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Abstract 

The use of best-estimate codes together with realistic input data generally requires that all potentially 
important epistemic uncertainties which may affect the code prediction are considered in order to get 
an adequate quantification of the epistemic uncertainty of the prediction as an expression of the 
existing imprecise knowledge. To facilitate the performance of the required epistemic uncertainty 
analyses, methods and corresponding software tools are available like, for instance, the GRS-tool 
SUSA (Software for Uncertainty and Sensitivity Analysis) /1/. 
However, for risk-informed decision-making, the restriction on epistemic uncertainties alone is not 
enough. Transients and accident scenarios are also affected by aleatory uncertainties which are due to 
the unpredictable nature of phenomena. It is essential that aleatory uncertainties are taken into account 
as well, not only in a simplified and supposedly conservative way but as realistic as possible. The 
additional consideration of aleatory uncertainties, for instance, on the behavior of the technical system, 
the performance of plant operators, or on the behavior of the physical process provides a quantification 
of probabilistically significant accident sequences. Only if a safety analysis is able to account for both 
epistemic and aleatory uncertainties in a realistic manner, it can provide a well-founded risk-informed 
answer for decision-making. 
At GRS, an advanced probabilistic dynamics method was developed to address this problem and to 
provide a more realistic modeling and assessment of transients and accident scenarios. This method 
allows for an integral simulation of complex dynamic processes particularly taking into account 
interactions between the plant dynamics as simulated by a best-estimate code, the dynamics of 
operator actions and the  influence of epistemic and aleatory uncertainties. 
In this paper, the GRS method MCDET (Monte Carlo Dynamic Event Tree) for probabilistic 
dynamics analysis is explained, and two application examples are briefly presented. The first 
application refers to a station black-out scenario. The other application is an analysis of the emergency 
operating procedure ‘Secondary Side Bleed and Feed’ which has to be applied after the loss of steam 
generator feed-water supply. 

1 Introduction  
 
The use of best estimate thermal-hydraulic and integral codes is generally recommended for 
calculating transients and accident scenarios in a deterministic safety analysis. Beside the option to 
apply best estimate codes with conservative input data, it is recently requested to use realistic input 
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data allowing for a more precise specification of safety margins. This generally requires that all 
potentially important state of knowledge (epistemic) uncertainties are considered in order to get an 
adequate quantification of the epistemic uncertainty of the code prediction. Methods and tools 
supporting the performance of an (epistemic) uncertainty- and sensitivity analysis have been 
developed and meanwhile are state of the art like, for instance, the GRS-tool SUSA (Software for 
Uncertainty and Sensitivity Analysis) /1/.  

However for a comprehensive safety analysis and risk-informed decision-making, it is essential that 
stochastic (aleatory) uncertainties are taken into account as well, not only in a simplified and 
supposedly conservative way but as realistic as possible. This requires a combination of deterministic 
and probabilistic models which is able to handle the interaction of plant behavior (physical process 
and system behavior), operator actions and aleatory uncertainties along the time axis. 

Neglecting the probabilistic modeling of aleatory quantities and using conservative assumptions 
instead allows only for a very limited view on the dynamics of accident scenarios and leads to a 
significant completeness uncertainty with respect to the simulation results. If aleatory uncertainties are 
considered in a simplified manner under predetermined conservative assumptions the deterministic 
calculation provides only one single  accident sequence (which might be rather unlikely to occur) out 
of the whole spectrum of potential  sequences which may arise from the influence of aleatory 
uncertainties.  

The extent to which deterministic and probabilistic models can provide insights to the plant behavior 
under accident conditions and contribute to improve decision making regarding plant safety depends 
on the level of detail of the applied models (model completeness), the way how the models interact 
and on whether assumptions are made as realistic as possible. To satisfy these requirements it is 
necessary to combine deterministic and probabilistic issues in a consistent manner. 

At GRS the probabilistic dynamics method MCDET (Monte Carlo Dynamic Event Tree) was 
developed to address this problem. MCDET is implemented as a module system which can in 
principal be coupled with any deterministic dynamics code (like RELAP, MELCOR, or ATHLET) 
simulating the plant behavior under accident conditions. The combination of the MCDET modules 
with a deterministic code permits an integral simulation of complex dynamic processes particularly 
taking into account interactions of the plant behavior with epistemic and aleatory uncertainties. 

