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ABSTRACT 

Future reactor designs face an uncertain regulatory environment.  It is anticipated that 

there will be some level of probabilistic insights in the regulations and supporting 

regulatory documents for Generation-IV nuclear reactors.  Central to current regulations 

are Design Basis Accidents (DBAs) and the General Design Criteria (GDC), which were 

established before probabilistic risk assessments (PRAs) were developed.  These 

regulations implement a structuralist approach to safety through traditional defense in 

depth and large safety margins.  In a rationalist approach to safety, accident frequencies 

are quantified and protective measures are introduced to make these frequencies 

acceptably low.  Both approaches have advantages and disadvantages and future reactor 

design and licensing processes will have to implement a hybrid approach.  This paper 

presents an iterative four-step risk-informed methodology to guide the design of future-

reactor systems using a gas-cooled fast reactor emergency core cooling system as an 

example.  This methodology helps designers to analyze alternative designs under 

potential risk-informed regulations and to anticipate design justifications the regulator 

may require during the licensing process.  The analysis demonstrated the importance of 

common-cause failures and the need for guidance on how to change the quantitative 

impact of these potential failures on the frequency of accident sequences as the design 

changes.  Deliberation is an important part of the four-step methodology because it 

supplements the quantitative results by allowing the inclusion in the design choice of 

elements such as best design practices and ease of online maintenance, which usually 

cannot be quantified.  The case study showed that, in some instances, the structuralist and 

the rationalist approaches were inconsistent.  In particular, GDC 35 treats the double-

ended break of the largest pipe in the reactor coolant system with concurrent loss of 

offsite power and a single failure in the most critical place as the DBA for the emergency 

core cooling system.  Seventeen out of the forty-five variations that we considered 

violated this DBA.  Using PRA techniques, we found that the mean frequency of this 

accident was very low, thus indicating that deterministic criteria such as GDC 35 must be 

reassessed in the light of risk insights.
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1.  INTRODUCTION 

New nuclear reactor concepts face many design and licensing challenges and 

advanced reactor designs are competing against one another for funding in a technology 

downselect process.  It is implicitly understood in the Generation-IV competition that a 

preferred advanced reactor design must be easily licensed and competitive in the future 

market with other energy sources.   

The Generation-IV Technology Roadmap (US Department of Energy, 2002) has 

proposed a number of objectives for future nuclear energy systems that include economic 

competitiveness, sustainability, safety and reliability, proliferation resistance, and 

physical protection.  These objectives provide a basis to measure the overall worth of an 

advanced reactor design.  Nuclear reactor regulations outline minimum safety-system 

functional requirements.  Safety plays a primary role in reactor design as these 

requirements must be met for a reactor to be licensed.  At this preliminary stage of 

advanced reactor design, when major safety systems and fundamental aspects of reactor 

designs are still being formulated, the objective of a low Core Damage Frequency (CDF) 

dominates all other considerations in the quantitative analysis. 

A fundamental challenge when dealing with safety issues is how to handle the 

relevant uncertainties.  Before the advent of Probabilistic Risk Assessment (PRA), these 

uncertainties were largely unquantified and the design and regulatory philosophy relied 

on the concept of defense in depth (DID) and large safety margins to ensure that accident 

frequencies were low.  This “structuralist” approach to safety (Sorensen et al, 1999) is 

embodied in the structure of the regulations.  For example, in the United States, Title 10, 

Part 50 of the Code of Federal Regulations (U.S. Code of Federal Regulations, 2004) 

establishes the minimum design requirements for water-cooled reactors in Appendix A, 

“General Design Criteria for Nuclear Power Plants”.  The General Design Criteria (GDC) 

require reactors to be designed with sufficient margin to assure that postulated accident 

sequences are protected against.   The postulated accidents are also known as Design 

Basis Accidents (DBAs).  The unquantified accident frequencies are addressed by 

protecting against DBAs and by meeting or exceeding the GDC.  

An example of a criterion used to identify unacceptable designs under current 

regulations is the single failure criterion (SFC) established in the GDC.  This criterion 
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states that a single failure of active components, including valves and pumps, should not 

lead to the failure of a safety system (US Nuclear Regulatory Commission, 2003a; IEEE, 

2000).  The SFC does not apply to passive components (Holahan, 2003).  So, for 

instance, a single loop “passive” Emergency Core Cooling System (ECCS) that includes 

one check valve, would violate the single failure criterion.  However, it is possible to 

apply for an exemption to have the check valve deemed passive. 

PRA, which quantifies accident frequencies, has matured sufficiently since its 

introduction in 1975 so that the US Nuclear Regulatory Commission (USNRC) has 

started to use it in regulatory decision-making (US Nuclear Regulatory Commission, 

1998a).  These decisions are risk-informed rather than risk-based.  This means that risk 

information is one input to an integrated decision-making process that also utilizes 

traditional requirements and safety philosophies, i.e., structuralist DID requirements.  The 

quantification of uncertainties has led to the emergence of the “rationalist” model of DID, 

which asserts that DID is “the aggregate of provisions made to compensate for 

uncertainty and incompleteness in our knowledge of accident initiation and progression” 

(Sorensen et al, 1999).  Of course, one can argue that the intent of the structuralist DID 

provisions is to compensate for uncertainty also.  As Sorensen et al, (1999) state: “What 

distinguishes the rationalist model from the structural model is the degree to which it 

depends on establishing quantitative acceptance criteria, and then carrying formal 

analyses, including analysis of uncertainties, as far as the analytical methodology 

permits.” 

Applications of the rationalist approach have shown that some current regulatory 

requirements that are based on the structuralist approach do not contribute much to safety 

and, therefore, constitute unnecessary regulatory burden.  One of the objectives of risk-

informing the regulations is, in fact, the removal of such burden while maintaining 

acceptable safety levels as measured by the CDF and Large Early Release Frequency 

(LERF). 

We note that neither the structuralist nor the rationalist approach to safety by itself 

can guarantee low CDF and LERF.  For example, the first major reactor PRA (US 

Nuclear Regulatory Commission, 1975) identified an accident sequence (interfacing 

systems loss of coolant accident) that had been missed by the structuralist approach.  The 
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PRA limitations are also well known (Apostolakis, 2004).  Incompleteness of the analysis 

(deterministic and probabilistic) is always a concern. 

