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Background
The regulations for nuclear power plants (NPPs), as codified in 10 CFR Part 0
and the general design criteria (GIDC), were formulated more than thirty years
ago. The objectives were to protect public health and safety by making the
probabilities of accidents very low and providing mitigating capabilities in case
such accidents occurred. Since methods for quantifying these probabilities were
not available at the time, a conservative safety philosophy emerged that was
called defense in depth. Much has been learned since that time. The
development of probabilistic risk assessment (PRA) has allowed the
quantification of the probabilities of accident sequences, thus providing analytical
tools for the evaluation of individual defense-in-depth measures. PRA
applications have shown that many of these measures do not contribute
significantly to safety and have been termed an "unnecessary burden." At the
same time, the integrated PRA approach to reactor safety has identified the
need for additional requirements in some instances that were not foreseen by
the traditional, defense-in-depth based, regulatory system.
To gain maximum benefit from design innovation of advanced reactors,
engineers must utilize these advances in our ability to assess the safety of
NPPs. Unfortunately, the current regulations have not been changed to a
significant degree to reflect PRA insights and capabilities. One of the major
impediments to the Electric Power Research Institute's advanced light water
reactor (ALWR) initiatives that led to the design criteria for ALWRs was the
objective of trying to comply with existing regulations. This effort, while making
some improvements in design, resulted in plants that were still limited in terms of
innovation. The ALWRs are considered to be too expensive for the US market
due to these requirements that are arguably still too prescriptive.
As the United States proceeds to develop a new generation of nuclear energy
plants commonly referred to as "Generation IV," a new regulatory approach is
needed that will allow for innovation and that captures the important features of
safety. The existing regulations have been developed for water-based reactors
and are not easily adaptable to other technologies such as gas cooled reactors.
At the present time, the NRC is working on "risk informing" their regulations. This
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process is still largely focused on light water reactors is very difficult; and will
take many years to complete implementation (should that ever occur). Once
concluded, the result is expected to be a mix of deterministic, probabilistic, and
subjective defense- in-depth criteria that will be an improvement, but still water
based.
There is a recognized need by the International Atomic Energy Agency' and by
the technical community worldwide that for true innovation in reactor design, a
new approach to establishing the safety of advanced nuclear power plants is
required. This new approach is required not only for innovation in design but
also for a rational process of licensing and deployment in a timely way.
For the next generation of advanced nuclear power plants, it is likely to be
necessary for safety regulation to proceed under some modified version of the
current NRC safety regulatory system. The reason for this is that replacement of
the current system is likely to demand such time and resources that the new
system may not become available in a timely fashion. The existing regulatory
system may, in fact, deter deployment of innovative reactor designs. Thus, it is
important to formulate a safety basis for a licensing approach for advanced
reactors to be pursued under the current system. In doing this we wish to
identify areas where current regulations do not address the safety issues of new
reactor concepts;; to utilize our risk-based regulatory approach for development
of proposed treatments of these latter areas; and to formulate ways of utilizing a
demonstration plant in conjunction with a testing program in future licensing.
Structuralist vs Rationalist Approach to Defense in Depth
Current regulations and standards are based, in large part, on the principles of
defense-in-depth (DID) and safety margins, which have evolved since the first
reactors were designed in the 1940s. The NRC's Advisory Committee on
Reactor Safeguards (ACRS)' and Senior Fellow John Sorensen et aI3 . discuss
this evolution, identify two schools of thought on DID, labeled structuralist" and
"rationalist," and recommend an approach for risk-informed regulation.
The two schools differ in the process used to deal with uncertainty in reaching an
acceptable level of safety. The structuralist approach has evolved from the early
days of nuclear power with a process of accumulating DID features until a

