commonplace in the far future. Hence, just to maintain a situation 

where there are no more negative newspaper headlines that there are now means we 

need to halve the current accident/ event rate to implement the expansion from 

Generation III reactors. If we don’t, the likelihood of an accident occurring somewhere 

around the globe will at least double. Many new countries are interested in “going 

nuclear”, and can be expected to progress through a “learning curve” before achieving a 

very low failure rate, as analysis of institutional failures [6] shows clear evidence of a 

learning curve and its impact on failure rates which we will discuss later in the paper. 

 

In fact, we need to make the likelihood of a serious accident much less than half the 

current rate. Generation III and III+ reactors are designed to lower the predicted Core 

Damage Frequency and the predicted Severe Accident Frequency (which could lead to 

the release of uncontrolled radioactive material to the environment) by at least factor of 

10 when compared to the current generation of reactors. These goals have been 
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recognised internationally [7] and, in Canada, incorporated into the Canadian Nuclear 

Safety Commission’s new regulatory document that lays out their expectations for new 

reactor designs [8]. The CDF and Severe Accident probabilities have been reduced to 

enable the public and the political establishment to have more confidence in the safety of 

nuclear plants, and, in Europe particularly, to make the siting of new reactors simpler by 

removing the need for evacuation procedures should an accident actually occur. The 

goals are also designed to make the likelihood of even one accident anywhere much less 

likely, since all recognise that just one serious accident in the nuclear business anywhere 

in the world will likely imperil the deployment of Generation III reactors, and likely bring 

the nuclear renaissance to a grinding halt. 

 

The predicted Core Damage Frequency and the Severe Accident Frequency for new 

plants are derived from detailed, logical analyses of all the components of a plant using 

Probabilistic Safety Assessment (PSA) techniques that identify and quantify the effects 

of all component and system failures. These analyses provide an excellent measure of 

the failure rate that can be expected of the plant design itself. They do not measure the 

failure rate of the institution that runs the plant.  

 

Although the probability of human error is being built into these analyses on a wider basis 

as tools and knowledge improve, they do not attempt to capture the broader effects of 

human errors that arise from organizational deficiencies, i.e. Institutional Failures, as is 

discussed in a recent CNSI paper on the subject [9]. 

 

The issue then, is what steps must we take from a regulatory and legislative point of view 

to ensure that the probability of institutional failures is as low as we can reasonable make 

it, and low enough for the successful deployment of Generation III reactors and beyond 

and indeed for the continued safe operation of Generation II reactors? 

 

At present, an enormous design, build, operational and regulatory effort is going into 

reducing the rate of system and component failures, which contribute at most 30% to the 

real accident rate, and, by comparison, much less effort is going into reducing the 
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institutional failure rate, which contributes the other 70% or more. For Generation III, III+ 

and IV reactors, the failure rate from system and component failures can be expected to 

significantly reduce as a result of improved design, so the contribution that institutional 

failures make to the overall failure rate in the future can be expected to be 90 to 95% or 

more. 

 

If the institutional failure rate does not also fall by a similar amount- a factor of 10 or more- 

the whole goal of improved safety that new generation reactors offer may not be realised, 

and, with a doubling or more of the number of reactors around the world, the accident 

rate will go up, not down. A concerted effort internationally is needed if low institutional 

failure rates are to be achieved worldwide. 

 

4. Comparison with Aviation 

The Aviation industry is currently facing the same challenge. The aviation industry is 

expected to double in size over the next twenty years, but does not want to experience a 

doubling of newspaper headlines. Their accident rate is about 3 per million take-offs, and 

is currently at a very low minimum plateau, as shown in following figure:  

 



10 

 

The aviation industry believes it will need to bring in new ways of doing business 

worldwide if they are to achieve this goal [10], and are looking to introduce more formal 

Safety Management Systems to do it- which include improving the ability to learn from 

experience. As we discussed above, in the nuclear industry we need to strive for an even 

greater change, given the likely impact of even one serious accident on the industry. 

