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Summary 
This deliverable contains the results of the activity conducted in the Task 2.2 of the ELSMOR project. 
 
The Task had the specific objective to review methodologies available to evaluate innovative designs, 
in particular taking benefit of the proposals emitted for Generation IV reactors. 
 
The methodologies identified for review included: 
1) Integrated Safety Assessment Methodology (ISAM); 
2) INPRO methodology (Safety part); 
3) SARGEN_IV methodology; 
4) HARMONICS methodology; 
5) Risk-informed performance-based methodology (USA – HTGR application). 
 
As result of this analysis, a general methodology for LW-SMR safety design was proposed with the 
aim to constitute the main framework where to structure and present the different and more 
detailed safety methodologies developed in the other Tasks of Work Package 2. While a 
comprehensive safety assessment methodology is out of the scope of this report, its main focus was 
on the correct application of the defence-in-depth concept in the design as an objective proof of 
safety. 
 
Parallel to this and on the basis of safety and licensing feedbacks from this review, a preliminary 
definition of high level safety guidelines on DID implementation to the design of LW-SMR in Europe 
was also addressed.  
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1. Introduction 

The Horizon 2020 project ELSMOR (towards European Lisencing of Small MOdular Reactors) aims 
to create methods and tools for the European stakeholders to assess and verify the safety of light 
water small modular reactors (LW-SMR) that would be deployed in Europe. 

A specific objective in ELSMOR is to develop methodologies for robust safety assessment of LW-
SMRs. Work package 2 of the project focuses on developing methodologies with qualitative and 
quantitative recommendations to support the safety demonstration of the innovative features of LW-
SMRs. 

In this context, Task 2.2 has the specific objective to review methodologies available to evaluate 
innovative designs, in particular taking benefit of the proposals emitted for Generation IV reactors. 

The list of methodologies identified for review include: 

1) Integrated Safety Assessment Methodology (ISAM); 

2) INPRO methodology (Safety part); 

3) SARGEN_IV methodology; 

4) HARMONICS methodology; 

5) Risk-informed performance-based methodology (USA – HTGR application). 

In this frame, it will be analysed in particular to which extent the technology neutral Integrated Safety 
Assessment Methodology (ISAM) proposed by the Generation IV International Forum may be of help 
for innovative LW-SMR, in order to propose a general methodology for structuring the different and 
more detailed safety methodologies. 

These methodologies are assessed against a preliminary list of items that include topics on which 
some SMR specificities are anticipated to need special attention, namely: 

a) Capacity to assess and manage SMR specific requirements; 

b) Initiating events and hazards identification; 

c) DiD implementation for SMR, in particular: 

a. Approach to Severe Accident consideration (level 4); 

b. Independence between DiD levels; 

d) Effect of inherent/passive systems in the safety case; 

e) Deterministic vs Probabilistic approach; 

f) Guidelines for graded approach in SMR; 

g) Guidelines for Practical Elimination; 

h) "Multi-unit configuration" aspects. 
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As result of this analysis, a general methodology for LW-SMR safety design is proposed with the aim 
to constitute the main framework where to structure and present the different and more detailed 
safety methodologies developed in the other Tasks of Work Package 2. While a comprehensive 
safety assessment methodology is out of the scope of this report, its main focus is on the correct 
application of the defence-in-depth concept in the design as an objective proof of safety. 

Parallel to this and on the basis of safety and licensing feedbacks from this review, a preliminary 
definition of high level safety guidelines on DID implementation to the design of LW-SMR in Europe 
will be established. The definition of these safety guidelines will be done consistently with the existing 
European regulation (e.g., Euratom Safety Directive Article 8a), considering the orientations defined 
for LWR SMR as indicated in WP1, and with due consideration for other existing initiatives in the 
field of SMR safety (such as the SMR’s regulator forum, and the IAEA Technical Working Group on 
Small, Medium sized or Modular Reactors). 

The main text of the present report comprises: 

- Basis for the Safety Assessment and Design Process; 

- Review of the Integrated Safety Assessment Methodology (ISAM); 

- Review of the INPRO methodology (Safety part); 

- Review of the SARGEN_IV methodology; 

- Review of the HARMONICS methodology; 

- Review of the Risk-Informed Performance-Based (RIPB) methodology (USA – HTGR 
application); 

- Proposal of a general methodology for LW-SMR safety design where structuring the different 
and more detailed safety methodologies; 

- Preliminary definition of high level safety guidelines on DiD implementation to develop LW-SMR 
safety architecture, namely: 

o Independence between DiD levels; 

o Use of inherent/passive systems; 

o Design Extension Conditions without significant fuel degradation (DEC-A) 

o Design Extension Conditions with core melt (DEC-B); 

o Practical elimination. 

The further development of guidelines in other Tasks will also address SMR potential specific 
implementation (e.g., multi-unit site, vicinity to populated areas, modular construction, underground 
construction, pre-fabrication, implications of having different plants in different life-cycle stages on 
the same site, sharing of support systems) and applications (e.g., non-electric applications, 
cogeneration). The guidelines will be commonly defined for all the advanced SMR concepts. 
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2. Basis for the Safety Assessment and Design process 

Following the indications of IAEA (GSR Part 4, page 1,11) /IAEA 16/ safety assessment is “the 
systematic process that is carried out throughout the lifetime of the facility or activity to ensure that 
all the relevant safety requirements are met by the proposed (or actual) design. Safety assessment 
includes, but is not limited to, the formal safety analysis....... safety analysis..... consists of a set of 
different quantitative analyses for evaluating and assessing challenges to safety by means of 
deterministic and also probabilistic methods”. 

In addition, IAEA (SSR2/1 - Requirement 42, pag.34) /IAEA 16b/ states that “The safety analysis 
shall provide assurance that defence in depth has been implemented in the design of the plant”. 

According to these indications the design process and the safety assessment are strictly intertwined 
and should be carried on together within the iterative process leading to the establishment of the 
final design to be submitted to the regulator. 

The scheme, shown in Figure 2.1, describes the different phases of the design and safety 
assessment leading to the definition of the safety architecture1. 

 

Figure 2.1 Different phases of the design and safety assessment process /GIF 14//GIF 14//GIF 14//GIF 14/ 

During the design process, the designer needs to integrate the principles, the requirements and the 
other guidelines that define the regulatory framework into the design.  

In first instance the designer develops his safety approach by defining safety objectives by translating 
them into design criteria. The designer then identifies what safety options will be adopted that 
constitute the basis of the design architecture to assure the safety of the installation.  

                                                           
1 The full set of provisions – inherent characteristics, technical options and organizational measures – selected for the 
design, the construction, the operation including the shut down and the dismantling, which are taken to prevent the 
accidents or limit the effects. 
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Once this phase is defined, the plant conditions, which have to be considered for the design basis 
are identified and the construction of the safety architecture can start leading to the selection and 
the sizing of provisions. This is done according to the defence-in-depth principle and is expected to 
be primarily based on a deterministic approach (complemented by probabilistic insights) by 
postulating a set of initiating events and the subsequent failure of systems regardless of their 
reliability. 

 

Figure 2.2 Different phases of the Design process /GIF 14/ 

The construction of the safety architecture, summarized in Figure 2.2, is characterized by several 
steps: 

1. Identification of the challenges to the safety functions; 

Starting from the different safety functions, the designer identifies the potential challenges to cope 
with and that are generated by mechanisms (initiating events2) that then need to be prevented or 
controlled. 

2. Identification of the mechanisms (postulated initiating events (AOO,DBA), system failures 
(DEC)); 

There can be several mechanisms/initiating events (IE) that can be similar for phenomenology and 
possible consequences (e.g. break types for position and size). The postulated initiating events (PIE) 
are identified during design as capable of leading to anticipated operational occurrences or accident 
conditions (AOO, DBA). They are grouped into common families of events where the representative 
envelope event is selected for the design of the provisions to be implemented for its prevention 
and/or control. The analysis should consider events generated by internal and external hazards. 

3. Design of the provisions needed for each representative initiating event of each family; 

The provisions identified for each family of mechanisms/events are designed according to the safety 
guidelines. 

                                                           
2 An  identified  event  that  leads  to  anticipated  operational  occurrences  or  accident conditions. 
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4. Iterative analysis of all DID levels; 

The implementation of provisions to address the postulated initiating events can lead to new 
mechanisms (failure of provisions) and possible altered plant conditions that need to be analysed. 
As a result of the iterative analysis of all DID levels, the implementation of provisions in other levels 
of DiD assures that they do not generate new mechanisms and possible conditions of risk. In 
particular, common cause failures have to be addressed. Iterating over all the levels of the defence-
in-depth and considering all the plausible system states guarantees that the necessary provisions 
are identified and designed. Also here the analysis must consider events generated by internal and 
external hazards. 

5. Safety analysis 

A safety (deterministic with probabilistic insights when applicable) analysis of the plant design is 
performed for all levels of the defence-in-depth and for all plant modes (shutdown, power operation). 
The analysis must give evidence that the acceptance criteria are met for each DID level and each 
plant mode. The analysis must rely on verified and validated computer programmes, analytical 
methods and plant models. The robustness of the demonstration should consider uncertainty and 
sensitivity studies. 

6. Check DID implementation 

The final stage in this iterative process is to assess that the defence-in-depth is adequately 
implemented in the design in agreement with safety requirements. These requirements can be 
grouped into five main characteristics, which DID is assessed upon: 

a) exhaustive, e.g. the identification of the risks (postulated initiating events and safety systems 
failures), which leans on the fundamental safety functions, should be comprehensive; 

{e.g. SSR2/1 Rev.1 - Requirement 16: Postulated initiating events 

The design for the nuclear power plant shall apply a systematic approach to identifying a 
comprehensive set of postulated initiating events such that all foreseeable events with the potential 
for serious consequences and all foreseeable events with a significant frequency of occurrence are 
anticipated and are considered in the design.} 

b) progressive, e.g. postulated accident scenarios should entail the progressive failure of each 
DiD level reducing the total likelihood of leading to core melt. 

{e.g. SSR2/1 Rev.1 - Requirement 7: Application of defence in depth 

The design of a nuclear power plant shall incorporate defence in depth. The levels of defence in 
depth shall be independent as far as is practicable.} 

c) tolerant, e.g. small deviation of the physical parameters outside their expected range should 
not lead to severe consequences; 

{e.g. SSR2/1 Rev.1 - Requirement 42: Safety analysis of the plant design 

The safety analysis shall provide assurance that uncertainties have been given adequate 
consideration in the design of the plant and in particular that adequate margins are available to avoid 
cliff edge effects and early radioactive releases or large radioactive releases.} 

d) forgiving, e.g. assure sufficient grace period for possibility of manual intervention and repair 
during accidental situations; 
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{e.g. SSR2/1 Rev.1 - Requirement 42: Safety analysis of the plant design 

The deterministic (probabilistic) safety analysis shall mainly provide: 

Demonstration that the management of anticipated operational occurrences and design basis 
accidents is possible by safety actions for the automatic actuation of safety systems in combination 
with prescribed actions by the operator; 

Demonstration that the management of design extension conditions is possible by the automatic 
actuation of safety systems and the use of safety features in combination with expected actions by 
the operator.} 

e) and balanced, e.g. no specific accident sequence should contribute to the global frequency 
of the damaged plant states in an excessive and unbalanced manner. 

{e.g. SSR2/1 Rev.1 - Requirement 42: Safety analysis of the plant design 

The design shall take due account of the probabilistic safety analysis of the plant for all modes of 
operation and for all plant states, including shutdown, with particular reference to: 

(a) Establishing that a balanced design has been achieved such that no particular feature or 
postulated initiating event makes a disproportionately large or significantly uncertain contribution to 
the overall risks, and that, to the extent practicable, the levels of defence in depth are independent.} 

The process is strongly iterative and can lead to the revision of both the safety provisions and the 
design safety options in order to meet the safety requirements. If any of these elements are not 
adequately demonstrated, then the designer will need to revisit the initial design concept.  

Along the design process, we can, therefore, identify two phases in its safety assessment: 

I. Verification of the compliance of the design with the principles, the requirements, the 
guidelines. In other words to evaluate that the design is compliant with the regulatory 
framework in which it is developed. 

II. Verification of the conformity of the safety architecture of the system with the quantitative 
safety objectives. The safety analysis, which is integral part of this assessment, verifies the 
conformity with the quantitative safety objectives including the uncertainties; this conformity 
guarantees the protection that is requested for the operators, the public and the environment. 

The approach described remains quite generic and, essentially independent of the technology 
considered. It addresses the safety design in a systematic way providing clear evidence of the 
implementation of defence-in-depth and this is why it is suggested as main guideline to check the 
consistency and the adequateness of a safety methodology to address the safety related concerns 
raised by the design and the assessment of innovative systems. 

The overall process remains fully applicable to LW-SMR design and can constitute the general 
framework in which to set the different methodologies adapted to LW-SMR specificities establishing 
a baseline for SMR's design, safety analyses and licensing process. 

In the following chapters the methodologies identified in the introduction will be addressed to 
evaluate to which extent they may be of help for innovative LW-SMR, in order to propose a general 
methodology where structuring the different and more detailed safety methodologies of Work 
Package 2 of ELSMOR project. 
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3. The GIF-RSWG Integrated Safety Assessment Methodology (ISAM) 

The Generation IV International Forum (GIF) is a co-operative international initiative that was set up 
in 2000 to carry out the research and development needed to establish the feasibility and 
performance capabilities of the next generation nuclear energy systems. 

The Generation IV International Forum has fourteen members which are signatories of its founding 
document, the GIF Charter. 

The set of goals in four main domains – safety, sustainability, proliferation resistance, economics – 
were adopted by GIF to identify and select six nuclear energy systems for further development. The 
selected systems are based on a variety of reactor, energy conversion and fuel cycle technologies. 
Their designs include thermal and fast neutron spectra cores, closed and open fuel cycles. The 
reactors range in size from very small to very large. 

