
 NEA/CSNI/R(2012)2 

561 
 

Problems Facing the Use of Passive Safety Systems 

 
Luciano Burgazzi 

ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic 
Development, Technical Unit for Reactor Safety and Fuel Cycle Methods 
Via Martiri di Monte Sole, 4, 40129 Bologna, Italy - luciano.burgazzi@enea.it 

 
Abstract  

• This study will analyze the current state of the art in the reliability of passive systems for extensive 
use in future nuclear power plants. This case study uncovers the insights on the technological issues 
associated with the reliability of the systems based on thermal – hydraulics, for which, methods are 
still in developing phase. 
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1. Introduction 

Within the framework of the development of advanced nuclear technologies, the reliability of passive 
systems has become an important subject and area under discussion, for their extensive use in future 
nuclear power plants, (NEA, 2002).  
Following the IAEA definitions, (IAEA, 1991), a passive component does not need any external input 
or energy to operate and it relies only upon natural physical laws (e.g. gravity, natural convection, 
conduction, etc.) and/or on inherent characteristics (properties of materials, internally stored energy, 
etc.) and/or ‘intelligent’ use of the energy that is inherently available in the system (e.g. decay heat, 
chemical reactions etc.).      
The term "passive" identifies a system which is composed entirely of passive components and 
structures or a system which uses active components in a very limited way to initiate subsequent 
passive operation.  
Inclusion of failure modes and reliability estimates of passive components for all systems is 
recommended in probabilistic safety assessment (PSA) studies. This has aroused the need for the 
development and demonstration of consistent methodologies and approaches for their reliability 
evaluation and eventually for their integration in the accident sequences, within the community of the 
nuclear safety research. Special emphasis has been placed on the reliability of the systems based on 
thermal-hydraulics (i.e. resting on natural circulation), for which there isn’t yet an agreed approach 
and for which different methods have been conceived and implemented, as illustrated by Burgazzi 
(2007a).  
However, the efforts conducted so far to deal with the passive safety systems reliability, have raised an 
amount of open issues to be addressed in a consistent way, in order to endorse the proposed 
approaches and to add credit to the underlying models and the eventual reliability figures, resulting 
from their application. In fact the applications of the proposed methodologies are to a large extent 
dependent upon the assumptions underlying the methods themselves.  
At the international level, for instance, IAEA recently coordinated a research project, denoted as 
“Natural Circulation Phenomena, Modelling and Reliability of Passive Systems” (2004-2008), (IAEA, 
2005; IAEA, 2009), while another coordinated research project on “Development of Methodologies for 
the Assessment of Passive Safety System Performance in Advanced Reactors” (2008-2012) is currently 
underway: while focus of the first project has been the natural circulation and related phenomena, the 
objective of the latter program is to determine a common analysis-and-test method for reliability 
assessment of passive safety system performance. 
This paper provides the insights resulting from the analysis on the technical issues associated with 
assessing the reliability of passive systems in the context of nuclear safety and probabilistic safety 
analysis, and a viable path towards the implementation of the research efforts in the related areas is 
delineated as well.  Focus on these issues is very important since it is the major goal of the 
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international research activities (e.g. IAEA) to strive to reach a common consensus about the different 
proposed approaches. The paper is organized as follows: at first the current available methodologies 
are illustrated and compared, the open issues coming out from their analysis are identified and for 
which one of them the state of the art and the outlook is presented; the relative importance of each of 
them within the evaluation process is presented as well.  
It must be underlined that this article is to be considered as an “update” on the current and 
emerging/necessary activities and issues associated with the reliability assessment of passive safety 
systems, to be implemented in the design of the innovative reactors. In the light of this, the objective is 
to provide a sort of “state of the art” related to the topic, attempting to define and consolidate the 
issues associated with current-day development of commercial nuclear power plants. 
 