In chapter 2 the probabilistic dynamics method MCDET is briefly explained to give an idea of its 
modeling capabilities and the working mechanism of its modules.  

The MCDET modules were supplemented by a so-called Crew-module which enables calculating the 
dynamics of crew actions depending and acting on the plant dynamics as modeled in a deterministic 
code and on the uncertainties as considered in the MCDET modules. The Crew-module is described in 
chapter 3.  

In chapters 4 and 5 two application examples of the MCDET- and Crew-modules are given to 
demonstrate what kind of results can be derived from the detailed analysis using the advanced 
methods. The first application refers to a station black-out scenario in a German PWR. The other 
application is an analysis of the emergency operating procedure ‘Secondary Side Bleed and Feed’.  
 

2 The MCDET-method 
 
The most straightforward numerical procedure to consider aleatory and epistemic uncertainties in 
transients and accident scenarios is the Monte Carlo (MC) simulation. It provides a random sample of 
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sequences out of the (infinitely large) population of possible sequences. Each sequence is generated 
from a combination of values (randomly) drawn for the quantities that are subjected to uncertainty.  

For quantifying the separate influence of aleatory and epistemic uncertainties, a nested two loop 
Monte Carlo simulation is applied, where for each sample elements for the epistemic uncertainties 
(outer loop) a Monte Carlo simulation is performed for the aleatory uncertainties (inner loop).  

In order to be able to adequately account for values which might occur with a very low probability, the 
sample of simulated sequences must be sufficiently large. Therefore the computational effort of the 
MC analysis might be immense. Furthermore, Monte Carlo simulation requires the calculation of a 
complete sequence starting from the beginning to the end of calculation time.  

One method which is able to reduce the computational effort is the Discrete Dynamic Event Tree 
(DDET) approach /3/. This approach organizes the computation of accident sequences according to the 
tree structure known from the conventional event tree analysis. A DDET evolves along the time axis 
according to the interaction of the dynamics as calculated by a deterministic code and the aleatory 
uncertainties which might influence the dynamics. An event which is subject to uncertainty can occur 
at any point in time along the time axis. All possible situations (system state changes) which might 
occur at a point in time - also those of very low probability - are calculated. They are combined with 
other situations which might occur in the further evolution of the dynamics. Result is a DDET where 
each new situation (branch of the tree) is calculated.  

Different from Monte Carlo simulation the DDET-method avoids repeated calculations of situations 
shared by different sequences. A sequence is calculated from the point in time where a new situation 
starts. The past history of the sequence is given by another sequence from which the current sequence 
branches off. 

One drawback of the DDET approach is that continuous variables like, for instance, the timing of 
events have to be discretized. A coarse discretization - providing a less accurate result - would 
generally be applied for accident scenarios with a large number of events that might occur at some 
(random) point along the time axis. A detailed time discretization would lead to a combinatorial 
explosion of the number of sequences because DDET methods generally consider all combinations of 
alternative dynamic situations which may arise at the discrete points in time. Of course, the 
introduction of a probabilistic cutoff criterion and of boundary conditions may help to limit the 
computational effort. 

Another drawback of DDET approaches is that the accuracy of their results, which are derived from a 
more or less detailed discretization, is difficult to quantify. Compared to that, MC simulation or an 
appropriate combination of MC simulation and DDET approach would permit the application of 
principles from mathematical statistics to estimate the relevant quantities and to determine the 
accuracy of these estimates. 

The MCDET (Monte Carlo Dynamic Event Tree)-method developed at GRS is a combination of 
Monte Carlo simulation and the Discrete Dynamic Event Tree approach. It is capable of accounting 
for any aleatory and epistemic uncertainty at any time during an accident scenario. Events 
characterized by a timing and system state change, each of which may be either deterministic or 
random and discrete, are generally treated by the DDET approach. MC simulation is generally used to 
handle events with a continuous random timing or system state change. MC simulation may also be 
used for events with many discrete alternatives for the timing and/or the system state change. 