Within GIF, the Risk and Safety Working Group (RSWG) was established with the purpose to: 

1) Promote a consistent approach on safety, risk, and regulatory issues between Generation IV 
systems 

2) Propose safety principles, objectives, and attributes based on Gen-IV safety goals in order to 
guide safety related R&D plans 

3) Development and promotion of a technology-neutral Integrated Safety Assessment 
Methodology (ISAM) that can be used to evaluate and document the safety of Gen IV nuclear 
systems. 

The ISAM methodology /GIF 11/ and its integrated tools could be used and possibly adapted to 
answer specific kinds of safety-related questions with different degrees of detail, and at different 
stages of design maturity. ISAM is conceived as a “design driver” to identify design vulnerabilities 
and the necessary safety-related R&D activities rather than a licensing methodology, albeit it can 
help in the process. The methodology mostly relies on tools (PIRT, deterministic tools, PSA) that are 
widely known and proposes to be  flexible and to allow for graded approach to technical issues of 
varying complexity and importance. In its approach, ISAM offers analysis tools tailored to appropriate 
stage of design able to identify vulnerabilities and relative contributions to risk, allowing for explicit 
consideration and characterization of uncertainty. It generally supports the combination of 
probabilistic and deterministic perspectives. 

3.1 Basis of methodology 
The ISAM methodology consists of five distinct analytical tools. They are strongly integrated, as 
evidenced by the fact that the results of each analysis tool support or relate to inputs or outputs of 
other tools. Although individual analytical tools can be selected for individual and exclusive use, the 
full value of the integrated methodology is derived from using each tool, in an iterative manner and 
in combination with the others, throughout the development cycle. 

Figure 3.1 details the overall task flow of the ISAM and indicates which tools are intended for use in 
each phase of Generation IV system technology development. 
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Figure 3.1 Integrated Safety Assessment Methodology (ISAM) Tools /GIF 11/ 

Each of the ISAM analysis tools is briefly described below: 

Qualitative Safety Features Review (QSR) 

The Qualitative Safety Features Review (QSR) provides systematic means of ensuring and 
documenting that the evolving system concept of design incorporates the desirable safety-related 
attributes and characteristics that are identified and discussed within the significant references for 
principles, requirements and guidelines (IAEA, WENRA, INPRO, etc.).  

The QSR tool provides the designer with a checklist summarizing those good practices and 
requirements. 

The QSR checklist is conceived to help the designer to qualitatively assess the design options 
identifying strong characteristics or safety vulnerabilities and, if several options are available, to 
select among them those which, while presumably allowing meeting the safety objectives, will 
guarantee at best the correspondence with the principles and the "good practices". 

The QSR checklist is structured following the principle of the defence in depth. It includes a 
comprehensive set of qualitative recommendations (requirements, guidelines by IAEA, Regulators, 
RSWG, others) detailed using a top-down functional approach; the objective is to give indications 
useful to the designer about generic notions such as “prevention”, “control”, “protection”, 
“management of the severe accidents”; the latter are so translated into recommendations applicable 
to the design: 

1. generic recommendations for the evaluation of the main plant design options;  

2. specific recommendations for the evaluation of the safety provisions (systems, structures, 

components, others). 

Each of these recommendations / characteristics (Class 1) are detailed as far as feasible (i.e. step 
by step) with a technology neutral logic (Class 2 → Class N) to obtain a set of specific 
recommendations (“check list”) applicable to a given technology. 
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Typically, four classes are identified in the checklist: 

Table 3.1 Classes of recommendations/characteristics defined in QSR 

Class 1 – Generic & Technology neutral (e.g. Work out and set up a simplified plant 
design) 
 

Class 2 – Detailed & Technology neutral (e.g. Work out and set up a simplified thermo-
hydraulic design) 
 

Class 3 – Detailed & Technology neutral to a 
given safety function (e.g. DHR) 

(e.g. Simplify the thermo-hydraulic for the DHR 
under abnormal conditions) 
 

Class 4 – Detailed, applicable to a given safety 
function and technology specific (e.g. DHR for 
SMR) 

(e.g. Allow the DHR through the natural 
convection starting and operation) 

The QSR answers to the question if the system / provisions comply with the requirements and good 
practices that characterize the regulatory framework. The design/option characteristic/features are 
compared to the check list’s items. The options’ characteristics can be rated as “favourable” (↑, 
“unfavourable” (↓) or neutral (↔) to satisfy or meet each specific recommendation of the check list.  

For a given option, “favourable” rating will be used to support its implementation while the 
identification of “unfavourable” rate will either be used to discard its selection or to motivate further 
R&D effort to reduce the identified drawbacks. Appendix A shows an extract of the QSR checklist. 

Perfectly in line with the Gen IV philosophy, such results are extremely helpful to identify, motivate 
and prioritise the R&D efforts that support the design activities and to motivate the selection among 
different options if several are available.  

The QSR serves as a useful preparatory step for other elements of the ISAM by promoting a richer 
understanding of the developing design in terms of safety issues or vulnerabilities that will be 
analysed in more depth in those other analytical steps. 

Phenomena Identification and Ranking Table (PIRT) 

The Phenomena Identification and Ranking Table (PIRT) is a technique that has been widely applied 
in both nuclear and non-nuclear applications. In ISAM, the PIRT is used to identify a spectrum of 
safety-related phenomena or scenarios that could affect those systems, and to rank order those 
phenomena or scenarios on the basis of their importance (often related to their potential 
consequences), and the state of knowledge related to associated phenomena (i.e., sources and 
magnitudes of phenomenological uncertainties). 

The application of PIRT requires the selection of the design and an event sequence (that can be 
divided into phases) given that the relative importance of phenomena is dependent on both of them. 
The PIRT is essential in helping to identify areas in which additional research may be helpful to 
reduce uncertainties. 

Objective Provision Tree (OPT) 

The OPT is a tool for identifying the provisions for prevention, or control and mitigation, of accidents 
that could potentially damage the reactor. It represents an innovative representation of the safety 
architecture allowing systematic inventory of the DiD implementation. Applied iteratively from late 
pre-conceptual design stage through conceptual design, it focuses on ensuring and documenting 
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“lines of protection” (LOP) in response to safety-significant phenomena identified in PIRT and 
represents an interesting input for PSA.  

The OPT is a top-down method where for each level of DiD (normally level 1 to 5), and for each 
safety objective/function (in general, control of reactivity, removal of heat from the fuel, and 
confinement of radioactive materials), identifies:  

a) the possible challenges to the safety functions;  
b) the plausible mechanisms which can materialize these challenges;  

c) the provided provision(s) to prevent, control or mitigate the consequences of the 

challenges/mechanisms,  

All this is expressed through a hierarchical structure of relationships in the form of a tree. 

 

Figure 3.2 Standard OPT Structure 

A detailed documentation and specific examples regarding OPT can be found in /IAEA 14/ and 
/IAEA 05/. In ISAM, the application of OPT to the safety architecture allows a preliminary qualitative 
analysis of the independence of levels of defence-in-depth implemented in the design. In addition, 
OPT branches provide the initial event trees format to be developed further in the PSA studies. 

Deterministic and Phenomenological Analyses (DPA) 

Conventional deterministic and phenomenological analyses, including the due consideration for the 
uncertainties, is used to perform the quantitative analysis, which supports the development and the 
sizing of the safety architecture. They feed the PSA as an essential input to quantify the results. 

It is anticipated that DPA can be used from the late portion of the pre-conceptual design phase 
through ultimate licensing and regulation of the Generation IV system. 

Probabilistic Safety Analysis (PSA) 

Probabilistic Safety Analysis (PSA) is a widely accepted, integrative method forms the principal basis 
of the ISAM together with defence-in-depth. PSA can only be meaningfully applied to a design that 
has reached a sufficient level of maturity and detail. Thus, PSA is performed and iterated beginning 
in the late pre-conceptual design phase, and continuing until the final design stages. 

Level X of the DiD
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Level X of the DiD
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Collectively all these provisions are designed 
to meet the Specific acceptance criterion.
Together they materialize the notion of 
Line Of Protection LOP

Defined to meet the safety objectives

To cope with

To be prevented
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To be performed successfully
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In ISAM, the idea is stressed of applying PSA in complement of the deterministic analysis at the 
earliest practical point in the design process and continuing to use it as a key decision tool throughout 
the life of the plant or system. 

Once safety objectives, principles, requirements, guidelines and safety options have been identified, 
the full process (iterative as needed) for the design and the assessment of the retained safety 
architecture (including the safety analysis) can be summarized as follows: 

1. Looking for compliance/consistency of the global set of design options with the principles, 

requirements and guidelines, 

2. Identification, prioritization and correction (if feasible) of discrepancies between design 

options with the principles, requirements and guidelines, 

3. Identification of challenges to the safety functions, 

4. Identification of mechanisms (postulated initiating events, system failures) and selection of 

significant (envelope) plants conditions to be considered for the design basis, 

5. Identification and selection of needed provisions, 

6. Design and sizing of the provisions, 

7. Analysis of the response to transients (safety analysis), 

8. Final assessment for a safety architecture that should be: 

– Exhaustive, 

– Progressive, 

– Tolerant, 

– Forgiving, 

– Balanced. 

The following Table 3.1 resumes the crosscutting relationships between, on one side, the items 
above and, on the other side, the different tools of ISAM and demonstrates the integrated character 
of the ISAM tools versus the safety assessment objective. 

The table summarises the relevant area of competence of the different tools in the design and safety 
assessment process without excluding their contribution in other points. In particular while the initial 
selection of provisions would be mainly done by the OPT and their sizing by DPA, their reliability and 
diversification analysis is conducted in the safety analysis (7. Response to transients) where PSA 
can greatly contribute. 
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Table 3.1 Relationships between design and assessment steps and the different tools of ISAM /GIF 14/ 

 

3.2 Applicability of ISAM to ELSMOR assessment criteria 

3.2.1 Capacity to assess and manage SMR specific requirements 

The availability of a QSR tool tailored to address SMR specific requirements would allow the 
designer to check the compliance of its choices (i.e. the selected safety options and selected 
provisions) versus the regulatory framework (principles, requirements and guidelines). In general, 
QSR helps the designer to qualitatively assess the design options identifying strong characteristics 
or safety vulnerabilities and, if several options are available, to select among them those which, while 
presumably allowing meeting the safety objectives, will guarantee at best the correspondence with 
the principles and the "good practices". This analysis represents the foundation and the rationale for 
the justification of the provisions, once defined. An example of QSR checklist is presented in 
Appendix A.  

3.2.2 Initiating events and hazards identification 

The combination in the use of PIRT and OPT contribute to the identification of initiating events and 
hazards. It is important to note that, for the identification of the initiating events, OPT is accomplishing 
the same functional and analytical objectives as a Failure Mode and Effect Analyses (FMEA), Hazard 
and Operability Study (HAZOP) or any other methodology used for this purpose. An essential 
difference, however between the OPT and the FMEA is that the former helps to build the skeleton of 
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the safety architecture according to the principles of defence in depth while the latter does not 
support explicitly such a process. 

Starting from the challenges to the different safety functions and analysing the phenomena which 
are important for the safety of the installation, the PIRT contributes to the identification of challenges 
to the safety functions and their mechanisms (initiating events) and help the selection of significant 
(envelope) plants conditions to be considered for the design basis; the status of knowledge versus 
the importance of the phenomena, as well as the availability and the degree of qualification/validation 
of tools for their simulation, will contribute, in close connection with the OPT, to identify the needed 
provisions and motivate their selection while identifying, prioritizing and correcting (if feasible) 
discrepancies or gaps. 

In parallel to the PIRT analysis, the implementation of the OPT allows identifying the challenges to 
the safety functions as well as the mechanisms which materialize these challenges. 

3.2.3 Defence in Depth implementation / Severe Accidents consideration 

In parallel to the PIRT analysis, the implementation of the OPT allows structuring the whole safety 
architecture. Once the challenges to the safety functions are identified as well as the mechanisms 
which materialize these challenges and coherently with the defined safety options, OPT helps 
defining the provisions and their contribution organized within the safety architecture. 

In the OPT the challenges (and related PIEs) are linked to the respective lines of provisions, roughly 
defining the boundary conditions for their sizing. The contribution of the OPT is essential to help 
guaranteeing the independence between the levels of the DiD as well as the exhaustiveness and 
the progressiveness of the safety architecture. 

The need to address severe accident sequences is explicitly mentioned in ISAM. However severe 
accidents are dealt with within this assessment framework without any specific consideration. 

3.2.4 Effect of inherent/passive systems in the safety case 

The potential advantages of the adoption of inherent/passive systems in the safety case for the 
reinforcement of defence-in-depth implementation by strengthening the diversity of the means 
between the DID levels is stressed in ISAM. While achieving such a level of passive and inherent 
safety may be very challenging, the implementation of passive and inherent safety provisions 
remains a desirable goal from a safety point of view if it is proved successful in efficiency, reliability, 
availability and balance between cost and productivity. 

In this respect the use of PIRT and OPT can review the phenomenology linked to those systems 
also within the safety architecture of the design. But no specific methodology (e.g RMPS /RIC 02/) 
is considered to prove the necessary reliability for those features. 

3.2.5 Deterministic vs Probabilistic 

ISAM advocates the idea of applying PSA in parallel with the deterministic approach at the earliest 
practical point in the design process, and continuing to use it as a key decision tool throughout the 
life of the plant or system. This approach, looking for and considering simultaneously deterministic 
and probabilistic insights, suggests that the use of Objective Provision Tree, to build and structure 
the safety architecture, and Probabilistic Safety Assessment, for the whole safety assessment, as 
main tools to evaluate, in a systematic way, the implementation of Defence in Depth principle. 
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Deterministic assessments, including engineering evaluations, consideration of human factor and 
‘traditional” deterministic safety analysis (DPA) are needed to support the application of OPT and 
PSA.  