1M.Gasparini, Verification of Defense in Depth for Operating Nuclear Power Plants,' draft
September, 1999.
2Letter to Shirley Ann Jackson, Chairman, U.S. Nuclear Regulatory Commission, from D.A.
Powers, Chairman, Advisory Committee on Reactor Safeguards, Subject: The Role of Defense in
Depth in a Risk-I nformed Regulatory System, May 9 1999.
3Sorensen, J.N., Apostolakis, G.E., Kress, T.S., and Powers D.A., On the Role of Defense-inDepth in Risk-Informed Regulation. Proceedings of The International Topical Meeting on
Probabilistic Safety Assessment, Washington, DC, pp. 408-413, 1999.
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judgment was made that sufficient protection against uncertainty in performance
had been achieved. With the development of PRA methods, the rationalist
approach uses these tools to quantify uncertainty and to explicitly account for
DID features in reducing uncertainties to acceptable levels. The main difference
is that the structuralist accepts DID as a fundamental principle, while the
rationalist would place DID in a subsidiary role. Additionally, the structuralist
does not deal with uncertainties in a quantitative manner, while the rationalist
takes advantage of the fact that advances in PRA allow the quantitative
estimation of some of these uncertainties. For new plants, the rationalist
approach to DID, employed within the context of PRA, is preferred to more
effectively develop a body of regulations that eliminates requirements that do not
contribute significantly to safety.
The rationalist relies on PRA methods to provide an integrated and systematic
analysis of the plant that explicitly addresses sources of uncertainty. The
process envisioned by the rationalist is: establish quantitative safety goals, such
as health objectives, core damage frequency, and large release frequency;
design and analyze the plant using PRA methods to establish that the safety
goals are met; evaluate the uncertainties in the analysis, including those due to
model inadequacies, system performance and reliability, and lack of knowledge;
and determine what steps (i.e., DID, new design features) to take to address
those uncertainties. The quantification of uncertainties in terms of probability
distribution functions provides a means for determining how much redundancy
and diversity (i.e., DID) is sufficient.
Discussion of the Risk-Based Framework
The framework we propose for risk-based regulation and design is illustrated in
Figure 1. A top-down hierarchy, indicated on the left side of Figure 1, is being
used to define the goal, establish an overall approach, and develop and
implement appropriate strategies and tactics. The framework is based on an
application of PRA methods and reflects a rationalist approach to DID.
Regulations for NPPs are required to ensure adequate protection to the health
and safety of the public. Accordingly, the goal of this effort is to provide a
framework for developing and implementing risk-based regulations that meet this
requirement. An approa based on evaluating risk against quantitative safety
goals is proposed to achieve the stated goal. With respect to adequate
protection, the NRC has established safety goals including quantitative health
objectives (QHOs) that state the Commission expectations with respect to how
safe is safe enough. Although the NRC safety goals are not considered
quantitative measures of adequate protection, for new plants, we will consider
the determination of adequate protection using increased reliance on
comparisons of PRA results to quantitative risk measures. The safety goals we
are using for the framework, indicated in the gray boxes in Figure 1, have been
adapted from the NRC goals.
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The strategies for developing and evaluating compliance with requirements for
risk-based regulation and design are based on the use of PRA to quantify risk
and uncertainties. High confidence is achieved through explicit consideration of
uncertainties, including modeling adequacy and equipment design and
performance. These strategies include consideration of the risk information
available from Level 1, Level 2 and Level 3 PRA analyses. Level PRA
evaluates the potential for accident initiators and the system response to prevent
core damage. An estimate of core damage frequency is compared to the
corresponding goal. Level 2 PRA encompasses the response to and mitigation
of core damage, including containment of fission products. Risk estimates here
can be compared to goals for conditional probability of large release, both early
and late. Level 3 PRA encompasses the response to and mitigation of
radionuclide releases, including emergency response. These risk estimates can
be directly compared to the QHOs or to subsidiary goals for conditional
probability of early fatalities and latent cancer risks.
To develop risk-based regulations, ftlementation of the framework is achieved
by defining functional system characteristics, within the context of how PRA is
performed, to determine what areas need to be regulated to assure safety.
Implementation for design is achieved by specifying design configurations and
using PRA to evaluate the design, then iterating with subsequent design
changes. A master logic diagram (MLID), illustrated in Figure 2, is used to take a
top-down approach to identify the safety functions, and systems, structures, and
components (SSCs) that are required to maintain safety and to identify the
accident initiators and system response failures that could compromise safev.
The top event is stated in terms of risk exceeding the safety goals. The gray
shaded events correspond to the Level 1, Level 2, and Level 3 PRA strategies,
respectively, in Figure 1. The sixth level of the MLD defines the system
functions that are required to assure safety. The next level down indicates that
initiating events and failure of mitigating systems, containment, and emergency
response can compromise safety functions. The last level of the MLD indicates
that internal initiators for all operating modes and external initiators will be
considered for completeness. Further development of the MLD will determine
the "regulatory risk space" for which regulatory and design requirements are
needed.
Various tactics (e.g., design criteria procedures, redundancy, emergency
response, etc.) are applied to support the PRA strategies and implementation.
Once the SSCs required to achieve safety have been identified, then decisions
on appropriate tactics for regulation and design can be made. The specification
of these tactics will be based on a systematic evaluation of the areas that need
to be regulated for the purposes of assuring safety and will also evolve from this

G.E., Some Issues Related to Goal Allocation and Performance Criteria.
Proceedings of the 8th nternational Conference on Structural Mechanics in Reactor Technology,
Brussels, Belgium, Paper M2 4/3,1985

