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Abstract. Deterministic safety analyses for postulated initiating events are the main tool to confirm that the 
adequate technical means and administrative measures are implemented in the plant design to ensure its 
safety. According to the commonly used defense-in-depth concept, conservative approach is being used for 
the plant design; respectively, safety analyses shall be conservative as well. Very conservative methods have 
been used for safety analyses, mainly because of lack of knowledge and data, in the earlier period of nuclear 
power development. As a result the plants might be “overloaded” by safety systems and by stringent 
technical specifications; both may be the obstacles for plant economics improvement. This issue is of 
especially high importance in the deregulated electricity market. Therefore the development of best estimate 
(BE) codes and evolution of methodology of their application to deterministic safety analyses is being closely 
watched and contributed by industry. Recently, mainstream design practice was to use BE codes with the 
conservative input data when all the important input parameters are taken for the “worst edge” of their 
possible uncertainty. The current trend is to use more realistic methodologies with statistical treatment of 
uncertainties related both to BE code and input data. These new methodologies allow quantifying of “degree” 
of conservatism in the results of safety analysis; consequently, plant safety features may be optimized to 
ensure the required level of safety at acceptable plant performance. This paper briefly describes the evolution 
of safety analysis methodologies and examples of industrial applications of new methods that promise to 
increase the plant competitiveness keeping the “safety-is-the-first” philosophy unchanged. 

 
 
1. DEVELOPMENT OF BE CODES FOR REACTOR THERMAL-HYDRAULICS 
 
1.1 Background 
 
The thermal-hydraulic system codes are being developed and used for safety analysis of nuclear power plants during 
more than 30 years. At the end of the sixties and beginning of the seventies the capabilities of the codes were 
strongly limited by lack of experimental data, details of modeling and the capacity of the computers. Since then, the 
situation has improved significantly on all these areas, and new generations of the system codes have been 
developed in many countries. Thermal-hydraulic system codes of the current generation are based on solving mixed 
hyperbolic-elliptic system of six conservation equations (conservation of mass, energy and momentum for the vapor 
and liquid phases). Experimentally based correlations that are often called ‘constitutive laws’ are incorporated to 
describe the needed boundary conditions for each of the phases, such as friction between the phases and the wall. 
The codes are typically developed for one-dimensional modeling. However, there have been many efforts to 
introduce simulation of multi-dimensional behavior and effects into these two-fluid codes. 
 
Extensive experimental databases for validation of current codes do exist. These databases comprise a large number 
of separate effects and integral tests carried out in many countries both in the national and international programs. 
The databases have been defined as an OECD effort into the code validation matrices. Many features that were 
considered problematic in the previous code generations have now been introduced, such as application of real two-
fluid models and developing of the constitutive laws, resulting in better modeling of different thermal-hydraulic 
phenomena, like for example the interfacial friction and the various counter-current flow limitation situations. The 
development and validation of the current codes have proceeded to a level that they can be regarded as reliable 
analysis tools for most of the anticipated operational occurrences and postulated accidents. In particular, they have 
made it possible to transfer the analyses from the very conservative evaluation models to more realistic approaches 
that are often called best estimate (BE) methods.  
 
The evolution of the best estimate code development has been closely watched by industry, especially since these 
codes were introduced in the licensing process. This opened up a wide spectrum of applications, and justified the 
large man-effort needed to make these codes robust and reliable for industrial applications. Hence within the CSNI, 
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industry actively participated in the code validation and assessment activities, and brought in there own valuable 
experience with plant transients. Taking the OECD/CSNI workshops in Annapolis [1], Ankara [2], and Barcelona 
[3] and the topical international conferences (like NURETH, NUTHOS, ICONE, ICAPP) as milestones in the 
maturing process, one can see a steady evolution in the development and application of best estimate codes. In 
particular, by identifying the BE codes shortcomings based on extensive assessment, followed by factoring in the 
uncertainty quantification to qualify for licensing calculations, and with the explosion of the computer performance 
at reduced cost, code consolidation and code coupling becomes more feasible and cost effective. In the future, the 
TH system codes will certainly be used to explore new reactor concepts, and CFD and coupled neutron / thermal-
hydraulic codes will be emerged for analysing those problems which are out of scope of the present TH system 
codes.  
 
