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DEVELOPMENT OF SURROGATES FOR CORE DAMAGE FREQUENCY AND LARGE 

EARLY RELEASE FREQUENCY FOR ADVANCED SMALL MODULAR REACTORS 

 

1. INTRODUCTION 

The current fleet of light water reactors (LWRs) have developed two risk-based surrogates in order to 

show compliance with the quantitative health objectives (QHOs), which are derived from the US Nuclear 

Regulatory Commission (NRC) Safety Goal Policy (Ref. 1). The LWR surrogates consist of a 

preventative component core damage frequency (CDF) and a mitigation component in the form of a 

containment performance component usually expressed as a conditional containment failure probability 

(CCFP). In subsequent LWR analyses, these took the form of a CDF and large release frequency (LRF) or 

large early release frequency (LERF). The purpose of this study is to examine the historical development 

of the LWR surrogates as contained in SECY-89-102, Regulatory Guide 1.174, and NUREG-1860 and, 

applying the thought process behind this evolution, to propose surrogates for use in non-LWRs. 

2. BACKGROUND 

In 1986, the NRC issued the Safety Goal Policy Statement. The statement specified two qualitative safety 

goals and two QHOs. The two qualitative safety goals are as follows. 

 “Individual members of the public should be provided a level of protection from consequences of 

nuclear power plant operations such that the individuals bear no significant additional risk to life 

and health.” 

 “Societal risks to life and health from nuclear power plants should be comparable to or less than 

 the risks of generating electricity by viable competing technologies and should not be a 

 significant addition to other societal risks.”  

 

The QHOs are as follows.  

 “The risk to an average individual in the vicinity of a nuclear power plant of prompt fatalities that 

might result from reactor accidents should not exceed one-tenth of one percent (0.1 percent) of 

the sum of prompt fatality risks resulting from other accidents to which members of the U.S. 

population are generally exposed.” 

 “The risk to the population in the area near a nuclear power plant of cancer fatalities that might 

result from nuclear power plant operation should not exceed one-tenth of one percent 

(0.1 percent) of the sum of cancer fatality risks resulting from other causes.” 

The early fatality QHO implies that the risk of early fatalities from a reactor should be less than        

5×10
–7

/year. The latent fatality goal implies that the risk of fatal cancer to the population in the area 

(radius of 10 miles) near a nuclear power plant due to its operation should be limited to 2×10
–6

/year. 

In order for the NRC staff to determine whether a nuclear power plant meets the QHOs, the Commission 

issued the following general performance guideline: “Consistent with the traditional defense-in-depth 

approach and the accident mitigation philosophy requiring reliable performance of containment systems, 

the overall mean frequency of a large release of radioactive material to the environment should be less 

than 1 in 1,000,000 per year of reactor operation.” 
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Former NRC Commissioner James Asselstine suggested in a separate statement the following 

containment performance criterion: “the mean frequency of containment failure in the event of a severe 

accident should be less than 1 in 100 severe core damage accidents” in order to ensure proper balance 

between accident prevention and accident mitigation.  

Former NRC Commissioner Frederick Burnthal suggested a CDF of 1 in 10,000 per year of reactor 

operation and that for future reactors this frequency goal should be reduced further. 

Finally, the NRC requested the staff prepare a specific guideline for implementation of the safety goal 

policy. In June 1990, SECY-89-102, “Implementation of the Safety Goals,” (Ref. 2) was issued. This 

document stated that the large release guideline, “frequency of a large release of radioactive material to 

the environment should be less than 1 in 1,000,000 per year of reactor operation,” was more conservative 

by about one order of magnitude than the QHO, and that this guideline should be applied to all designs 

independent of the size of containment or character of a particular design approach to the release 

mitigation function. The SECY proposed that the plant performance objective to meet this guideline be 

focused on accidental release from the plant and eliminate site characteristics, which is in agreement with 

Advisory Committee on Reactor Safeguards (ACRS) recommendations. 

The SECY suggests partitioning of the release guideline to reflect minimum acceptance criteria for 

prevention using CDF and mitigation using containment or confinement performance, ensuring a multi-

barrier defense-in-depth balance for a reactor design. Based on the probabilistic risk assessments (PRAs) 

that had been performed to date, a CDF of 1 in 10,000 per year of reactor operation was proposed as the 

accident prevention allocation.  The remainder would be allocated to a conditional containment failure 

probability or an appropriate deterministic containment performance criterion as the mitigation allocation. 