If the events of an accident scenario have only discrete alternatives for the timing or system state 
change, MCDET generally keeps track of all possible combinations of the discrete alternatives and 
produces - in combination with an appropriate deterministic code - one DDET. If, in addition, 
continuous random timings or system state changes have to be considered, MCDET uses MC 
simulation to take the corresponding continuous probability distributions into account and produces - 
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in combination with the deterministic code - a random sample of DDETs. Each DDET is constructed 
on condition of a randomly selected set of values from the continuous probability distributions.  

MCDET can be identified as a special case from the class of so-called "variance reduction by 
conditioning" Monte Carlo simulation methods. Any scalar output quantity Y of a (deterministic) 
model h subject to aleatory uncertainties (stochastic events) can be represented as Y=h(A) with A 
being the set of all stochastic (aleatory) variables involved. A is then divided into two subsets Ad and 
Ac with Ad = subset of the specified discrete random variables treated by DDET approach and Ac

MCDET is implemented as a module system (set of routines) which can in principal be combined with 
any deterministic code.  Each MCDET-routine performs a specific task of the probabilistic dynamics 
calculations. These tasks are, for instance, the initialization of epistemic and aleatory quantities for 
DDET generation, the simulation of values for the continuous aleatory variables, the definition of 
initial conditions for new dynamic situations (new DDET branches) at corresponding points in time 
(the branching points of a DDET) and storing of the conditions or the selection of the dynamic 
situation (DDET branch) to be calculated next. 

 = 
subset of all specified continuous random variables treated by MC simulation.  

The result of a MCDET-analysis is a sample of DDETs. Fig.1 provides a schematical illustration of 
the sample of DDETs in the time-event space. Timing and order of events might differ from one 
DDET to another due to the different values from MC simulation. For each sequence of events, the 
corresponding probability and the temporal evolution of any process quantity (considered in the 
deterministic analysis) is calculated. Probabilities can be calculated at any point in time. Hence, for 
each DDET, the conditional probability distribution for any process quantity can be given not only at 
the specified time end of the analysis, as it is indicated in Fig.1, but at any point in time. The 
probability distributions of a DDET are conditional on the values obtained from MC simulation. 

The temporal evolution of a process quantity corresponding to each event sequence in the sample of 
DDETs is schematically illustrated in Fig.2. 

Since the distributions derived for a DDET are conditional on the values obtained from MC 
simulation, the final probabilistic assessments are derived from the mean probability distributions over 
all DDETs. Each mean distribution can be given together with confidence intervals indicating the 
sampling error with which the corresponding mean value derived from only a sample of DDETs 
(generated on condition of only a limited selection of values for the continuous aleatory variables) 
may estimate the true probability. Thus, MCDET allows the application of principles from 
mathematical statistics to estimate probability distributions and to determine the accuracy of these 
estimates. 

One important feature of the MCDET module system is, that it can in principal be combined with any 
deterministic dynamics code. A requirement for complex codes is the capability to generate restart 
files. MCDET offers a considerable scope for stochastic modelling. There is practically no limitation 
to model aleatory (and epistemic) uncertainty. 

The MCDET module system has to be linked to a program scheduling the MC simulation, the DDET 
construction and the corresponding calculations of an appropriate deterministic dynamics code. The 
combination of the MCDET modules with a deterministic code calculates the sequences of a DDET 
and automatically provides for each sequence:  

• the order of events, 
• the time histories of dynamic quantities, and  
• the probabilities at any point in time. 

 
Post-processing programs are available to evaluate the huge amount of output data of an MCDET-
analysis. 
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Fig. 1: Sample of DDETs in the time-event space. (S1- S3, HA and PC denote events subjected to 
aleatory uncertainty) 

 

 
 
 
Fig. 2: Sample of DDETs in the time-state space. Temporal evolution of process 

quantity P according to the event sequences in the sample of DDETs in Fig. 1 
 
 

NEA/CSNI/R(2013)8/PART2

241



 

3 The Crew-module 
 
An extra Crew-module was developed to allow for calculating the dynamics of operator actions 
depending and acting on the plant behavior as modeled in the dynamics code and on aleatory 
uncertainties as considered in the MCDET-modules. Aleatory uncertainties which may affect the crew 
dynamics are, for instance, the execution times and consequences (success, errors of omission and 
commission) of human actions or the behavior of the technical system and the physical process. Vice 
versa, operator actions, performance shaping factors, the mental state or cognitive behavior of the 
operators can influence the aleatory uncertainty on the outcome of further actions. For instance, human 
errors may occur with a higher probability as a consequence of component failures which may cause a 
rise of the stress level of operators.  