2. Methodologies description and comparison 

A very good description of the various methodologies proposed so far and currently available in the 
open literature is provided by Zio and Pedroni (2009).  
The earliest significant effort to quantify the reliability of such systems is represented by a 
methodology known as REPAS (Reliability Evaluation of Passive Systems), (Jafari and D’Auria, 
2003), which has been developed in late 1990s, cooperatively by ENEA, the University of Pisa, the 
Polytechnic of Milan and the University of Rome, that was later incorporated in the EU (European 
Union) RMPS (Reliability Methods for Passive Systems) project. This methodology is based on the 
evaluation of a failure probability of a system to carry out the desired function from the epistemic 
uncertainties of those physical and geometric parameters which can cause a failure of the system.  
The RMPS methodology, described by Marques et al. (2005), was developed to address the following 
problems: 1) Identification and quantification of the sources of uncertainties and determination of the 
important variables, 2) Propagation of the uncertainties through thermal-hydraulic (T-H) models and 
assessment of passive system unreliability and 3) Introduction of passive system unreliability in 
accident sequence analyses. In this approach, the passive system is modeled by a qualified T-H code 
(e.g. CATHARE, RELAP) and the reliability evaluation is based on results of code runs, whose inputs 
are sampled by Monte-Carlo (M-C) simulation. This approach provides realistic assessment of the 
passive system reliability, thanks to the flexibility of the M-C simulation, which adapts to T-H model 
complexity without resort to simplifying approximation. In order to limit the number of T-H code runs 
required by M-C simulation, alternative methods have been proposed such as variance reduction 
techniques, first and second order reliability methods and response surface methods. The RMPS 
methodology has been successfully applied to passive systems utilizing natural circulation in different 
types of reactors (BWR, PWR, and VVER). A complete example of application concerning the 
passive residual heat removal system of a CAREM reactor is presented in Lorenzo et al. (2011). The 
RMPS methodology tackles also an important problem, which is the integration of passive system 
reliability in a PSA study. So far, in existing innovative nuclear reactor projects PSA’s, only passive 
system components failure probabilities are taken into account, disregarding the physical phenomena 
on which the system is based, such as the natural circulation. The first attempts performed within the 
framework of RMPS have taken into account the failures of the components of the passive system as 
well as the impairment of the physical process involved like basic events in static event tree as 
exposed by Marques (2005). Two other steps have been identified after the development of the RMPS 
methodology where an improvement was desirable: the inclusion of a formal expert judgment (EJ) 
protocol to estimate distributions for parameters whose values are either sparse on not available, and 
the use of efficient sensitivity analysis techniques to estimate the impact of changes in the input 
parameter distributions on the reliability estimates.  
R&D in the United States on the reliability of passive safety systems has not been as active at least 
until mid 2000. A few published papers from the Massachusetts Institute of Technology (MIT) have 
demonstrated their development of approaches to the issue. Their technique has examined T-H 
uncertainties in passive cooling systems for Generation IV-type gas-cooled reactors. The MIT research 
on the reliability of passive safety systems has taken a similar approach but has focused on a different 
set of reactor technologies. Their research has examined thermal hydraulic uncertainties in passive 
cooling systems for Generation IV gas-cooled reactors, as described by Apostolakis (2005, 2008). 
Instead of post-design probabilistic risk analysis for regulatory purposes, the MIT research seeks to 
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leverage the capabilities of probabilistic risk assessment (PRA) to improve the design of the reactor 
systems early in their development life cycle.  
In addition to the RMPS approach, a number of alternative methodologies have been investigated for 
the reliability assessment of T-H passive systems.  
Three different methodologies have been proposed by ENEA. In the first methodology (Burgazzi, 
2007b), the failure probability is evaluated as the probability of occurrence of different independent 
failure modes, a priori identified as leading to the violation of the boundary conditions or physical 
mechanisms needed for successful passive system operation. This approach based on independent 
failure modes introduces a high level of conservatism as it appears that the probability of failure of the 
system is relevantly high, because of the combination of various modes of failure as in a series system, 
where a single fault is sufficient to challenge the system performance. The correspondent value of 
probability of failure can be conservatively assumed as the upper bound for the unavailability of the 
system, within a sort of “parts-count” reliability estimation. In the second, (Burgazzi, 2002), modeling 
of the passive system is simplified by linking to the modeling of the unreliability of the hardware 
components of the system: this is achieved by identifying the hardware failures that degrade the 
natural mechanisms upon which the passive system relies and associating the unreliability of the 
components designed to assure the best conditions for passive function performance. Thus, the 
probabilities of degraded physical mechanisms are reduced to unreliability figures of the components 
whose failures challenge the successful passive system operation. If, on the one hand, this approach 
may in theory represent a viable way to address the matter, on the other hand, some critical issues arise 
with respect to the effectiveness and completeness of the performance assessment over the entire range 
of possible failure modes that the system may potentially undergo and their association to 
corresponding hardware failures. In this simplified methodology, degradation of the natural circulation 
process is always related to failures of active and passive components, not acknowledging, for 
instance, any possibility of failure just because of unfavorable initial or boundary conditions. In 
addition, the fault tree model adopted to represent the physical process decomposition is used as a 
surrogate model to replace the complex T-H code that models the system behavior. This 
decomposition is not appropriate to foresee interactions among physical phenomena and makes it 
extremely difficult to realistically assess the impact of parametric uncertainty on the performance of 
the system. The third approach is based on the concept of functional failure, within the reliability 
physics framework of load-capacity exceedance (Burgazzi, 2003, 2007c, Apostolakis 2005). The 
functional reliability concept is defined as the probability of the passive system failing to achieve its 
safety function as specified in terms of a given safety variable crossing a fixed safety threshold, 
leading the load imposed on the system to overcome its capacity. In this framework, probability 
distributions are assigned to both safety functional requirement on a safety physical parameter (for 
example, a minimum threshold value of water mass flow required to be circulating through the system 
for its successful performance) and system state (i.e., the actual value of water mass flow circulating), 
to reflect the uncertainties in both the safety thresholds for failure and the actual conditions of the 
system state. Thus the mission of the passive system defines which parameter values are considered a 
failure by comparing the corresponding pdfs according to defined safety criteria. The main drawback 
in the last method devised by ENEA lies in the selection and definition of the probability distributions 
that describe the characteristic parameters, based mainly on subjective/engineering judgment. 
Every one of three methods devised by ENEA shares with the main RMPS approach the issue related 
to the uncertainties affecting the system performance assessment process. With respect to the RMPS a 
greater simplicity is introduced, although detrimental to the relevance of the approaches themselves: 
this is particularly relevant as far as the approach based on hardware components failure is concerned. 
Finally a different approach is followed in the APSRA (Assessment of Passive System ReliAbility) 
methodology developed by BARC (Bhabha Atomic Research Centre, India), see Nayak et al. (2008). 
In this approach, a failure surface is generated by considering the deviation of all those critical 
parameters, which influence the system performance. Then, the causes of deviation of these 
parameters are found through root diagnosis. It is attributed that the deviation of such physical 
parameters occurs only due to a failure of mechanical components such as valves, control systems, etc. 
Then, the probability of failure of a system is evaluated from the failure probability of these 
mechanical components through classical PSA treatment. Moreover, to reduce the uncertainty in code 
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predictions, BARC foresee to use in-house experimental data from integral facilities as well as 
separate.      
With reference to the two most relevant methodologies (i.e. RMPS and APSRA), the RMPS consists 
mainly in the identification and quantification of parameter uncertainties in the form of probability 
distributions, to be propagated directly into a T-H code or indirectly in using a response surface; the 
APSRA methodology strives to assess not the uncertainty of parameters but the causes of deviation 
from nominal conditions, which can be in the failure of active or passive components or systems.  
As a result, different approaches are used in the RMPS and APSRA methodologies. RMPS proposes 
to take into account, in the PSA model, the failure of a physical process. This problem is treated in 
using a best estimate T-H code plus uncertainty approach. APSRA includes in the PSA model the 
failure of those components which cause a deviation of the key parameters resulting in a system 
failure, but does not take into account possible uncertainties on these key parameters. As the 
consequence, the T-H code is used in RMPS to propagate the uncertainties and in APSRA to build a 
failure surface. APSRA incorporates an important effort on qualification of the model and use of the 
available experimental data. These aspects have not been studied in the RMPS, given the context of 
the RMPS project. 
The following table attempts to identify the main characteristics of the methodologies proposed so far, 
with respect to some aspects, such as the development of deterministic and probabilistic approaches, 
the use of deterministic models to evaluate the system performance, the identification of the sources of 
uncertainties and the application of expert judgment.  
 