Deterministic safety analyses (DPA), in this context, are first of all needed to evaluate the adequacy 
of the chosen provisions (combined in lines of protection within the OPT) to fulfil their expected 
functions and establish “success criteria” for the System, Structures and Components modelled in 
the PSA. Deterministic analyses are also needed to determine the consequences in terms of 
“acceptability or not” of different event sequences modelled in the PSA.  R&D efforts, also driven by 
PIRT exercises, shall be conducted to support deterministic model validations as well as accident 
sequence outcomes assessment. 

3.2.6 Guidelines for graded approach in SMR 

ISAM glossary defines as graded approach: “a process or method in which the stringency of the 
control measures and conditions to be applied is commensurate, to the extent practicable, with the 
likelihood and possible consequences of, and the level of risk associated with a loss of control.” The 
method should consider that:  

1. The significance and complexity of a product or service are determined;  

2. The potential impacts of the product or service on health, safety, security, the environment, and 

the achieving of quality and the organisation‘s objectives are determined; 

3. The consequences if a product fails or if a service is carried out incorrectly are taken into account. 

Based on the desirability of offering a graded approach to technical issues of varying complexity and 
importance, characteristics such as practicality and flexibility must be reflected in the methodology. 

By providing specific tools to examine relevant safety issues at different points in the design 
evolution, the ISAM, as a whole, offers the flexibility to allow a graded approach to the analysis of 
technical issues of varying complexity and importance. 

PIRT technique, in particular, has proven to be a practical and flexible technique allowing a 
systematic and graded approach to technical issues of varying complexity and importance. 

3.2.7 Guidelines for Practical Elimination 

ISAM clearly acknowledges that a limited number of postulated accident sequences that lead to 
severe plant conditions and/or specific situations which, as the latter, would lead to large or early 
releases have to become "practically eliminated" when it is not realistic to set up provisions for the 
management of their consequences. However, more importantly design provisions have to be taken 
and implemented to render these postulated sequences or situations very improbable with high 
confidence if they cannot be considered theoretically as physically impossible. The consequences 
of such postulated sequences and situations then will not be addressed by the design. 

However no specific guidelines are provided on the approach to deal with the safety demonstration 
of the practical elimination of such sequences. 
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3.2.8 SSC classification 

The safety architecture’s design and assessment has to cover the safety provisions identification 
and classification of safety related architecture. ISAM does not include a classification method, but 
the RSWG provides some general considerations. 

The line-of-protection (LOP) classification is defined based on their importance for the safety of the 
system, with strong feedbacks on the economy of the design. With the objective of the optimization 
versus risk, the frequency of occurrence for the solicitation of the LOP and the severity of 
consequences induced by their failure are to be simultaneously considered.  

ISAM does not include a detailed procedure but RSWG addresses to the use of the conventional 
risk space (e.g. Farmer’s curve) as a useful framework. To correctly achieve the LOP classification 
there is a need for an increased quality in the prediction of their performances and their reliability 
within the risk space; for this, the PSA can bring essential insights and contributions. Such a need 
so becomes the objective and the motivation of the R&D that has to be implemented on PSA 
methodologies and data. 

3.2.9 "Multi-unit configuration" aspects 

Multi-unit aspects are not explicitly addressed in ISAM. The set of tools, namely OPT and PSA 
supported by DPA, could nevertheless be applied to a multi-unit configuration to evaluate the 
potential mutual impact of the respective modules on the global safety of the plant. 

In this respect it could be envisaged the development of OPT identifying the mechanisms triggered 
by the proximity of modules, the potential sharing of systems setting up the framework for a multi-
unit PSA analysis. 
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4. INPRO methodology (Safety part) 

The INPRO (International Project on Innovative Nuclear Reactors and Fuel Cycles) methodology 
was developed by IAEA in order to support member states in evaluation, whether a designated 
nuclear system can be assumed as a sustainable source of energy. It addresses the fields of 
economics, infrastructure, waste management, proliferation resistance, physical protection, 
environment and safety and uses a so-called holistic approach, meaning that all above mentioned 
fields have to be identified as sustainable in order to call the whole nuclear system sustainable. This 
implicates, that even if the assessor is interested in only a special part of a nuclear system (e.g. the 
reactor) for INPRO all components have to be assessed anyway /IAEA 10/. 

Nevertheless, it has to be mentioned that the related developments after the Fukushima accident 
are not incorporated within the INPRO method. Furthermore, this method cannot be applied for 
safety assessments during licensing procedures. The methodology is intended to be used for 
decision making for which type of reactor it should be decided. Hence this method is of little use for 
the ELSMOR task T2.2. 

Such a nuclear energy system (NES) is comprised of the complete range of different nuclear facilities 
needed (mining, processing, enrichment, electricity generation, waste management, etc.) as well as 
the corresponding institutional measures (like frameworks, industrial capacity, etc.) /IAEA 10/. An 
extension of this term is the innovative nuclear energy system (INS). Related to /IAEA 08a/, this is a 
system which “will position nuclear energy to take a major contribution to global energy supply in the 
21st century.” This includes so called innovative and evolutionary system designs. The INPRO 
methodology can be used for (/IAEA 08a/): 

 Screening a designated INS to check its sustainability 
 Comparing different INS with each other 
 Identification of research and development needs on a special INS 

The INPRO method may also be used for a nuclear energy system assessment (NESA) /IAEA 10/. 

4.1 Definition of special wording 
For INPRO special requirements to the NES or INS are defined, which all have to be fulfilled in order 
to judge, whether the system is sustainable or not. These requirements are set in a special hierarchy 
which is described in /IAEA 10/ and /IAEA 08a/: On the top level the so-called Basic Principles (BP) 
are located. These principles define the general framework which the INS has to fulfil. All principles 
in all areas (i.e. economics, infrastructure, waste management, etc.) have to be fulfilled by the INS 
design. Each BP has a set of so-called User Requirements (UR) located one level below the BP in 
the given hierarchy. These requirements need to be met in order to fulfil the BPs. Finally, a set of 
criteria (CR) are defined for each UR in order to judge, whether the UR is fulfilled or not. These CRs 
are located at the lowest level of the hierarchy. 

A CR is reached, if a special Indicator (IN) is within a special Acceptance Limit (AL). These INs can 
be ether logical or numerical. Several INs can be applicable to different criteria in the whole INS. The 
INs and ALs must be determined by the assessor and uncertainties have to be taken into account, 
due to dealing with innovative and evolutionary systems. For definition of the AL, the concept of as 
low as reasonably practicable (ALARP) is used. Furthermore, the CR and corresponding IN should 
be defined by following some general rules: 

 CR applicable to all NES to be screened 

 CR should be clearly and not ambiguously defined 
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 No prejudged CR 

 Measurable and quantifiable INs 

 Independency of IN 

 CR selection in such a way, that it is possible to meet the UR 

Some INs might be of special interest for the assessor and may be therefore defined as so-called 
Key Indicators (KI). Such KIs can be specific design features, industry capabilities, etc. In a 
comparison between different NES these KIs can strongly influence an assessor’s decision choosing 
an NES, even if the designated NES may not fulfil all criteria and would therefore not sustainable. 

While the definition of the BPs, URs and CRs is a top down approach of the hierarchy, the evaluation 
of the fulfilment of the INS to be sustainable is a bottom up approach (as illustrated in Figure 4.1). 

 

Figure 4.1 Hierarchy of INPRO /IAEA 08a/ 

4.2 Area of Safety of INPRO and its relation to ELSMOR 

For ELSMOR, focus lies on the INPRO part for safety which is described in /IAEA 08b/. Here it is 
emphasised, that the definition of BP, UR, IR and AL is based on the IAEA safety standards given 
in /IAEA 00/, /IAEA 06/ and /IAEA 16/. Six of ten safety principles proposed in /IAEA 06/ have been 
used to define the BP for INPRO in the safety part (as listed in Table 4.1). 

Table 4.1 Correlation between safety principles /IAEA 06/ and INPRO basic principles /IAEA 08b/ 

Safety Principle (SP) Basic Principle (BP) in INPRO 

SP8 Prevention of Accidents BP1 Defence in Depth 

SP5 Optimisation of Protection BP2 Inherent Safety 

SP6 Limitation of Risks to individuals BP3 Risk of Radiation 

SP3 Leadership and management for 
safety 

BP4 Research, Development and 
Demonstration (RD&D) 

SP7 Protection of current and future 
generations 

BP3 Risk of Radiation 

SP9 Emergency preparedness and 
response 

BP1 Defence in Depth 
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SP1 Responsibility of safety Not directly reflected 

SP2 Role of government Not directly reflected 

SP4 Justification of facilities and 
activities 

Not directly reflected 

SP10 Protective actions to reduce existing 
or unregulated radiation risks 

Not directly reflected 

Furthermore, additional requirements of an INS are given in /IAEA 08b/, which impact the definition 
of the BP, UR, IN and AL: 

 60 a lifetime of a power plant 

 Reliable and flexible operation (including good load following capabilities, low outages, cycle 

lengths up to 24 months, etc.) 

 Decreased sensitivity on disturbances and lower number of safety challenges 

 Improved automation (reducing human failures) 

 Core damage frequency < 10-5 / a / reactor 

 Frequency of large releases < 10-6 / a / reactor 

 Provision of design measures related to severe accident mitigation 

For densely inhabited Europe additional requirements have been set regarding emergency 
planning zones: 

 Minimized emergency actions needed after 800 m from reactor 

 Avoidance of delayed actions after 1.3 km from reactor 

 Avoidance of long-term actions after 800 m from reactor 

 Limited restrictions on consumptions of foodstuff and crops 

In the following, not all INPRO items should be shown and described (an exhaustive description of 
that is given in /IAEA 08b/). Focus is given, which relate to the proposed ELSMOR items to be 
assessed for ELSMOR WP2 T2.2. A summary can be seen in the following Table 4.2 followed by a 
descriptions of the different items in the text. 

Table 4.2 ELSMOR items to be assessed and corresponding INPRO items 

Items to be assessed Corresponding INPRO item 

a Capacity to assess and manage SMR specific 
requirements 

User specific UR and CR can 
be introduced 

b Initiating events and hazards identification UR1.1, UR1.2, UR2.1 

c DiD implementation for SMR in link with  

 Approach to Severe Accident 
consideration (level 4) 

UR1.4 and UR1.5 

 Independence between DiD levels UR1.6 
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d Effect of inherent/passive systems in the 
safety case 

UR1.1, UR1.2, UR1.3, UR4.2 

e Deterministic vs Probabilistic UR4.4, UR1.2, UR1.3, UR1.4, 
UR1.5, UR1.6, UR2.1 

f Guidelines for graded approach in SMR n/a 

g Guidelines for Practical Elimination UR2.1 

h SSC classification UR4.2, UR4.3 

i "Multi-unit configuration" aspects UR3.2 

4.2.1 Capacity to assess and manage SMR specific requirements 

Within the safety part of the INPRO assessment no special SMR specific requirements are 
mentioned since the method is not reactor specific. However, assessors are not fixed to the already 
provided user requirements and criteria. It is possible to introduce own criteria and user requirements 
to the INPRO assessment, e.g. for SMR specific requirements. 

4.2.2 Initiating events and hazards identification 

For UR1.1 (robustness) it has to be evaluated for criterion CR1.1.4 (failures and disturbances) 
whether the frequencies of initiating events are lower than for existing facilities. 

Determination of deviations from normal state is dealt within UR1.2 (detection and interception), 
especially in CR1.2.1 (I&C and inherent characteristics). Here it is evaluated, whether monitoring 
systems are provided in the design to monitor e.g. leaks, vibrations etc. which might lead to 
derivations from the default operation of the plant. Furthermore, computational aid measures shall 
be provided to support the operators by presenting advanced information about e.g. leak locations, 
further accident progresses etc. Finally, a dynamic plant analysis is needed to determine the 
behaviour of the plant under certain conditions and the deviations from normal operation including a 
PSA. 

Within UR2.1 (hazards) it must be shown, that for some of special evaluation parameters like stored 
energy, flammability, criticality, etc. defining some kind of potential risk for hazards, the design shall 
be superior to already existing facilities. 

4.2.3 Defence in Depth implementation 

For the Defence in Depth (DiD) concept in INPRO the BP1 is provided. Related to /IAEA 08b/ BP1 
is described in the following way: 

“Installations of an Innovative Nuclear Energy System shall incorporate enhanced defence-in-depth 
as a part of their fundamental safety approach and ensure that the levels of protection in defence-
in-depth shall be more independent from each other than in existing installations.” 

For BP1 seven URs are defined for which UR1.4 and UR1.5 are relevant to severe accidents. UR1.4 
covers releases into the containment and is described as: 

“The frequency of a major release of radioactivity into the containment / confinement of an INS due 
to internal events should be reduced. Should a release occur, the consequences should be 
mitigated.” 
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The fulfilment of this UR is proven by three CR. The first one (CR1.4.1) proves, whether the 
calculated frequency of major releases into the containment is at least one order of magnitude lower 
than in already existing designs. The frequency is determined normally by a PSA and may be 
reduced by the usage of special items like in-vessel core catcher or in-vessel retention measures of 
the design. Regarding /IAEA 08b/, to fulfil this criterion, a CDF frequency of less than 10-5 / a / reactor 
has to be calculated (including uncertainties). The second one (CR1.4.2) determines, whether there 
are measures provided by the design which are sufficient to control containment parameters and the 
activity inside the containment (e.g. pool scrubbing, scrubbing by sprays, etc.). Finally, the third one 
(CR1.4.3) evaluates, whether there are measures provided to prevent large releases into the 
environment and to “regain control of the facility”. These are mainly accident management measures 
like boron injection or even containment venting. 

The releases into the environment are covered by UR1.5, which is described as: 

“A major release of radioactivity from an installation of an INS should be prevented for all practical 
purposes, so that INS installations would not need relocation or evacuation measures outside the 
plant site, apart from those generic emergency measures developed for any industrial facility used 
for similar purpose.” 