 

5. The four stages of an accident 

All serious accidents generally exhibit the same four stages. [6] All three of the examples 

discussed briefly above exhibited them, and they can be found in many more. They are: 

 An accident is almost always preceded by a number of precursor events the 

significance of which had not been fully recognised; 

 An accident occurs because several minor system, component or organizational 

events occur more or less simultaneously – a system may be impaired by 

maintenance, or known to be not working properly at the same time, or cost cutting 

has reduced the reliability of other systems, or an off normal plant configuration 

exists, all of which leads to a lack of understanding by the people on the ground of 

the risk that is developing; 

 The event escalates due to a continuous emphasis to keep on with the task at 

hand; and 

 An initial (and sometimes lengthy) denial of the institutional sources of many of the 

contributing factors follows the event. 

 

6. Reducing Institutional Failure rates 

To deal with these stages, and hence reduce institutional failure rates, there are three 

activities in the nuclear business that have to change. Firstly, the early unfolding of 

precursor events points specifically to the need to ensure incidents that occur, but which 

do not cause an accident, must be studied as seriously as accidents so that precursor 

events are consistently noted and understood. Secondly, since almost all serious 

accidents include the confluence of several events, many of them fairly minor on their 

own, but which together drastically change the operating risks that a plant is facing, 

means that the regulatory fleet of reactors such that operational staff are aware of the 
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changes in the risk envelope that can occur. Both these activities are essential steps to 

drastically improve the ability of the industry at large to learn from experience at its full 

potential. And learning from experience is the key to reducing Institutional Failures. 

Thirdly, a comprehensive Safety Management System needs to be in place. The last of 

these three activities is outside the scope of this paper, but it is closely linked to the first 

two as a Safety Management System provides the management process by which the 

maximum rate of learning from experience can be achieved and applied to improvements 

in operational management. 

 

There is much research work to support the apparently obvious statement that learning 

from experience is a key to achieving a very low institutional failure rate. The following 

figure derived by Duffey and Saull [6] illustrates a Universal Learning Curve derived from 

a very wide range of data from many different sources: 
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Source: Managing Risk: The Human Element, R B Duffey and J W Saull. Copyright, 

reprinted by permission of the author 

 

“E” is a non-dimensional value for the number of errors based on the observed initial and 

minimum achievable rates; “N” is a non-dimensional value for the total number of errors 

as time progresses- i.e. increasing experience, based on the total experience so far 

accumulated with any system. The graph simply illustrates in a non-dimensional form that 

the rate of reduction of outcomes with increasing experience is proportional to the rate at 

which outcomes are occurring.  

 

Another way of looking at the same data is that if an institution is learning from experience, 

the rate of error goes down. If the institution is not learning, the error rate will remain 

constant or even increase, and the institution will go on making the same or increasing 

numbers of mistakes. 

 

In reality, learning from experience is much more difficult than one might think. The 

IAEA/NEA has operated an Incident Reporting System (IRS) since 1980. All countries 

with major nuclear programs report incidents to the system, and the safety implications 

of every reported accident or incident are analysed and reported back to all regulators 

and operators. In its last report on the IRS [11], the IAEA noted a number of issues of 

concern: 1) the frequency with which similar events keep recurring, 2) a concern that 

there had been a significant reduction recently in non-reporting of recurrent events, and 

3) that many events was not being recognised. The Report further noted that the safety 

significance of minor events could only be seen if minor incidents are grouped together 

and subjected to systematic statistical and trend analysis- an approach which was beyond 

the capability of the current system and would present a challenge for the future. 

 

The lack of awareness of precursor events seen so often in real accidents is a constant 

reminder that learning from experience is indeed a very significant challenge. The 

question is “why is it so difficult?” 
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The amount of data that is used to design and develop a nuclear power station is 

enormous. The computer codes used to carry out the design and safety analysis are large 

and complex, and are constantly being developed. Much of the data is proprietary, and 

may not be easily available to the operating organisation. The amount of operating data 

that is constantly being generated throughout life by operating stations, and the data from 

ongoing research and development by designers is a huge and continuous information 

stream. All this data needs to be compared with the original design data to ensure its 

safety significance is understood, and then made easily accessible to operating 

organisations and the staff on the front lines if learning from experience is going to make 

a difference in how operation is conducted every day, and hence is going to ensure that 

the likelihood of a major accident remains low over the full 60 year lifetime of a plant. 