Methodology Probabilistic vs. 

deterministic 
Deterministic 

Analysis 
Uncertainties Expert Judgment/Experimental data 

REPAS/RMPS Merge of 
probabilistic and 
thermal hydraulic 

aspects 

T-H code adopted 
for uncertainty 

propagation 

Uncertainties in 
parameters modeled by 

probability density 
functions 

EJ adopted to a large extent; 
Statistical analysis when experimental data 

exist 
 

APSRA Merge of 
probabilistic and 
thermal hydraulic 

aspects 

T-H code adopted 
to build the 

failure surface 
 

parameters' 
deviations 

from  nominal 
conditions  caused by 

failure of active or passive 
components (root 

diagnosis) 

Experimental data usage; 
EJ for root diagnosis 

 

ENEA methods Only probabilistic 
aspects 

 Uncertainties 
in parameters 

EJ adopted to a large extent (except the 
approach based on hardware failure) 

 
Table 1. Main features of the various approaches 

 
3. Open issues 

From the exam of the various methodologies, which have been developed over these most recent years 
within the community of the safety research, and are currently available in the open literature, the 
following open questions are highlighted and consequently needs for research in all related areas are 
pointed out : 
 
• The aspects relative to the assessment of the uncertainties related to passive system performance: 

they regard both the best estimate T-H codes used for their evaluation and system reliability 
assessment itself;  

• The dependencies among the parameters, mostly T-H parameters, playing a key role in the whole 
process assessment. 

• The integration of the passive systems within an accident sequence in combination with active 
systems and human actions. 