4Apostolakis,
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process.
Work on the practical implementation of the risk-based regulatory approach has
proceeded focusing upon how to formulate design basis accidents (DBAs) within
a risk-based system' In this work, it was concluded that DBAs are not
necessary within such a system, and rather are replaced by the set of riskdominant accident event sequences as the focus of judging whether a nuclear
power plant design is adequate, and for negotiating between the license
applicant and regulator concerning what changes in the design application are
required before a license can be issued. These risk dominant accident
sequences will be used in the development of a "license by test" approach to
safety verification and licensing.
The thinking on how to approach establishing a safety basis and then licensing
non-traditional nuclear technologies was advanced in 2000 by ESKOM, the
South African utility proposing to build a pebble bed reactor at their Koeberg
nuclear plant site in Capetown. ESKOM, through its Pebble Bed Modular
Reactor Development Company, PI3MR Pty, issued "PBMR Safety Case
Philosophy" - PNL-001 Rev 1, (10) and the Safety Case Support Document PNL-009 (11), that identifies the approach to safety being proposed by ESKOM
for eventual licensing in South Africa. This approach calls for the use of PRA to
establish general design criteria for the pebble bed reactor. Their approach is
consistent with South African's National Nuclear Regulator's approach to safety
that is illustrated on Table which is safety goal based and uses a combination
of deterministic and probabilistic techniques to establish general design criteria
and tests that need to be performed to demonstrate safety. What is proposed by
ESKOM is whenever there is inadequate information or large uncertainty to
bound that uncertainty and perform tests on the prototype reactor to assess
impact. It is judged that these guidelines can form the basis of a workable risk
informed safety basis that will allow a license by test approach.
License by Test (LBT)

1,

Both this effort and the work being performed internationally are general and
could be applied to non-traditional technologies. What is needed is an extension
of this process to specific reactor technologies, such as the gas reactor, and to
include the concept of "license by test." The aim would be to improve safety and
reduce the time and effort to certify new designs while not compromising safety.
This weakness in the generic applicability of the existing regulatory system is not
easily addressed. An approach that historically was provided in the regulations
C. Beer, G.E. Apostolakis, and, M.W. Golay, 'Methods for Formulation of Design Basis
Accidents Within a Risk-informed Approach to Safety Regulation of New Nuclear Power
Plants," PSAM Conference, Osaka Japan (November, 2000). [included as Appendix YYY]
5B.
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was "license by test." In this concept, a reactor prototype could be built and
tested to demonstrate the safety characteristics and on that basis granted a
license. This approach has to our knowledge never been applied to an entire
nuclear plant but only subsystems which were tested to calibrate performance.
With the advent of new safer plants that derive their safety from inherent
deterministic safety features as opposed to active or passive safety systems that
must work, we have an opportunity to apply the license by test concept on a real
plant on an integrated basis. The challenge is to develop the test envelope to
validate safety in a licensing sense.
What is desired is to avoid years of paper analyses and simulations which can
be costly and still leave doubts in the regulators and the public's mind about the
real safety of the plant. As an alternative to spending the huge amounts on
paper analyses, separate effects tests, it is proposed to design and build a
prototype of a plant that meets the fundamental safety standards relative to
public health risk. Using a combination of deterministic and probabilistic tools as
described above to develop subsystem and integral te sts; that would be
conducted with this prototype (full scale if the 'lant is small enough) to
demonstrate the safety of the plant. In this case, we would not only have a
certified plant design and a license at the conclusion of the process, but also a
nuclear power plant that the public could see met the safety standard and that
could also be used to produce electricity.
This licensing concept has been suggested as being especially applicable to the
PBMR.The basic idea of LBT is that a set of integral tests of a full size reactor
and associated systems be used to demonstrate the ability of the overall system
to mitigate successfully a set of "bounding" accident cases. Should the set be
sufficiently comprehensive (e.g., loss of coolant inventory and loss of coolant
flow), and should they be sufficiently more demanding than expected accident
situations. The argument goes that successful performance in these tests
should be sufficient proof of the safety of the nuclear power plant concept.
These tests, even if partially successful, can also serve another very important
purpose, namely, to validate the computer codes that have been developed for
design and accident analysis. The validation of such codes is always an issue
when a new design, even water-based, is submitted to the NRC. For example, a
recent ACRS letter6 recommended that the validity of predictive codes such as
NOTRUMP that have. been approved for the design certification of AP600 must
be demonstrated before they are used in the certification process for AP1 000.
What is hoped is that the full scale tests will be able to answer remaining
questions for the validation of codes. This approach can only be possible for
reactors that have significant safety margins which is a criteria for new advanced
reactors.
from D.A. Powers, ACRS Chairman, to R.A. Meserve, NRC Chairman. Subject: PreApplication Review of the AP1 000 Standard Plant Design - Phase L"
6Report
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The Challenge of Licensing by Test
The challenge is to define a process that would identify what range of testing
would be required for the granting of a license. For example, what design
information needs to be available to allow for the construction of the prototype
and the extent of review by the regulator required for the test program? What
criteria constitute success or failure of the test program leading to the granting or
denial of the license?
It is our hope to work with the NRC to develop the guidance to allow such a
process to work such that advanced non water (or water based) technologies
could be used without spending years on inconclusive (from the standpoint of the
public perception) analyses.
We need to develop this concept in more detail; establish clear performance
indicators for success; identify review requirements for the design and
construction of the prototype facility; and specify the test program that would be
used to certify the design for mass production.
Reference Plant Selection
At the present time, there are many advanced reactor projects under
development. The three most significant are the high temperature pebble bed
gas reactor, the light water IRIS project and several variants using lead bismuth.
All new reactor concepts would benefit from the application of the safety
framework approach using PRA technology in a methodology that identifies
important safety features and requirements.
The modular pebble bed reactor has been selected as be the reference plant
used as a demonstration for the new safety and licensing approach since it
provides some unique challenges to conventional wisdom about safety and
traditional licensing. As result of the leadership and development of this
technology for commercial application by ESKOM, the South African utility and
MIT's three year conceptual development project on the PBMR, there is
sufficient design and knowledge information to allow this plant to be the
advanced reference design. Eventually, this plant will be constructed in the US
since PECO and BNFL, investors in the South African PBMR, have indicated
that they would like to use the South African plant as the prototype for the US
plants. In addition, I have been proposing the construction of a "reactor research
facility"site which can be used to test the concepts proposed by this project. In
either case, a new approach to the safety basis of advanced plants will be
required to allow for timely introduction of new nuclear plants in the US. The
licensing strategy for the research facility relies upon "license by tesf' that needs
a workable risk-informed regulatory framework in which to succeed.
This is a novel approach to safety and licensing that is made possible by the
integrated approach to reactor safety that PRA provides. Whether this approach
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is applied to the South African prototype for US application or for a new 'reactor
research facility" built on a DOE site, it is important to develop the safety
framework upon which to license the plant.
Establishing a Safety and Licensing Basis for the Plant Within the Current
Regulatory System
In order for license by test to be successful in the short term, it must fall within
the guidance of the current regulatory system. There are several steps that need
to be taken to assess whether this will work. These steps are outlined below.
1 .Review literature on safety bases used by the IAEA, NRC, and the South
African regulator. Focusing on risk-based safety goal performance criteria
addressing defense-in-depth issues. 7 " The NRC regulations should be
reviewed as would the GDC for applicability. This will also include
understanding the relationships for normal operation, severe accidents,
containment of fission products and public health and safety objectives in the
context of fundamental design objectives as outlined by IAEA and others. It
will be necessary to identify areas in the current NRC regulatory system,
utilizing available precedents, which currently address PBMR-relevant
regulatory questions. NRC's regulations will be reviewed to identify
opportunities for establishing license by test approach to demonstrate safety.
2. Develop risk-based approach to address safety basis and regulatory
questions which are not treated by existing regulations, and then to use riskbased logic for refining the existing regulatory structure.
3. Within the context of the existing high level regulatory design objectives,
develop a license by test process that can demonstrate functional compliance
to these design objectives. Identify those areas where a "Licensing by Test"
approach could answer unresolved questions safely within the existing
regulatory structure and seeking applications of it in the overall Pl3MR
regulatory strategy.
The great safety licensing problem faced by the PBMR in the United States is
that no body of regulations exists for licensing it comparable in detail than that
available for WRs. Much of the current regulatory literature and policies have
been concerned with LWR-specific problems or features (e.g., metal-water
interactions following onset of critical heat flux; pressurized thermal shock). This
emphasis creates the need to ensure that WR-influenced treatments of safety
issues will not be incorrectly applied to PBMR safety questions and