For UR1.5, also three CR are provided. First (CR1.5.1), it is evaluated, whether the large release 
frequency is smaller than 10-6 / a / reactor (or excluded). Secondly (CR1.5.2), it is proved, that the 
radiological consequences of a release are low enough to be able to spare out any evacuation or 
relocation activities outside of the plant site, while food restriction may be possible for a short term. 
Finally, it has to be proven, that the risk of the INS is at least the same as of systems having the 
same purpose (CR1.5.3). 

In order to cover the independence of the DiD levels from each other, also in BP1 the UR1.6 is 
proposed indicating: “An assessment should be performed for an INS to demonstrate that the 
different levels of defence-in-depth are met and are more independent from each other than for 
existing systems.” Here, only one criterium (CR1.6.1) is suggested, which is fulfilled, if the 
independence is demonstrated. This demonstration can be performed in different ways, while in 
/IAEA 08b/ a PSA is suggested. Here, the result may be “frequency ranges of reaching the different 
levels of DiD”, which should be lower than the ranges of already existing reactors to fulfil the CR. 

4.2.4 Effect of inherent/passive systems in the safety case 

Within /IAEA 08b/ inherent features and passive systems are directly related to BP2: “Installations 
of an INS shall excel in safety and reliability by incorporating into their designs, when appropriate, 
increased emphasis on inherently safe characteristics and passive systems as a part of their 
fundamental safety approach.” The corresponding UR is UR2.1: “Installations of an INS shall excel 
in safety and reliability by incorporating into their designs, when appropriate, increased emphasis on 
inherently safe characteristics and passive systems as a part of their fundamental safety approach.” 

For this UR it shall be shown, that the frequency of occurrence of abnormal operation and design 
basis accidents as well as their consequences are lower than in existing facilities due to inherent 
safety features and passive safety systems (CR2.1.2 and CR2.1.3). Sufficient investigations shall be 
performed to get trust in these features and systems (CR2.1.4). Furthermore, some evaluation 
parameters shall be met by the design (CR2.1.1): stored energy, flammable and radioactive 
materials and excess reactivity shall be minimised to the reasonably achievable, avoidance of 
criticality outside the core and negative reactivity feedbacks. It has to be assessed, that the related 
parameters of CR2.1.1 outreach the ones in already existing reactor designs. 
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Generally, in INPRO inherent safety features and passive safety systems are supposed to be part 
of the DiD strategy. They are a measure to potentially fulfil the different CR in INPRO, in which it has 
to be mostly evaluated, that specific items have to be superior to already existing designs. For 
example, these systems and features are seen to improve the robustness of the facilities against 
hazards (UR1.1). Furthermore, they are a possibility to increase the interception capability against 
anticipated operational occurrences (AOO) and DBA by e.g. negative reactivity coefficients, etc. 
(CR1.2.1). It is also stated, that these systems and features may improve the grace period (CR1.2.2) 
and the inertia against AOO (CR1.2.3). It is not needed to implement inherent features and passive 
safety systems into the design, but it is encouraged. Finally, if such features and systems are 
provided a certain trust into these features have to be built up. This is evaluated in UR4.2. This 
requirement is fulfilled, if enough research, development and demonstration (RD&D) has been 
performed in order to prove whether the related phenomena are well understood and uncertainties 
in the data are quantified. Also scaling issues should be well investigated. Furthermore, it is needed, 
that computer codes can be applied to simulate the systems. Here it has to be assessed, whether 
the codes are sufficiently validated and can cover the spectrum of phenomena and the quantified 
uncertainties (including independent reviews and documentation).  

4.2.5 Deterministic vs Probabilistic 

Deterministic and probabilistic analysis are means which results are used to demonstrate whether 
an INPRO criterium is fulfilled or not. The analyses have to be performed by the technology 
developer or supplier and not necessarily by the assessor. Actually, they “should be used, where 
feasible, to ensure that a thorough and sufficient safety assessment is made. As the technology 
matures, “Best Estimate (plus Uncertainty Analysis)” approaches are useful to determine the real 
hazard, especially for limiting severe accidents.” (UR4.4, safety analysis). Depending on the 
validation state of the code, a deterministic safety analysis should be done with a realistic approach 
(best estimate) if it is well validated regarding the corresponding phenomena. If the validation has 
gaps for special phenomena a more conservative approach can be chosen. However, even if the 
code is well validated, uncertainties of the related experimental data and plant status uncertainty 
should be taken into account. In order to fulfil UR4.4, a risk-informed approach shall be used, 
especially for already existing designs, since here more experience has been gained regarding the 
operation of such reactors. 

In some UR deterministic and/or probabilistic analysis are mentioned: For example, in UR1.2 
(detection and interception) a deterministic and probabilistic plant analysis is needed in order to 
proof, whether specific events impact the normal operation of the plant and if resulting deviations 
from the normal state are mitigated and do not result in short term consequences. Deterministic and 
probabilistic assessments should also be used to proof the independence of the different DiD levels 
(UR1.6). The PSA is mainly used for determination of occurrence frequencies and/or consequences 
e.g. of DBA (UR1.3), releases into the containment or the environment (UR1.4 and UR1.5) or AOO 
and DBA (UR2.1, minimisation of hazards, here in combination with a deterministic approach). 
Frequencies and consequences should be lower than in already existing facilities. 

4.2.6 Guidelines for graded approach in SMR 

A graded approach for special designs like SMR meaning that some requirements might be less 
strict or even omitted is not provided by the INPRO method. 
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4.2.7 Guidelines for Practical Elimination 

No specific guidelines are given for practical elimination in the INPRO manuals. 

4.2.8 SSC classification 

Within /IAEA 08b/ SSC is mentioned in UR4.2 (RD&D) and UR4.3 (pilot facility). Within the criteria 
CR4.2.2 and CR4.2.3 (UR4.2) it is needed to show, that computer codes are suitable developed and 
validated to be able to simulate the behaviour of structures, systems and components (SSC) of the 
INS correctly. Also scaling issues should be taken into account. It has to be evaluated, that the 
application range which the code is validated for covers the needs for simulation of the INS. Further, 
an independent review and a proper documentation of the code including scaling issues is needed. 

Within UR4.3 it is needed to show, that depending on the innovation degree of the INS a test facility 
has been built, operated and documented (high degree of novelty) or why a facility is not needed 
(low degree of novelty). The test facility is used to demonstrate that the SSC of the INS is proper 
designed. Especially the interactions between new innovative systems should be investigated. 

4.2.9 "Multi-unit configuration" aspects 

For evaluation of UR3.2 (dose to public) within CR3.2.1 (public dose) it is needed to show, that the 
dose exposed to the public is less than the national and international set limits. Hazards to health 
must be comparable to other energy plants. The dose limit at the outside of the site for multi-unit 
configurations shall be the same as for single units. 
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5. SARGEN_IV methodology 

Within the SARGEN IV project a safety assessment methodology has been proposed, which is 
intended to harmonize current safety assessment practices. This methodology and additional 
aspects are presented in /WAT 12/ (which is not publicly available). During the SARGEN IV project, 
this methodology has been derived from IAEA INPRO (International Project on Innovative Nuclear 
Reactors and Fuel Cycles) methodology (described in /IAEA 10/) and the GIF-RSWG ISAM 
(Integrated Safety Assessment Methodology) methodology (described in /GIF 11/ and chapter 3 of 
this document). 

5.1 Basic methodology 

The methodology is described in /WAT 12/. The steps from the beginning of the safety design until 
licensing are illustrated in Figure 5.1. In the first step (a), the safety goals, objectives, principles, 
guidelines etc., which are intended to be fulfilled by the reactor design after the safety assessment 
are identified, meaning that the scope of the safety assessment is defined. After that, in step (b), 
different safety options and decoupling criteria are identified. The safety options define on a high 
level, by which measures the safety goals of step (a) are intended to be fulfilled and how this will be 
checked (decoupling criteria). In step (c) the compliance of the chosen safety options and decoupling 
criteria with the above mentioned items from step (a) is evaluated. This can be done by the help of 
a method from ISAM called QSR (Qualitative Safety Features Review), which is based for ISAM on 
recommendations of RSWG and other references like IAEA standards, INSAG and INPRO 
guidelines. Step (b) might be repeated, if the compliance is not achieved. After checking the 
compliance of the safety options and decoupling criteria with the proposed safety principles, 
challenges to the (fundamental) safety functions and their mechanisms are determined in step (d). 
The mechanisms have to be coped with by special provisions which are identified in step (e) by 
determination of acceptance criteria for the safety functions. Step (d) and (e) are performed by the 
OPT (Objective Provision Tree) methodology in combination with MLD (Master Logic Diagram). As 
described in chapter 3, the OPT basically builds up a tree starting from the levels of DiD (top) which 
branch into the different (fundamental) safety functions, which have to be maintained. These safety 
functions branch further to the identified challenges, which have to be coped with and these 
challenges finally to the mechanisms which the challenges are based on. These mechanisms have 
to be controlled by the provisions, which have to be determined and therefore implemented into the 
safety approach. 
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Figure 5.1 SARGEN IV methodology flow chart /COUN 14/ Council Directive 2014/87/Euratom of 8 July 2014 
amending Directive 2009/71/Euratom establishing a Community framework for the nuclear safety of 
nuclear installations. 
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/ESP 13/ 

The MLD method can be used to determine the list of initiating events studied with deterministic rules 
and in a probabilistic risk assessment. Due to this top down approach, all of the mechanisms likely 
to damage the confinement barriers as well as the related PIEs are identified. On the basis of the 
determined provisions, in (f) the detailed and specific safety provision is designed using a 
deterministic and phenomenological analysis (DPA). Finally, by using DPA and PSA the whole safety 
architecture is checked in step (g) for conformity with the safety approach. Here it is proved whether 
all acceptance criteria are met and all levels of DiD are fulfilled. If this is not the case, it has to be 
chosen, whether new design options might be necessary. If so, the process continues again at step 
(b), if not at step (d). Normally, this iterative process will be passed through several times during the 
design phase, since safety options and designed systems might impose additional challenges to the 
safety approach. After successful verification of the conformity of the safety architecture, the 
licensing phase can start. 

5.2 Applicability of SARGEN IV Method to ELSMOR criteria 

5.2.1 Capacity to assess and manage SMR specific requirements 

The method for safety assessment proposed in SARGEN IV is basically designated for Generation 
IV reactors. Therefore, LW-SMR are not in the intended scope of SARGEN. Anyhow, this method 
can be applied to SMR in such a way, that specific SMR requirements are introduced to step (a) of 
the methodology. During the process, it is assured within step (c) as well as step (g), that the 
proposed SMR specific requirements in line with other safety goals, principles etc. which are 
applicable to all reactor types are in compliance with the suggested safety options, decoupling 
criteria and the whole safety architecture. 
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Furthermore, specific SMR design related PIEs are identified within step (d) by the methods of OPT 
and MLD, since they are not exclusively suitable for Generation IV reactors and can be certainly 
applied also for LW-SMR. 

5.2.2 Initiating events and hazards identification 

So called postulated initiating events (PIE) are identified during step (d) of the methodology by 
identification of mechanisms of challenges to the safety functions. The events are used within step 
(g) during checking the conformity of the safety architecture in DPA and PSA. The PIEs should be 
plant related and are identified by engineering judgement or deterministic/probabilistic assessments 
and are systematically represented within the OPT and MLD, if used.. The identification should be 
exhaustive and should consider SSC (structures, systems and components), operating errors as 
well as failures due to internal or external hazards. Since there might be a large number of PIEs, 
representative events are selected (on the basis of a similar phenomenology). They are classified in 
accordance with their occurrence frequency.  Specific analysis rules and acceptance criteria are 
applied to each class /WAT 12/. 

Referring to /RIM 12/, classification is done by grouping the different PIEs into lists of “enveloping 
initiating events” leading to classification of PIEs in same classes which require similar safety actions, 
have similar impact on SSCs or similar potential for common cause impacts (mainly external PIEs). 
Furthermore, a PIE in each group should be identified which works as a limiting (or representative) 
event for the group and which would be chosen for analysis. In /RIM 12/ the following categories are 
suggested (others could be chosen): 

 Loss of electric power supplies 

 Insertion of excess reactivity 

 Loss of flow 

 Loss of coolant 

 Erroneous handling or equipment failure 

 Special internal events 

 External events 

 Human error 

Apart from this classification, also a classification according to the initiating frequencies is suggested 
in /RIM 12/, similar to /WAT 12/. 

In research reactors, according to /RIM 12/, the PIEs might be identified by: 

 Fault tree (with MLD or MLD only) development 

 Identification of confinement barriers for radioactive materials, determination of failure modes 

of the barriers and identification of events causing the failures 

 Comparison of lists of proposed PIEs with the actual design 

 Operational experiences of similar facilities 
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5.2.3 Defence in Depth implementation / Severe Accidents consideration 

For severe accidents no special considerations are given in /WAT 12/. It is stated that severe 
accidents leading to large or early releases should be practically eliminated. If that is not possible, 
provisions in design should work in such a way, that only limited measures are needed for the public 
and sufficient time is available for starting the measures. This is coming from WENRA. For DEC-B 
(events with severe core damage not practically eliminated) rules are mentioned in /WAT 12/: 

 Consideration of most penalising initial conditions 
 Identification of failures leading to the event 
 Consideration of confinement failures (since the confinement is the most important SSC in 

such cases) 
 Operator actions in acceptable environment 
 Classification of considered equipment 
 Best-estimate calculations 

Design provisions for practical elimination of severe accidents or their mitigations are part of the DiD 
concept and are considered during design phase in step (c) during QSR of the proposed 
SARGEN_IV methodology. Assessment of the measures is performed by PSA and DPA. 