A crew as can be considered by the crew module may consist of a number of individuals performing 
tasks and communicating with each other. Each crew member can be responsible for a special task. 
There may be tasks which can be executed in parallel, and other tasks which can only be started, if 
some conditions are fulfilled, e.g. system and process conditions prescribed in the emergency 
procedure or the confirmation from another operator of a successfully accomplished task. Information 
on the process and system state is given by the respective control room equipment like, for instance, 
indicators or alarms. Indicators are read by the responsible operator and communicated to other crew 
members (supervisor, supervisor assistant). 

Human actions may change the system state and a system state change may immediately affect the 
physical process. On the other side, the reaction of the process as indicated by the corresponding 
equipment in the control room may affect the actions of the crew. Other factors which may influence 
human actions are so-called performance shaping factors like stress, knowledge or ergonomics and the 
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communication between crew members. For instance, the information from an operator, that he is not 
able to correctly finish his task, may increase the stress level of the supervisior, and this may increase 
the likelihood to omit necessary actions (e.g. instructions) or to commit incorrect actions. 

The Crew-module is composed of a collection of input-files and routines. The input files include the 
information necessary to describe the process of human actions and the routines read and calculate the 
respective information.  

The main tasks of the Crew-module routines are i) to read the information on alarms, basic actions and 
action sequences given in the corresponding input files, ii) to check for system and process conditions 
at each time step iii) to check, if relevant alarms are activated depending on the given state  iv) to 
check, if an action sequence has to be activated and vi) to simulate a sequence of actions for which the 
conditions are fulfilled as a dynamic process. 

The Crew-module is linked to the scheduler program which organizes the alternate calculations of the 
Crew-module, the deterministic dynamics code and the MCDET-modules. The combination of the 
MCDET-modules (Stochastic- and Crew-module) with a deterministic dynamics code allows an 
integral simulation of complex dynamic systems where human actions, the technical system, the 
physical process and aleatory uncertainties are the main interacting parts in the course of time. 
 

4 Application 1:   Station black-out scenario 
A station black-out (SBO) scenario in a 1300-MW pressurized water reactor (PWR) of Konvoi type at 
nominal power was chosen as an illustration example. In this analysis MCDET was coupled with the 
integral code MELCOR. The transient is characterized by the total loss of power including emergency 
diesels and power from off-site systems.  

At the beginning of the scenario the reactor is shut off automatically and the main coolant pumps of all 
4 loops fail. The power supply provided by batteries is given. The automatically driven pressure 
control by the pressurizer relief valve and the two safety valves are principally given, but their opening 
and closing function, if demanded, are subject to aleatory uncertainty. The number of the demand 
cycle at which the respective valve would fail is sampled according to a probability distribution 
determined by the total number of demand-cycles (given through the process dynamics) and the 
probabilities for valve failure at the corresponding demand-cycles. The randomly selected demand 
cycle at which a valve fails determines the failure time of the respective valve. The failure mode ‘fail 
to open’ and ‘fail to close’ of each valve is another aleatory uncertainty. 

The primary-side pressure release (primary side bleed) is initiated by the crew at some time after the 
corresponding system indicates that the core exit temperature exceeds 400°C and the fluid level in the 
reactor pressure vessel (RPV) passes below 7.5 m (plant-specific criterion). The time the operators 
need to execute the pressure relief is assumed to be a continuous random variable. During the 
pressure-release, each of the three pressurizer valves - which didn’t fail at an earlier point in time - 
may now fail with a probability depending on the number of cycles the corresponding valve has 
already been demanded for pressure limitation.  

Whether the accumulators can inject their coolant inventory is an aleatory uncertainty. It depends on 
whether the source and additional isolation valves fail to open on demand. The time of power recovery 
is subjected to aleatory uncertainty as well. The application was performed on the assumption that the 
external power is restored not earlier than 5700 s and not later than 12 000 s (time end of simulation) 
after the initial event. Given that power is recovered, further aleatory uncertainties refer to the 
availabilities of the four high pressure and low pressure pumps of the emergency core coolant system 
(ECCS). The reconnection times of the ECCS trains were classified as epistemic uncertainties, 
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because the uncertainty due to lack of knowledge was judged to be predominant in comparison to the 
aleatory uncertainty about the reconnection times.  
In addition to the aleatory uncertainties ca. 30 epistemic variables have been specified. All 
uncertainties (aleatory and epistemic) are described in reference /4/. Although MCDET is capable of 
accounting for epistemic uncertainties, in this analysis the epistemic uncertainties were represented 
only by the mean values of the corresponding probability distributions. Hence, the variability of the 
results arises exclusively from the specified aleatory uncertainties.  