The USNRC is exploring the use of risk information in the licensing of future 

reactors (US Nuclear Regulatory Commission, 2003b).  The USNRC utilizes three 

concepts to create a framework for risk-informed regulations:  a hierarchical framework 

structure with the goal of protecting the public health and safety, a balanced regulatory 

approach that maintains the philosophy of (structuralist) defense-in-depth, and 

quantitative guidelines based on safety goals to define how safe is safe enough for 

advanced nuclear power plants.  Deterministic screening criteria such as the single failure 

criterion of GDC 17, 21, 24, 34, 35, 38, 41, and 44 may be replaced under risk-informed 

regulations (Sorensen, 2002).  Also, DBAs that are shown to contribute little to a plant’s 

total core damage frequency are candidates for replacement with a reliability goal in risk-

informed regulations. 

Under current regulations, proposed advanced reactor design options that do not 

meet the GDC or defend against DBAs would be screened out from further consideration 

unless the designer applied for an exemption.  An example of a USNRC staff assessment 

of an advanced reactor applicant’s licensing approach and application for exemptions 

based upon current regulations can be found in (US Nuclear Regulatory Commission, 

2002).   

Several issues stem from utilizing the current GDC and DBAs for advanced 

reactors.  Because of the unquantified safety implications of the GDC and DBAs, the 

designer is forced to determine which regulations impose undue regulatory burden and 

for which exemptions to apply, thus starting the time-consuming review process.  This 

state of affairs may discourage the development of innovative designs.  In addition, the 

SFC does not account for common-cause failures.  Clearly, the intent of the GDC is to 

reduce the frequency of accidents.  Utilizing the SFC may overlook an important failure 

mode.  In a risk-informed environment, replacing GDC 35 and the SFC with a reliability 

goal may lead to simpler, more complete, transparent, and defensible regulations.  This 

would greatly reduce the need for exemptions.   

The risk guidelines proposed by the USNRC for light water reactor regulations 

are illustrated in Table 1 (US Nuclear Regulatory Commission, 2000).  As can be seen, 
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the structure of these guidelines is consistent with the defense-in-depth approach towards 

accident prevention and mitigation.  Future reactors are expected to meet, and preferably 

improve upon, these guidelines.  Individual sequences cannot contribute more than 10% 

to the total CDF.  Further, initiators are broken down into three categories: anticipated 

initiators, infrequent initiators, and rare initiators. Their frequencies and corresponding 

Conditional Core Damage Probabilities (CCDPs) are also shown in Table 1.   

APPROXIMATE LOCATION OF TABLE 1   

The focus of this paper is the design of an ECCS following potential regulatory 

requirements for future reactors.  Regulations for specific Generation-IV reactors are still 

being formulated. Therefore, there is not yet any specific regulatory guidance for future 

reactors.  However, based upon discussions at a USNRC public meeting on advanced 

reactor licensing (US Nuclear Regulatory Commission, 2003b), it seems likely that 

advanced reactor regulations will be risk-informed.  Therefore, regulations for 

Generation-IV reactors will be based upon both recent USNRC work on risk-informing 

current regulations and on the deterministic current regulations where applicable.   

The research presented in this paper implements the “bare-bones” design and 

licensing approach outlined in (Apostolakis et al., 2001).  A key point of this approach is 

the negotiation between the designer and regulator to establish acceptable quantitative 

goals for safety functions and systems.  The pre-negotiation phase is explored here.  This 

stage involves a future reactor designer postulating what the regulator might require for 

the reactor to be licensed based upon current regulations and risk-informed activities.  

This stage is also when the designer can look critically at possible regulations and suggest 

changes. 

An iterative four-step design guidance methodology adapted from (Apostolakis et 

al., 2004) is presented as a means to guide designers towards better plant designs.  This 

methodology is described in depth in the methodology section.  A case study is presented 

to demonstrate the usefulness of the iterative four-step methodology in identifying 

pertinent licensing issues.  The case study involves the ECCS† for the MIT design of a 

Gas-Cooled Fast Reactor (GFR).  The concept of iterative bare-bones design guidance is 

                                                 
† We note that we do not distinguish between ECCS and the Safe Shutdown System (SCS) or the 
Emergency Cooling System (ECS). 
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applied to the case study.  A bare-bones ECCS design is defined as the minimum 

combination of structures, systems, and components (SSCs) necessary for the system 

function to be accomplished.  From the bare-bones design, components are added, 

modified or substituted for based on designer insights, and the ECCS configuration is 

modified based upon PRA insights and probabilistic and deterministic screening criteria.  

The decision as to which design is desirable is not based on the analytical results alone. It 

is supplemented by a deliberation that addresses other issues, such as stakeholder 

concerns, best design practices, and ease of online maintenance.  In all, nine ECCS 

designs are taken through the iterative four-step methodology starting from a bare-bones 

ECCS design.   

Mizuno et al. (2005) utilize iterative design guidance to improve the CDF for the 

International Reactor Innovative and Secure (IRIS) similar to the present ECCS case 

study.  However, their case study differs from ours in several ways.  Most apparent, the 

ECCS case study addresses one safety system while the IRIS design guidance addresses 

the entire reactor design.  Also, the case study begins from a bare-bones ECCS design 

while the IRIS guidance begins from a design that was fully developed using traditional 

engineering and design methods.  Finally, unlike Mizuno et al., we investigate regulatory 

issues for each design of the iterative design guidance.   

2.  METHODOLOGY 

The designer decision-making methodology for selecting plant design options 

under risk-informed regulations is illustrated in Figure 1.  This methodology was adapted 

from Apostolakis et al. (2004).  The adaptation incorporates the bare-bones plant design 

methodology in Apostolakis et al. (2001) so as to allow the advanced reactor designer to 

analyze a design based upon likely regulations.  The use of this methodology also 

provides a probabilistic analysis that can be used as justification for changes to 

deterministic requirements for future reactors.  The case study presented in this paper will 

examine ECCS designs.  The goal of the methodology is to help decision makers choose 

better future reactor design options.  
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APPROXIMATE LOCATION OF FIGURE 1 

Step 1 is to formulate an initial design.  The plant designers typically accomplish 

this using engineering judgment and intuition.  For the case study, the GFR designers 

formulated a bare-bones ECCS design. 

Step 2 is to analyze designs quantitatively.  PRA is used as the design analysis 

tool in the iterative design guidance methodology.  The PRA (General Atomics 

Technologies, 1986; US Nuclear Regulatory Commission, 1990) is a primary decision 

support tool due to its ability to integrate all of the elements of system performance and 

to represent the uncertainties in the results and its transparency for the safety regulators.  

Any considerations beyond those captured in the PRA of the ECCS and supporting 

systems were considered during the deliberation. 

Step 3 is to screen out unacceptable designs through deterministic and 

probabilistic criteria.  For nuclear power plants, the major sources for screening 

unacceptable designs are regulations and supporting regulatory documents.  Designs that 

do not pass the screening criteria are deemed unacceptable.  Under current regulations, 

proposed advanced reactor designs that do not meet the GDC would be screened out from 

further consideration unless the designer applied for an exemption.   

