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Abstract 

Substantial improvements have been made in the safety of light-water reactors in the United 
States during the past two decades, making currently operating reactors safer than ever before. 
Safety improvements have resulted both from regulatory and operational changes and from new 
knowledge and technology. The US Nuclear Regulatory Commission, the US Department of 
Energy, and the American nuclear power industry have worked together and with the 
international community to enhance the safety of existing plants and to incorporate lessons 
learned from prior operation into designs for a new generation of advanced, inherently safer 
reactors. 

Introduction 

Nuclear energy is used to generate a significant function of the electric power used in many 
countries. In the United States, the proportion of nuclear electric power is about 20%, and that 
proportion is exceeded in many other countries. Of the 43 1 nuclear power plants now in 
operation worldwide, 343 or 80% are light water reactors, either pressurized water or boiling 
water. Thus, safety of light water reactors (LWRs) is of crucial importance to the energy 
economy of the world. 

Two watershed events have had a major impact on improvements in LWR safety over the past 
twenty years. In 1975, a fire at the Browns Ferry plant in Alabama nearly disabled the safety 
systems of one unit. Although no core damage occurred, the accident drew attention to common 
mode failures that could incapacitate redundant safety equipment. On the other hand, it also 
demonstrated the ability of plant staff to improvise means to use available systems to maintain 
core cooling. In 1979, the well known accident at the Three-Mile Island plant (TMI) occurred. 
In this accident, a sequence of mechanical failures and human errors led to loss of coolant and 
melting of about half of the reactor core. Although the core debris was retained in-vessel, and 
the radiological release was very limited, the technical, political, and financial impact of the TMI 
accident was severe. For the first time, it was clear that core damage accidents could not be 
thought of as only hypothetical tests of containment. But the merit of the defense-in-depth 
philosophy was dramatically illustrated. 

The accident at Unit 4 of the Chornobyl Nuclear Power Plant in April, 1986 illustrated the 
potential for human and environmental consequence that could result from a major uncontained 
release. While the specifics of the Chornobyl accident are unique to the particular design of the 
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RBMK reactor and the operating situation at the time, the results served to emphasize the 
importance of mitigation of severe accidents and their potential consequences. 

The Chornobyl accident also served to focus world-wide attention on the safety of Soviet- 
designed reactors in general. This attention has resulted in the devetopment of many bi-lateral 
and multi-lateral programs in which assistance is being provided to operators of Soviet-designed 
reactors, both RBMKs and VVERs, to make improvements to their plants, and to improve the 
safety infrastructure supporting the plants. These programs are discussed in other papers at this 
forum. 

Responses to TMI 

The US nuclear community mounted a significant response to the TMI accident. h this 
response, it was recognized that the principal causes of the TMI accident were operational in 
nature, and that major improvements in operations, training, procedures, and the interfaces 
between operators and equipment were required. It was also recognized that better understanding 
of severe accident sequences and phenomenology was needed to assure that existing containment 
systems would perform adequately. However, it was also seen that the containment had 
functioned to retain essentially all radioactive material, and the fundamental defense-in-depth 
concept was validated. 

The nuclear utilities acted to increase the exchange of reactor safety information, create better 
interfaces between operators and equipment, and improve operator training. Through the Electric 
Power Research Institute, they formed the Institute for Nuclear Power Operations to establish 
qualifications, training requirements, and testing standards for operators and staff of nuclear 
power plants. INPO also conducts reviews of plant operations and makes recommendations for 
improvements. The Nuclear Safety Analysis Center was formed at EPRI to develop strategies for 
avoiding future accidents, recommend changes in safety systems, to analyze significant reactor 
transients, and to perform probabilistic analyses. 

In addition, the industry came together to form the Industry Degraded Core Research program, 
(IDCOR), aimed at developing an industry position on issues related to core damage accidents. 
The DCOR program and its successors led to a much improved industry capability to analyze 
and understand severe accident sequences. 

On the regulatory side, the NRC issued the TMI Action Plan in 1980 (1). This Plan defined 
requirements for operating reactors and for plants then in the licensing process. Extensive 
corrective actions were required related primarily to staffing, training, and procedures, plant and 
equipment design and test requirements, and emergency planning. A total of 172 specific 
requirements were approved (2).  Over 99 percent of the requirements have now been 
implemented (3). 

The human errors at Browns Ferry and TMI led the NRC to develop new requirements for 
operator training, testing and licensing. In addition, plants are now required to have plant- 



specific simulators in which operators receive training in response to a wide spectrum of 
postulated transients and accidents. Annual requalification examinations are required. 