• The consideration for the physical process and involved physical quantities dependence upon time, 
implying, for instance, the development of dynamic event tree to incorporate the interactions 
between the physical parameter evolution and the state of the system and/or the transition of the 
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system from one state to another. It’s worth noticing that these two last aspects are correlated, but 
hey will be treated separately. 

• The comparison between active and passive systems, mainly on a functional viewpoint.  

All of these points are elaborated in the following, in an attempt to cover the entire spectrum of issues 
related to the topic, and capture all the relevant aspects to concentrate on and devote resources towards 
for fulfilling a significant advance. 
 
4. Uncertainties 

The quantity of uncertainties affecting the operation of the T-H passive systems affects considerably 
the relative process devoted to reliability evaluation, within a probabilistic safety analysis framework, 
as recognized in Apostolakis et al.. (2005).  
These uncertainties stem mainly from the deviations of the natural forces or physical principles, upon 
which they rely (e.g., gravity and density difference), from the expected conditions due to the 
inception of T-H factors impairing the system performance or to changes of the initial and boundary 
conditions, so that the passive system may fail to meet the required function. Indeed a lot of 
uncertainties arise, when addressing these phenomena, most of them being almost unknown due 
mainly to the scarcity of operational and experimental data and, consequently, difficulties arise in 
performing meaningful reliability analysis and deriving credible reliability figures. This is usually 
designated as phenomenological uncertainty, which becomes particularly relevant when innovative or 
untested technologies are applied, eventually contributing significantly to the overall uncertainty 
related to the reliability assessment.  
Actually there are two facets to this uncertainty, i.e., “aleatory” and “epistemic” that, because of their 
natures, must be treated differently. The aleatory uncertainty is that addressed when the phenomena or 
events being modeled are characterized as occurring in a “random” or “stochastic” manner and 
probabilistic models are adopted to describe their occurrences. The epistemic uncertainty is that 
associated with the analyst’s confidence in the prediction of the PSA model itself, and it reflects the 
analyst’s assessment of how well the PSA model represents the actual system to be modeled. This has 
also been referred to as state-of-knowledge uncertainty, which is suitable to reduction as opposed to 
the aleatory which is, by its nature, irreducible. The uncertainties concerned with the reliability of 
passive system are both stochastic, because of the randomness of phenomena occurrence, and of 
epistemic nature, i.e. related to the state of knowledge about the phenomena, because of the lack of 
significant operational and experimental data. For instance, as initial step, the approach described by 
Burgazzi (2004) allows identifying the uncertainties pertaining to passive system operation in terms of 
critical parameters driving the modes of failure, as, for instance, the presence of non-condensable gas, 
thermal stratification and so on. In this context the critical parameters are recognized as epistemic 
uncertainties.  The same reference points out, as well, the difference between the uncertainties related 
to passive system reliability and the uncertainties related to the T-H codes (e.g. RELAP), utilized to 
evaluate the performance itself, as the ones related to the coefficients, correlations, nodalization, etc.: 
these specific uncertainties, of epistemic nature, in turn affect the overall uncertainty in T-H passive 
system performance and impinge on the final sought reliability figure. 
A further step of the matter can be found in Burgazzi (2007b), which attempts to assign sound 
distributions to the critical parameters, to further develop a probabilistic model. As is of common use 
when the availability of data is limited, subjective probability distributions are elicited from 
expert/engineering judgment procedure, to characterize the critical parameters.  
Three following classes of uncertainties to be addressed are identified:  
 
• Geometrical properties: this category of uncertainty is generally concerned with the variations 

between the as-built system layout and the design utilized in the analysis: this is very relevant for 
the piping layout (e.g. suction pipe inclination at the inlet of the heat exchanger, in the isolation 
condenser reference configuration) and heat loss modes of failure. 
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• Material properties: material properties are very important in estimating the failure modes 
concerning for instance the undetected leakages and the heat loss. 

• Design parameters, corresponding to the initial/boundary conditions (for instance, the actual 
values taken by design parameters, like the pressure in the reactor pressure vessel). 

• Phenomenological analysis: the natural circulation failure assessment is very sensitive to 
uncertainties in parameters and models used in the thermal hydraulic analysis of the system. Some 
of the sources of uncertainties include but are not limited to: the definition of failure of the system 
used in the analysis, the simplified model used in the analysis, the analysis method and the 
analysis focus on failure locations and modes and finally the selection of the parameters affecting 
the system performance.  

 
The first, second and third groups are part of the category of aleatory uncertainties because they 
represent the stochastic variability of the analysis inputs and they are not reducible. The fourth 
category is referred to the epistemic uncertainties, due to the lack of knowledge about the observed 
phenomenon and thus suitable for reduction by gathering a relevant amount of information and data. 
This class of uncertainties must be subjectively evaluated, since no complete investigation of these 
uncertainties is available.  
A clear prospect of the uncertainties as shown in Table 2 (Zio and Pedroni, 2009).  
          