The probabilistic screening in Step 3 utilizes the PRA performed in Step 2.  Any 

option whose risk exceeds the risk guidelines of the risk-informed regulations will be 

deemed unacceptable.  These plant design options can either be removed from further 

consideration or modified in an attempt to meet the reliability guidelines of the 

regulations.  Only the surrogate risk guideline of core damage frequency will be used in 

the case study.  It is currently impossible to calculate the CCFP, as the containment has 

yet to be designed for the GFR of the case study.   

In the fourth and final step, the decision makers deliberate upon the designs as 

ranked via PRA.  The deliberation is necessary because the PRA might not capture 

everything that the decision makers deem important and may not be comprehensive.  In 

the event that either the decision makers are not thoroughly satisfied with any of the 

designs or the analysis suggested possible improvements to the designs, the methodology 

can be iterated until the decision makers are satisfied. 
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3.  CASE STUDY 

The case study involves the design of a Generation-IV Gas-Cooled Fast Reactor 

(GFR) currently under development at MIT.  The GFR design analyzed here uses CO2 at 

20 MPa as the primary coolant.  Both direct and indirect cycle versions of the main-mode 

cooling/power-conversion system are being developed, so a bare-bones ECCS design 

suitable to either is analyzed and modified iteratively using the four-step methodology. 

 

3.1. Step 1: Formulation of the Emergency Core Cooling System 

Design 
 Step 1 of the four-step methodology is to formulate the initial design, which was 

produced by the GFR design team, a group of engineers with expertise in such fields as 

reactor physics and thermal-hydraulics.  This design was given to the GFR PRA group to 

analyze.  The application of the four-step methodology led to additional designs.  In all, 

nine designs were considered in the case study.  Eight designs were proposed in addition 

to the initial, bare-bones, design.  This was in an effort to meet deterministic and 

probabilistic screening criteria and to gain insights to be used in the deliberation.   

Figure 2 is a schematic for the bare-bones emergency core cooling system design.  

The ECCS is intended to prevent a Loss of Coolant Accident (LOCA) initiating event 

from leading to core damage.  The most likely method of losing the reactor coolant (CO2) 

would be a pipe break in the main-mode cooling.  In the MIT GFR, the reactor coolant’s 

pressure is approximately 20 MPa during normal operation.  A pipe break in the main 

cooling system would allow the coolant to escape through the main cooling loop pipe.  

This would cause the reactor to depressurize and the main cooling system would fail.  At 

this point, the emergency core cooling system would be required to operate to prevent 

core damage. 

APPROXIMATE LOCATION OF FIGURE 2 

Core cooling in the initial ECCS design is accomplished by the blower (labeled 

B) moving the primary coolant (CO2) through the core (point 1 to point 2), past a check 

valve that prevents backflow during non-emergency operation (point 2 to point 3), and 

then through the Heatric Heat Exchanger (Heatric, 2004) (point 3 to point 1).  Heat is 
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transferred from the primary CO2 to a secondary water loop in the Heatric heat 

exchanger.  The secondary water is circulated to the water-boiler heat exchanger (labeled 

WBHX) through double-containment piping by a motor-driven pump.  Heat is then 

transferred from the secondary loop to another water loop, which boils to form steam that 

deposits its energy to the ultimate heat sink. 

Other than a physical failure of any of the components described so far, critical 

concerns for the design are supplying AC power to the blower and DC power to the 

instrumentation and control systems.  The bare-bones ECCS design provides only offsite 

power to the blower, and a single DC battery powers instrumentation and control 

systems.   

  

3.2. Step 2: Analysis of ECCS Designs 
 Providing a very reliable means of cooling the core in the event of a LOCA is a 

critical concern of the GFR design team.  PRA is used in Step 2 as the design analysis 

tool to quantify the contribution to conditional core damage probability that each ECCS 

design will make given a LOCA.   

Figure 3 illustrates the event tree used in the PRA of the ECCS designs.  We show 

the event tree that was used for the evaluation of all the designs, rather than showing a 

series of trees appropriate to each design.  Thus, as indicated in the figure, “secondary 

onsite AC power” did not appear in the event tree that was used in the first six designs.  

Similarly, “onsite Diesels” were not part of the bare-bones design.  As can be seen from 

the event tree, failures of ECCS components are not the only consideration in the 

analysis.  In the event of a LOCA, the Reactor Shutdown System (RSS) – the system that 

trips the reactor - is required to function.  As is the convention, “up” in the event tree 

indicates system success while “down” illustrates system failure.  It was conservatively 

assumed for the case study that the failure of the reactor to trip led directly to core 

damage.  Sequence 11 in Figure 3 illustrates the failure of the RSS leading directly to 

core damage.  Since the RSS has not yet been designed, the failure probability of the 

reactor shutdown system was estimated based upon system failure probabilities in  

(General Atomics Technologies, 1986) and (De Laquil, 1976).   
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Moving from left to right along the event tree, the supply of offsite power to the 

ECCS is considered next.  Assuming the reactor successfully trips, power is required to 

spin the blower.  The probability of the loss of offsite power was taken from (US Nuclear 

Regulatory Commission, 2001).  If offsite power is unavailable, power could still be 

supplied to the electric motor by onsite diesel generators.  In the initial design, the failure 

probabilities of onsite Diesels and of secondary onsite AC power are set equal to unity. 

Assuming that either onsite or offsite power is available, the availability of onsite 

DC power for instrumentation and control must next be considered in the analysis.  It was 

assumed for the case study that loss of DC power resulted in the unavailability of the 

ECCS since the system could not be controlled or monitored.  Finally, assuming that DC 

power is available in conjunction with onsite or offsite power, the emergency core 

cooling system itself is considered in the analysis.  As the ECCS is the only safety system 

in place to prevent core damage in the event of a LOCA, the failure of the ECCS leads 

directly to core damage.   

APPROXIMATE LOCATION OF FIGURE 3 

The probabilistic analyses were carried out using the SAPHIRE computer code 

(INEL, 2004).  Common-cause failures were addressed for similar, redundant 

components via the Beta-factor model using PWR values from (Marshall and Rasmuson, 

1995).  If values were not available for a component, a generic value of β = 0.05 with an 

error factor of 3 was used.  Due to the current status of the GFR design, design details are 

sparse and therefore generic failure data were utilized.  Uncertainty analysis was carried 

out using the Monte Carlo method with a sample size of 10,000. 