5.2.4 Effect of inherent/passive systems in the safety case 

For Gen IV reactors, which the SARGEN_IV methodology has been created for, a so-called inherent 
approach is recommended. Inherent safety features should be used in the safety architecture to 
minimise the need of safety systems coping with deviations from the normal operation and also 
failures. They should be considered to reduce potential escalations and should also be considered 
for enhancing the grace period. Within the safety demonstrations, the use of inherent features may 
lead to the rational that specific accident conditions are physically impossible and to a consequential  
practical elimination of accidents /WAT 12/. 

Passive system should of course be taken into account during safety assessment especially for PSA 
(e.g. reliability estimations) /WAT 12/. But no special considerations are given in the references. 

5.2.5 Deterministic vs Probabilistic 

DPA is mentioned in the methodology in step (f) and therefore directly linked after to the OPT in 
order to design the provisions against the mechanisms of the challenges to the safety functions. 
Furthermore, DPA in combination with PSA are used in step (g) for conformity check of the design 
provisions with the safety architecture and should provide the following: 

 Approval, whether the operational limits and conditions meet the design assumptions and 
intent for normal operation (DiD Level 1) 

 Confirmation of design basis (DiD Level 2-4, 2-5) by analysis of sequences from PIEs and 
checking radiological acceptance criteria and design limits 

 Demonstration of a progressive, forgiving and tolerant design 
 Demonstration of balanced DiD 
 Established conservative assumptions if insufficient data is available only 

When using DSA deterministic safety analysis as tool for hazard analysis, two approaches are 
mentioned within /WAT 12/: The first one is the consideration of internal and external hazards as 
PIEs with a category including the rules and acceptance criteria of the category, leading mainly to 
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mitigation of hazard consequences. Also, combination of hazards with each other and other events 
may not be sufficiently considered. This is done in the second, so-called complementary 
deterministic approach. Here, the above-mentioned combinations as well as correlated hazards and 
events are also considered. 

The PSA in terms of the proposed methodology is used as a supplemental tool for safety analysis 
during the design phase of the reactor. Therefore, it is used to /WAT 12/: 

 Design specific systems in terms of e.g. redundancy and diversity, physical/geographical  

separation etc.  

 Verify the balanced system 

 Get a basis to compare different designs with each other 

 Assess improved safety features against severe accidents 

 Demonstrate practical elimination of sequences leading to large releases. 

As the scope of the methodology are GEN IV reactors, there is a lack of design details experiences 
and specific data leading to challenges to the PSA. For LW-SMR with innovative features and 
designs problems may come up with reliability figures of passive safety systems and their safety 
demonstration for all relevant fault scenarios. . For LW-SMR with innovative features and designs 
problems may come up with reliability figures of passive safety systems and their safety 
demonstration for all relevant fault scenarios. This might affect the PSA results as well as the derived 
design decisions e.g. of DiD measure implementation. Since the knowledge about the specific design 
lacks in detail especially in the preliminary design phase but will increase during the design, the 
depth of the PSA is low in the beginning but will enlarge during the design phases /WAT 12/. 

Additional special issues regarding DPA and PSA are not mentioned within given references. 

5.2.6 Guidelines for graded approach in SMR 

Within /WAT 12/ the graded approach is mentioned regarding chemical effects, cliff-edge effects as 
well as for safety assessment performed during design phase. 

Chemical effects of Gen IV reactors might have a larger impact to safety than it is in current plants. 
This might be the same for LW-SMR. But when considering a LW-SMR in combination with a 
chemical facility (e.g. delivering process heat) this point is also of importance for SMR. It is stated, 
that beside of the analysis of radiological releases also chemical releases should be considered. 
Here, a graded approach should be taken into account to define safety objectives as well as the 
fundamental safety functions regarding the chemical issues (e.g. confinement). The safety design 
against chemical effects should be consistent with the radiological safety design. 

Gen IV reactors should be designed in such a way, that cliff-edge effects are avoided or at least 
delayed. Here, a graded approach should be used for assessment of cliff-edge effects regarding 
their consequences. 

During design state of the plant, not all information about the final design might be available. 
Therefore, a graded approach should be used for safety assessment during design state taking into 
account a lack of information. 
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5.2.7 Guidelines for Practical Elimination 

In /WAT 12/ it is emphasised that sequences leading to large or early releases should be practically 
eliminated by the design. This includes either to show that the given situations are physically 
impossible or extremely unlikely to happen. Even if the conditions are very unlikely, further design 
features should be implemented if reasonably practicable (following ALARA) to reduce the 
probabilities further. Deterministic provisions and engineering judgement should be used for practical 
elimination. Probabilistic methods could be used in support the demonstration. 

5.2.8 SSC classification 

According to /WAT 12/, classification of SSC is of high importance, since it ensures a systematic 
design, construction, operation, testing and quality. Classification is performed by significance of 
items to safety, mainly by deterministic but also by probabilistic methods (IAEA SSR-2/1). The 
following should be taken into account: 

 Item function, i.e. its role for fulfilling the fundamental safety functions 
 Consequences of failures in performance of its function 
 Item call frequency 
 Delay after PIE until the item is called 

Furthermore, interferences between items and failure propagation from lower to higher level items 
should be avoided. If an item fulfils a number of functions, it is classified by the most important 
function. 

5.2.9 "Multi-unit configuration" aspects 

Within the hazards section in /WAT 12/ it is just mentioned, that hazards in multi-unit configurations 
could arise also from the other units.  
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6. HARMONICS methodology 

6.1 What is the Harmonics methodology 
Safety justification frameworks have been developed to structure, organize and help understand the 
complex chains of reasoning and the numerous pieces of evidence (in other terms, the assurance 
case) that together justify that a system of interest (e.g., an NPP, a plant system or an I&C system) 
complies with high-level safety requirements /ISOIEC  11/. However, although their initial objective 
was justifying safety, they are much more general and may be used to justify that a system complies 
with other, non-safety requirements, such as security requirements, functional requirements, or 
indeed, any type of requirements.  

Safety justification frameworks are often based on the three main notions of claim, argument and 
evidence (also illustrated in Figure 6.1): 

 A claim is an assertion by the designer that he/she seeks to justify with respect to a regulatory 
safety requirement. It is typically a statement about a property of a system or some 
subsystems. A claim supporting an argument is called a sub-claim. A claim that is asserted as 
true without justification becomes an assumption. 

 Evidence is composed of the objective facts used as the basis of the justification of the claim. 
Sources of evidence may include the design, the development process, prior field experience, 
operation, testing (including statistical testing), and simulation results or models formal 
analysis. 

 An argument provides explicit links between the claim and the various pieces of evidence, as 
illustrated in the following Figure. (Note. The links are not necessarily tree-like, and a sub-claim 
or a piece of evidence may contribute to more than one claim.) 

 

Figure 6.1 Harmonics methodology flow chart 
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The HARMONICS framework /HARM 14/ considers different types of argument node: 

 Concretisation is used when a claim or some aspect of it needs to be given a more precise 
definition or interpretation. This may be the case of top level claims, which are sometimes 
expressed in abstract terms or in terms that cannot be achieved by real-life systems (e.g. 
considering failures and finite response times and accuracy).  

 Substitution is used when a claim about an object (or property) is transformed into a claim 
about an equivalent object (or an equivalent property). For example, one might claim that a 
test specimen has a certain property, and therefore that production specimens will have this 
property too, provided that they are equivalent in some clearly defined way to the test 
specimen. 

 Decomposition is about partitioning some aspect of the claim (for example, according to the 
functions or the architecture of the system, the properties being considered, or with respect to 
some sequence such as life cycle phases or modes of operation), provided that one can justify 
that together, the elements decomposition imply the initial claim. 

 Calculation provides a quantitative argument when the value of one property of a system can 
be calculated from the values of other specific properties, possibly of other objects (e.g. 
subsystems).   

6.2 Application in ELSMOR 

The HARMONICS approach is complementary to the other approaches considered by ELSMOR, 
such as SARGEN IV: whereas SARGEN IV aims at identifying the topics that need to be addressed 
in a safety case, and how they should be addressed, the HARMONIC approach aims at organising 
the arguments that link safety claims to the numerous pieces of evidence that support them, so that 
it is easier to verify that the arguments are adequate, or to identify weaknesses in arguments. 

Also, as the arguments and the nature of the pieces of evidence can be developed in early phases 
of engineering, before the pieces themselves are obtained and available, the top-levels of a safety 
justification framework may be used as a communication tool between designers and assessors, 
when there is still time to adjust the design or the verification means. 
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7. Risk-informed performance-based methodology (USA – HTGR 
application) 

The risk-informed, and performance-based (RIPB) method is a US-developed /NEI 19/ process 
declared to be technology-inclusive for selection of Licensing Basis Events (LBEs); safety 
classification of structures, systems, and components (SSCs) and associated risk-informed special 
treatments; and determination of defence-in-depth (DID) adequacy. RIPB is especially conceived for 
innovative reactor systems including, but not limited to, molten salt reactors, high-temperature gas 
cooled reactors, and a variety of fast reactors at all thermal power capacities. RIPB has been applied 
to a series of pilot cases /DEN 19/, /EPRI 19/, /HICK 19/, /MAI 19/, /WAL 19/, and USNRC is planning 
to prepare a rulemaking to use RIPB for licensing of innovative systems including SMRs. Appendix 
C presents a summary of the main aspects of the methodology also addressing its applicability to 
ELSMOR assessment criteria.  

In general, the methodology appears currently not applicable at European level. It is strongly centred 
within the US-context in terms of terminology (DBE, BDBE) and definitions (SSC classification, 
defence-in-depth) and the use of PSA (PRA) requires an adaptation to the European practices. More 
specifically: 

1) PSA (PRA) is central in RIPB to determine the safety level of the design. This is not common 

practice in Europe where the approach remains deterministic with supporting insights by 

probabilistic studies.  

2) It is not clear on which bases PRA provides rational approach for identifying, understanding, and 

addressing uncertainties. 

3) The evaluation of defence-in-depth (DID) “adequacy” does not seem to fit to WENRA definition 

of DID. Beside the different terminology (like DBE, BDBE), the question of the severe accidents 

taken into account in DiD is not clearly addressed. It appears that the RIPB method could allow 

based on probabilistic argument, not to consider severe accidents. Due to the different 

terminology, it is also difficult to understand to what extent the deterministic DBE definition is 

consistent with European approach and with the analysis rules considered for the deterministic 

analysis of transient (e.g. single failure criteria).  

4) SSC classification in RIPB is US-specific (e.g. special treatment). European practices are in line 

with IAEA SSG-30 guide that is fully consistent with a probabilistic approach (uses frequency 

and severity of consequences). 

5) There is no specific method elaborated for the analysis of inherent/passive systems. 

6) The assessment of reliability of innovative systems or systems applied to innovative design 

concept is not clearly addressed. 

7) Practical elimination. Compared to WENRA recommendations, there is no specific effort to 

identify those specific sequences that could lead to large release and implement specific features 

to prevent them. Therefore, this methodology does not meet the requirement to perform a 

dedicated analysis of practical elimination. 
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8. Proposal of a general methodology for LW-SMR safety design 

8.1 Introduction 

The implementation of a safety assessment process requires that the method is systematic and 
documented (and therefore auditable). The considerations on safety assessment discussed in 
Chapter 2 together with the methodologies reviewed in the previous chapters are at the basis of the 
general methodology elaborated to describe such a process and explained hereafter.  

The scope of the methodology is to evaluate the implementation of defence-in-depth in the design 
by means of a systematic approach that starts from the identification of the design options until the 
design of the safety provisions. 

Defence-in-depth approach is at the basis of nuclear safety and is applicable to any type of reactor 
from large NPP to SMR with active and passive systems. The assessment of the safety of a new 
plant design should be based on the application of defence-in-depth concept in the safety 
demonstration. Basic principle of defence-in-depth is to assume that some systems may fail 
regardless of their quality level and assess what happens next. 

The safety assessment should then verify the good design for each level of DID and evaluate their 
independence. Specific considerations for new builds address the so-called design extension 
conditions without (DEC-A) or with core melt (DEC-B), and the practical elimination of plant 
conditions that may lead to large or early releases. 

8.2 General ELSMOR methodology 

The proposed ELSMOR methodology is mainly derived from the insights provided by the 
SARGEN_IV project that, in turn, is based on the GIF ISAM and IAEA INPRO methodologies. These 
insights are complemented with the HARMONICS method to develop high-level safety goals into 
more concrete requirements in a systematic and hierarchical manner allowing to provide a 
framework for defining requirements of different level of detail and for documenting the results of 
different types of safety assessments. 

The pictograph in Figure 8.1 shows the different tasks identified in the general methodology and the 
associated tools whenever applicable in view to: 

a. Verify the compliance of the design with the principles, the requirements, the guidelines. 

b. Verify the conformity of the safety architecture of the design with the quantitative safety 
objectives. 

Each task is presented below together with the key relevant tools to be applied in the process. 

Task (a) – Set safety principles, requirements and guidelines. Identify top-level claims 

This task identifies and lists the top-level safety principles, requirements, guidelines, and objectives 
to be satisfied (cf. the two top boxes of Figure 2.1) in the design. ‘Top-level’ here means that these 
are independent from any technical provisions and solutions, and that each system, whose safety is 
to be assessed is considered as a black box. In particular, safety objectives should focus on the 
reason of being of the system to be assessed, not only in terms of what services it must provide, but 
also on what it must avoid. Safety objectives may be specified deterministically or probabilistically. 
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From the top-level safety principles, requirements, guidelines, and objectives, the designer defines 
and documents all the individual top-level claims to be justified. 