 

Both the Incident Reporting System run by the IAEA and similar work by the World 

Association of Nuclear Operators strive to do this. But right now, the IRS does not deal in 

sufficient detail with either precursors or multiple events, and I submit that this is because 

they are hampered by some significant barriers. 

 

7. Barriers to learning from experience 

 

7.1. “One-Off” Designs 

One of the first barriers to learning from experience as we have discussed it is to have a 

fleet of reactors from the same vendor that are all different in detail. Although Generation 

II PWRs or BWRs s from the same vendor have similar “nuclear islands”, details are 

frequently different, and the balance of plant of each station is often quite different. 

Probabilistic Safety Assessments tell us that it is the balance of plant that often provides 

the major contribution to the risk of an accident arising from component and system 

failures. PSAs find it is the failure of the electrical power system, or the failure of the 

secondary side cooling system, or the loss of redundancy in different systems providing 

different functions which really increase the predicted Core Damage Frequency, not the 

failure of a shutdown system. Many differences in design details in plants that are 
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nominally the same inevitably lead to difficulties in interpreting the other fellow’s 

experiences, or worse, lead to assumptions that his problem “can’t happen here”. 

 

7.2. Lack of design knowledge and data 

The second barrier to learning from experience arises from deficiencies in the level of 

knowledge, difficulties in access to all the design data, and the effort available at each 

individual plant to maintain a full understanding of why a plant is designed as it is 

throughout its life. Under the current regulatory regime worldwide, the operating 

organisation is expected to be responsible for the design of a reactor as well as its safe 

operation. The operator is also expected to learn the lessons from operating experience. 

As we have discussed, this will be much more challenging in the future, as the institutional 

failure rate must drop by a factor of ten. The plant operator is expected to be able to 

authorize any design change arising from operational experience, having fully understood 

all the safety implications of the change, and to ensure the safety case remains valid, 

over the full operating life. To be able to ensure that any design change arising from 

operating experience, obsolescence, power increases, changes in fuel loading or better 

research is safe, the operating organisation needs access to the original design data, all 

the mathematical codes used to develop the safety case and a full understanding of what 

tradeoffs the designers made in making specific design decisions- i.e. a full understanding 

of why the plant design looks like it does. The only way an operator could meet this 

responsibility is to be responsible for the maintenance of all the design knowledge 

associated with his plant. For those utilities that operate just one or two reactors, this 

expectation was never tenable. As noted by the International Nuclear Safety Advisory 

Group [12] and referred to earlier, the amount of data is huge and requires a substantial 

workforce to manage it. It was, maybe, just tenable in large utilities with a typical workforce 

of around 1 person year per MW of generated electricity and a workforce that had worked 

at the stations since their start up, but is no longer tenable as the workforce ages and 

market forces continually push utilities to reduce operating costs. Ontario Power 

Generation, as a typical large utility, has essentially closed down and privatized its design 

and development organisation, and no longer has the in-house capability to meet this 

regulatory expectation. This state can be expected to be the norm. Gen III reactors are 
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designed to run for a much longer period of time with lower operating costs and hence 

significantly less staff- typically 0.5 person years or less per MW of electricity produced, 

and cannot- and should not- be expected to have the staff to meet this regulatory burden. 

 

Hence we are currently in a situation where a fundamental tenet of the licensing system 

– that because the operating organisation is solely responsible for safety, it is also 

responsible for the design - does not reflect reality, and will be counterproductive to safe 

operation in the future, just as the industry is beginning to double its size and more. 

 

This problem has been half recognised by regulatory bodies, and has led the Health and 

 Executive in the UK to introduce the concept of “the Intelligent Customer” to describe 

their expectations of their utilities [13]. This solution, however, does not answer the 

question of who is responsible for maintaining design knowledge and the complete safety 

case throughout operating life. 