It further recognized that evolutionary designs being proposed may result in a lower CDF (1 in 100,000 

per year), and therefore a possible 1 in10 CCFP would be acceptable for such designs. It indicated that a 

specific subsidiary object might differ from one design class [e.g., LWR and high-temperature gas-cooled 

reactor (HTGR)] to another. Finally, the SECY stated that the partitioned objectives are not to be imposed 

as requirements but may be useful as a basis for regulatory guidance.  

Regulatory Guide 1.174, “An Approach for Using Probabilistic Risk Assessment in Risk-Informed 

Decisions on Plant-Specific Changes to the Licensing Basis,” (Ref. 3) restates the CDF of 1 in 10,000 as 

the basis for measuring whether a change in risks associated with a proposed change in licensing basis 

will be allowed. 

Regulatory Guide 1.174 recognizes that the large release general performance guideline stated in the 

safety goal policy is the overarching requirement in meeting the QHOs and that CDF and LERF are 

acceptable methods for meeting the QHO, but direct estimates of large releases can also be used: 

“The use of CDF and LERF
 
as the basis for PRA acceptance guidelines is an acceptable 

approach to addressing Principle 4. Use of the Commission's Safety Goal QHOs in lieu of LERF 

is acceptable in principle, and licensees may propose their use. However, in practice, 

implementing such an approach would require an extension to a Level 3 PRA, in which case the 

methods and assumptions used in the Level 3 analysis, and associated uncertainties, would 

require additional attention.” 

In Appendix D of NUREG-1860 (Ref. 4), a derivation of the risk surrogates for LWRs was presented that 

reached the conclusion that a CDF of 10
–4

/year and a LERF of 10
–5

/year are acceptable surrogates to the 

latent and early QHOs, respectively, for the current generation of LWRs. 
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3. THE NEED FOR SURROGATES FOR CDF AND CCFP FOR 

 ADVANCED REACTOR DESIGNS 

The large release guideline defined in the safety goal policy applies to all reactor types and can be 

demonstrated using a Level 3 PRA. However, this is not in keeping with the ACRS recommendations to 

eliminate site characteristics in meeting this guideline, and it would be subject to the concerns regarding 

uncertainties expressed in Regulatory Guide 1.174. In addition, the safety goal policy is directly related to 

application of risk/benefit design decisions to reduce risks where possible. A Level 3 PRA is an expensive 

tool to use to assess the risk/benefit of proposed design changes. Thus, the need exists to develop 

surrogates for advanced small modular reactors (aSMRs) similar to those used by LWRs. 

The current use of CDF and LERF (or CCFP) have served this purpose for LWRs. However, as explained 

below, because of unique features in certain designs, these may not be applicable for some aSMRs. The 

currently proposed designs for aSMRs are based on two types of fuel designs. The first uses various types 

of fuel pellets (oxide or metal) in the form of pins clad with metal similar in design to a LWR fuel pin. 

These include various types of liquid-metal reactors (LMRs). The second type of reactor uses tri-

structural-isotropic (TRISO) fuel particles contained in a prismatic graphite matrix or in the form of 

pebbles. These include the HTGRs and fluoride high-temperature reactors (FHRs). A third type of 

advanced reactor (homogeneous) uses liquid fuel; these types of reactors differ significantly from 

heterogeneous designs and pose unique safety and design challenges and are not considered in this report. 

The safety goal policy statement is based on the concept of defense-in-depth, which has been a part of the 

design of nuclear reactors from the beginning. All the aSMRs have a series of physical barriers that make 

up part of their defense-in-depth design strategy. 

In order to have a large release at the site boundary as described in the safety goal policy, it is necessary 

for the fuel to fail in such a manner as to release significant radioactive fission products into the reactor 

coolant, which in turn must escape the primary coolant boundary, and then the containment or 

confinement. This does not assume any emergency response action takes place. Thus, one can assume at 

least three physical barriers must be breached to have a large early release: (1) fuel coating or clad,  

(2) primary coolant boundary, and (3) the containment or confinement boundary. All heterogeneous 

reactor designs, LWR and non-LWR, have the three boundaries listed above. A large release at the site 

boundary would only occur for beyond-design-basis events since these three boundaries are assumed to 

be protected for design basis events. 