Severe Accidents 

In 1985, the NRC issued a policy statement on severe accidents (4), in which they concluded that 
the existing plants did not pose an undue risk to the health and safety of the public. However, 
both the industry and the NRC recognized that additional work was needed to understand the 
risks associated with plant operations and to reduce those risks as much as possible. Since severe 
accidents are the dominant contributor to risk, it is in this area that research focused. Work has 
been sponsored by the USNRC, USDOE, and EPRI, in some cases in collaboration with each 
other and with foreign participants for major experiments. Phenomenological research has 
focused on mechanisms that could cause early containment failure and large radioactive release, 
such as steam explosions, hydrogen detonation and deflagration, direct containment heating, and 
molten core-concrete interaction. The research results in combination with deterministic and 
probabilistic analysis has resulted in vastly improved understanding of severe accidents. Some 
risk factors requiring attention have been identified, such as protection against hydrogen 
detonation in small containments. However, expensive backfits of such things as core catchers 
and filtered containment vents have been determined to be unnecessary in US plants. 

The methods of probabilistic risk assessment have been developed to a high degree as a means of 
understanding risks associated with nuclear plant operation. The seminar “Reactor Safety Study” 
of 1975 (5 )  defines the basic approach in use worldwide. More recently, the NRC - sponsored 
study “Severe Accident Risks: An Assessment for Five US Nuclear Power Plants” (6) utilized 
modern PRA methods, best available knowledge of plant behavior and severe accident 
phenomenology, and expert elicitation techniques to estimate risks. The results of this massive 
effort support the position that severe accidents do not represent an undue risk to the public 
health and safety. 

However, the risks of plant operation are plant dependent, so the NRC has required licensees to 
conduct Individual Plant Examinations (PES) to analyze internal events, and Individual Plant 
Examinations for External Events (IPEEEs) which address external events such as earthquakes 
and hurricanes (7,8). Through the PES and IPEEEs, plant owners assess accident vulnerabilities 
and gain understanding of the plant behavior in accident sequences, enabling them to correct 
vulnerabilities and develop strategies for managing accidents. By early 1996, licensees had 
identified more than 500 potential plant improvements arising from the P E  program. Changes in 
design, hardware, operations and procedures, and maintenance have been identified and a many 
cases implemented (9). 
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Current LWR Safetv Programs 

DOE’s Existin9- Light Water Rector Safety and Life Extension Promam 

The DOE’S Existing LWR Program examines safety and life extension of existing nuclear power 
plants and supports their continued operation in four ways: experiments on RPV integrity, 
equipment aging evaluations, cable aging research, and instrumentation and controls (I&C) 
upgrade (10). The Program is developing technology to inspect, characterize, and manage 
material degradation of key plant equipment, e.g., RPV embrittlement, cable deterioration, and 
equipment and structures aging. 

Reactor vessel embrittlement caused by neutron irradiation can be a significant problem as US 
pressurized water reactors age, but experience with Russian-designed RPVs and US Navy 
reactors has shown that RPV material properties can be recovered by thermal annealing. Even 
though annealing is the only practicable technique that restores the original reactor material 
properties, the utilities are unwilling to accept the risks of making RPV annealing decisions 
without a US commercial plant demonstration. The DOE is leading a cooperative effort with 
industry and the NRC to demonstrate annealing technology. 

Experiments on aging of electrical cables are using naturally aged cables to benchmark methods 
for laboratory aging studies. The DOE is also developing technology and methods to improve 
plant performance and economics while maintaining safety, e.g., by addressing issues of I&C 
obsolescence. Obsolete I&C equipment can be difficult or impossible to maintain, 
unstandardized, and of uncertain or inadequate performance. The I&C upgrade project will 
develop and demonstrate solutions applicable to multiple users both in the United States and 
abroad. 

DOE’s Advanced Lkht Water Reactor Promams 

The US Department of Energy and the US nuclear utilities and vendors participate in cost-shared 
programs to develop new, advanced LWR designs, test and analyze new safety systems, and 
achieve NRC approval and certification of advanced evolutionary and simplified, passively-safe 
reactor plant designs. Two large, evolutionary designs, of about 1350 MWe capacity, have been 
developed and submitted for NRC design certification. These designs are evolutionary in that 
they started with existing plant designs and introduced improved safety margins through the use 
of modern safety systems, advanced instrumentation and controls, and simplified operations and 
maintenance. The System 80+ design of ABB-Combustion Engineering (ABB-CE) is evolved 
from the CE System 80 plants, examples of which are operating in the US. Some advanced 
System 80+ features are found in plants being constructed in South Korea. The General Electric 
Advanced Boiling Water Reactor (ABWR) represents a significant advance over currently 
operating BWRs. Most of the advanced features are being implemented in ABWRs now being 
built in Japan. 
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A further step forward in safety improvement is represented by the simplified. passively-safe 
designs. The Westinghouse AP-600 is currently the highest priorin. projci of the ALWR 
Program. It is the first plant design to undergo NRC desip revien-. Bo& the DOE and the NRC 
are conducting research and test programs to support the design certification activities. 