Metcalf, Mysen"PBMR-SA Licensing Project Organization", November, 1999,
Beijing, China.
" Kadak,"Risk Based Regulation - The Time is Now", PSA-99, nternational Topical Meeting on
Probabilistic Safety Assessment, August, 1999.
7Clappisson,
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requirements, also. With diligence and effort this pitfall can be avoided, but
recognizing it is the start of doing so.
The precedents created by the Ft. St. Vrain and Peach Bottom gas-cooled
reactors will be useful in PBMR licensing, but the overall regulatory structure has
changed considerably since the licenses for the reactors were issued (both prior
to the 1979 Three Mile Island reactor accident), and they are silent concerning
such PBlVIR aspects as reliance upon highly reliable fuels and the stochastic
nature of the individual fuel pebble histories.
License by Test Approach
1. Useoftherisk-basedregulatoryapproachtofillidentifiedregulatory
gaps
Using the risk-based framework outlined above, establish the detailed steps and
information required to use the logic of the risk based framework for developing
proposed treatments of the regulatory gaps identified. A review of accident
scenarios leading to release of fission products needs to be performed.
Deterministic analysis will be performed using the VSOP code and other
transient analysis code packages to evaluate the expected plant performance in
accident scenarios for the pebble bed plant.
This task is critical. On the one hand, we recognize that the risk-based
framework that we have discussed is not part of the regulations at this time,
although it is consistent with the NRC's Option 3 for risk-informing 10 CFR Part
50. On the other hand, the existing regulations are WR-based and will have to
be modified for application to the PBIVIR. Appendix A to 10 CFR Part 50 states:
'The General Design Criteria are also considered to be generally applicable to
other types of nuclear power plants and are intended to provide guidance in
establishing the principal design criteria for such other units." This step will
investigate how the GDCs and other regulations could be utilized in a risk-based
framework to actually provide a basis for design and licensing of a gas reactor.
2. Perform a PRA on the Reference Plant
Perform a PRA on the MIT design or obtain a PRA of the PBMR from ESKOM to
identify major accident sequences that affect safety goal attainment to identify
critical systems requiring test. This PRA should be at least a level 2 if not level 3
PRA in order to support the public health and safety goal philosophy.
3. Use of the risk-based approach for development of traditional
deterministic elements of the current regulatory approach
Develop a risk-based technical basis for establishing risk dominant accident
sequences (RDAS) that could form what are traditionally referred to as Design
Basis Accidents (DBAs). The RDAS are used to formulate acceptable essential
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safety function unavailabilities and for judging defense in depth. Defense-indepth is a general and somewhat subjective philosophy used by regulators and
designers to cover unquantified uncertainties. IAEA and the ACIRS have recently
begun to address this issue again. The objective of this step is to better define
this term given the advances in analytical methods to assess risk and to allow for
innovative new designs may have inherent physical attributes that are
demonstrably, rather than analytically, safe. This step will examine the basis of
defense in depth relative to gas reactors and how it can be generically applied to
all advanced reactor designs. Our risk-based approach offers a method for
doing this, by evaluating acceptable risks at a conservative confidence level
rather than in terms only of expected outcomes.
4. Develop Test Plan for Certification
Based on the risk assessment identifying critical safety component, systems and
structures, develop a series of subsystem and integral tests to confirm the
performance of the components and systems as required to validate
performance and computer codes. These tests will form the basis of the safety
case for the technology. This test plan is expected to include the loss of coolant
test, air and water ingress, reactivity feedback tests, control rod withdrawal,
turbine trips, overspeed, to name a few. What will be necessary is to
demonstrate how a safety and licensing basis could be established.
5. License by Test Certification
Once the test program is completed and reviewed, a general certification for the
design can be issued. It is recognized that not all areas of performance can be
tested using a real reactor, but as aresult of the tests, the computer codes that
are used to demonstrate performance can be validated and by extension justified
for broader application. This area needs to be reviewed to assure that the tests
provide an adequate justification for application over the range of conditions
expected.
Conclusions:
The license by test approach to licensing is a novel method of licensing reactors.
It provides an opportunity to deal with innovative non-water reactors in a direct
way on a time scale that could permit early certification based on tests of a
demonstration reactor. The uncertainties in the design and significant
contributors to risk would be identified in the PRA during the design.
Deterministic analysis computer codes could be tested on a real reactor. Scaling
effects and associated uncertainties would be minimized. License by test is an
approach that has sufficient merit to be developed and tested.
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Figure 1. Framework for risk-based regulation and design.
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Figure 2 Example master logic diagram for framework implementation.
(for light water reactors)
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Table
Council for Nuclear Safety Licensing Approach
For the Pebble Bed Modular Reactor (PBMR)