For LWRs, the barrier failure sequence was based on the fact that there was only a small margin 

associated with cladding failure once the water coolant began to exceed the safety design limits (departure 

from nucleate boiling or exceeding the critical heat flux). Therefore, it was expected that the first barrier 

to fail was the fuel cladding, resulting in a release of fission products into the coolant. This was followed 

by primary system boundary failure due to the stresses associated with the two-phase behavior of the 

coolant and/or hydrogen release from high-temperature clad interaction with steam. Once the primary 

system boundary failed, pressure stresses were introduced on the containment boundary that, if high 

enough, could lead to failure of the containment either rapidly (over stressed) or slowly (increased leak 

rate). Only then would a large release of radioactivity enter the environment. For loss-of-coolant accidents 

(LOCAs), a failure of the primary system boundary was the initiating event. If the cladding failed during 

a LOCA, the radioactive fission products were immediately introduced into the containment. 

For advanced reactors such as liquid-metal reactors (LMRs) that have fuel pellets surrounded by cladding 

acting as a fission product retention barrier, the release of fission products is initiated by failure of the 

cladding, even though these reactor types have much more margin to failure than LWRs due to the single 

phase and high boiling point of the coolant, and low-pressure operation. This is followed by failure of the 

primary system boundary, generally due to high temperatures (creep rupture) or possible energetic 

releases, followed by failure of the containment or confinement. These latter failures are based on the 
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severity of the accident. For some types of LMRs (sodium-cooled reactors), containment failure may 

result from over-pressurization due to coolant chemical reactions. 

For the reactors using TRISO fuel, core damage, as postulated in the case of LWR and LMR systems, is 

highly unlikely since failure of a very large number of small fuel particles would be needed to yield a 

significant quantity of fission product release. The fuel particles have been shown to have significant 

robust behavior even at temperatures exceeding 1600˚C. In addition to the robust fuel, the HTGR designs 

generally have a confinement instead of leak-tight containment. This is necessary to prevent sudden 

overpressure of the containment as a result of a primary system depressurization (e.g., a loss of coolant) 

accident. The confinement is designed to allow a rapid release of the early pressure pulse containing a 

limited quantity of fission products (as a result of normal operation) followed by a filtered release. The 

confinement also acts as a barrier to prevent air or moisture ingress into the reactor following a rapid 

depressurization, which may have a deleterious effect on the reactor internals and or fuel coating. 

The FHR uses the same robust particle fuel as HTGRs; however, they operate at near atmospheric 

pressure. FHRs will likely have a leak-tight, low-pressure containment (similar to a LMR) in order to 

prevent the release of tritium or beryllium during normal operation or as a result of a primary system 

boundary failure. Over-pressurization of the containment will not likely be an issue for accidents in 

FHRs.  

Thus, for these TRISO-fueled reactors, CDF and LERF are not applicable surrogates to address the LRF 

requirements associated with safety goal compliance for particle fuel reactors. This position was also 

taken in the Next Generation Nuclear Plant white paper on PRA (Ref. 5). 

4. POSSIBLE SURROGATES FOR ADVANCED REACTORS—LMR 

For advanced reactors such as LMRs that have fuel pins with metal cladding separating the fuel from the 

coolant, the concept of CDF could be interpreted in much the same manner as for LWRs, and therefore, 

CDF is an applicable surrogate. The issue then becomes the following: Is a frequency of 10
–4

/year, the 

value suggested for LWRs, the appropriate value for LMRs? LMRs operate at lower pressures, and the 

coolants have significantly better heat conductivity and operate far below the boiling point compared to 

LWRs, resulting in significantly larger margins to cladding failure compared to LWRs. LMR designers 

have considered using a CDF goal of CDF of 10
–5

/year in order to meet the Commission’s expectation 

(Ref. 6) that advanced reactors should have at least the equivalent level of safety as the current LWRs and 

will provide enhanced margins of safety. Current LMR designs can achieve a 10
–5

/year CDF based on 

studies performed on the Power Reactor Innovative Small Module (PRISM) and sodium advanced fast 

reactor passively safe designs (Ref. 7). Thus, setting a goal of CDF of 10
–5

/year, the preventative 

component requirement can more than adequately be met, even allowing for uncertainty due to the lack of 

operational data. 