 
1.2 Internationally Recognized Codes 
 
The so called best-estimate thermal-hydraulic codes have been developed with more sophisticated two-phase flow 
models and heat transfer correlations, attempting a more realistic simulation of the plant behaviour. Today the most 
recognized and frequently used in the international nuclear community advanced TH codes are RELAP5 (INEL, 
USA), ATHLET (GRS, Germany) and CATHARE (CEA-EdF-FRAMATOME, France). 
 
These codes have been assessed and validated on the basis of a large number of experimental data and theoretical 
works. Thousands man-years have been spent for this purpose by analysts of many countries since 1980 when the 
development of these codes started. In particular, within the CSNI a tremendous effort has been spent in the last 
decades in the field of thermal-hydraulics, to better understand the behaviour and the underlying physics of nuclear 
power plants nd therefore to increase the nuclear safety. This vast expertise is partly embedded in the above 
mentioned best estimate codes that are important tools for transferring the competence, knowledge and experience 
gained in all these years. Best estimate codes are being used in industry as an important tool for licensing the plants 
and better understanding the thermal-hydraulic phenomena in nuclear power plants during transients and accidents. 
 
Today RELAP5, ATHLET and CATHARE codes are adopted for different type of reactors, and now it is difficult to 
find a country where the designers, researchers, licensees or safety authorities would not use at least one of these 
codes for some purposes. In particular, EDO “Gidropress” has all three codes and is authorized to use them for 
WWER analyses (with some restrictions and preconditions). 
 
In 2004, the Russian regulatory body Gosatomnadzor (now called Rostechnadzor) has certified RELAP5/MOD3.2 
and CATHARE 2-V1.3L for thermal-hydraulic analyses of WWER plants and relevant test facilities. It was 
permitted to apply RELAP5/MOD3.2 for reactor safety assessment, for testing the plant simulators, for supporting 
PSA, as well as for decision-making in relation to design of plant equipment. In terms of plant conditions, 
RELAP5/MOD3.2 is permitted for normal operation, anticipated operational occurrences, non-LOCA and LOCA 
analyses. The following restrictions on the code use are stated: 
 

• application to the conditions with severe core damage or with essential deformation of structural elements 
is not permitted; 

• special assessment of errors or confirmation of conservatism is required for reactivity initiated accidents; 
• applicability in terms of plant parameters are 0.1-22.1 MPa for pressure, 10-1200 oC for coolant 

temperature, up to 1200 oC for fuel rod cladding temperature, and up to melting point for fuel. 
 
The error of calculation by RELAP5/MOD3.2 code for pressure, for coolant, fuel and cladding temperature is stated 
as 10% of the range of change in the course of transient without DNB and 20% for the conditions with DNB and 
core dry-out. 
 
In terms of plant conditions, the CATHARE 2-V1.3L code is permitted for normal operation, anticipated operational 
occurrences, design basis and beyond design basis accident analyses aimed to development of EOPs, analysis of real 
plant events, planning of experiments, validation of plant simulators, cross-validation calculations. One can note that 
the direct application for licensing safety analyses is not included. The following restrictions on the code use are 
stated: 
 

• application to the conditions associated with geometry changes of metal structures, fuel assembly or fuel 
rod and fuel melt is not permitted; 

• application to the conditions where the non-condensable is important is not permitted; 
• application to the conditions where spatial neutron kinetics is important is not permitted; 
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• assessment of uncertainty for calculation aimed to assess safety shall be performed by a special method and 
computation tool; 

• applicability in terms of plant parameters are 0.1-22.1 MPa for pressure, 4-350 oC for liquid temperature, 
up to 2000 oC for gas temperature, up to 1200 oC for coolant temperature at core exit. 

 
The error of calculation by CATHARE 2-V1.3L code is stated as 7% and 4% for primary and secondary pressure, 
4% for coolant temperature, 20% for PCT, 12% for coolant flow rate. The CATHARE 2-V1.3L code is mainly used 
in the Institute of NPP Operation – technical support organization for Russian utility Rosenergoatom. 
 