 

7.3. Lack of responsibility of the designer 

The third barrier to learning from experience is the lack of recognition in the nuclear 

regulatory scheme of the role, the contribution and the responsibilities of designers during 

operation. As discussed in the previous paragraph, the legislative scheme used by most 

regulators until very recently recognised no role at all for the designer. This has changed 

somewhat in the US with the introduction of the concept of Design Certification, but the 

designer’s role is still very limited to the initial licensing phase. The nuclear business is, I 

submit, unique in this respect. An airline is not expected to be responsible for the design 

of the aeroplanes it flies, and, following a generous infusion of taxpayer’s cash, General 

Motors can still be held responsible for bad automobile design. From a safety point of 

view, the lack of a formal role for designers in operation is a very unhealthy state of affairs, 

but the assumption that only the operator is responsible for nuclear safety, and that the 

designer has no formal role has been an almost unchallengeable (and certainly 

unchallenged) mantra from the beginnings of the industry. This lack of recognition is 

unhealthy because there has been no systematic, legally enforceable way for designers 

to ensure they have been learning the lessons that operation of their products brings, to 
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ensure that any design changes that should be made to a fleet of like designs from a 

safety point of view have been identified and passed on to the fleet of stations throughout 

operating life, and to ensure that they are held to these responsibilities for as long as the 

fleet of stations keeps operating. 

 

There are, of course Owners’ Groups for all the major vendors which fill these functions 

to a degree, but not in any systematic or formal way that compares to, for example, the 

aircraft industry. In that industry, a “Type Certificate” is issued to a designer or 

manufacturer of an aircraft or aircraft product after satisfactory review by the regulator, 

followed by “Production Approval” and an “Air Worthiness Certificate” for each individual 

aircraft. 

 

All three of these processes never end. Holders of Type Certificates are responsible for 

maintaining them throughout the life of the aircraft, as design details of an aircraft are 

always being improved, upgraded and modernized; learning is happening continuously. 

If design modifications are considered essential as a result of operating experience, a 

“Type Certificate” can be re-investigated and an “Airworthiness Directive” can be issued 

by the regulator if specific modifications are required [14]. 

 

8. Standardisation 

There is a need, then, for the design from each vendor to be as standard as possible, and 

variations from the standard tightly controlled as in the aircraft business. The need for a 

series of standard designs does not arise just from the need to reduce licensing and build 

costs, vitally important though that need is. We have noted above that real accidents are 

usually a combination of events. Accident data and Probabilistic Safety Analyses (PSA) 

show that the combination of events can include the failure of seemingly comparatively 

minor components. PSA shows that the importance of these components increases when 

redundant components in other systems are out of action for other reasons such as 

maintenance, leading to the plant being in a different state than expected. This has led to 

the IAEA’s comments in its 2006 IRS report referred to earlier [11] that the influence of 

seemingly less critical systems such as service water and electrical power, and the safety 
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significance of multiple minor events need more attention. For operating organisations to 

learn from each other at this level of system detail is a much more complex process than 

the current one, as much more data is generated, and the task of handling and 

understanding the lessons from this level of detail becomes significantly more difficult. To 

make the exchange and analysis of this amount of data tractable, as much 

standardisation as possible is necessary of both the nuclear island and the balance of 

plant, so that component and system failure modes, frequencies and their significance 

can be readily read across from one plant to another in a fleet of plants. The gathering 

and compilation of data from many copies of the same plant will also be much easier if 

common drawings and drawing numbers are used, with internationally agreed coding 

schemes for common component and system failure modes. It also requires a much 

closer control of the plant configuration than has been the case here in Canada.  

 

It will be impossible to carry out this more rigorous level of “learning from experience” if 

plants continue to be built as “one offs”, as Gen II plants have been, or if different 

regulatory regimes insist on different requirements leading to significant design changes. 

Regulatory agencies really do have to embrace a common understanding of what is 

important from a risk point of view. 