If this value is used as the preventative component in meeting the QHO as suggested in SECY-89-102, 

then the CCFP could be reduced to 10
–1

/year in order to meet the goal of 10
–6 

/year large release and yet 

retain an appropriate ratio of prevention to mitigation. Since LMR containments are generally not the high 

pressure leak-tight systems found in typical LWRs, reducing the CCFP by an order of magnitude will 

allow flexibility in the design of LMR containments, yet retain a reasonable ratio of prevention vs 

mitigation, as suggested in SECY-89-102. “The Commission has no objection to the use of the 10
–1 

CCFP 

objective for the evolutionary design in the manner described above.” Thus, the large release performance 

guideline (10
–6

/year) can be met by the LMR using 10
–5 

CDF and a CCFP of 10
–1

. 

NUREG-1860 (Ref. 4) suggested that CDF could be a direct surrogate for the latent cancer death QHO 

when applied with open containment for the existing fleet of LWRs. The following derivation, based on a 

similar derivation from NUREG-1860, indicates that a CDF of 10
–5

/year for an LMR could be used as a 
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surrogate for the latent cancer QHO provided the largest conditional probability of latent fatalities 

(CPLFs) within a10-mile radius for internal initiators is < 4×10
–2

. In order to establish this case, a LMR 

Level 3 PRA is needed to ensure a CPLF < 4×10
–2

 can be achieved. The following derivation as presented 

in Sect. 5 from NUREG-1860 Appendix D was used to justify this suggestion. 

5. LATENT CANCER FATALITY RISKS 

The risk to the population from cancer “resulting from all other causes” is taken to be the cancer fatality 

rate in the United States, which is about 1 in 500 or 2×10
–3

/year. The safety goal criteria of one-tenth of 

one percent of this figure implies that the risk of fatal cancer to the population in the area near a nuclear 

power plant due to its operation should be limited to 2×10
–6

/reactor year. 

i.e.: 1/10 * 1% * 2×10
–3 

= 2×10
–6

 . 

The “area” is understood to be an annulus of 10-mile radius from the plant site boundary. The cancer risk 

is also determined on the basis of an average individual latent risk (ILR), that is, by evaluating the number 

of latent cancers (societal risk) due to all accidents to a distance of 10 miles from the plant site boundary, 

weighted by the frequency of the accident, dividing by the total population (TP) to 10 miles, and 

summing over all accidents. This implies 

ILR = ∑   
 (LFm * LLRFm)/TP (10)] , Equation 1 

where LFm= number of latent cancer fatalities within 10 miles conditional on the occurrence of 

the accident sequence “m” and 

LLRFm = frequency/year of a release leading to a dose to an offsite individual TP (10) = total 

population to 10 miles. 

The number of latent fatalities (LFm) expected to occur for a certain population TP (10) given an accident 

is expressed as follows: 

LFm = CPLFm* TP (10) , Equation 2 

 

where CPLFm= conditional probability of an individual becoming a latent fatality for an accident 

sequence “m”. 

Therefore, the CPLF is 

CPLFm = LFm/TP (10) . Equation 3 

Consequently, the ILR is (combining Equations 1 and 3) 

ILR = ∑   
 CPLFm*LLRFm . Equation 4 

It can be shown that if a plant’s CDF is 10
–4

/year or less, the latent fatality QHO is generally met. This 

acceptance can be demonstrated numerically using the results of probabilistic consequence assessments 

carried out in Level 3 PRAs as follows: 

1) Assuming that one accident sequence “m” dominates the latent fatality risk and the LLRF. 

2) Assuming the accident sequence dominating the risk is the worst case scenario:  

 a large opening in the containment and/or 

 an unscrubbed release that occurs after effective evacuation of the surrounding population 

(i.e., no early fatalities occur). 
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3) Assuming that the accident occurs in an open containment, the conditional probability of large 

late release (CLLRPm) is 1.0; that is, 

LLRFm = CDFm* CLLRPm Equation 5 

LLRFm = CDFm* 1.0 . 

Therefore, 

ILRm = CPLFm* CDFm . Equation 6 

4) Using results from NUREG-1150 (Table 4.3-1) for the Surry PRA, the largest CPLF (within 

10 miles) for internal initiators is 4×10
–3

. 