A second passively safe design, the General Electric Simplified Boiling Water Reactor has 
recently been withdrawn from the design certification process. However. i t  is planned to 
complete certain development and test programs and to utilize the simplir52d. passiL-ely-safe 
concepts in a larger plant design. 

The First-Of-A-Kind Engineering Program encourages plant standardizmon in the United States 
by providing design details beyond those required for certification for two reactor designs, the 
General Electric ABWR and the Westinghouse AP-600. The program will develop firm cost 
estimates and construction schedules by designing mechanical systems, building structures, 
electrical and instrumentation and control systems, piping systems. and ecpipment specifications 
and data sheets. The program should be complete by September 1996 for xhe A B M  and 
sometime after September 1997 for the AP-600. 

As part of its ALWR Programs the DOE sponsors the Advanced Reactor Severe Accident 
Program (ARSAP). The ARSAP strives to establish the technical basis for resolution of critical 
ALWR severe accident issues (e.g., core melt through reactor vessel, core in the floor, or 
containment failure). The program analyzes, models, and tests in-vessel relention, source term 
and emergency planning, ex-vessel steam explosions, and ex-vessel debris coolability. ARSAP’s 
strategy of external vessel cooling to ensure in-vessel retention has emerged internationally as a 
strong candidate for accident management. Participants in the program expect to complete in- 
vessel retention experiments to simulate and confirm oxide fuel debris characteristics and cooling 
performance and to perform fuel-melt progression and relocation analysis and impulse loading 
from steam explosion for the AP-600 cavity design by June 1996. Experixnents on steam 
explosion and material interactions should be complete by July. A predieve critical heat flux 
theory for reactor lower head boiling conditions should be developed by Szptember 1996. 

NRC-Sponsored Research 

In discharging its responsibilities as the nuclear regulator of the United States. the USNRC has 
conducted a major program of safety research, and continues to conduct research work to develop 
sound basis for prudent, cost-effective regulation and licensing. Current research programs of 
particular interest in the present context include work in reactor safety sysmns analysis, risk 
management, systems, structures, and components, and operational safety- 

In reactor safety systems analysis, the current emphasis is on licensing cerrrification of the 
advanced passive reactor designs (AP-600 and the SBWR). Since these @ants rely on passive 
processes natural circulation, condensation heat transfer, and gravity-draining of large water 
storage tanks, the safety systems operate in different regimes of pressure, flow, and temperature 
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compared to current reactors. Data and validated codes are needed to support the certification 
process. 

Risk management includes work on severe accident behavior, including core melt progression, 
containment system behavior, and source term characterization. Recent source term research has 
led to better understanding of release, transport, and mitigative mechanisms which has enabled 
publication of new source terms to be used for advanced light water reactors (1 1). Improved 
PRA methods and improved seismic safety are other subjects of risk management research. 

Systems, structures and components addresses such topics as pressure vessel integrity, piping 
reliability, valve performance, materials behavior, containment integrity, and plant aging. These 
topics are of particular interest in license extension decisions. 

Operational safety covers such topics as radiation protection, human factors, instrumentation and 
controls, and fire safety. These areas are of interest in maintaining and improving the excellent 
operational safety record of existing plants. 

Conclusion 

Over the past two decades, the US Department of Energy, the US Nuclear Regulatory 
Commission, and the US nuclear power industry have worked together, often with international 
collaborations, to improve the safety of light water reactors in the United States. In the wake of 
Three-mile Island, dramatic changes in the way nuclear plants are operated, maintained, and 
regulated have greatly improved safety. Through research and analysis, the understanding of 
severe accident phenomenology has greatly improved. Applications of PRA methods has led to 
better understanding of the vulnerabilities of plants to accidents and pointed the way to reduced 
risk. Current research is directed towards maintaining the safety of existing plants in the face of 
issues arising as the plants age. 

Evolutionary LWRs apply lessons of the past in simplified designs with improved 
instrumentation and control, safety systems, and easier maintenance. The advanced, passive 
designs attempt to implement passive safety features to reduce reliance on active engineered 
systems to ensure safety. Active research programs support development and certification of 
these designs. 

Two decades of LWR safety improvement have produced a reliable, mature technology with very 
small risk to the public health and safety. However, continued emphasis on still further 
improvement is required to assure that new issues are dealt with properly and that there is no 
deterioration through complacency. External vigilance is the price. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recorn- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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