Of particular interest were the time histories of process quantities like the pressure in the RPV and in 
the containment, the core exit temperature, and the degree of core degradation as expressed by the 
UO2-melt mass and the hydrogen (H2

In Fig.3, three DDETs out of a sample of 50 generated DDETs are given. Each DDET shows a variety 
of time histories for the process quantity ‘H

) mass generated. Because of the vast amount of generated 
output data and possibilities to analyze them, only a small selection of results is given.  

2

To each time history the respective sequence of events and the corresponding occurrence probabilities 
are attached. With this information, a very detailed analysis of the process behavior can be performed. 
It allows, for example, to filter out events which are responsible for critical process states, e.g., events 
that lead to a high H

-mass’. The variety within a DDET arises from the 
aleatory uncertainties which are handled by the DDET approach. The difference between the sampled 
DDETs arises from the aleatory uncertainties considered by MC simulation. 

2

Fig. 3: Three DDETs (out of a sample of 50 generated DDETs) showing the time evolution of the 
process quantity ‘total generated hydrogen mass (H

-mass at a relatively early point in time after the initiating event. This might help 
to identify so called ‘cliff edge effects’, where small variations in events lead to large differences in 
the process evolution. Or to determine event and time pattern which might indicate in advance that the 
process will lead to an undesired state within a given time range and with a high probability. This 
information might be useful to start preventing and mitigating actions as early as possible. 

2
 

-mass)’. 
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From the comparison of the 3 DDETs shown in Fig. 3 we can conclude, that in DDET 3 - where 
power recovery is about 1 h earlier than in DDET 2 – the H2-mass production is lower than in DDET 
2. But a quantification of the difference of the H2

In Fig. 4 the conditional probability distributions for the maximum of produced H

-mass production between the DDETs is not possible 
if only the time histories are considered. For that reason the probabilities attached to each trajectory of 
a DDET have to be taken into account. Using these probabilities, conditional probability distributions 
of any process quantity can be calculated for each generated DDET.  

2

 

-mass are given for 
DDET 1-3 and for the unconditional mean probability distribution over all 50 generated DDETs. 

Fig. 4: Conditional probability distributions for DDET1-3 and mean distribution over all 50  
generated DDETs for the maximum of produced H2

 
-mass 
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From Fig. 4 we can see that in DDET 2 – where power recovery is about 1 h later than in DDET 3 - 
the probability P(H2-mass < 200 kg) for the H2-mass not to exceed 200 kg is only 0.01 whereas in 
DDET 3 it is 0.84. In DDET 1, where power recovery is between DDET 2 and DDET 3, the respective 
probability P(H2-mass < 200 kg) is 0.35. The probabilities indicate that in case of DDET 2 a much 
higher maximum of H2-mass is produced than in DDET 3. The probability is about 99% that the 
maximum of produced H2-mass exceeds 200 kg, whereas in DDET 3 this probability is only 16%.  
The mean probability P(H2

The mean probability distribution (mixture of distributions of all 50 generated DDETs) of each 
quantity the corresponding (1- α)% confidence limits can be calculated with α = 0.01, 0.05,0.1 etc. The 
90% confidence interval for the mean probability P (H

-mass < 200 kg) over all DDETs is 0.58. 

2

 

-mass < 200 kg) = 0.58 is given by (0.5, 0.64). 
Similarly it is easily feasible to derive probability assessments for more complex dynamic situations. 
The probability assessments can be calculated for any process quantity considered in the deterministic 
model. A more detailed description of this application and the MCDET-method is given in /4/. 

5 Application 2: ‘Secondary Side Bleed and Feed’  
Emergency Operating Procedures (EOP) are part of the safety concept of NPPs. Their application is 
required if design based safety functions fail. Core damage states occur only if EOPs are not 
successful. The EOP ‘Secondary side bleed and feed’ (SBF)  is to be employed in a German PWR to 
achieve the protection goal of steam generator (SG) injection after the loss of feed-water supply.  
 