The calculated CPLF values are very uncertain and; therefore, the approach adopted was to select a 

conservative estimate of CPLF. A CPLF value was therefore selected from the high consequence-low 

frequency part of the uncertainty range. This CPLF value corresponds to a large opening in containment 

and a very large release. It is therefore consistent with the worst case assumptions for accident scenario 

“m.” 

Using the above value of CPLF and assuming a CDF goal of 10
–4

/year, an estimate of the ILR can be 

made using Equation 6: 

ILRm = (4×10
–3

) * (10
–4

) = 4×10
–7

/year . 

The ILR corresponding to a CDF=10
–4

/year is less than the latent cancer QHO of 2×10
–6

/year by a factor 

of about five. Using a CDF goal of 10
–4

/year will generally ensure that the latent cancer QHO is met. 

Therefore, a CDF of 10
–4

/year is an acceptable surrogate for the latent cancer QHO for LWRs. 

Since it is recommended that LMR designers consider using a CDF goal of 10
–5

/year as opposed to using 

10
–4

/year for LWR, which is used in the derivation above, the latent fatality QHO requirement can more 

than adequately be met if the LMR Level 3 PRA conditional probability of latent fatalities (within a 

10-mile radius) for internal initiators is <4×10
–2

. 

6. PROMPT FATALITY RISKS 

NUREG-1860 also suggested that the LERF is a surrogate for prompt fatality, which is the more 

conservative of the QHOs. The definition of LERF used by the staff is “a large early release as a 

significant unmitigated release from containment before effective evacuation of the close-in population 

such that there is a potential for prompt health effects” (Ref. 8). 

The PSA Applications Guide (Ref. 9) introduced the term LERF and included the following definition for 

large early release: 

 unscrubbed containment failure pathway of sufficient size to release the contents of the 

containment (i.e., one volume change) within 1 hour, which occurs before or within 4 hours of 

vessel breach; or  

 unscrubbed containment bypass pathway occurring with core damage.  

Safety analysis of passively safe LMRs indicates that accident progression is slow compared to LWRs, 

and the systems operate at near atmospheric pressure. Thus, there is no driver for early containment 

failure; consequently, the concept of LERF as defined above is not applicable to LMR designs (Ref. 10).  

Therefore, the use of LERF as a surrogate for the prompt fatality QHO for an LMR is not applicable.  

This is consistent with SECY-13-0029, which indicates the LRF will continue to be used for new reactors 

while LERF will be used for existing plants. 
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7. RECOMMENDATIONS FOR LMR-TYPE REACTORS 

For a LMR, a CDF of 10
–5

/year is achievable with current designs (Refs. 7 and 10) and when combined 

with a CCFP of 10
–1

 more than adequately addresses the guideline in SECY-89-102. This also meets the 

NRC-stated expectation that advanced nuclear reactors demonstrate a level of safety equal to or better 

than the current LWRs (see Commissioner Burnthal’s comments in Sect. 2 and reference 6). Using the 

methodology in Appendix D of NUREG-1860, and a CDF of 10
–5

/year, an LMR will meet the Safety 

Goal QHO for latent fatalities if future Level 3 LMR PRAs show that the conditional probability of latent 

fatality is <4.3×0
–2

/year within a 10-mile radius. A CDF value of 10
–5

/year will therefore meet the latent 

fatality QHO with a large margin, which would allow for uncertainties such as would be expected for 

reactors where little operating experience exists. For LMRs, the concept of an LERF may not apply 

because of increased margins to coolant boiling, better coolant thermal conductivity, and low-pressure 

operation. Instead, it is recommended that CCFP (or an appropriate deterministic containment 

performance requirement) be used for the mitigation portion of defense in depth as suggested in SECY-

89-102. The CCFP used would be 10
–1

, allowing the designer more flexibility in containment design. This 

is in accordance with SECY-89-102. 

8. TRISO-FUELED REACTORS  

For TRISO-fueled reactors, the concept of CDF does not to apply [non-LWR PRA standard (Refs. 5, 11, 

and 12)]. Thus, an alternative surrogate is needed if one is to avoid the need for the introduction of site 

characteristics along with large uncertainties as would occur if using a Level 3 PRA as part of the 

information needed to comply with the safety goal policy statements.  