SAFETY REQUIREMENTS
a The design shall be such to
Ensure that under
anticipated
Conditions of normal
operation
There shall be no radiation
hazard
To the workforce and
members of
The public. This must be
Demonstrated by
conservative deterministic
analysi
Design to be such to prevent
and mitigate potential
equipment failure
Or withstand externally or
internally originating events
which could give
Rise to plant damage leading
to
Radiation hazards to workers
or the public. This must be
demonstrated
By conservative
deterministic
Analysi
c The design shall be
demonstrated
To respect the CNS risk
criteria.
This must be demonstrated
by probabilistic risk
assessment using
Best estimate uncertainty
analysis.

EVENTFREQUENCY
Normal operational
conditions
shall be those which may
occur
with a frequency up to but
not
exceeding 10-2 per annum.

SAFETY CRITERIA
Individual radiation dose
limits
per annum of 20 mSv to
workers
and 250 gSv to members of
the
public shall not be
exceeded.
+ALARA+ Defense in depth
criteria

Events with a frequency in
the
range 10-2 to 10'6 per annurn
shall be considered.

Radiation doses of 00 mSv
to
workers and 50 mSv to
members
of the public shall not be
exceeded.
+ALARA+ Defense in depth
criteria

Consideration shall be
given to all possible event
sequences.

CNS risk criteria apply.
5X1 0-6 Individual risk
10-8 Population risk
Bias against larger
accidents.
+ALARA

(CNS is the former name of the National Nuclear Regulator)
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Licensing Approach for
Generation IVTechnologies
""License By Test""
Andrew C. Kadak
Massachusetts Institute of Technology

June 5., 2001

Challenges
mRegulations focused on water
mKnowledge of technology lacking
m Regulatory System Rigid
mInfrastructure to Support New
Technology Not Developed
mChanges in System take a long time
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How to Introduce New Technology in
Less than a Lifetime 7
M
• Go Back to Basic Safety Fundamentals
• Work Within Existing Regulatory High
Level Objectives
• Use Risk Informed - Risk Based and
Deterministic Analysis
• Assess Gaps in Knowledge
• Prioritize (risk assess)
• License by Test