The EOP requires a crew of at least 8 operators which have to execute different tasks within and 
outside the control room. Crew actions have to be initiated as soon as the corresponding displays in the 
control room indicate that the water level of all four steam generators (SG) passes below 4m. In this 
application, it was assumed that all displays operate correctly, and that they immediately indicate the 
process condition. Diagnosis and decision problems were not assumed, because signals and criteria to 
start the EOP are clear.  
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The application example did not consider uncertainties in the behavior of the technical system and in 
the physical process. It is restricted to the aleatory uncertainties in the crew actions. Human Error 
Probabilities (HEP) concerning crew actions were derived from the ASEP method /5/, while the 
probability distributions of the random times needed to execute the actions were obtained by expert 
judgment. A more detailed description is given in /6/. 
 
The deterministic code MELCOR was applied to simulate the system and process dynamics after the 
loss of feed-water supply. The combination of the Crew-Module and MELCOR is capable of 
deterministically handling the interactions between the plant dynamics and operator actions. Coupling 
the MCDET-modules to this combination provides a simulation tool which is able to account for the 
potentially important aleatory uncertainties. 
 
According to the MELCOR calculation, the EOP initiation criterion (water level of all four SGs < 4m) 
occurs at t=1709 s after the loss of feed-water supply. The first EOP task to be performed is the 
switching off of the reactor coolant pumps (RCP). Its successful execution would lead to a reduction 
of the thermal energy generated in the reactor. The mean (unconditional) probability of the RCP not to 
be switched off is 9.6E-4. The corresponding 95%-confidence interval is given by (3.0E-4; 1.6E-3). 
Depending on whether the RCP are switched off and, if so, when they are switched off, the system and 
process criterion to depressurize the SGs (depressurization criterion of secondary side) is reached 
sooner or later.  
 
Besides switching off the RCP, other essential tasks of the SBF procedure are the task to modify some 
parts of the reactor protection system (RPS) and the task to pressurize the feed-water storage tank 
(FST) in order to use its water inventory for SG injection. According to the written procedure, the 
crew must perform the depressurization of the SG immediately after the corresponding criterion is 
indicated by the process. But the depressurization of the SG can only be performed, if the task of 
modifying the RPS has been accomplished. If the modification of the RPS is not yet finished and the 
depressurization criterion is given, the crew has to wait with the SG depressurization until the 
necessary modification of the RPS is completed. The task of pressurizing the FST for using its water 
inventory for SG injection can only be started if the modification of the RPS has been finished. If the 
situation is given that the modification of the RPS has been completed and the process criterion for SG 
depressurization is already given, the crew has to skip the pressurization on the FST and must 
depressurize the SG. In that case the water inventory of the FST cannot be used for SG injection. 
 
According to the EOP, it is assumed that after accomplishing the modification of the RPS there is 
enough time for the crew to perform the task to pressurize the FST in order to use its water inventory 
before the system and process criterion for SG depressurization is indicated. However, the results of 
the MCDET-analysis indicate, that this assumption does not hold with a rather high probability.   
 
Fig.5 presents the mean probability distributions of the time when the modification task of the RPS 
has been accomplished, and the time when the process criterion of the SG depressurization (depending 
on the time when the RCP have been switched off) is given. The times indicated in Fig.5 are related to 
t = 1709 s which is the time when the EOP initiation criterion occurs.  
 

Fig. 5: Mean probability distributions of the occurrence time of the depressurization criterion 
and of the time, when the modification task of the RPS is accomplished. 
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From the given distributions in Fig.5 it can easily be seen, that with a probability of approximately 
0.78 the task of modifying the RPS is completed later than the latest time when the criterion for SG 
depressurization is indicated by the process. This implies that the pressurization of the FST cannot be 
performed and therefore the water inventory of the FST cannot be used for SG injection with a very 
high probability. It is striking that neither technical failures nor human errors, which would lead to the 
omission of FST pressurization, are responsible for that situation. The only reasons are time effects 
resulting from the interaction between system and process dynamics, operator performance and the 
aleatory uncertainties relating to operator performance. 