 Failure data used in the ECCS case study were gathered from multiple sources 

(Westinghouse, 2003; Ingersoll, 2004; Bush, 1978; Broadhurst and Scarborough; 1980; 

Eide, 2003).  Gas-reactor data were difficult to obtain, as the current U.S. commercial 

reactor fleet is comprised entirely of light-water reactors.  It is recognized that the LWR 

component failure data are not optimal; however, ECCS components have not been 

designed in detail so generic LWR failure data were viewed as an acceptable 

approximation for the early-on design guidance of the ECCS. 

The LOCA and ECCS-loop LOCA frequencies were taken from the AP-1000 

PRA (Westinghouse, 2003).  The frequencies of small, medium, and large LOCAs were 
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5x10-4, 4x10-5, 5x10-6 per reactor year, respectively.  Because of the gas coolant, the 

frequencies of large-, medium-, and small-pipe break LOCAs were summed leading to 

the use of 5.45x10-4 per reactor year as the LOCA frequency for the analysis of ECCS 

designs.  The frequency of a small LOCA (5x10-4 per reactor year) was used for the 

ECCS-loop LOCA because it was the most likely LOCA.  It is recognized that the AP-

1000 pipe failure data may not be the optimal data to use for a gas-cooled reactor.  

However, pipe failure data for the AP-1000 reflect the state-of-the-art in pipe materials 

and manufacturing.  Also, the MIT GFR is at such an early stage of design that the use of 

generic failure data is warranted until more details about the plant are developed. 

3.3. Step 3: Screening Criteria for the ECCS 
Step 3 is to screen out unacceptable plant design options through deterministic 

and probabilistic criteria.  The deterministic screening criteria used in the case study were 

GDC 35 and the ECCS DBA of the Standard Review Plan for the Review of Safety 

Analysis Reports for Nuclear Power Plants (SRP) (US Nuclear Regulatory Commission, 

1981) of current LWR regulations.  The CDF surrogate risk guidelines, outlined in the 

methodology section, will be used as the probabilistic screening criteria.  

Abundant emergency core cooling, provided by the ECCS, is required by GDC 35 

to be available in the event of a single failure of an ECCS component and either the loss 

of onsite or offsite power.  According to the SRP, an ECCS must be designed to 

withstand the following postulated LOCA: a double-ended break of the largest reactor 

coolant line, the concurrent loss of offsite power, and a single failure of an active ECCS 

component in the worst possible place. 

 Regarding probabilistic screening criteria, a LOCA frequency of 5.45x10-4 per 

reactor year and ECCS-loop LOCA frequency of 5.00x10-4 per reactor year fall under the 

“Infrequent Initiator” (initiator frequency per reactor year is less than 10-2 and greater 

than 10-5) category of the surrogate risk guidelines (Table 1).  A conditional core damage 

probability of ≤10-2 is required for infrequent initiators.  Therefore, the conditional 

probability that the ECCS fails to provide adequate core cooling, leading to core damage, 

must be less than 10-2 given a LOCA.  Another screening criterion resulting from the 

surrogate risk guidelines is that no individual sequence should contribute more than 10% 

of the total CDF.  A baseline CDF of 10-4 per reactor year (the largest acceptable CDF 
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under the surrogate risk guidelines) implies that an individual sequence contribution to 

CDF can be no more than 10-5 per reactor year.  In the case of the GFR LOCA accident 

sequence, this criterion is automatically met, if the CCDP guideline is met.  This is 

because a LOCA frequency of 5.45x10-4 per reactor year and the maximum allowed 

CCDP of 10-2 lead to a CDF of 5.45x10-6 per reactor year.  It is also possible for a LOCA 

to occur due to reactor vessel rupture.  This accident sequence was not considered 

because its probability of occurrence is considered low enough to be classified as a “rare 

initiator,” and because a PCIV is virtually immune from this type of failure.   

 A final probabilistic screening criterion resultant from the surrogate risk 

guidelines is the Conditional Early Containment Failure Probability (Table 1).  Since this 

probability was impossible to calculate at this stage of the MIT GFR design, the sole 

probabilistic screening criterion used in our case study was therefore the maximum 

allowed CCDP of 10-2. 

4.  RESULTS AND DELIBERATION 

Designs were screened under the deterministic and probabilistic screening criteria 

in Step 3.  The ECCS and supporting systems were configured initially with no onsite 

diesel generators and only one (100% capable) onsite DC battery.  The results of the 

comparison of the designs versus the deterministic screening criteria are listed in Table 2.  

The results of the comparison of the designs versus the probabilistic screening criterion 

are listed in Table 3.   

APPROXIMATE LOCATION OF TABLE 2 

APPROXIMATE LOCATION OF TABLE 3 

As can be seen in Table 2, the initial design (Design 1) does not meet the 

deterministic screening criterion of GDC 35 for any number of redundant ECCS loops.  

The initial design violates GDC 35 by both not providing an onsite AC power supply and 

by a single failure of the one DC battery leading directly to failure of the safety system.  

As shown in Table 3, design 1 does not meet the CCDP probabilistic screening criterion 

either for any loop configuration, as all numbers of ECCS loops result in a CCDP larger 

than 10-2.  As per the iterative four-step design guidance methodology illustrated in 

Figure 1, the initial design 1 was modified. 

 13



Designs were iteratively modified based upon either screening criteria or PRA 

insights gained during the analysis of a design.  For instance, designs 1-3 did not meet 

deterministic screening criteria and hence were modified.  It should be noted that designs 

2 and 3 did meet the probabilistic screening criteria.  This suggests that the deterministic 

screening criteria taken from current regulations may be overly conservative as compared 

to the probabilistic screening criteria.  This may provide a basis for an application for 

exemption from the deterministic regulation.  However, one can not draw definitive 

conclusions regarding deterministic screening criteria, such as the requirement for onsite 

AC power or the single failure criterion, from one accident sequence because these 

criteria may affect other accident sequences and safety systems.  Therefore, disagreement 

on the acceptability of design options based upon deterministic and probabilistic 

screening criteria in this case study does not necessarily have any regulatory implications.   

PRA insights from the analysis in Step 2 were the other basis for modifying an 

ECCS design.  The far right column in Table 3 lists PRA insights for each design.  These 

insights were used to either change the configuration of the design (Designs 5 and 6), add 

a secondary onsite power source (designs 7 and 8), or to add a nitrogen accumulator 

system (design 9).   

The description of the bare-bones ECCS design (design 1, Figure 2) in Section 3.1 

is sufficient to describe designs 1-6.  This is because designs 2-6 are simply adding 

redundancy to the initial design.   