Aleatory Epistemic 
Geometrical properties 

Material properties 
Initial/boundary conditions (design parameters) 

T-H analysis 
Model (correlations) 

Parameters 
System failure analysis 

Failure criteria 
Failure modes (critical parameters) 

 
Table 2. Categories of uncertainties associated with T-H passive systems reliability assessment (Zio and Pedroni, 2009) 

As highlighted above, clearly the epistemic uncertainties address mostly the phenomena underlying 
the passive operation and the parameters and models used in the T-H analysis of the system (including 
the ones related to the best estimate code) and the system failure analysis itself. Some of the sources of 
uncertainties include but are not limited to the definition of failure of the system used in the analysis, 
the simplified model used in the analysis, the analysis method and the analysis focus of failure 
locations and modes and finally the selection of the parameters affecting the system performance. 
With this respect, it is important to underline, again, that the lack of relevant reliability and operational 
data imposes the reliance on the underlying expert judgment for an adequate treatment of the 
uncertainties, thus making the results conditional upon the expert judgment elicitation process. This 
can range from the simple engineering/subjective assessment to a well structured procedure based on 
expert judgment elicitation, as reported in Ricotti et al. (2002), which outlines the main aspects of the 
REPAS procedure. 
In that (Ricotti et al., 2002), in order to simplify both the identification of the ranges and their 
corresponding probabilities, initially discrete values have been selected. As a general rule, a central 
pivot has been identified, and then the range has been extended to higher and lower values, if 
applicable. The pivot value represents the nominal condition for the parameter. The limits have been 
chosen in order to exclude unrealistic values or those values representing a limit zone for the operation 
demand of the passive system. Once the discrete ranges have been set up, discrete probability 
distributions have been associated, to represent the probabilities of occurrence of the values. As in the 
previous step, the general rule adopted is that the higher probability of occurrence corresponds to the 
nominal value for the parameter. Then lower probabilities have been assigned to the other values, as 
much low the probability as much wide the distance from the nominal value, as in a sort of Gaussian 
distribution. 
Ultimately, as underlined in the previous section, the methodologies proposed in RMPS and within the 
studies conducted by MIT address the question by propagating the parameter and model uncertainties, 
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by performing Monte Carlo simulations on the detailed T-H model based on a mechanistic code, and 
calculating the distribution of the safety variable and thus the probability of observing a value above 
the defined limit, according to the safety criterion. 
 
5. Dependencies 

Similar to some other types of analyses for nuclear power plants, the documented experience with PSS 
reliability seems to focus on the analysis of one passive attribute at a time. In many cases, this may be 
sufficient, but for some advanced designs with multiple passive features, modeling of the synergistic 
effects among them is important. For example, modeling of a passive core cooling system may require 
simultaneous modeling of the amount of non condensable gases which build up along the circuit 
during extended periods of operation, the potential for stratification in the cooling pool, and 
interactions between the passive core cooling system and the core. Analysis of each of these aspects 
independently may not fully capture the important boundary conditions of each system. For instance, 
with regard to the aforementioned methodologies, the basic simplifying assumption of independence 
among system performance relevant parameters, as the degradation measures, means that the 
correlation among the critical parameter distributions is zero or is very low to be judged significant, so 
that the assessment of the failure probability is quite straightforward. If parameters have contributors 
to their uncertainty in common, the respective states of knowledge are dependent. As a consequence of 
this dependence, parameter values cannot be combined freely and independently. Instances of such 
limitations need to be identified and the dependencies need to be quantified. If the analyst knows of 
dependencies between parameters explicitly, multivariate distributions or conditional subjective pdfs 
(probability density functions) may be used. The dependence between the parameters can be also 
introduced by covariance matrices or by functional relations between the parameters.     
As observed by Nayak (2008), both REPAS and RMPS approaches adopt a probability density 
function (pdf) to treat variations of the critical parameters considered in the predictions of codes. To 
apply the methodology, one needs to have the pdf values of these parameters. However, it is difficult 
to assign accurate pdf treatment of these parameters, which ultimately define the functional failure, 
due to the scarcity of available data, both on an experimental and operational ground. Moreover, these 
parameters are not really independent ones to have deviation of their own. Rather deviations of them 
from their nominal conditions occur due to failure/malfunctioning of other components or as a result 
of the combination with different concomitant mechanisms. Thus the hypothesis of independence 
among the failure driving parameters appears non proper.  
With reference to the functional reliability approach set forth in (Burgazzi, 2003), the selected 
representative parameters defining the system performance, for instance coolant flow or exchanged 
thermal power, are properly modeled through the construction of joint probability functions in order to 
assess the correspondent functional reliability. A recent study shows how the assumption of 
independence between the marginal distributions to construct the joint probability distributions to 
evaluate system reliability adds conservatism to the analysis (Burgazzi, 2008a): for this reason the 
model is implemented to incorporate the correlations between the parameters, in the form of bivariate 
normal probability distributions. That study has the merit to highlight the dependence among the 
parameters underlying the system performance: further studies are underway, with regard, for instance 
to the approach based on independent failure modes. As described in the previous section 2, this 
approach begins by identifying critical parameters, properly modeled through probability functions, as 
input to basic events, corresponding to the failure modes, arranged in a series system configuration, 
assuming non-mutually exclusive independent events. It introduces a high level of conservatism as it 
appears that the probability of failure of the system is relevantly high to be considered acceptable, 
because of the combination of various modes of failure, where a single fault is sufficient to challenge 
the system performance.  Initial evaluations (Burgazzi, 2009) reveal that the critical parameters are not 
suitable to be chosen independently of each other, mainly because of the expected synergism between 
the different phenomena under investigation, with the potential to jeopardize the system performance. 
This conclusion allows the implementation of the proposed methodology, by properly capturing the 
interaction between various failure modes, through modeling system performance under multiple 
degradation measures. It was verified that when the multiple degradation measures in a system are 
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correlated, an incorrect independence assumption may overestimate the system reliability, according 
to a recent study (Burgazzi, 2011). 
 