6 Conclusion 
The extent to which deterministic and probabilistic models can provide insights to the plant behavior 
under accident conditions and contribute to improve decision making regarding plant safety depends 
on the level of detail of the participated models (completeness), the way of how the interaction 
between the models is handled and on whether assumptions are made as realistic as possible. To 
satisfy these requirements it is necessary to combine deterministic and probabilistic issues in a 
consistent manner. This is realized with the probabilistic dynamics method MCDET which is a 
combination of MC simulation and the DDET approach. MCDET is implemented as a module system 
that can in principal be coupled and operate in tandem with any deterministic dynamics code. The 
tandem allows for a realistic modeling of the mutual dependencies between the behavior of the 
technical system, the physical process, and aleatory (as well as  epistemic) uncertainties. It provides a 
representative spectrum of accident sequences together with corresponding probabilities and, 
therefore, is appropriate for risk-informed decision making. 
 
An important issue of safety assessments of NPPs is the analysis of operator performance in response 
to the plant dynamics. To achieve a more realistic modeling in this context, interactions between 
operator performance, system behaviour and the physical process must be taken into account in the 
course of time. For that reason, an extra Crew-module was developed. It can simulate operator actions 
as a dynamic process. Combining the Crew-module with an appropriate deterministic code allows for 
handling the interactions between the plant dynamics and operator actions. Coupling the MCDET-
modules to this combination provides a simulation tool which is able to account for all important 
uncertainties affecting the plant-crew dynamics.  
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The application of the probabilistic dynamics method MCDET provides both i) a consistent 
integration of probabilistic issues into the deterministic evaluation of the plant behavior and ii) a more 
detailed insight into the plant behavior. Therefore, it might be particularly important for risk-informed 
decision making and licensing.  
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Motivation for Probabilistic Dynamics Methods (1)

• Deterministic codes are increasingly used for risk informed decision 
making, safety analyses and licensing procedures.

• Current trend: Using Best Estimate codes with additional epistemic 
uncertainty analysis of model input parameter. 

• Substituting conservative with more realistic input data accounting for 
their epistemic uncertainties allows a 

quantification of the uncertainties of the code prediction and

more precise assessment of safety margins. 

• Up to this point there is no need for Probabilistic Dynamics methods. 

• Is it sufficient to consider only epistemic uncertainties ? 



Motivation for Probabilistic Dynamics Methods  /2/ 
• Any process simulated by a deterministic code and used for risk informed 

decision making is subjected to aleatory uncertainties (stochastic 
influences).

• The evolution of nonlinear dynamic processes might be sensitive to small 
deviations in process conditions.

• Random events do not only influence the process evolution, but the 
process might also affect the stochastic behavior of random events 
(dynamic-stochastic interaction). 

• To model a dynamic process as realistic as possible and to get a more 
detailed insight of the process behavior

the influence of aleatory uncertainties and 
the dynamic–stochastic  interactions 

must explicitly be taken into account. 

• Probabilistic Dynamics methods try to satisfy these aspects by combining 
deterministic and probabilistic issues in a consistent manner. 



MCDET - Monte Carlo Dynamic Event Tree

• The method MCDET was developed at GRS to perform a Probabilistic 
Dynamics Analysis.

• Characteristics of the MCDET-method: 

The MCDET-method allows to model any aleatory and epistemic uncertainty with 
any probability distribution (discrete, continuous).

The MCDET-method was implemented as a flexible module which can be 
combined with any deterministic code.

The combination of the MCDET-module with a deterministic code automatically 
provides a sample of DDETs with varying times and order of random events. 

Data resulting from a MCDET-analysis can be analyzed by statistical methods  
providing probabilistic information about the concerning process.   

The MCDET-method avoids drawbacks of MC simulation and the DDET approach 
if they are separately applied.



Crew-Module (1)

• A crew can consist of a number of operators each responsible for several tasks. 

• Tasks can be executed in parallel or be started only, if specific conditions are 
accomplished.

• Crew members can communicate and get information of the process state and 
system components from the control room displays.

• Actions of operators might cause a change of  components states immediately 
influencing the further process evolution. 

• The MCDET-module was supplemented
by a Crew-module to account for human 
actions within an MCDET-analysis. 

• Simulation of operator actions as a 
dynamic process

evolving in parallel and interacting 
with the physical process. 