Designs 7 and 8 – the secondary onsite pneumatically powered turbine design and 

the secondary onsite fossil-fired microturbine design – each added a secondary onsite AC 

power source to power the electric motor.  The secondary onsite turbine design (design 7) 

is illustrated in Figure 4.  If offsite power and the on-site emergency diesels are 

unavailable, the electric motor can be powered by an onsite turbine in design 7. In the 

event of a loss of both offsite power and the onsite emergency diesels, the valve labeled 

VE opens.  Nitrogen then flows from the accumulator to the turbine (labeled T) outside of 

the Prestressed Cast Iron Vessel (PCIV).  The nitrogen spins the turbine, which in turn 

spins the electric generator (labeled G).  The generator then powers the electric motor 

(labeled EM), which spins the blower.  It should be noted that similar to the onsite 

emergency diesel generators, the number of secondary onsite turbine loops could be 
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independent of the number of ECCS loops.  A 100 m3 accumulator tank at 10 MPa would 

provide approximately one day of emergency power per loop. 

APPROXIMATE LOCATION OF FIGURE 4 

Figure 5 illustrates the secondary onsite microturbine design (design 8).  Design 8 

provides secondary power to the blower in manner similar to design 7.  In the event of a 

station blackout the electric switch labeled SE opens.  Natural gas constantly flows from 

an offsite natural gas connection to the microturbine.  The accumulator tank is provided 

in case of the loss of offsite natural gas.  A 100 m3 accumulator tank at 10 MPa would 

provide approximately ten days of emergency power per loop.  The microturbine is 

powered and spun via natural gas combustion, which in turn spins the electric generator.  

The generator then powers the electric motor, which then spins the blower.  Again, it 

should be noted that the number of secondary onsite turbine loops could be independent 

of the number of ECCS loops.   

APPROXIMATE LOCATION OF FIGURE 5 

Design 9 is illustrated in Figure 6.  In this design, nitrogen accumulators provide a 

passive means of spinning the blower in the event of a LOCA.  For the nitrogen 

accumulator design, power can be supplied to the blower by three diverse sources.  If 

either offsite power or onsite emergency diesel power is available, the blower is spun by 

an electric motor (labeled EM).  If neither of these power sources is available, the third 

possibility for moving coolant past the core involves the N2 accumulator (labeled A).  

When primary pressure is lost due to a LOCA, the valve labeled VP opens.  In the event 

of a station blackout the valve labeled VE opens.  Nitrogen then flows from the 

accumulator to the turbine (labeled T).  The nitrogen spins the turbine, which in turn 

spins the blower (labeled B).  A 100 m3 accumulator tank at 10 MPa would provide 

approximately one day of emergency power per loop.  Unlike the secondary onsite 

turbine and microturbine design options, the nitrogen accumulator system is part of an 

ECCS loop.   

APPROXIMATE LOCATION OF FIGURE 6 

Unfortunately, in addition to providing a passive means of performing emergency 

core cooling, the nitrogen accumulator design adds another path for the coolant to escape 

the reactor vessel.  Piping is required to connect the nitrogen accumulators, which are 
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located outside of the reactor vessel to each ECCS loop inside the reactor vessel.  A break 

in this piping would lead to a LOCA.   For the ECCS loop LOCA, the loop in which the 

LOCA occurred would be unable to perform its function of cooling the core.  It is likely 

that double containment piping would be employed – a common practice in the chemical 

industry.   

Table 4 gives the components used for each ECCS design.  If a component was 

added independently of the ECCS loops, its configuration is listed in parentheses.  This 

table can be used as an easy reference to quickly determine what ECCS components and 

which configuration correlates to which design number. 

APPROXIMATE LOCATION OF TABLE 4 

The event tree illustrated in Figure 3 was used for ECCS designs 1-8.  In designs 

1-6, failure of offsite and emergency diesel AC power results in an ECCS that cannot 

function.  This leads to core damage.  ECCS designs 7 and 8 provide a secondary means 

of onsite AC power. 

The nitrogen accumulator ECCS design (Design 9) event tree is illustrated in 

Figure 7.  Unlike the secondary onsite turbine and microturbine design options, the 

nitrogen accumulator system is part of an ECCS loop.  This is reflected in the nitrogen 

accumulator ECCS design event tree illustrated in Figure 7.  In addition, because the 

nitrogen accumulator system is passive, onsite DC power for instrumentation and control 

is not required for system success.   

APPROXIMATE LOCATION OF FIGURE 7 

The nitrogen accumulator design adds another path for the coolant to escape the 

reactor vessel.  Since piping is required to connect the nitrogen accumulators, which are 

designed to be outside of the reactor vessel, to each ECCS loop inside the reactor vessel, 

a break in this piping would lead to a LOCA.  For an ECCS-loop LOCA, the loop in 

which the LOCA occurred would be unable to perform its function of cooling the core.  

The event tree for an ECCS-loop LOCA is the same as for a LOCA illustrated in Figure 

7, however only the ECCS loops where the LOCA did not occur remain available to cool 

the core. 

Table 5 lists the mean core damage frequencies for designs considered during the 

four-step methodology and the percentage change in the mean CDF as compared to the 
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initial bare-bones design.  The CDFs listed are for the 3x100% ECCS configuration.  It 

should be noted that, for all designs except for design 9 (the nitrogen accumulators design 

addition), the 2x100%, 3x50%, and 4x50% ECCS loop configurations resulted in almost 

identical CDFs – primarily due to the way that common-cause failures were accounted 

for.  Decision-makers should be aware of this when deliberating upon ECCS designs in 

Step 4 of the design guidance methodology. 

APPROXIMATE LOCATION OF TABLE 5 

In the fourth and final step of the design guidance methodology, the decision 

makers deliberate‡ upon the designs.  Other considerations in addition to the CDF of 

ECCS designs are reflected upon during the deliberation.  Since a Generation-IV reactor 

was analyzed, the work presented in the Generation-IV Roadmap (US Department of 

Energy, 2002) by the Nuclear Energy Research Advisory Committee (NERAC) was 

looked at as a reference for objectives to be considered when designing an advanced 

nuclear reactor.  NERAC has presented four “Goal Areas.” These are sustainability, 

economics, safety and reliability, and proliferation resistance and physical protection.   

As can be seen from Table 3, for designs 1-8, there is an insignificant 

improvement in CCDP when adding redundant ECCS loops beyond 2x100% capability.  