Task (b) – Decide on design options and decoupling criteria. Build a high-level argument for each 
claim 

Whereas the previous task considered the system as a black box, task (b) starts opening the box 
and makes decisions regarding the high-level technical provisions and solutions to be applied. From 
these, and for each top-level claim identified, the task builds an argument that explains, step-by-step 
and in a structured manner, how, why and under which conditions the chosen provisions and 
solutions ensure the satisfaction of the claim. This argument represents the justification strategy for 
the claim: in particular, it embodies the chosen decoupling criteria. The conditions identified will need 
to be satisfied by the detailed design and sizing provisions and will be the basis for the specification 
of the technical and operational requirements. The argument also specifies the nature of the 
evidence to be provided.  

This strategy can be discussed among stakeholders early in an engineering project, so that any 
weaknesses in the arguments or in the provisions and solutions themselves could be resolved when 
adjustments can still be made without incurring unnecessary costs, delays and complexity.  

Task (c) – Compliance with principles, requirements and guidelines 

In task (c) the compliance of the chosen safety options and decoupling criteria could be evaluated 
by the QSR (Qualitative Safety Features Review, see also chapter 3.1) tool from ISAM, albeit the 
method needs validation. QSR is based on recommendations of RSWG and other references like 
IAEA standards, INSAG and INPRO guidelines and can be integrated to take account of specific 
SMR requirements. In addition, a first review of QSR /EHST 19/ suggests to separate the 
requirements related to the overall safety architecture of the plant from the DID levels (Level 1). QSR 
can be tailored to the level of maturity of the design based on the Class of requirements to assess.  

If the compliance is not achieved, task (b) might be repeated to identify the adequate safety options 
and decoupling criteria. 

Task (d) – Identify the challenges to the safety functions and their mechanisms 

After checking the compliance of the safety options and decoupling criteria with the proposed safety 
principles, challenges to the (fundamental) safety functions and their mechanisms are determined in 
task (d). 

The MLD (Master Logic Diagram) method could be used to identify all corresponding mechanisms 
used. Alternatively, MLD is accomplishing the same functional and analytical objectives as a Failure 
Mode and Effect Analyses (FMEA), Hazard and Operability Study (HAZOP) or any other 
methodology used for this purpose. Due to this top down approach, all plausible mechanisms as well 
as PIEs are dealt with exhaustively. Further insights given by operational experiences in similar 
facilities, safety cases and good practices for other designs should be taken into account to avoid 
any missing mechanism or PIE. Further insights given by operational experiences in similar facilities, 
safety cases and good practices for other designs should be taken into account to avoid any missing 
mechanism or PIE.  

Task (e) – Identify the system provisions 

The mechanisms identified in task (d) have to be coped by specific provisions which are identified in 
task (e) on the basis of the acceptance criteria for the safety functions. Task  (e) is performed by the 
OPT (Objective Provision Tree) methodology with insights derived by the use of PIRT (Phenomena 
Identification and Ranking Table). The latter one is used to identify the spectrum of safety-relevant 



  

35 
 

phenomena affecting the design and to rank them according to their importance. OPT and PIRT are 
methodologies introduced by the ISAM method and are described in more detail in chapter 3.1 and 
the respective references given in this paragraph.  

To cross-check the independence of the different provisions within the DiD levels for specific events 
(which is a crucial part of safety demonstration), the FRAMATOME approach, tentatively called GID 
(Graphical Independence of DiD assessment) could also be used in task (e). This tree-like top-down 
method starts with the fundamental safety functions branching into several sub-functions (as 
illustrated in Figure 8.2). The number of necessary sub-functions is design dependent but needs to 
be exhaustive to describe the safety challenges and corresponding mitigation means. The example 
given in Figure 8.2 shows the safety function “control of reactivity” branching into “ensure core 
reactivity” and “prevent uncontrolled insertion of reactivity”. The first branches just into “shutdown 
the core” and no other branches are needed. Finally, the different measures and systems provided 
by the SMR design can be allocated to the final sub-function. This procedure needs to be done for 
all other sub-functions. The scheme is not accident specific so some function might not be relevant 
in all levels of DiD (e.g. the integrity of the first barrier is not required for DEC-B). Furthermore, since 
the functions are not the same for all plant modes, the work needs to be performed for the modes 
“power operation”, “cold shutdown” and “RCS open”. When finishing the tree, it can easily be 
determined whether all sub-functions are provided with as far as necessary (to assure DID 
compliance) independent measures and systems that are allocated to the different lines of protection 
in the DiD. The determination, whether the independence is achieved for the specific design with all 
provisions and measures can only be done in task (g) using a PSA. 

Task (f) – Design of system provisions. Provide piece of evidence 

This task determines the detailed provisions and solutions for the system. Based on these, it 
completes the argument provided by task (b) for each top-level claim, and then provides the different 
pieces of evidence that support the argument. For an effective defence-in-depth implementation, the 
Task (f) would also focus on the assessment of the sufficiency of the number of systems and their 
independence together with their robustness in terms of reliability and performances. 

Task (g) - Check conformity of the safety architecture 

The described process and the results of the application of the individual tools will allow both to 
evaluate if the safety architecture as designed is able to meet acceptable limits for accident 
conditions and to check that a robust implementation of defence-in-depth is in place (exhaustive, 
progressive, tolerant, forgiving, balanced).  

Table 8.1 shows the link between the DID attributes above and the methodology tools whose results 
allow to check conformity of the safety architecture. 

Table 8.1 Correlation between methodology tools and DID attributes 

 PIRT OPT GID DPA PSA 
Exhaustive • •    
Progressive  • • • • 
Tolerant    • • 
Forgiving    • • 
Balanced     • 

Task (h) – Check if new design options necessary 

Whether any of these attributes are not adequately verified the designer will have to review the safety 
architecture and, if needed, define new alternative design options able to satisfy the safety 
requirements. 
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8.3 Methodology Applicability 

The flexibility in the use of the proposed tools allows to address all phases of the design process 
from the pre-conceptual, conceptual and final design.  

When the methodology is introduced at an early stage of design, it is expected that there will be a 
number of iterations involving changes to plant design, provisions upgrades and revisiting of the 
tasks in the proposed approach involving PIEs selection and evaluation, and SSC safety 
classification. 

In the pre-conceptual design phase, the first tasks can address the design options against the safety 
requirements while the DPA and PSA tools can be applied at a more mature design stage. 

Similarly, the methodology must address all controlled plant states including power operation, cold 
shutdown and RCS open. 



  

37 
 

 

 

Figure 8.1 Scheme of proposed ELSMOR general methodology 
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Figure 8.2 Scheme of proposed GID methodology integrated to step (e) in the general methodology 
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9. High-level guidelines on DiD implementation to develop LW-SMR 
safety architecture 

The general methodology presented in Chapter 8 sets up the safety assessment framework of the 
implementation of defence-in-depth for LW-SMR. The methodology guides the designer step-by-
step from the verification of the compliance of the system with the principles, the requirements, and 
the guidelines to the verification of the conformity of the safety architecture of the system with the 
quantitative safety objectives. As essential complement to the general methodology, this chapter 
presents the high-level guidelines on how to implement DID addressing topics on which some SMR 
specificities are anticipated to need special attention, namely: 

a) Independence between DID levels; 

b) Use of inherent/passive systems; 

c) Design Extension Conditions without significant fuel degradation (DEC-A); 

d) Design Extension Conditions with core melt (DEC-B); 

e) Practical elimination. 

9.1 Independence between DiD levels 

Both IAEA /IAEA 16b/ and WENRA /WENRA 09/ identify the independence of DID levels as an 
essential aspect in the correct and adequate implementation of defence-in-depth in the design since 
it contribute to assure that the failure of a given level does not propagate to the next one. 

Independence3 of safety provisions associated to distinct levels of defence-in-depth should be 
achieved by means of: 

 diversification, 

 physical or geographical separation (distance, structural separation), 

 limitation of: 

o shared components including for the systems ensuring a support function (power supply, 
HVAC) 

o common information or information depending on a same source, 

o interactions by means of coupling, synchronization, communication procedures, 

in order to avoid common cause failures and propagation of failures between the systems. 

 functional independence, i.e.: 

o non-interference of safety and process functions 

                                                           
3 independence means that a same cause should not render fully unavailable several lines of defence. 
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o non-interlocking of automatic safety actuations 

o non-interference by service functions 

However it is recognized that a total independence of defence-in-depth levels cannot be fully 
achieved. The impact of internal and external hazards on systems, the inevitable use of common 
systems, physical and layout constraints create unavoidable dependencies that the designer should 
assess and reduce as far as practicable. Independence should eventually be assessed sequence 
by sequence. 

Safety provisions adopted to mitigate the consequences of accidents with core melt (DEC-B) should 
be as far as practicable independent from the safety systems of previous levels of defence-in-depth 
(whose failure leads to core melt sequences). 

Similarly, safety provisions designed to mitigate multiple failures (DEC-A) without significant fuel 
damage should be independent from those systems postulated to have failed. 

However, the same system can be designed to intervene at different levels of defence-in-depth as 
long as the considered sequences are different (functional independence). 

9.2 Use of inherent/passive systems 

IAEA defines a passive component as a component, whose functioning does not depend on an 
external input such as actuation, mechanical movement or supply of power. IAEA also defines a 
passive system into four categories (A to D) /IAEA 91/. 

Single Failure Criterion 

In principle the single failure criterion should also be applied to passive systems and any exception 
should be justified (e.g. static equipment like civil work).  

Failure modes should not be limited to failure of actuators, but sensitivity to geometry alteration or 
bounding physical conditions should also be considered. 

When the single failure criterion is applicable, to ensure that it is met, even passive systems 
performing safety functions should be redundant by means of two or more independent systems or 
trains provided by design to achieve the same safety function. 

Independence between different defence-in-depth levels 

Using the same physical phenomenon to operate a given passive system at different DiD levels 
would be an exception to the independence principle and should be avoided. Otherwise it should 
requires a very high degree of confidence in the phenomenon's ability to ensure correct execution 
of the corresponding safety function under all conditions. Such confidence should consider all 
sources of failures and, in particular, functional failure. 

Testability and inspectability 

Difficulties in testing passive features during plant life time should also be considered. Inspection 
and test plan should be included in the manufacturing process in case, inspection and test is 
impossible at site due to integrated design. Yet it should remain possible to inspect or test 
components bearing a high reliability claim in order to prove that this reliability is not affected during 
the plant lifetime. 
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9.3 Design Extension Conditions without significant fuel degradation 

(DEC-A) 

DEC-A accidents are postulated accident conditions without significant fuel degradation that are not 
considered for design basis accidents, but that are considered in the design process of the facility in 
accordance with best estimate methodology. They include essentially a comprehensive list of any 
credible complex sequences (multiple failures) that assume the complete failure, by a common 
cause, of a safety system credited in DBC analysis and for which it must be demonstrated that fuel 
damage can be reliably prevented /COUN 14/ Council Directive 2014/87/Euratom of 8 July 2014 
amending Directive 2009/71/Euratom establishing a Community framework for the nuclear safety of nuclear 
installations. 

/COUR 19/. 

The two main types of complex sequences considered in the design are: 

 frequent DBC combined with a common cause failure (CCF) affecting a safety system 
(including its supporting systems); 

 a common cause failure affecting a safety system used in normal operation (e.g. support 
systems like component cooling system). 

If these accident sequences cannot be mitigated by available safety systems that have not been 
affected by the events under consideration then a diversified specific safety provision designed for 
such conditions has to be implemented to re-establish the affected safety function.  

The diversity analysis consists in listing all the provisions credited in frequent DBC (including those 
used in normal operation, if any) and either postulating a complete failure of the provision by common 
cause or justifying that such common cause failure is not credible (for instance because of intrinsic 
diversity). 

Then it is analysed whether a diverse mean should be implemented for this provision; there are 
several possible cases: 

 in the frame of DEC-A analysis rules and criteria, the resulting complex sequence remains 
acceptable regarding the fuel damage prevention objective without any additional mean; 

 relevant operator actions based on existing DBC provisions not affected by the common 
cause failure are able to compensate for the failure provided that they are sufficiently 
diversified from the provision that was postulated to fail, then no additional DEC-A provision 
is required as sufficient diversity is already included in the design; 

 a specific reliable DEC-A provision diversified from the safety system that was postulated to 
fail is required to meet the safety objective. 

In any case, it has to be proved by analysis or engineering judgement that DEC-A safety objectives 
can be reached in spite of the postulated set of failures.  

Eventually the list of DEC-A should be built by defining bounding sequences studied in detail to 
justify the efficiency of each identified diversified mean in the most challenging plausible complex 
sequence. At this stage, in order to keep at a reasonable level the amount of calculation, the number 
of DEC-A sequences considered for detailed calculation should be limited based on engineering 
judgement and forming groups of bounding sequences. 
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In DEC-A, safety analyses require less conservative assumptions or use of best estimate analyses 
than for design basis accidents. Although safety provisions for DEC-A should be safety classified, 
the single failure criterion is not required, and lower safety class and application of less stringent 
reliability requirements is acceptable.  

In addition, it is assumed that all other functions in DBC that are not affected by the postulated fault 
sequence remain available. The analysis is then performed based on both these DBC provisions 
and, if necessary, additional DEC-A provisions that are not affected by the CCF thanks to adequate 
diversity. 

The aim of DEC-A line of defence is to demonstrate that the failure of a safety system in combination 
with whatever credible initiating event can still rely on sufficient DBC and DEC-A provision to prevent 
fuel degradation. 

9.4 Design Extension Conditions with core melt (DEC-B) 

A deterministic implementation of defence-in-depth requires to postulate core melt scenarios 
regardless of the efforts made to prevent it in the previous levels /COUN 14/ Council Directive 
2014/87/Euratom of 8 July 2014 amending Directive 2009/71/Euratom establishing a Community framework 
for the nuclear safety of nuclear installations. 

/COUR 19/,. Based on these scenarios adequate DEC-B safety provisions must be designed to 
mitigate the consequence of the accident and accomplish the associated safety objectives (only 
limited protective measures in area and time are needed for the public and sufficient time is available 
to implement these measures /WENRA 09/, /COUN 14/). 