Estabi ish a Safety Basis
•
•

•
•
•

Use Public Health Safety Goal
Define Plant Risks:
- Normal Operating Plant
- Transients
- Accident Scenarios
Identify Safety Margins
Quantify Risks
Show Defense in Depth
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Risk Informed Approach
•

Establish a public health and safety goal
• Demonstrate by a combination of
deterministic and probabilistic
techniques that the safety goal is met.
• Using risk based techniques identify
dominant accident scenarios,, critical
systems and components that need to
be tested as a functional system

Risk Informed Approach
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Master Logic Diagram
for Water Reactors

law

7F

"unell for Illoclawr Safety Licanaling Approach
For the Pebble filed Modular Revetw (PBUR)

I

SAFETY REQUIREMEWS
The dsign Shag be such to
Ensure that unde aticipated
Conditiol Of 1onnal
FORM

..

lothewolkim
And
,
of
The pblic. This Mat b
Dowoustrow by
Istle
anahreb.
11 vasign to be suct. la pi
and
Potential
"A"
tallum
Orwilhatand"lornally,or
Internally originating events
whichcoufdollve
Risetoplant ,
go Wading
ID
Radlownhazardato oee
or the pwbft Tis a
be
dernonstrated
By Conservative
I
, , 9,
Anelvala.
CTom design aea

he

TO
vesepwrisk
Ciftee
This rnust to dernanstrated
by pobabilbstic risk

EVENT REaUEKCY
Nornma perational
conditions
oh" be
which wAry
with 6 trequency up tDbwt
not
exceeding 10 pr anfturn.

Evem

urfthafrequencyin

TarigeIVIolepwamorn
shell b cons'

SAFETY CRITERIA
Individual nedLat" dome
stake
paralknumnot2censvto
-Okm
and26QpSvto mob
Of
the
public shag ot be
exceeded.
ALARA. Veftnee in depth
Cruarill
Radiation duses at 500
to
a km ad INA 5 to
at the public

Consider tion Shan be
gkvn to all poaag" mat
sequeaces

CNS risk Critwis apply.
SXIeIftdWUslIWk
110Popubt6onsfak
1111saagalnexhugav
atiderds.
ALARA

anallreis.
(CUS is te

hall no be

ALARA. Defense In depth
Cederbs

arrner marne of he kational Nuciser Regulator)

224

Review Existing Regulatory
Structure for Gaps
m Based on plant specific safety basis:
- Identify existing regulations that
apply..
- Use risk based regulatory approach
to fill in gaps for areas not covered.
- Develop implementation approach to
General Design Criteria.

Develop Traditional Deterministic
Regulatory Approach
• Establish Design Basis Accidents using
risk based techniques
• Develop Defense in Depth Basis Using
natural physical attributes of designs
• Establish confidence levels for analysis
using risk assessment methods
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License By Test
•

Build Full Size Demonstration Plant
• Perform Critical Tests on components
and systems identified using risk
informed techniques
• If Successful, Certify Design

Why License By Test
•

Needs:
To validate analyses
To shorten time for paper reviews
To ""prove" what is debatable
To reduce uncertainty
Show Public and NRC that plant is
safe
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Tests Required
• Traditional

Performance tests of
equipment still required for reliability
• Use Risk Based Techniques to identify:
- Accident Scenarios of Importance
- Critical Systems
- Critical Components
• Conduct Integrated System Tests

Examples of Tests
M
•
•
•
•
•
•
•

Loss of Coolant
Reactor Depressurization
Natural Circulation
Rod Withdrawal
Reactivity Shutdown Mechanisms
Reactor Cavity Heat Up and Removal
Selected Component Key Component
Failures
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Additional Tests
•

Balance of Plant Failures - turbine
overspeed., loss of heat sink,.
compressor failures,, etc
• Control Rod Ejection (rapid withdrawal)
• Reactor- Cavity Heat Up
• Validate Core Physics Models
• Validate Safety Analysis Codes and
Methods
mXenon Transients

Tests Leading Up to
Demonstrati on Facility Tests
mFuel Performance - Irradiation, post
accident heat up,, cycling
s Air Ingress - validate chimney model for
air ingress potential
mWater Ingress - assess reactivity effect
and fuel damage
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D

F\eactor Research Facility
- M
•
•
•
•
•

Pebble Bed Reactor as a prototype for
this licensing approach.
Built in Idaho - Full Size w/Containment
Implement Structured Test Program
Develop Regulatory Process as Part of
Certification of Technology using RRF.
Research Reactor Continues as facility
to innovate and test new technologies
for fleet of standard designs.

Will License By Test Be Able to
Answer All Questions
• No...
• In combination of subtler component
tests described and the risk informed
analysis., it should provide high
confidence of critical safety
performance.
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Will License by test instill
public confidence
mYes,
n By having the public and the media
observe these tests,, the confidence in
the technology and the regulatory will
be enhanced.
0 10- (pick a number)is not understandable or
effective in safety discussions.
n It will encourage development of
naturally safe reactors.