This is due to the use of the Beta factor to model common-cause failures.  For example, a 

2-component parallel system (2x100% capable) requires failure of both components for 

the system to fail.  Under the Beta factor model (using β=0.05), identical components can 

either fail randomly or all components can fail due to a common cause.  Using a 

component failure probability for the two components, A and B, of u=1x10-3, the 

probability of failure of the 2x100% capable system due to random causes is: 

62
%1002 101)(*)( −=== xuBPAPP randomx  

The Common-Cause Failure (CCF) probability of the 2x100% capable system is: 
5

%1002 105* −== xuP CCFx β  

The total 2x100% capable system failure probability is: 
5

%1002 101.5 −=+= xPPP CCFrandomfailx  

                                                 
‡ Deliberation is an important part of a risk-informed decision-making process.  It has been proposed by the 
National Research Council (1994) for choosing technologies in the case of environmental cleanup and is 
part of the “integrated decision-making process” of the USNRC (1998a). 
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Adding an identical redundant component, C, to bring the system capability to 3x100% 

does little to change the total failure probability in the Beta factor model.  The total 

failure probability of the 3x100% capable system is: 
5593

%1003 105105101*)(*)(*)( −−− ≅+=+=+=+= xxxuuPCPBPAPPPP CCFCCFrandomfailx β
  

It can be seen that adding identical, redundant components beyond 2x100% does 

little to decrease the system failure probability when using the beta factor common cause 

failure model.  Other models exist that do not describe CCF probabilities as 

pessimistically as the beta-factor model, such as the Multiple Greek Letter model and 

Alpha factor model (Marshall and Rasmuson, 1995).  These refined models, however, 

would not produce a significant difference between the CCDPs corresponding to the 

2x100% and 3x100% capable ECCS loops.  

 In the CCF literature that we reviewed (Rasmuson et al., 1998; Marshall et al., 

1998; US Nuclear Regulatory Commission, 1989; Fleming and Mosleh, 1995; Idaho 

National Engineering and Environmental Laboratory, 1997) and communications we had 

with CCF experts (Fleming, 2004; Mosleh, 2004), no quantitative guidance was found as 

to how to change the values of the beta factor when the design changes.  However, there 

is some guidance on methods to qualitatively reduce CCFs during the design stage.  

Reduction of CCFs is therefore left to Step 4, the deliberation phase of the design 

guidance methodology.  Coupling factors can be used to qualitatively reduce CCFs 

during design.  A coupling factor is a characteristic of a group of components that 

identifies them as susceptible to the same cause of failure. Coupling factors identified in 

Rasmuson et al. (1998) were hardware (48.3%), maintenance (26.1%), operations 

(14.1%), and environment (11.5%). Qualitative CCF insights can be deduced from the 

coupling factors.  For example, while the mean CCDP of design 8 was nearly identical 

for the 2x100% capable and 3x50% capable ECCS loops (Table 3), it is noted that the 

coupling factor “environment ” would be reduced for the 3x50% capable ECCS loops.  

Since, ~99% of the CCDP for design 8 was due to CCFs of ECCS or onsite DC 

components, the 3x50% capable configuration’s reduction of the environmental coupling 

factor reduces the CCF rate which in turn would reduce the CCDP.  Therefore, the 
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3x50% ECCS configuration may be more desirable than the 2x100% ECCS configuration 

for design 8. 

Online maintenance was also considered during the deliberation.  Although it is 

possible that a 1x100% capable configuration may be allowed under a probabilistic 

screening criterion, no maintenance on the loop could take place while the reactor was 

online.  The safety function of a 1x100% capable ECCS configuration could not be 

accomplished when the loop was down for testing or maintenance.   

In this case study, the GFR decision makers are still deliberating on the results of 

the ECCS design guidance analysis.  In particular, the use of microturbine power 

packages is of interest because of their purported high reliability and the potential to run 

continuously thereby providing assurance of readiness and elimination of the failure to 

start sequence.  The use of fuel cells is under consideration also.  Microturbines are also a 

focus of further deliberation because similar components have not been previously used, 

although the Oskarshamm BWRs and the ABWR supplement their diesel generators with 

conventional gas turbines.  In the event that the decision makers decide they are not 

thoroughly satisfied with any of the ECCS designs or if they see possible improvements 

of the ECCS design based upon the formal analysis, the design guidance methodology 

can be iterated until the decision makers are satisfied. 

5.  CONCLUSIONS  

Great care is necessary when modifying a design based upon insights discovered 

during the four-step methodology because adding components or changing the 

configuration of components can change the PRA model significantly.  It was originally 

assumed that adding components to a bare-bones design would simply translate to adding 

the component into the PRA model.  However, as in the case when modeling design 9 

(the nitrogen accumulator addition), new accident sequences can be introduced with the 

addition of new components. 

 Many cases were found during the iterative four-step design guidance in which 

ECCS-loop configurations were acceptable according to a probabilistic screening 

criterion, but unacceptable under deterministic screening criteria.  The frequencies of 

both the LOCA and the ECCS-loop LOCA initiating events fell in the infrequent initiator 
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range (10-2 per reactor year ≤ Initiator Frequency ≤ 10-5 per reactor year).  According to 

the USNRC proposed surrogate risk guidelines, a mean conditional core damage 

probability of less than or equal to 10-2 is required for such initiators.  We note that this 

comparison includes the contribution of common-cause failures, which are not included 

in GDC 35.  In all, seventeen of the forty-five designs analyzed in the case study passed 

the surrogate risk guidelines, but did not meet the deterministic criteria.  Risk-informing 

the GDC would help ease undue regulatory burden and lead to more economical designs.  

This could occur while maintaining reliability and without compromising plant safety.  

Replacing the single failure criterion with a reliability goal within a regulatory structure, 

as described above, could lead to simpler, more complete, transparent, and defensible 

regulations for future reactors.  A review of other GDC that are candidates for becoming 

risk-informed is given in Sorensen (2002). 

  Other considerations beyond those encompassed in the PRA and in the 

formal analysis need to be taken into account during the deliberation.  The impact of a 

design on the fundamental objectives of sustainability, economics, reliability, 

proliferation resistance, and physical protection should be considered during the 

deliberation.  Also, matters such as the possibility of online maintenance in addition to 

the contribution to the CDF of a design need to be addressed during Step 4.  Qualitative 

methods for reducing the CDF due to common-cause failures also are considered.  No 

quantitative methods for modeling reductions in CCF have been proposed, therefore, 

considerations of CCF rates between designs and the impact of steps taken to reduce 

CCFs are considered qualitatively during the deliberation.  Finally, deliberation is also 

the step in which best-design practices would be considered even though the PRA results 

themselves might be insensitive to such practices.  It is the deliberation step that makes 

the process risk-informed and prevents it from being risk-based.  It is at this step that the 

designers and the regulators must consider the limitations of both the structuralist 

approach to safety (how much defense in depth is enough?) and the rationalist approach 

(what if we are wrong in our assumptions and analyses?). 