 
1.3 Vendor Specific Codes 
 
For licensing of a nuclear power plant, the reactor designer/vendor has to provide the safety analysis report with 
inclusion of the calculation of postulated scenarios that form the design bases for the plant safety systems. 
Therefore, the most reactor vendors had to develop their own packages of computer codes including thermal-
hydraulic codes intended to predict the plant response to different postulated initiating events. Two such packages 
being currently used for licensing analyses are briefly outlined below: the code package developed by Westinghouse 
(USA) - designer of pressurized water reactors, and the code package developed by EDO “Gidropress” (Russia) - 
designer of WWER-type reactors. Today these two types of reactors are the main producers of nuclear electricity in 
the world. 
 
1.3.1 Westinghouse code package 
TWINKLE (1975) - multi-dimensional neutron kinetics computer code. It uses an implicit finite-difference method 
to solve the two-group equations in one, two, and three dimensions. TWINKLE is intended to calculate the kinetic 
response of a reactor for transients, such as the control rod withdrawal and ejection events, which cause a major 
perturbation in the spatial neutron flux distribution.  
 
VIPRE-01 (1999) - the code is intended to analyze non-LOCA events of PWR. This code is approved by NRC for 
the core thermal-hydraulic analyses, determining coolant density, mass velocity, enthalpy, vapor void, static 
pressure, and the DNBR distribution along parallel flow channels within the reactor core under normal operational 
and transient conditions.  
 
COAST (1973) - this code is approved for use in calculating the reactor coolant flow coast transient for any 
combination of active and inactive reactor coolant pumps. The COAST code uses equations of conservation of 
momentum formulated for each of the flow paths of the COAST model, assuming unsteady-state, one-dimensional 
flow of an incompressible fluid. The equation of conservation of mass is formulated for each nodal point. Pressure 
losses resulting from friction and geometric losses are assumed proportional to the square of the flow velocity. RCP 
dynamics are modeled using a head-flow curve for a pump at full speed and using four-quadrant curves, which are 
parametric diagrams of pump head and torque on coordinates of speed versus flow, for a pump at other than full 
speed.  
 
FACTRAN (1972) - code for thermal transients in a UO2 fuel rod approved by the NRC for calculations of the 
transient heat flux at the surface of a fuel rod.  
 
LOFTRAN (1984) - the NRC approved this code to analyze system responses to non-LOCA events. The code 
simulates a multi-loop system using a model containing a reactor vessel, hot and cold leg piping, steam generators 
and pressurizer. The code also includes a point kinetics model, including reactivity effects of the moderator, fuel, 
boron, and control rods. The secondary side of the SG uses a homogeneous, saturated mixture for analyses of 
thermal transients and a water-level correlation for indication and control. LOFTRAN code was modified at the end 
of 90-ties to become applicable to the AP600/1000 safety analysis.  
 
LOFTTR2 (1985) – this code is intended to analyze steam generator tube rupture SGTR, in particular to determine 
the margin to steam generator overfill. In fact, LOFTTR2 is a modified version of LOFTRAN with a more realistic 
break flow model, a two-region SG secondary side, and an improved capability to simulate operator actions during a 
SGTR event.  
 
NOTRUMP (1985) - this is a nodal transient small break and general network. In fact, it is Westinghouse small-
break ECCS evaluation model approved by NRC since it meets the requirements of Appendix K to 10 CFR Part 50.  
 
WCOBRA/TRAC-LBLOCA (1996) - the NRC has approved this best estimate code for large-break loss-of-coolant 
accident analysis.  
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WCOBRA/TRAC-LTC (1998) – this code is used for the post-LOCA long-term cooling (LTC) analyses.  
 
1.3.2 EDO “Gidropress” code package 
Thermal-hydraulic analyses of design basis accidents and transients in the frame of WWER reactor plant designs are 
mainly conducted using “Code package for thermal-hydraulic calculations of unsteady conditions” developed by 
EDO “Gidropress”. This package is called as TRAP program complex. First program versions involved in this 
complex were developed (firstly as stand-alone codes) about 40 years ago. Since then TRAP complex is steadily 
modernised and enhanced (the version TRAP-97 issued in 1997 and approved by Russian regulatory body in 1999 is 
in force today). Code validation is being conducted starting from the first versions. For this purpose, the own EDO 
“Gidropress” and other experiments, data of start-up tests and real incidents at WWER power units are used. Cross-
comparison of TRAP system and Western codes results is also used as an additional mean for TRAP qualification. 
 