6. Integration of passive system within PSA 

PSA has been introduced for the evaluation of design and safety in the development of those reactors. 
A technology-neutral framework, that adopts PSA information as a major evaluation tool, has been 
proposed as the framework for the evaluation of safety or regulation for those reactors (USNRC, 2007; 
IAEA, 2007). To utilize this framework, the evaluation of the reliability of Passive Systems has been 
recognized as an essential part of PSA. 
In PSA, the status of individual systems such as a passive system is assessed by an accident sequence 
analysis to identify the integrated behavior of a nuclear system and to assign its integrated system 
status, i.e. the end states of accident sequences. Because of the features specific of a passive system, it 
is difficult to define the status of a passive system in the accident sequence analysis. In other words, 
the status of a passive system does not become a robust form such as success or failure, since 
“intermediate” modes of operation of the system or equivalently the degraded performance of the 
system (up to the failure point) is possible. This gives credit for a passive system that “partially works” 
and has failed for its intended function but provides some operation: this operation could be sufficient 
to prolong the window for opportunity to recover a failed system, for instance through redundancy 
configuration, and ultimately prevent or arrest core degradation (Burgazzi, 2009). This means that the 
status of a passive system can be divided into several states, and each status is affected by the 
integrated behavior of the reactor, because its individual performance is closely related with the 
accident evolution and whole plant behavior.  
Burgazzi (2008b) lays the foundations to outline a general approach for the integration of a passive 
system, in the form of a front line system and in combination with active ones and/or human actions, 
within a PSA framework.               
In Marques (2005) a consistent approach, based on an event tree representation, has been developed to 
incorporate in a PSA study the results of reliability analyses of passive systems obtained on specific 
accident sequences. In this approach, the accident sequences are analyzed by taking into account the 
success or the failure of the components and of the physical process involved in the passive systems. 
This methodology allows the probabilistic evaluation of the influence of a passive system on a definite 
accident scenario and could be used to test the advantage of replacing an active system by a passive 
system in specific situations. 
However in order to generalize the methodology, it is important to take into account the dynamic 
aspects differently than by their alone modeling into the T-H code. Indeed in complex situations where 
several safety systems are competing and where the human operation cannot be completely eliminated, 
this modeling should prove to be impossible or too expensive in computing times. It is thus interesting 
to explore other solutions already used in the dynamic PSA, like the method of the dynamic event 
trees, in order to capture the interaction between the process parameters and the system state within 
the dynamical evolution of the accident.  
In the PSA of nuclear power plants (NPPs), accident scenarios, which are dynamic in nature, are 
usually analyzed with event trees and fault trees. 
The current PSA framework has some limitations in handling the actual timing of events, whose 
variability may influence the successive evolution of the scenarios, and in modeling the interactions 
between the physical evolution of the process variables (temperatures, pressures, mass flows, etc.,) and 
the behavior of the hardware components. Thus, differences in the sequential order of the same 
success and failure events and the timing of event occurrence along an accident scenario may affect its 
evolution and outcome; also, the evolution of the process variables (temperatures, pressures, mass 
flows, etc.,) may affect the event occurrence probabilities and thus the developing scenario. Another 
limitation lies in the binary representations of system states (i.e., success or failure), disregarding the 
intermediate states, which conversely concern the passive system operation, as illustrated above. 
To overcome the above-mentioned limitations, dynamic methodologies have been investigated which 
attempt to capture the integrated response of the systems/components during an accident scenario 
(Mercurio et al. 2009). 
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The most evident difference between dynamic event trees (DETs) and the event trees (ETs) is as 
follows. ETs, which are typically used in the industrial PSA, are constructed by an analyst, and their 
branches are based on success/ failure criteria set by the analyst. These criteria are based on 
simulations of the plant dynamics. Instead, DETs are produced by a software that embeds the models 
to simulate the plant dynamics into stochastic models of components failure. A challenge arising from 
the dynamic approach to PSA is that the number of scenarios to be analyzed is much larger than that 
of the classical fault/event tree approaches, so that the a posteriori information retrieval can become 
quite burdensome and difficult. 
This is even more relevant as far as thermal hydraulic natural circulation passive systems are 
concerned since their operation is strongly dependent, more than other safety systems, upon time and 
the state/parameter evolution of the system during the accident progression. 
Merging probabilistic models with T-H models, i.e. dynamic reliability, is required to accomplish the 
evaluation process of T-H passive systems in a consistent manner: this is particularly relevant with 
regard to the introduction of a passive system in an accident sequence, since the required mission 
could be longer than 24 h as usual level 1 PSA mission time. In fact for design basis accidents, the 
passive systems are required to establish and maintain core cooling and containment integrity, with no 
operator intervention or requirement for a.c. power for 72 h, as a grace time (R. A. Matzie and A. 
Worrally, 2004). 
The goal of dynamic PRA is to account for the interaction of the process dynamics and the stochastic 
nature/behavior of the system at various stages: it associates the state/parameter evaluation capability 
of the thermal hydraulic analysis to the dynamic event tree generation capability approach. The 
methodology should estimate the physical variation of all technical parameters and the frequency of 
the accident sequences when the dynamic effects are considered. If the component failure probabilities 
(e.g. valve per-demand probability) are known, then these probabilities can be combined with the 
probability distributions of estimated parameters in order to predict the probabilistic evolution of each 
scenario outcome.  
A preliminary attempt in addressing the dynamic aspect of the system performance in the frame of 
passive system reliability is shown in (Burgazzi, 2008c), which introduces the T-H passive system as a 
non-stationary stochastic process, where the natural circulation is modeled in terms of time-variant 
performance parameters, (as for instance mass flow-rate and thermal power, to cite any) assumed as 
stochastic variables. In that work, the statistics associated with the stochastic variables change in time 
(in terms of associated mean values and standard deviations increase or decrease, for instance), so that 
the random variables have different values in every realization, and hence every realization is 
different. 
                                                