 

Areva’s experience in Finland is a case in point. As this author understands it, the Finnish 

regulatory authority wanted to ensure that, should a steam generator tube leak, there 

would be essentially no release of radioactivity to the environment. The design solution 

chosen presumably would call for a fast depressurization of the primary circuit to achieve 

this, which is itself not a particularly safe thing to do. The incremental change in the safety 

of the plant from this new regulatory requirement, expressed as a change in the risk to 

Finnish citizens, would seem to me to be very small indeed, and likely more than offset 

by the additional risks from rapid depressurization of the plant and the additional barriers 

to learning from shared experiences by the differences in design that the requirement has 

led to. The same situation is likely to arise from differing requirements for instrumentation 

and control being considered by the UK compared with the US. These differences tend 

to arise from differences in engineering beliefs about safety issues in the absence of hard 
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evidence of actual risks. It seems to me that regulators need to be very cautious indeed 

before insisting on design changes, and have clear evidence of the reduction in risk that 

would accrue if the change is made. 

 

Standardisation then has four elements – 1) standardisation of regulatory requirements 

for each reactor type, 2) standardisation of a given design across a vendor’s fleet to the 

greatest degree possible, 3) close configuration control of all plants in the fleet, and 3) 

acceptance of a Design Certification by the country of origin. As the aviation industry has 

shown, international agreements on what is expected by the regulator provide the basis 

for acceptance of another country’s Design Certificate. Standardisation of regulatory 

requirements, however, must recognise different types of reactors. One area of difference 

between the aviation and the nuclear industries is that there are greater differences 

between reactor types that between aircraft types.  

 

There are no equivalent differences between aircraft as there are between PWRs, BWRs, 

PHWRs and Pebble bed reactors, for example. The neutronic, thermal and safety 

characteristics of these reactors are all different and the regulatory rules that have been 

developed in each country that has been primarily responsible for their development 

reflect those differences in characteristics. Hence the push for “technology neutral” 

regulatory standards to the detailed technical level that many regulators have traditionally 

used will be very difficult except at the highest level of requirements. Regulators have in 

fact already been successful at this high level through the publication of IAEA standard 

NS-R-1[15]. The most fruitful area for the next level of international regulatory agreement 

is the consideration of each reactor type in turn to find agreement on as many 

characteristics and general requirements as possible, highlighting those areas where 

differences of opinion still remain, and those areas where different countries choose to 

be more prescriptive than others, to be tackled for later discussion when some successes 

have already been achieved. There are already a sufficient number of countries operating 

each reactor type to provide for such international discussions. 

 

9. Design Certification 
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Design Certification was introduced by the USNRC primarily to reducing the licensing 

time and financial risk for new reactors – again vitally important issues in today’s world 

where there is little appetite for financial risk. But the USNRC also had the foresight to 

recognise the safety implications of both standardisation and design certification [16]. 

 

However, in the 20 years that have passed since the concepts were introduced, not many 

of the gains that the USNRC had foreseen have been realised for Gen II reactors. Design 

Certification is the first vital step to recognizing the proper role of the designer throughout 

the life of the station, and hence is a necessary part of the framework needed to reduce 

the institutional failure rate in order to realise the improved level of safety expected from 

the new designs. Design Certification should follow the same principles in the nuclear 

industry as Type Certification does in the aviation industry, as the certification of a design 

should be a living activity. Any design change during the life of the reactor has to be 

checked to ensure the design certification remains valid. If another regulator requires a 

change to a certified design, the changed design may need to be recertified, or the 

regulator and potential vendors need to recognise that the changed design is no longer 

certified. Recertification, and maintenance of a Design Certificate is a task for the holder 

of the Certificate, which is the designer, not the station’s operating organisation. 

 

10. The Designers’ role in Learning from Experience 

The review of operating experience across a fleet of reactors must involve the holder of 

the Design Certificate as much as it involves individual operating stations, as the 

assessment of the significance of operating experience and of developing research 

knowledge will often need to be compared to the knowledge used to develop the design 

originally. 

It is this activity – the widespread exchange of detailed operating experience of all 

systems and components important to safety, across a fleet of reactors of the same 

standard design – that must improve in rigour and breadth if learning from experience is 

to be good enough to reduce the institutional failure rate to where it must be for fleets of 

Generation III reactors and beyond. 