 The iterative design guidance methodology led to a reduction in the CDF 

contribution due to a LOCA of over two orders of magnitude from the baseline ECCS 

design to Design 8 (from 1.21x10-5 to 7.58x10-8 per reactor year for the 3x100% loop 
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configuration, Table 5).  Of the designs analyzed, the design that presently appears best 

in terms of core damage frequency is Design 8 at 3x100% (the secondary onsite AC 

power microturbine design) with a CDF contribution due to a LOCA of 7.58x10-8 per 

reactor year and the elimination of the failure-to-start failure mode for an onsite AC 

power supply.  Many directions for future work are available to improve the design 

guidance of the ECCS and to guide the design of other GFR systems.  For instance, the 

collection of failure data appropriate for gas reactors would lead to less uncertainty in the 

results of the design guidance.  Also, more information concerning the reliability of 

microturbines needs to be gathered.  Mircoturbines are a new technology that has never 

been used in a nuclear power plant emergency power supply system.  As such, they 

would be thoroughly scrutinized during the licensing process.  Therefore, a concerted 

effort would have to be made during the design process to obtain accurate reliability and 

safety pertinent information regarding microturbines. 

  It is possible that the best ECCS design may not lead to the best GFR 

design when other accident sequences are considered.  ECCS components can be used as 

part of other safety systems when faced with initiators other than LOCAs, for example 

events during depressurized refueling.  Other accident sequences, resulting from initiating 

events such as the loss of offsite power or an inadvertent control rod withdrawal, need to 

be analyzed as the design of the GFR is further developed to ensure a safe and balanced 

nuclear reactor. 
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Figure 2.  ECCS Designs 1-6 
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Figure 4.  Secondary Onsite AC Power Design: Turbine (Design 7) 
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Figure 5.  Secondary Onsite AC Power Design: Microturbine (Design 8) 
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Figure 6.  ECCS Design: Nitrogen Accumulator  

 

 

 

 

 

 

 27



Loss of 

Coolant 

Accident 

Reactor 

Trip 

Offsite 

Power 

Onsite 

Diesels 

Onsite DC power for 

instrumentation 

Emergency Core 

Cooling System*  

     1 OK 

          2 DAMAGE 

        3 OK 

        4 DAMAGE 

         5 OK 

         6 DAMAGE 

        7 OK 

        8 DAMAGE 

        9 OK 

       10 DAMAGE 

       11 OK 

      12 DAMAGE 

         13 DAMAGE 

*Remaining loops for ECCS Loop LOCA 

Figure 7.  Nitrogen Accumulator ECCS Design Event Tree (Design 9) 

 

 

 

 

 

 28



 
Table 1.  Surrogate Risk Guidelines (US Nuclear Regulatory Commission, 

2000) 
Prevent Mitigate 

Plant Core Damage Frequency 
 

≤10-4/year 

Conditional Probability of Early 
Containment Failure 

≤10-1

 

Initiator 
Frequency 

Conditional Core 
Damage Probability 

Conditional Early Containment 
Failure Probability 

Anticipated 
Initiators 

≤1/year ≤10-4 ≤10-1

Infrequent 
Initiators 

≤10-2/year ≤10-2 ≤10-1

Rare Initiators ≤10-5/year ≤1 ≤1 
 
 
 
 
 
 

Table 2.  Screening based on deterministic criteria. 
  Number of ECCS Loops  
Design 
Number Configuration 1x100%* 2x100% 3x50% 3x100% 4x50% Comments 
   Meet Deterministic Screening Criteria?   

1 No Diesels, 1x100% DC Battery No No No No No Violates SFC, no 
onsite AC power,  

2 1x100% Diesel, 1x100% DC 
Battery 

No No No No No Violates SFC 

3 1x100% Diesel, 2x100% DC 
Battery 

No No No No No Violates SFC + Loss 
of Offsite Power 

4 2x100% Diesel, 2x100% Battery No Yes Yes Yes Yes 1x100% violates SFC 

5 2x100% Diesel, 2x100% Battery, 
2x100% Transmission 

No Yes Yes Yes Yes 1x100% violates SFC 

6 3x100% Diesel, 2x100% Battery, 
2x100% Transmission 

No Yes Yes Yes Yes 1x100% violates SFC 

7 3x100% Diesel, 2x100% Battery, 
2x100% Transmission ,  1x100% 
Secondary onsite Turbine  

No Yes Yes Yes Yes 1x100% violates SFC 

8 3x100% Diesel, 2x100% Battery, 
2x100% Transmission ,  1x100% 
Secondary onsite Microturbine 

No Yes Yes Yes Yes 1x100% violates SFC 

9 3x100% Diesel, 2x100% Battery, 
2x100% Transmission , Nitrogen 
Accumulator 

No No No Yes Yes 1x100%, 2x100%, 
3x50% violate SFC 

*Violates single failure criterion of GDC 35 
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Table 3.  Screening based on probabilistic criteria. 
Conditional Core Damage Probability given LOCA* 

  Number of ECCS Loops  
Design 
Number  

Configuration 
 1x100%** 2x100% 3x50% 3x100% 4x50% 

PRA Insights  
(3x100% ECCS Loops) 

  Mean CCDP  
1 No Diesels, 1x100% 

DC Battery 
No  

(2.51E-2) 
No 

(2.20E-2) 
No 

(2.20E-2) 
No 

(2.20E-2) 
No 

(2.20E-2) 
• LOOP accounts for ~99% of 

risk 
2 1x100% Diesel, 

1x100% DC Battery 
Yes 

(5.71E-3) 
Yes 

(2.32E-3) 
Yes 

(2.36E-3) 
Yes 

(2.31E-3) 
Yes 

(2.31E-3) 
• Failure of diesel is largest 

contributor to risk (50.3%) 
3 1x100% Diesel, 

2x100% DC Battery 
Yes 

(4.86E-3) 
Yes 

(1.68E-3) 
Yes 

(1.72E-3) 
Yes 

(1.67E-3) 
Yes 

(1.67E-3) 
• 1 Diesel account for 86.6% of 

risk 
4 2x100% Diesel, 

2x100% Battery 
Yes 

(3.82E-3) 
Yes 

(5.97E-4) 
Yes 

(6.29E-4) 
Yes 

(5.81E-4) 
Yes 

(5.81E-4) 
• LOOP + CCF of diesels 

accounts for 14.5% of risk 
• LOOP + random failure of 

diesels accounts for 27.1% of 
risk 

• 1 DC Transmission loop 
accounts for 25.1% of risk 

5 2x100% Diesel, 
2x100% Battery, 
2x100% 
Transmission 

Yes 
(3.75E-3) 