Based on HTGR and FHR designs, there are three physical barriers to release of fission products:  the 

robust TRISO fuel coating, the primary coolant boundary, and containment or confinement. In order for 

an accident to progress to a state where there is a potential for significant release of fission products, the 

primary system would need to be breached, resulting in a loss of cooling capability which, in turn, could 

lead to some fuel particles reaching fuel temperatures in excess of 1600˚C, or ingress of air or water that 

may result in fuel damage due to degradation of the fuel coating. Based on accident analysis to date, no 

release is possible if the primary system boundary remains intact (Ref. 12). Thus, the designs need to 

prevent such a breach. However, should a breach occur, the reactor systems are designed to remove heat 

using passive systems and prevent fuel damage. Furthermore, if the primary system boundary is breached, 

there will likely be small amounts of radioactivity released resulting from normal operations. Thus, even 

after breach of the primary system, there will not be sufficient release to challenge the performance 

guideline of 10
–6

/year for large release to the environment. The primary mitigation barrier after failure of 

the primary system boundary is the fuel particle and the confinement or containment. In analyses to date, 

significant fuel damage is not expected until the particle temperature reaches 1600
°
C (Ref. 13). Safety 

analysis of the modular high temperature gas-cooled reactor (MHTGR) indicates that for most accidents, 

including air or water ingress events following breach of the primary coolant boundary, the fuel 

temperature remains below 1600
°
C. Based on the data developed for the HTGR, the preventive design 

allocation to meet the performance guideline would be 10
–4

/year for primary system boundary failure. The 

remaining conditional failure mitigation allocation 10
–2 

would be split between preventing releases from 

the confinement and/or preventing damage to the fuel coating which might result in significant fuel 

damage. To date, the knowledge gained from TRISO fuel tests and limited operational experience with 

TRISO fuel indicates that if fabrication quality standards are met, the probability of failure of a large 

number of TRISO fuel particles resulting in a large radioactive release to the environment is orders of 

magnitude below 10
–2

 given a failure of primary system boundary (Ref. 13). Thus, the performance 

guideline can be met with large margin by the fuel alone, even if confinement is not credited. The 

mitigation performance measure would be directly attributed to fuel fabrication quality. 
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9. RECOMMENDATIONS FOR TRISO-FUELED REACTORS 

For TRISO fuel reactors (HTGR and FHR), the concept of using a balance (prevention to mitigation) of 

defense-in-depth barriers to achieve the safety goal performance guideline as stated in SECY-89-102 

results in an allocation of an achievable (based on past HTGR safety analyses - Ref. 12) 
 
primary 

boundary failure frequency of 10
–4

/year as the preventative allocation and relying on either fuel integrity 

(achieved by a high level of fuel fabrication quality objectives) and/or confinement barrier performance 

for the remaining 10
–2 

mitigation component. The decision as to the allocation attributed to fuel coating 

integrity or confinement /containment performance would be a design decision allowing considerable 

flexibility in containment/confinement design performance criteria. 

The use of CDF or LERF are not applicable to a TRISO-fueled reactor, and thus, a direct link between the 

recommended surrogates to the QHOs following the methodology of Appendix D of NUREG-1860 is not 

applicable to these designs. 

In lieu of a surrogate, the designer can use a direct calculation of prompt fatalities and latent cancer 

fatalities derived from a Level 3 PRA analysis along with appropriate site characteristics to show direct 

compliance with the QHOs per Regulatory Guide 1.174. 

10. CONCLUSIONS 

The above-recommended surrogates apply to two forms of advanced reactors—those with fuel similar in 

form to LWRs and those using TRISO fuel. It may be possible to extend this concept of development of a 

preventative surrogate and a mitigation surrogate in a technology neutral framework that when combined 

can be used to meet the overall Safety Performance Guideline of 10
–6

/year for all currently conceived 

aSMRs. However, recently the Department of Energy and NRC have embarked on an effort to develop 

technology neutral general design criteria (GDC) that will define the boundaries that will be protected and 

further focus on defense-in-depth approaches for advanced systems. In order to remain consistent with 

this effort, it seems prudent not to further define technology neutral surrogates until the GDCs are 

defined. This report as completed, thus far, can provide useful information to the technology neutral GDC 

task. Once technology neutral GDCs are defined, a consistent set of technology neutral surrogates can be 

developed. 
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