 



20 

 

This activity will need a significant increase in the detailed level of cooperation between 

reactor operators around the world and between operators and the original designers. To 

ensure such cooperation is cost effective, and produces the benefits that are sought, the 

bases and the methods for this activity need to be identified and agreed upon between 

utilities and the original vendors now, before the renaissance really gets underway. It also 

needs the active support of the regulator, and their recognition of the role of the designer 

in the legislation. 

 

The introduction of fleets of reactors of similar designs offers an opportunity for the 

nuclear industry to follow the lead set by the aviation industry. Airlines have an exactly 

similar challenge to reduce their institutional failure rate as reactor operators. Currently, 

as figure 1 shows, the industry has reached a plateau for their failure rate of about 3 

accidents per million take-offs.  

 

They too expect their business to double and hence the number of flights to double. If the 

failure rate stays the same, there will be twice as many headlines in the papers as there 

are now, and the industry wants essentially no increase in the number of headlines. They 

too wish to halve the failure rate, and recognise this is a very difficult task which will 

require new ways of doing business if it is to be achieved [17]. 

 

11. Liability Issues 

As Professor Reason and others have shown in Figure 1, institutional failings due to 

human involvement are a significant contributory cause of accidents. Accident 

investigations have shown that these failings can include regulatory failings and other 

industry wide problems, but the majority of institutional failings are those of the operating 

organisation. It is reasonable, therefore, to continue to hold the operator as absolutely 

liable for the effects of an accident upon the public and the environment, and hence as 

the single organisation to which members of the public will turn for compensation should 

an accident occur. 
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The issue, then, is how to ensure that the design organisation is held responsible for the 

design in the licensing process and throughout the operating life of the plant, not just the 

operator. A means needs to be found to ensure it meets its duty to advise operating 

organisations and regulators of any new safety implications to the design as a result of 

new research information or from operating experience. In the aircraft business, the 

holder of the Type Certificate has a responsibility for maintaining the required level of 

safety of the design, and the operator has the responsibility for safe operation, which 

includes operation to the standards and limits set by the designer. We have to find a way 

to emulate this in the nuclear business. 

 

12. Other issues 

There are several other issues that will need defining, such as the problem of a design 

organisation restructuring, going bankrupt or disappearing during the operating life of a 

fleet of the reactors it designed. Again, there are precedents of this in other industries 

from which we can learn, where the responsibility and all the design information, 

calculations, research data and everything else is formally sold to or transferred to 

another organisation. The important point is that the problem is formally dealt with, rather 

than allowed to languish. If all else fails, it may be necessary for all the organisations that 

operate a fleet to set up a joint entity to take on the responsibility and all the data. It has 

to reside somewhere. 

 

Another issue which exists now is that there are, of course, several major designers in a 

nuclear power plant, for example the steam generator designer and manufacturer and the 

turbine manufacturer, each of which is a design authority in its own right. The International 

Safety Advisory Group (INSAG) of the IAEA has discussed this issue of design authority 

[12] and concluded that the problem was solvable by defining specific areas or 

responsibility of these organisations and ensuring they are subordinate to the principle 

design authority, in this case the holder of the Design Certificate. In the aircraft business 

there is a separate Type Certification for specific components such as the engine. Clearly 

there will be many details to solve on an appropriate organizational structure suitable for 

the nuclear industry which will be specific tailored to the needs of the nuclear industry. 
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13. Conclusions 

The need to produce significantly more electricity that is environmentally benign, secure 

and reliable is expected to double the number of reactors around the world over the next 

20 years. The number of successful Generation III reactor designs that will be deployed 

to meet this need can be expected to be small, and hence there will be fleets of reactors 

of similar designs around the world in countries with established nuclear programs and in 

many new ones. 

 

The standardisation of each plant design across many countries will bring significant 

benefits in terms of more reliable estimates of build cost and build time, and hence 

reduced financial risk. It will also bring the opportunity for a significant improvement in the 

depth and breadth of the exchange of operating experience between operating 

organisations in many countries. This can be expected to reduce the expected 

institutional error rate, and hence the likelihood of a serious accident anywhere in the 

fleet, since institutional error is the major contributor to serious accidents, and learning 

quickly from the widest range of experience is the most reliable way in which the 

institutional error rate can be reduced. The design organisation must be involved in the 

assessment of operating experience throughout life, as a thorough knowledge of the 

design is essential if design changes are needed- as they most certainly will be to ensure 

a continuous high level safety in a machine that is intended to operate for 60 years or 

more. 