7. Comparative assessment between active and passive systems 

The design and development of future water-cooled reactors address the use of passive safety systems, 
i.e. those characterized by no or very limited reliance on external input (forces, power or signal, or 
human action) and whose operation takes advantage of natural forces, such as free convection and 
gravity, to fulfill the required safety function and to provide confidence in the plant’s ability to handle 
transients and accidents. Therefore, they are required to accomplish their mission with a sufficient 
reliability margin that makes them attractive as an important means of achieving both simplification 
and cost reduction for future plants while assuring safety requirements with lesser dependence of the 
safety function on active components like pumps and diesel generators. 
On the other hand, since the magnitude of the natural forces, which drive the operation of passive 
systems, is relatively small, counter-forces (e.g. friction) can be of comparable magnitude and cannot 
be ignored as is generally the case with pumped systems. This concern leads to the consideration that, 
despite  the fact that passive systems “should be” or, at least, are considered, more reliable than active 
ones - because of the smaller unavailability due to hardware failure and human error - there is always a 
nonzero likelihood of the occurrence of physical phenomena leading to pertinent failure modes, once 
the system enters into operation.  
These characteristics of a high level of uncertainty and low driving forces for heat removal purposes 
justify the comparative evaluation between passive and active options, with respect to the 
accomplishment of a defined safety function (e.g. decay heat removal) and the generally accepted 
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viewpoint that passive system design is more reliable and more economical than active system design 
has to be discussed (JiYong and Golay, 2008). 
Here are some of the cons and pros of the passive systems that should be evaluated vs. the 
correspondent active system. 
 
Advantages 
 
• No external power supply: no loss of power accident has  to be considered.  

• No human factor, implying no inclusion of the operator error in the analysis. 

• Better impact on public acceptance, due to the presence of “natural forces”. 

• Less complex system than active and therefore economic competitiveness. 