Crew-Module  (2)

• Simulating the dynamic process of human actions, stochastic as well as 
dynamic elements are considered. 

Stochastic elements:

execution time of actions,
human error probabilities (errors of omission, errors of commission).

Dynamic elements are e.g.: 

monitoring tasks, 
duration up to the time a special condition takes place,
exchange of information through communication,
increase or decrease of the stress level of operators depending on 
system state.  



MCDET coupled with a deterministic code allows an integral simulation of 
complex dynamic systems where interactions of the technical system, the 
physical process, human actions and influences of stochastic quantities 
(aleatory uncertainties) are taken into account in the course of time.



The Output of an MCDET analysis is a sample of DDETs in the Time/Event space as 
well as in the Time/State space

Connected to each sequence  in 
the Time/Event space is : 
- the corresponding sequence  in 
the  Time/State space for any 
process quantity     
- the probability of the 
corresponding sequence

To each DDET the conditional 
probability distributions of any 
process quantity can be 
calculated.

The final result is the mean 
(mixed) probability distribution 
over all generated DDETs with  
corresponding confidence  limits 
indicating the sampling error.  Time/Event space                                                                        Time /State space  



Application – Station Black-out scenario (1)

Assumptions: 
• Total loss of power, i.e. power from offsite systems, emergency diesels, main 

coolant pumps and all other operational systems are not available.
• Batteries guarantee a power supply for some period of time.
• Scram and turbine trip are automatically performed.

Aleatory uncertainties relate to
• the opening and closing function of the PORV and 2 SV during automatic 

pressure limitation (failure probabilities depend on the no. of demand cycles),
• the demand cycle (time) at which the pressurizer valves may fail,
• the time needed for primary side pressure release, 
• the opening function of the accumulator valves on demand,
• the time of power recovery (only then the ECCS can be reconnected),
• the availability and times when high and low pressure pumps of ECCS are 

reconnected to the grid,
• the opening function of the source isolation valves.



Application – Station Black-out scenario (2)
• Epistemic uncertainties refer to the probability models of the aleatory 

uncertainties.
• Epistemic uncertainties were considered by their reference values.
• The MELCOR/ MCDET combination was used to generate a sample of 50 

DDETs.
• Event sequences were calculated up to 12000 s.

• The available information for each sequence comprise:
the order of events and the points in time when stochastic events occur, 
the occurrence probability and 
the time histories of 80 dynamic quantities (e.g. H2 mass, UO2 melt mass, 
temperature and pressure in the RPV, cladding temperature etc.). 

• The data of the MELCOR/MCDET-analysis were analyzed with statistical 
methods. 

• Probability distributions were derived together with  corresponding 90%-
confidence intervals. 



Application – Station Black-out  scenario (3)

• The variability within each DDET 
arise from the discrete variables 
handled by the DDET approach.

• The variability  between the DDETs 
arise from the continuous variables 
considered with MC simulation.  

• Attached to each sequence are the 
corresponding events and the 
occurrence probability. 

• The probabilities are used to 
derive probabilistic assessments of 
the sequences and their 
consequences. 



Application – Station Black-out  scenario (4)

• The probabilistic information of a DDET is the probability distribution of
the concerning output quantity, e.g. the maximum of produced H2.



Conclusions  (1)

• MCDET is a  probabilistic dynamics method which is capable of 
accounting for any aleatory – and epistemic - uncertainty during an
accident scenario.

• The MCDET- and Crew modules can in principal be coupled with any 
deterministic code simulating a dynamic process.

• The combination of the MCDET- and Crew modules with a deterministic 
dynamics code

allows to perform an integral simulation of a complex system where interactions 
between the physical process, system behaviour, the process of human actions 
and stochastic influence factors are taken into account,

avoids unnecessary modeling simplifications and hence reduces model 
uncertainties,  

provides more detailed insights into process characteristics which might be 
important for risk-informed decision making.  



Conclusions  (2)

• The extent to which models are able to optimize decisions regarding 
system safety  depends on

the level of detail of the model, 

its completeness by integrating aleatory and epistemic uncertainties and  

that assumptions are made as realistic as possible. 

• To satisfy these requirements the MCDET-method has been developed to 
combine deterministic and probabilistic issues in a consistent manner. 
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