 

The amount of data used to ensure a safe and reliable design is huge, and the amount of 

data arising from operating experience in a fleet of reactors is also huge, particularly as 

the role of small events needs to be included, given that real accidents invariably include 

the confluence of a number of small events. 

 

It is quite beyond the capacity of an operating organisation to employ sufficient staff to 

maintain the design knowledge, review all the available fleet data and draw the 
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appropriate safety conclusions for their plant- and very inefficient and costly to expect 

every operating organisation to do this. 

 

The current licensing model used around the world implies the operating organisation has 

this responsibility, in that it deliberately relieves the design organisation of any 

responsibility through life. The impossibility of meeting this implied responsibility has 

resulted in an unsatisfactory situation for Gen II reactors which needs to be corrected 

before Gen III reactors are deployed in significant numbers. 

 

The concept of Design Certification needs to be introduced in the licensing model 

worldwide, not only to shorten initial licensing time and cost, but also to define the safety 

role of the designer throughout the operating life of the plant, and to place the 

responsibility for the maintenance of design knowledge and its assessment against 

operating experience throughout life where it should be- with the designer. 

 

If standardisation of plant designs and a formal, living Design Certification process is not 

introduced internationally, it is very likely that the increased level of safety that is being 

sought from Generation III designs will not be achieved, as the institutional failure rate is 

unlikely to change from its current value. 

 

14. References 

1) Lord Cullen, The public inquiry in the Piper Alpha Disaster, Department of Energy, UK, 

1991. 

2) Mogford J., Fatal Accident Investigation Report, Isomerization Unit Explosion, Final 

Report, Texas City, Texas, USA, 9 December 2005. 

3) USNRC, Davis Besse Reactor Vessel Head Degradation Lessons Learned Task 

Force, Sept. 02. 

4) James Reason, Professor Emeritus, University of Manchester, Human Factors: A 

Personal Perspective, Presentation to the Human Factors Seminar, Helsinki, 13 February 

2006. 

5) Energy Technical Assessments, International Energy Agency March 2007. 



24 

 

6) Duffey, R. B., Saull, J. W., Managing Risk- The human element, John Wiley and Sons, 

2008. 

7) Promoting Nuclear Safety in Nuclear Installations. IAEA, Vienna. 

8) Regulatory document RD 337: Design of New Nuclear Power Plants, Canadian 

Nuclear Safety Commission, November 2008. 

9) CSNI Technical Opinion Paper no 4: Human Reliability Analysis in Probabilistic Safety 

Analysis for Nuclear Power Plants, OECD 2004, NEA no 5068. 

10) Transport Canada, Introduction to Safety Management Systems, TP13739, Minister 

of Public Works and Government Services, Ottawa, April 2001. 

11) Nuclear Power Plant Operating Experiences from the NEA/IAEA Incident Reporting 

System, 2002-2005, OECD 2006, NEA No 6150. 

12) INSAG 19 Maintaining the Design Integrity of Nuclear Installations Throughout 

Their Operating Life; A Report by the International Nuclear Safety Advisory Group, IAEA 

2003. 

13) Technical Assessment Guide: Principles for the Assessment of a Licensee’s 

“Intelligent 

Customer Capability” Nuclear Safety Directorate, UK Health and Safety Executive, 2006. 

14) Improving the Continued Airworthiness of Civilian Aircraft-A strategy for the 

FAA’s Aircraft Certification Service, 1998: Committee on Aircraft Certification 

Safety Management, National Research Council. 

15) IAEA Safety Standards Series, NS-R-1 Safety of Nuclear power plants: Design, 

International Atomic Energy Agency, Vienna, 2000. 

16) NUREG 1226. Development and Utilization of the NRC Policy Statement on the 

Regulation of Advanced Nuclear Power Plants, June 1988. 

17) Transport Canada, Introduction to Safety Management Systems, TP13739, Minister 

of Public Works and Government Services, Ottawa, April 2001. 