Traditional Regulatory
Approach
• Ask General Atomics for MHTGR
•
•
•
•

Ask Canadians for Candu
Ask W about AP-600 - 1000
Costly - Time Consuming - Risky
Answers Not always possible to Satisfy
NRC staff - Ask Licensees.
• Need An Alternative to the ""Bring me a
Rock" Process.
• This may be it...
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Summary
n For Non-traditional technologies,

a new
licensing approach is needed for timely
deployment.
m Risk Informed Techniques with Safety
Goals Appear to meet the Need.
s License By Test is the most direct
means of answering difficult questions.
n LBT should increase public confidence.
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D. Powers, ACRS Member: Why do you focus on fatalities?
A. Kadak, MIT: It's an easy measure. You could talk about injuries, if you like, as a separate
measure.
D. Powers, ACRS Member: If we're going to learn something from accidents that have
occurred, the most transparent consequence of Chernobyl has been radiation injuries rather
than fatalities. Land contamination could arguably be the other thing that we've learned. Why
not change the measures in response to things we've learned?
A. Kadak, MIT: We could do that. I'm not limiting it. I'm just saying establish something that
everybody is comfortable with, and I mean societal comfort. And if it talks to land, it it talks to
injuries or if it talks to fatalities, fatalities is the one that we now have.
G. Wallis, ACRS Member: You seem to be applying what we do today to what we might do
tomorrow, and did you question whether we really need design basis accidents in their present
form? Or would it be replaced by something else which might be less plant specific and be
more effective?
A. Kadalk, MIT: The process that I would recommend is developing dominant accident
sequences as part of the regulatory process, and don't call them design basis accident.
T. Kress, Chairman, Future Reactor Subcommittee: What we attribute to integral tests are
two purposes: one, to see if there's something going on that we hadn't thought of; two, to
validate our computerized analytical tools so that they can be used in an extrapolatory sense to
cover the things we can't do in the test. Would that be your view of what this test might do for
you?
A. Kadalk, MIT: The needs. Why? To validate analysis. Okay? To shorten the time for paper
reviews; to try to prove in quotes what's debatable; to reduce uncertainty, and this is very
important; to show the public and the NRC, and I include them as the public in this case, that
the plan is, in fact, safe. And that's what it's all about. Can we do the -- you know, can we try
to melt the core? If we believe that we can do it without melting the core, yes.
G. Wallis, ACRS Member: So what you should do is you should give an operator carte
blanche to try to melt the core, and he or she will fail. Is that your test?
A. Kadalk, MIT: Depending upon the design, yes. I mean, theoretically that would be the test,
but I would structure it more carefully than that.
G. Wallis, ACRS Member: Are you asking for a kind of full scale LOFT test?
A. Kadalk, MIT: Full scale LOFT test, I suppose in the sense of a LOCA. There will be others
on a facility, and one of the things it avoids is to remember the scaling issue that you've had to
fight over? I mean, clearly the scaling issue sort of goes away if you do a full scale plan or a
large enough scale to be able to say scaling is not a factor.
D. Powers, ACRS Member: Let's look at that control rod ejection because it's a fun one to
look at. The scenario that we're now worried about is one where the fuel had extremely high
burn-up. How are you going to do that in your test?
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A. Kadak, MIT: That would have to be outside of the reactor. There would be a whole series of
fuel tests as part of this program.
D. Powers, ACRS Member: Well, and the problem that plagues the rod ejection accident is an
argument over how it propagates within the whole course. So if you do this test at the CABRI
facility with one rod, that doesn't answer the question. You need a whole bunch of rods.
A. Kadak, MIT: Well, I think we could do like I said, a rapid withdrawal, and we could model it
from the standpoint of what we expect as a reactivity transfer and to see whether those codes,
in fact can model the event.
D. Powers, ACRS Member: I mean, that's where the argument is, is whether the codes are
right or not, and whether they give you the right amount of heat going into the clad and not into
damaging fuel.
A. Kadak, MIT: Well, the first is the reactivity. Then we can go to heat, right?
D. Powers, ACRS Member: No. This is a time scale where those two are very coupled
together. I think you ought to look at the experience they had at the Phoebus facility, which
was doing an experiment, which amounted to melting down 21 fuel rods, two of which were
fresh fuel and the rest of them were irradiated, and the public response prior to the first test
there, and how eager they were to watch that particular test.
A. Kadak, MIT: I look it up. I'm not familiar with it.
E. Lyman, NCI: So you're proposing that the test facility go with a containment which is not
the same containment that the pebble bed is planned to have?
A. Kadak, MIT: Only because it's a research facility.
E. Lyman, NCI: So I've heard the argument that the passive cooling of the pebble bed is
incompatible with a leak tight containment and it would interfere with, for instance, the design
basis LOCA heat removal.
A. Kadak, MIT: Well, we'd have to look at that to see whether or not and how we could make it
compatible for this particular facility. We'd have to look at whether, in fact, we need to make
additional modifications to the facility to accommodate the passive cooling feature.
T. Fabian, Nuclear Waste News: It's not as exciting as melting down the core, but I'm
wondering if as part of your conceptual design process you've done the sort of things that the