The design of DEC-B safety provisions is based on the identification of the main physical challenges 
for the containment integrity expected to occur during a core melt sequence. A limited number of 
scenarios are defined in order to characterize each of these challenges and the specific DEC-B 
provisions are sized to cope with them. 

Like for DEC-A, in DEC-B safety analyses require less conservative assumptions or use of best 
estimate analyses than for design basis accidents. DEC-B safety provisions should remain safety 
classified, but the single failure criterion is not required, and lower safety class and application of 
less stringent reliability requirements is acceptable. 

In addition, considering the wide uncertainties in the physical phenomena and the various paths 
leading to a core melt, sensitivity studies should be performed to prove that variations around the 
design scenarios do not lead to cliff edge effects. 

To assure the independence of fourth DID level only specific safety provisions dedicated to DEC-B 
should be considered in the analysis. The safety provisions should be independent from the 
provisions the failure of which have led to core melting. This provides confidence of the capability to 
mitigate core melt independently of the accident sequence considered. 

The long term reliability of DEC-B components should also be considered, especially for those 
systems required to operate for a long period after the postulated accident. 
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9.5 Practical elimination 

The term ‘practical elimination’ refers to the prevention of those accident sequences causing core 
melt and for which the confinement of radioactive materials, generally fulfilled by the containment, 
cannot be reasonably achieved, therefore likely to lead to large or early radioactive releases 
/COUN 14/ Council Directive 2014/87/Euratom of 8 July 2014 amending Directive 2009/71/Euratom 
establishing a Community framework for the nuclear safety of nuclear installations. 

/COUR 19/. 

Thus, the ultimate goal of practical elimination analysis is to prevent that severe accident situations, 
where the confinement function fails, occur by demonstrating with a high confidence that they are 
extremely unlikely to arise. 

For LWR, the general types of severe accident conditions that could jeopardize the containment 
function include: 

a) Initiating event causing a rapid core damage and early containment failure; 

(e.g. RPV failure or fast reactivity insertion) 

For those event sequences, practical elimination should consist in preventing the initiating event 
itself by reinforcing DID1 

b) Severe accident sequences leading to early containment failure; 

(e.g. Energetic direct containment heating, steam explosion, hydrogen explosion) 

For those event sequences, practical elimination should consist in preventing the specific 
phenomena to occur during severe accident, within DID4 

c) Severe accident sequences leading to late containment failure; 

(e.g. basemat penetration, long term loss of containment heat removal) 

For those event sequences, practical elimination should consist in preventing the specific 
phenomena to occur during severe accident, within DID4 

d)  Severe accident sequences with containment by-pass or open containment; 

(e.g. core melt with interface LOCA or SGTR; spent fuel pool outside containment) 

For those event sequences, practical elimination should consist in preventing a significant fuel 
degradation by reinforcing DID1, 2 and 3. 

 

In practice, the designer should perform an assessment for each type of practical elimination to 
identify those sequences that are relevant to the specific reactor design. It is expected that only a 
limited number of accident conditions should be practically eliminated.  

The assessment process should address all possible operation states of the plant (start-up, power 
operation, shutdown, refuelling, maintenance, etc.), including modes with open containment 
wherever applicable. 
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For each sequence to be practically eliminated, the designer needs to evaluate if the design is 
adequate of if additional design provisions need to be implemented. The aim is to demonstrate, with 
a high level of confidence that the condition is: 

- physically impossible; 

- or extremely unlikely to arise. 

Due to the diverse nature of accident sequences to be practically eliminated, their demonstration will 
remain on a case-by-case basis. 

Uncertainty and sensitivity analyses should be part of the demonstration process to take account of 
the limited level of knowledge of some phenomena, especially under severe accident conditions. 

Practical elimination analysis should preferably rely on demonstration of physical impossibility for 
the accident sequence to occur, although the physical impossibility approach is often limited to very 
specific cases in practice.  

Otherwise, a demonstration of extremely low likelihood of occurrence with a high confidence level 
should be provided. Such demonstration cannot solely rely on probabilistic targets by which a cut-
off probability value can guarantee the extremely low likelihood of occurrence. It should rather be 
based on engineering judgement, deterministic approach with the support of probabilistic insights as 
well as uncertainty and sensitivity analyses to count for knowledge limitations. 

 

  



  

45 
 

10. Proposal of activities to be performed in WP5 

In WP5, the developed methodologies of WP2 have to be applied to the NUWARD SMR design. The 
methodology suggested in this report is very extensive due to its iterative approach and due to the 
implementation of PSA and DPA and can therefore not be applied as a whole to the NUWARD 
design. However, specific items of the methodology could be applied to the SMR design as an 
exercise within T5.1. 

10.1 Harmonics 

The HARMONICS approach could be applied to identify the top-level designer claims with regards 
to the regulatory safety requirements that need to be justified regarding the plant systems or 
components targeted by WP5, and to develop and document the corresponding arguments. These 
arguments would address and justify the combined use of techniques such as: 

- analytical justification; 

- test-based justification, possibly including digital model-based testing, in-lab testing of 
physical models, factory testing, on-site commissioning testing and periodic testing; 

- experience-based justification. 

It would also specify the nature and the features of the pieces of evidence supporting each of the 
argument elements. 

10.2 GID 

As a further application of the proposed general methodology in T5.1b, Graphical Independence of 
DiD assessment (GID) could be applied to the NUWARD design. Since performing the whole GID 
might be too comprehensive for this task, it is suggested to reduce the effort by only taking the 
fundamental safety function “heat removal” as shown in Figure 8.2 into account. In T2.5, dealing with 
decay heat removal safety demonstration methodologies, some sub-functions are intended to be 
proposed. While this is done for all investigated SMR designs of T1.2, the list of sub-functions should 
be reviewed and reduced to be NUWARD specific. The level of detail of the GID depends on the 
information about the NUWARD design given by the French SMR consortium. 
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11. Summary 

Within the work package 2 of the ELSMOR project, Task 2.2 had the two-fold objectives to review 
the available methodologies addressing innovative designs and, based on this review, to propose a 
general methodology where to structure the different and more detailed safety methodologies 
expected to be developed in the respective tasks. 

The study of the methodologies identified for review has confirmed the role of defence-in-depth as 
the cornerstone of nuclear safety and the requirement for its effective implementation throughout a 
robust safety demonstration and improved design such that safety is “built-in” to the fundamental 
design rather than “added on” to the system architecture. This calls for a defence-in-depth that from 
the pre-conceptual to final design stage aims at being exhaustive, progressive, tolerant, forgiving, 
and balanced. In addition, the methodology should also be systematic in its features and auditable 
in its phases for a robust safety demonstration. 

Based on these prerequisites, the general ELSMOR methodology was proposed as mainly derived 
from the insights provided by the SARGEN_IV project that, in turn, is based on the GIF ISAM and 
IAEA INPRO methodologies. These insights are complemented with the HARMONICS method to 
develop high-level safety goals into more concrete requirements in a systematic and hierarchical 
manner. The methodology and the proposed tools are conceived to address all the phases of the 
safety assessment from the identification of the safety requirements to the choice of the provisions 
designed to fulfil such requirements. General by nature, the methodology is anticipated to be 
complemented/validated by the methodologies developed in other WP2 tasks. 

A preliminary list of high-level safety guidelines aiming at supporting the designer to develop LW-
SMR safety architecture according to the principle of a robust DiD implementation has also been 
prepared. A consolidated version of these safety guidelines is expected to be finalised following the 
inputs from the other WP2 Tasks. 
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Appendix A - Glossary 

Mechanisms 

Specific reasons, processes or situations whose consequences might create challenges to the 
performance of safety functions. Versus the safety functions, the mechanism(s) materialize the 
challenge. They correspond to the postulated initiating events for DBC conditions and systems 
failures for DEC conditions. 

Safety Objectives 

The designer defines the “safety objectives” that shall be reached by the final design of the 
installation 

Safety Principles 

The setting of objectives for the design is accompanied by the choice by the designer, of principles 
that underlines the design process. Ten fundamental and mandatory safety principles are defined 
within IAEA safety standards. Other complementary principles can be selected by the designer to 
provide the needed inputs to define the safety options, e.g.: 

1) Performing the safety functions incorporating into the design an appropriate combination of 

inherent safety features, safety systems and engineered safety features active and passive 

2) Defense in depth for accident prevention, control and mitigation 

3) Risk-Informed Design, Simulation and Prototyping 

4) Etc. 

Safety Requirements 

Safety requirements define the elements necessary to ensure the accomplishment of the safety 
principles in the design; they are applicable to the safety functions and to the associated 
provisions: structures, systems and components, as well as to procedures important to the safety 
of the installation. Safety requirements address design and operation of the installation and are 
needed to define safety options. 

Safety Options 

The (design) safety options are the set of design solutions that allow to fulfil a specific safety 
function. Several criteria can lead to the selection of a specific solution: ease of operation or 
maintenance, availability or absence of a significant feedback experience, economy. 
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Appendix B – QSR checklist - Example 

 
  

REQUIREMENT F N U COMMENTS

1st level :  PREVENTION : Prevention of abnormal operation and failures 
1.1.    Compliance with the defence in depth: Work out and set up a robust design for the
plant (process and safety architecture) which comply with the principle of defence in depth
through the combination of a number of consecutive and independent levels of protection that
would have to fail before harmful effects could be caused to people or to the environment. If
one level of protection or barrier were to fail, the subsequent level or barrier would be available.
The independent effectiveness of the different levels of defence is a necessary element of
defence in depth.

·        Basic Plant’s Process

1.1.1.    Work out and set up a robust design for the plant’s process (i.e. the reactor core, 
primary & secondary circuit and BOP), that will allow simple as feasible procedures for the 
reactor operations (control system[1]), calibration, monitoring, inspection, testing and 
maintenance (repair or replacement) during normal operating conditions (i.e. minimize 
process’ complexity[2] and avoid inherent instability; systematic consideration of human factors 
and the human–machine interface during operation and shut down). 

1.1.1.1.     Robustness of a reactor design is achieved ensuring a high quality of design, 
manufacture, construction, and operation (and decommissioning), including adequate human 
performance. Robustness is also improved through margins of operation; reliability of control 
systems (1 st  level of the DiD); ageing management; impact from incorrect human intervention; 
sufficient technical documentation; appropriate training programmes; organization of plant; use of 
worldwide operating experience. 

1.1.1.2.     Elaborate and set up a simple[3] neutronic design (fuel, core & internals) for the 
plant’s process

1.1.1.2.1.      Simplify the neutronic design for the normal operating conditions (e.g. power 
distribution profile)

1.1.1.2.1.1.      Minimize the heterogeneous nature of the core: enrichments, geometries, 
materials, etc.

1.1.1.2.2.      Simplify the neutronic of the process for the control of the reactivity in normal 
operation (e.g. inherent stability)

1.1.1.2.2.1.      Minimize the sensitivity to geometrical changes
1.1.1.2.2.2.      Minimize the sensitivity to the coolant physical – chemical characteristics 
1.1.1.2.2.3.      Counter-reactions coefficients optimized with respect to the plausible changes 
of the parameters which control them (Doppler – fuel temperature; sodium void coefficient – 
sodium temperature; geometrical modifications of the structures – Fuel – structures – coolant 
ratio; etc.)

1.1.1.2.3.      Implement & optimize the safety margins around the operational conditions

1.1.1.2.3.1.      Minimize the reactivity swing over the cycle
1.1.1.2.3.2.      Large as feasible margins for the absorber rods’ worth versus the needs for 
the reactivity control.

1.1.1.2.4.      Increase the range covered by systems for the control of the reactivity in 
normal operation (e.g. sub criticality margin at shut down)

1.1.1.2.4.1.      Maximize subcriticality margins at shut-down to cover all plausible abnormal 
situations during shutdown of the reactor (e.g. loading error, internal and external 
aggressions)

1.1.1.2.5.      Separate the function for the control of the reactivity in normal operation from 
that in abnormal conditions (i.e. independence of DiD levels)

1.1.1.2.5.1.      In accordance with the principles of DiD, the control system should provide 
automatic power reduction in Anticipated Operational Occurrences to avoid the emergency 
shut-down

1.1.1.3.     Elaborate and set up a simple plant’s (fuel, core & internals) thermo-hydraulic design 
for the plant’s process

1.1.1.3.1.      Simplify the thermo-hydraulic for the normal operating conditions : Heat 
removal (HR) in nominal operating conditions and during nominal operational transients 
(i.e. the heat removal path from the core until the BOP and the cold source)

1.1.1.3.1.1.      Simplify the thermo-hydraulic of the primary circuit
1.1.1.3.1.2.      Simplify the thermo-hydraulic of the secondary circuit
1.1.1.3.1.3.      Simplify the thermo-hydraulic downstream the secondary circuit
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Appendix C – Risk-informed performance-based methodology (USA – 
HTGR application) 

Remark: This appendix presents a summary of the document /NEI 19/ describing the Risk-informed 
performance-based (RIPB) methodology. The statements reported here are those of the document 
and do not necessarily constitute an endorsement by the authors. 

C.1 Basis of methodology 

Frequency–Consequence Evaluation Criteria 

As part of the process of risk-informing regulatory compliance, top-level regulatory criteria (TLRC) 
were identified from NRC regulations and guidance that establish dose limits on consequences from 
licensing basis events (LBEs) to assure public safety. The TLRC are based on the following 
objectives: 

1. Provide direct public health and safety acceptability limits in terms of individual radiological 
consequences; 

2. Be independent of reactor type and site; 
3. Provide well-defined, quantifiable risk criteria. 

The primary sources that have been identified as containing criteria that establish limits on the risk 
or consequences of potential radiological releases from nuclear power plants in the U.S. are: the 
Reactor Safety Goal Policy Statement, 10 CFR Part 20, “Standards for Protection against Radiation 
(Subpart D, Radiation Dose Limits for Individual Members of the Public)”, 10 CFR 50.34(a)(ii)(D), 
“Contents of Applications: Technical Information (Radiological Dose Consequences)”. 