• Passive systems must be designed with consideration for ease of ISI, testing and maintenance so 
that the dose to the worker is much less. 

 
Drawbacks 
 
• Reliance on “low driving forces”, as a source of uncertainty, and therefore need for T-H 

uncertainties modeling. 

• Licensing requirement (open issue), since the reliability has to be incorporated within the licensing 
process of the reactor. For instance the PRA’s should be reviewed to determine the level of 
uncertainty included  in the models.  

• Need for operational tests, so that dependence upon human factor can not be neglected. 

• Reliability assessment in any case. Quantification of their functional reliability from normal power 
operation to transients including accidental conditions needs to be evaluated. Functional failure 
can happen if the boundary conditions deviate from the specified value on which the performance 
of the system depends. 

• Ageing of passive systems must be considered for longer plant life; for example corrosion and 
deposits on heat exchanger surfaces could impair their function. 

• Economics of advanced reactors with passive systems, although claimed to be cheaper, must be 
estimated especially for construction and decommissioning. 

 
The question whether it is favorable to adopt passive systems in the design of a new reactor to 
accomplish safety functions is still to be debated and a common consensus has not yet been reached, 
about the quantification of safety and cost benefits which make nuclear power more competitive, from 
potential annual maintenance cost reductions to safety system response.  

8. Criticality analysis 

Based on the analysis of the criticalities related to the open points discussed in the previous section a 
qualitative analysis, on the basis of the author’s opinion,  reported in Table 3 below aims at identifying 
for each of the above items both the criticality with respect to the passive system reliability assessment 
process, in terms of the relative importance and the existing advancement, according to table 4 which 
ranks the relative level of both the importance and progress. 
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Item Importance Advance 

Uncertainties H L 
Dependencies M L 

Integration within PSA M L 
Passive vs. Active H L 

 
Table 3. Importance analysis 

 

 

 
 Grade Definition 

Importance H The item is expected to have a significant impact on the system failure 

 M The item is expected to have a moderate impact on the system failure 

 L 
 

The item is expected to have only a small impact on the system failure 

Advance H The issue is modeled in a detailed way with adequate validation 

 M The issue is represented by simple modeling based on experimental 
observations or results. 

 L The issue is not represented in the analysis or the models are too complex 
or inappropriate which indicates that the calculation results will have a 

high degree of ambiguity 
 

Table 4. Grade rank for importance and advancement analysis  
 
It is clear that he worst case is characterized by “high “and “low” rankings relative respectively to the 
importance and the advancement aspects, thus making the correspondent item development a critical 
challenge. 
Based on this, the results of this qualitative analysis show the relevance relative to the uncertainties 
and the comparison between active and passive, as most critical points to be addressed in the 
application of the PRA to the evaluation of the passive system performance assessment. This allows 
the analyst to track a viable R&D program to deal with these issues and limitations and to steer the 
relative efforts towards their implementation.  
 
9. Conclusions 

Due to the specificities of passive systems that utilize natural circulation (small driving force, large 
uncertainties in their performance, lack of data…), there is a strong need for the development and 
demonstration of consistent methodologies and approaches for evaluating their reliability. This is a 
crucial issue to be resolved for their extensive use in future nuclear power plants. Recently, the 
development of procedures suitable for establishing the performance of a passive system has been 
proposed: the unavailability of reference data makes troublesome the qualification of the achieved 
results. These procedures can be applied for evaluating the acceptability of a passive system, 
specifically when nuclear reactor safety considerations are important for comparing two different 
systems having the same mission and, with additional investigation, for evaluating the performance of 
an active and passive system on a common basis. The study while identifying limitations of the 
achieved results or specific significant aspects that have been overlooked has suggested areas for 
further development or improvements of the procedures: 
 
• In order to get confidence in the achieved results, the reduction of the so identified level of 

uncertainty pertaining to the passive system behavior, and regarding in particular the 
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phenomenological uncertainty. In fact, it’s worth noting that these uncertainties are mainly related 
to the state of knowledge about the studied object/phenomenon, i.e., they fall within the class of 
epistemic uncertainties, thus suitable for reduction by gathering and analyzing a relevant quantity 
of information and data. 

• The determination of the dependencies among the relevant parameters adopted to analyze the 
system reliability. 

• The study of the dynamical aspects of the system performance, because the inherent dynamic 
behavior of the system to be characterized: this translates into the development of the dynamic 
event tree. 

• The comparison against the active system, also to evaluate the economical competitiveness, while 
assuring the same level of safety. 

 
Future research in nuclear safety addressing this specific topic relevant to advanced reactors should be 
steered towards all these points in order to foster and add credit to any proposed approach to address 
the issue and to facilitate the proposed methods endorsement by the scientific and technical 
community. 
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