Yes 
(4.69E-4) 

Yes 
(5.02E-4) 

Yes 
(4.52E-4) 

Yes 
(4.52E-4) 

• LOOP + CCF of diesels 
accounts for 18.5% of risk 

• LOOP + random failure of 
diesels accounts for 35.5% of 
risk 

6 3x100% Diesel, 
2x100% Battery, 
2x100% 
Transmission 

Yes 
(3.59E-3) 

Yes 
(5.18E-4) 

Yes 
(5.34E-4) 

Yes 
(2.96E-4) 

Yes 
(2.96E-4) 

• LOOP + CCF of diesels  
accounts for 2.84% of risk 

• LOOP + random failure of 
diesels accounts for 1.8% of 
risk 

7 3x100% Diesel, 
2x100% Battery, 
2x100% 
Transmission ,  
1x100% Secondary 
onsite Turbine  

Yes 
(3.40E-3) 

Yes 
(1.61E-4) 

Yes 
(1.97E-4) 

Yes 
(1.43E-4) 

Yes 
(1.43E-4) 

• ~99% of risk due to CCF of 
ECCS or DC components 

8 3x100% Diesel, 
2x100% Battery, 
2x100% 
Transmission ,  
1x100% Secondary 
onsite Microturbine 

Yes 
(3.42E-3) 

Yes 
(1.55E-4) 

Yes 
(1.88E-4) 

Yes 
(1.38E-4) 

Yes 
(1.38E-4) 

• ~99% of risk due to CCF of 
ECCS or DC components 

9 3x100% Diesel, 
2x100% Battery, 
2x100% 
Transmission , 
Nitrogen 
Accumulator 

Yes 
(2.16E-4) 

Yes 
(1.15E-4) 

Yes 
(1.66E-4) 

Yes 
(1.03E-4) 

Yes 
(1.03E-4) 

• ~99% of risk due to CCF of 
ECCS components 

Conditional Core Damage Probability given ECCS Loop LOCA*** 
9 3x100% Diesel, 

2x100% Battery, 
2x100% 
Transmission , 
Nitrogen 
Accumulator 

No 
(1.00E+0) 

Yes 
(4.70E-3) 

Yes 
(7.48E-3) 

Yes 
(1.49E-4) 

Yes 
(1.49E-4) 

• ~86.6% of risk due to CCF of 
ECCS components 

• 12.1% of risk due to random 
failure of ECCS components 

*LOCA Frequency = 5.45E-04 
**Violates single failure criterion of GDC 35 
***ECCS Loop LOCA Frequency = 5.00E-04 
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Table 4:  List of components and configuration for ECCS designs 
Design Number ECCS List of Components 

1 (Bare-bones 
design) 

Blower, electric motor, check valve, Heatric heat exchanger, motor 
driven pump, water-boiler heat exchanger 

 Added Components, as compared to bare-bones design 
(configuration, if different than number of ECCS loops) 

1 None 

2 Diesel (1x100%), DC Battery (1x100%) 

3 Diesel (1x100%), DC Battery (2x100%) 

4 Diesel (2x100%), DC Battery (2x100%) 

5 Diesel (2x100%), DC Battery (2x100%), DC Transmission (2x100%) 

6 Diesel (3x100%), DC Battery (2x100%), DC Transmission (2x100%) 

7 Diesel (3x100%), DC Battery (2x100%), DC Transmission 
(2x100%), Turbine (1x100%), Accumulator (1x100%), Electric 
Valve (1x100%), Generator (1x100%), Secondary Electric Motor  

8 Diesel (3x100%), DC Battery (2x100%), DC Transmission 
(2x100%), Microturbine (1x100%), Natural Gas Accumulator 
(1x100%), Electric Switch (1x100%), Generator (1x100%), Offsite 
Natural Gas Connection (1x100%), Secondary Electric Motor 

9 Diesel (3x100%), DC Battery (2x100%), DC Transmission 
(2x100%), Nitrogen Accumulator, Electric Valve, Pressure Valve, 
Turbine 
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Table 5.  Results of the Iterative PRA ECCS Design Guidance 

Design 
Number Configuration 

3x100% ECCS loops 
Mean CDF 

CDF reduction 
factor over initial 
bare-bones design 

1 No Diesels, 1x100% DC Battery 1.21x10-5 1.00 
2 1x100% Diesel, 1x100% DC Battery 1.29x10-6 9.4 
3 1x100% Diesel, 2x100% DC Battery 8.59x10-7 14.1 
4 2x100% Diesel, 2x100% Battery 3.11x10-7 39.0 

5 
2x100% Diesel, 2x100% Battery, 2x100% 
Transmission 2.47x10-7 49.0 

6 
3x100% Diesel, 2x100% Battery, 2x100% 
Transmission 1.64x10-7 73.8 

7 
3x100% Diesel, 2x100% Battery, 2x100% 
Transmission ,  1x100% Secondary onsite Turbine  7.96x10-8 152.0 

8 
3x100% Diesel, 2x100% Battery, 2x100% 
Transmission , 1x100% Secondary onsite Microturbine 7.58x10-8 159.6 

9 
3x100% Diesel, 2x100% Battery, 2x100% 
Transmission, Nitrogen Accumulator 1.35x10-7 89.6 
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Nomenclature 
 
10CFR50 Code of Federal Regulations, Title 10, Part 50 

ABWR Advanced Boiling Water Reactor 

BWR Boiling Water Reactor 

CCDP Conditional Core Damage Probability 

CCF Common-Cause Failure 

CDF  Core Damage Frequency 

CECFP Conditional Early Containment Failure Probability 

DBA Design Basis Accident 

ECCS  Emergency Core Cooling System 

ECS  Emergency Cooling System 

GDC  General Design Criteria 

GFR  Gas-Cooled Fast Reactor 

IRIS  International Reactor Innovative and Secure 

LERF  Large Early Release Frequency 

LOCA  Loss of Coolant Accident 

LWR  Light Water Reactor 

NERAC Nuclear Energy Research Advisory Committee 

PCIV  Prestressed Cast Iron Vessel 

PRA  Probabilistic Risk Assessment  

PWR Pressurized Water Reactor 

RSS Reactor Shutdown System 

SCS Shutdown Cooling System 

SFC Single Failure Criterion 

SRP Standard Review Plan for the Review of Safety Analysis Reports for 

Nuclear Power Plants 

SSC Systems, Structures, and Components 

USDOE United States Department of Energy 

USNRC United States Nuclear Regulatory Commission 
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