fusion materials program has done, is looking forward to end of plant life and looking at lower
activation materials that are easier to dispose of, possibly easier to resmelt and reuse in a
nuclear facility, designing the plant for decommissioning using robotics and remote technology;
is any of this played a part in the design process?
A. Kadak, MIT: Not at this stage, although we are following what's going on in Germany as
they're decommissioning their AVR reactor. Clearly, one of our initial objectives was to design
a plant with decommissioning in mind, also having a lot of personal experience about
decommissioning the Yankee Rowe plant. So I'm very sensitive to that issue. We haven't
really looked at it, and we're not really at that level of detail yet.
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L.E. Hochreiter, Penn State University: As an AP600 design certification survivor, I'm familiar
with the testing that we had done and a number of questions that we got from the NRC, which
were large. When you structure a test program, usually you build on separate effects tests to
try to identify and create a model that you then put into an integral code, and then you use
integraltestsforverificationofthatmodel. Ithinkoneoftheproblemsthatwehaveinthewater
reactor technology world is that we don't have very good integral systems tests. The loft tests,
which are the largest integral systems tests, that we've all used for a code validation, there's a
lot of questions on the accuracy of the instrumentation, which are really measuring versus what
you think you're measuring, and so forth. There may be a lot of potential problems for that in
this type of a program unless it's structured very carefully, and then if you add the
instrumentation that you'want to add, you can start to distort the things that you're trying to
measure.
So I think that you're -- I like the idea. I think that you really have a background of tests that
you're going to have to provide in addition to a large, full scale test where you build the
technology so that you can have confidence then in the code that you'll use to predict the test,
which you'll then try to run in the facility. Otherwise you may have some unpleasant surprises.
You'll have conflicting objectives in the design of the plant versus the measurements that you
want to. make. I mean, that's the problem that LOFT had.
A. Kadak, MIT: Ithink a lot of that stuff that we're talking about, some of which at least I should
say has been done in Germany, we don't know. I don't know, first of all, and like its sort of the
code of record which essentially is based on no experience in the United States. We are
leaming how to use it, and it's got a lot of models built into it and has been benchmarked
against some of the tests that they've done in Germany.
We would hopefully use that data, disrupt your test, but I think your point earlier is exactly right.
This is a research facility. In order to be effective, it's got to be well instrumented, and that is
going to cost much more money than just building a straight power plan.
W. Hauter, Public Citizen: Who should assume liability for this test? How does Price
Anderson play into this? What kind of radiation releases is it appropriate to expose the public
to? Should there be a public process, public hearings and so forth to determine if this is
something that the public would want to buy into?
A. Kadak, MIT: Let me answer the last question first. I think clearly the public has to buy into
this process, and relative to the public hearings, I'm not all that familiar with how that would
occur. My sense is it would have a licensing proceeding, become a licensed and experimental
facility, and if successful, probably another licensing facility would be ready for operation. The
Price Anderson question, I'm not an expert on Pce Anderson, but, you know, depending upon
who ultimately ends up being the builder, whether it's DOE or some private government
partnership, those people would obviously have to pay the insurance costs for that.
In terms of releases, you would design the test such that it would essentially address this.
J. Slabber, PBIVIR: I'm not claiming or proposing that part of the PBIVIR demonstration unit in
South Africa be used as supplying all of the information to Andy Kadak, but part of our objective
as a demo unit, and it's not a prototype; it's a demonstration unit; it will be instrumented to such
an extent that critical parameters during transients, like load rejection, may be loss of coolant,
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could be measured, and this is not making an open statement. We've got quite a good
technological base for proposing something like this because in an AVR, they have done loss of
coolant simulations, as well as reactivity excursion experiments. It is documented, and they
found, and this is, again, coming back to the integrity and the quality of the fuel, that they did
not observe any significant increase in releases, although the core was filled with fuel, with a
variable degree of quality and bum-ups, and they've also substantiated the reactivity
predictions, the temperature coefficient predictions. In fact, there is a base where we can stand
on to claim that some of the tests that are proposed in such a reactor have got some supporting
evidence in Germany.
A. Kadak, MIT: To the extent that it's appropriate and doable, I think many of these tests could
be done on the south African demonstration facility. So the concept is a generic concept
suitable for, I believe, any type of advanced reactor that has certain characteristics.
L.E. Hochreiter, Penn State University: One of the things that we dealt with a lot in the AP
600 was looking at uncertainty, uncertainty in the predictions, uncertainty in the analysis. Do
you know if they've done that with these codes for the pebble bed in Germany?
A. Kadak, MIT: I don't know. I have not been able to get at some of the qualifications.
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