Frequency consequence criteria from these guidelines are used to represent the TLRC for judging 
the acceptability of the frequency and consequence of each LBE. LBEs include anticipated events 
(AEs), design basis events (DBEs), and beyond design basis events (BDBEs) as well as the 
deterministically selected design basis accidents (DBAs). Analyses of AEs, DBEs, and BDBEs 
include the plant response of both safety-related and non-safety-related structures, systems, and 
components (SSCs). In contrast, analyses of DBAs include the plant response with only safety-
related SSCs performing.  
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Figure C.1Frequency-consequence (F-C) Target/NEI 19/ 

This frequency–consequence evaluation correlation, hereafter referred to as the frequency-
consequence (F-C) Target, is shown in Error! Reference source not found.depicts the frequency-
consequence curve developed for the modular HTGR on the NGNP project based on these 
guidelines, which assures protection of public safety according to US regulation. Note that the event 
sequence mean frequency is expressed in units of per plant year rather per reactor year to 
encompass events involving one or more reactor modules and other non-reactor radionuclide 
sources such as spent fuel. 

Licensing Basis Event selection 

Licensing Basis Events (LBEs) are a comprehensive set of event sequences used in development 
of the license application that form the basis for plant analysis and that represent the plant’s 
characteristic performance in all analysed frequency and consequence ranges. LBEs include 
Anticipated Operational Occurrences (AOOs), Design Basis Events (DBEs), and Beyond Design 
Basis Events (BDBEs) as well as the deterministically selected Design Basis Accidents (DBAs). 
Analyses of AOOs, DBEs, and BDBEs include the plant response of both safety-related and non-
safety-related SSCs. In contrast, analyses of DBAs include the plant response with only safety-
related SSCs performing. The LBE selection consists in a systematic, performance-based and risk-
informed methodology for selecting and classifying LBEs for innovative systems, consistent with 
current NRC policies and guidance on the application of deterministic design criteria and the use of 
PRA techniques. The methodology integrates the use of deterministic safety principles and PRA 
insights as critical inputs into the selection of LBEs. These events include specific scenarios for 
which mechanistic source terms are derived and assessed against offsite dose criteria. 

LBE selection is an integral part of the overall design process. The design attributes of the plant 
influence the type and sequence of events, but the identified LBEs can, in turn, affect the final design. 
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Once an initial set of LBEs is identified, the design can be refined to reduce the frequency and/or 
consequence of a given LBE. The following process is used for each phase of the detailed design 
development: 

1. A deterministic approach is used to select an initial event set providing a starting point for a 
given phase of the design process. For example, a set of initial events developed from 
conceptual design provides the starting point for preliminary design. 

2. The LBEs are updated as the design and analysis progress. The PRA is developed and 
revised as the design matures. This begins to risk-inform the LBE event sequences with 
insights gained from the design phase PRA. 

3. A review of the LBEs is performed at the end of each design phase to evaluate conservatisms 
in the selected events. 

The PRA will be used to evaluate the safety characteristics of the design and to provide a structured 
framework from which the initial set of LBEs will be risk-informed. In addition, engineering judgment 
and utilization of experience will continue to be used to ensure that LBE selection and classification 
is complete. The rationale for use of risk-assessment techniques is as follows: 

 Using a PRA to aid in the development of events that are included in the licensing basis supports 
the establishment of a comprehensive safety basis.  

 Optimizing the safety characteristics of design by using probabilistic methods for event selection, 
SSC safety classification, and integration of defence-in-depth strategies. 

 Using the PRA provides rational approach for identifying, understanding, and addressing 
uncertainties. 

The PRA will systematically enumerate event sequences and assess the frequency and 
consequence of each event sequence. Event initiators will include internal, common cause, and 
external events and all plant modes of operation, i.e., full power, partial power, shutdown, and 
refuelling. 

System Structure Component classification 

The risk-informed and performance-based licensing approach includes three categories of safety 
classification for System Structure Components (SSCs). The three categories are: 

Safety-Related SSCs: 

 This category is for SSCs relied on to perform the required safety functions to mitigate the public 
consequences of DBAs and DBEs to comply with the TLRC. 

 This category is also for SSCs relied on to perform required safety functions to prevent the 
frequency of BDBEs with consequences greater than the 10 CFR §50.34 dose limits from 
increasing in frequency into the DBE region. 

Non-Safety-Related with Special Treatment: 

 This category is for SSCs relied on to perform safety functions to mitigate the consequences of 
AOOs to comply with the TLRC. 

 This category is also for SSCs relied on to perform safety functions to prevent the frequency of 
DBEs with consequences greater than the 10 CFR Part 20 offsite dose limits from increasing in 
frequency into the AOO region. 

Non-Safety-Related with No Special Treatment: 

 This category is for risk-significant SSCs not included in either of the above two categories. 
The three categories of safety classes defined above are defined in the context of how the 
frequencies and doses of the LBEs are controlled by the capabilities and reliabilities of the SSCs in 
relation to the TLRC. SSCs may participate in one or more kinds of LBEs. 

Evaluation of defence-in-depth adequacy 
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The principles of defence-in-depth are applied in the design, construction, and operation of existing 
and advanced nuclear power plants. In the design and analysis process, the “historic” deterministic 
approach is integrated with a risk-informed performance-based evaluation methodology to ensure 
that selected design features provide the required level of safety and defence-in-depth. The result is 
a set of conservative design features combined with inherent reactor characteristics, passive design 
features, and active systems to (1) prevent transients and accidents, (2) ensure the performance of 
safety functions, (3) prevent the release of radioactive material, and (4) mitigate the consequences 
of accidents. The principles of multiple, independent, and concentric (or nested) barriers to 
radionuclide transport and release are assessed for each significant source of radioactive material 
to assure that defence-in-depth has been maintained. In addition, the principles of design margin, 
redundancy, and diversity are applied in the design of the SSCs that support the required safety 
functions and serve to support and maintain the integrity and effectiveness of these barriers. The 
defence-in-depth strategies ensure that TLRC are met, adequate safety margins are achieved, 
deterministic principles of defence-in-depth are applied, and uncertainties in the reliabilities and 
capabilities of the SSCs providing the required safety functions are adequately addressed over the 
life of the plant. 

The proposed risk-informed and performance-based framework for defence-in-depth recognizes the 
following major elements: 

 Plant Capability Defence-in-Depth reflects the decisions made by the designer in the selection 
of functions and SSCs for the design that assure defense-in-depth in the physical plant. 

 Programmatic Defence-in-Depth reflects the decisions made regarding the processes of 
manufacturing, constructing, operating, maintaining, testing, and inspecting the plant and the 
processes undertaken that ensure plant safety throughout the lifetime of the plant. 

 Risk-Informed Evaluation of defence-in-depth reflects the development and evaluation of 
strategies that manage the risks of accidents, including the strategies of accident prevention 
and mitigation. This aspect of defense-in-depth also provides the framework for performing 
deterministic and probabilistic safety evaluations that help determine how well various Plant 
Capability Defense-in-Depth and Programmatic Defence-in-Depth strategies have been 
implemented. The goal of this evaluation is to demonstrate the adequacy and sufficiency of all 
physical and programmatic measures to assure that defense-in-depth is maintained in the 
design. 

C.2 Applicability of RIPB NEI to ELSMOR assessment criteria 

C.2.1 Capacity to assess and manage SMR specific requirements 

The method has not in its scope the capacity to assess or manage specific design requirements. 
Criteria and requirements are rather intrinsically addressed in the process for selection of Licensing 
Basis Events (LBEs); safety classification of structures, systems, and components (SSCs) and 
determination of defence-in-depth (DID) adequacy. 

Remark: based on this methodology, it could be acceptable from a regulatory point of view that a 
single SMR module could cause the same kind of radiological consequences as a large reactor with 
the same frequency. Public acceptance of this kind of criteria is highly questionable and it would 
obviously not be consistent with the reduction of EPZ. 
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C.2.2 Initiating events and hazards identification 

Since in general, the HLRC are associated with event sequences (i.e., dose at the fence), rather 
than on initiating events; the method focuses on the selection of Licensing Basis Events (LBEs). 

As first task (Task 1), it is selected an initial set of LBEs which may not be complete but are necessary 
to develop the basic elements of the safety design. These events are to be selected deterministically 
and may be supported by qualitative risk insights based on all relevant and available experience, 
including prior experience from the design and licensing of similar reactors. Successively the event 
sequences are grouped into event sequence families, each having a similar Initiating Event, plant 
response, end state, and mechanistic source term if there is a radiological release. Each of these 
families is assigned to an LBE category based on mean event sequence frequency of occurrence 
per plant-year summed over all the event sequences in the LBE family. The event sequence families 
from this task may confirm or revise the initial events identified in Task 1.  

Next for each DBE identified in Task 4, a deterministic DBA is defined that includes the Required 
Safety Functions (RSF) challenges represented in the DBE but assumes that the RSFs are 
performed exclusively by safety-related SSCs, that is, all non safety-related SSCs that perform these 
same functions are assumed to be unavailable. These DBAs are then used in the DBA analysis of 
the license application for supporting the conservative deterministic safety analysis. 

All these steps lead to the final list of LBEs. 

C.2.3 Defence in Depth implementation / Severe Accidents consideration 

The philosophy of DID is to provide multiple independent but complimentary means for protecting 
the public from potential harm from nuclear reactor operation. This evaluation approach provides for 
the establishment of DID in design, construction, maintenance, and operation of nuclear facilities, 
and then provides for an objective assessment of DID adequacy. This is accomplished by the reactor 
designer and operator with the objective of assuring that adequate DID has been achieved.  

The general objectives of this proposed approach are for the evaluation of DID adequacy to be: 

 Systematic and Reproducible. 
 Sufficiently Complete. 
 Available for Timely Input to Design Decisions. 
 Risk-Informed and Performance-Based. 
 Reactor Technology-Inclusive. 
 Compatible with Applicable Regulatory Requirements. 

Achievement of DID occurs when all stakeholders (designers, operators, regulators, etc.) implement 
clear and consistent decisions regarding DID adequacy as an integral part of the overall design and 
operation. 

As described in section 1.2, the three key elements of the approach for establishing and evaluating 
the adequacy of defence in depth include plant capability DID, programmatic DID, and RIPB 
evaluation of DID. These three key elements, described below, set the context to evaluate each LBE 
and to identify the DID attributes that have been incorporated into the design to prevent and mitigate 
event sequences and to ensure that they reflect adequate SSC reliability and capability. 
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C.2.4 Effect of inherent/passive systems in the safety case 

The evaluation of the effect of inherent/passive systems in the safety case is addressed together 
with any other system in the PRA established according to the identified licensing basis events 
(LBE). There is no specific method elaborated for the analysis of inherent/passive systems. However 
all sources of uncertainties should be clearly identified when assessing the reliability of passive 
systems, in particular their functional failure frequency should be quantified. 

C.2.5 Deterministic vs Probabilistic 

The approach summarized here proposes a method for assessing and confirming whether the safety 
design has met its purpose in a risk-informed way so that it combines both deterministic and 
probabilistic information into the decision-making process in a complementary manner. The method 
itself is by its risk-informed nature a systematic process that wants to integrate together probabilistic 
insights with deterministic aspects. 

C.2.6 Guidelines for graded approach in SMR 

The method is also performance-based, in the sense that, where justified, the safety approach, 
technical bases, and safety requirements should be based on performance to the extent practical, 
rather than being prescriptive. 

While a prescriptive approach specifies particular features, actions, or programmatic elements to be 
included in the design or process as the means for achieving desired objectives, the performance-
based approach evaluates effectiveness relative to realizing desired outcomes that are achieved by 
using quantifiable performance metrics for LBE frequencies and consequences and performance 
requirements for SSC capabilities to prevent and mitigate events. 

A specific task in the definition and evaluation of LBEs is used to support a RIPB evaluation of DID. 
This task involves the identification of risk-significant sources of uncertainty in both the frequency 
and consequence estimates, and evaluation against DID criteria. Outcomes of this task include 
possible changes to the design to enhance the plant capabilities for DID, formulation of conservative 
assumptions for the deterministic safety analysis, and input to defining and enhancing preventive 
elements of DID.  

It is noted that this DID evaluation does not change the selection of LBEs directly. This evaluation 
could lead to compensatory actions that change the design capability or preventive measures in the 
design, which in turn would lead to changes in the PRA and thereby affect the selection or evaluation 
of LBEs. 

C.2.7 Guidelines for Practical Elimination 

No specific reference is made with regard to the practical elimination of accident sequences leading 
to large or early releases. In general any sequence leading to unacceptable consequences are 
treated either adding systems to mitigate the consequences or reducing its probability of occurrence 
eventually moving the sequence itself into the residual risk. Compared to WENRA recommendations, 
there is no specific effort to identify those specific sequences that could lead to large release and 
implement specific features to prevent them. Therefore, this methodology does not meet the 
requirement to perform a dedicated analysis of practical elimination. 
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C.2.8 SSC classification 

The method has in its scope the SSC classification using a risk-informed performance-based 
approach. Using PRA analysis combined with deterministic assumptions classifies SSC under the 
three categories: Safety-Related SSCs, Non-Safety-Related with Special Treatment, Non-Safety-
Related with No Special Treatment. This does not fit with international recommendations (see IAEA 
guide SSG30). 

C.2.9 "Multi-unit configuration" aspects 

The method can address the potential for multiple reactor modules to be located at the same site 
with some systems shared between the modules. The PRA will account for the risk of multiple 
modules. The existence of multiple modules increases the site-wide likelihood of scenarios that affect 
a single module independently, and it creates the potential for scenarios that involve multiple 
modules as well as the potential for a mechanistic source term involving two or more reactors. These 
modular reactor considerations will affect the scope and level of detail of the PRA. 