Codes of TRAP system took part successfully in several international standard problems being organised both by 
IAEA and OECD NEA. As the earliest example, international standard problem ISP-27 at BETHSY experimental 
facility in France may be mentioned. Blind calculation results for this ISP shows that TRAP has predicted 
experimental results much better than the most of calculations with ATHLET, RELAP and CATHARE. During last 
few years TRAP was modernised to model new passive safety features of advanced WWER, spatial reactor kinetics, 
fuel rod thermal-mechanics, non-condensable gases and other processes and phenomena. 
 
TRAP-97 package includes two “the whole-circuit” codes TECH-M-97 (intended for loss of coolant accidents) and 
DINAMIKA-97 (for other initiating events). Thermal-hydraulics in WWER core for these programs is modelled by 
KANAL-97 module that can be also used as a stand-alone code (it is separately approved by the Russian regulatory 
body). The following program modules are common for TECH-M-97, DINAMIKA-97 and KANAL-97 codes: 
 

• NASOS - calculation of rotation speed and head of centrifugal pump; 
• SAOZ - calculation of ECCS parameters; 
• TVEL - calculation of fuel rod; 
• ALFA - calculation of heat transfer and pressure drop coefficients; 
• MAZ - calculation of core power; 
• VODA - approximation of water and steam thermal-physical properties. 

 
Code package TRAP-97 is intended to analyse variation in thermal-hydraulic parameters in WWER 
primary/secondary circuits and core under anticipated operational occurrences and postulated accidents including 
LOCA. The TRAP-97 is used to substantiate the operability and safety of WWER reactor plant. The package may 
be also used for beyond design accident analysis, but its capability does not involve the conditions related to severe 
core damage. 
 
TRAP-97 package is developed for WWER, therefore many WWER design features (like reactor plant 
configuration, set and type of safety important systems and equipment, etc) are implicitly “installed” into the code 
itself. However, the TRAP-97 package is flexible enough to enable an experienced user to analyse different reactor 
plant and test facility configurations - it was proven by successful applications of TRAP code to some PWR plants 
and many experimental rigs. It should be also noted that all characteristics of equipment and materials are to be 
assigned in the TRAP input deck including correction factors for some constitutive correlations (heat transfer, 
pressure drop, blow-down coefficients, critical heat flux, etc). Therefore one can perform the analyses with the 
desired degree of conservatism.  
 
During the last few years the new TH system code KORSAR is under development with participation of EDO 
“Gidropress”, and its first version is already approved by Russian regulatory body for WWER design basis accident 
analyses. The vendor’s version of this code - KORSAR-Gidropress - is also developed and now it is under approval 
procedure in regulatory body. The KORSAR-Gidropress code is capable to perform analyses for all types of 
initiating events with account for the modern requirements to best estimate codes (behaviour of non-condensable 
gases, coupled core TH and 3D neutronics, etc). 
 
 
2. EXPERIENCE AND TRENDS IN USE OF BE METHODS 
 
2.1 Identification and Treatment of Uncertainties  
 
The Annapolis Workshop [1] was held to determine the best way to advance code capabilities by focusing and 
prioritising relevant issues. One of the demands was to identify the main uncertainties in the codes and in the results 
of their application to safety analyses. The uncertainties can be classified from different origins [4]: 
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• Uncertainty related to the physical modelling such as the choice of the basic physical models, the 
geometrical approximation of the thermal-hydraulic system codes (one-dimensional model or a three 
dimensional model or hybrid treatment), the closure equations which are empirical in nature and mostly 
based on separate effect tests, phenomena that are not explicitly modelled in the code, the measured data in 
test facilities on the basis of which the physical models are quantified and the code is validated in its 
entirety;  

• Uncertainties due to the numerical treatment such as spatial and time discretisation, compiler design, 
computer precision or rounding error effects; 

• Code user effects such as nodalisation, simplifying assumptions, code option selection, etc; 
• Uncertainties related to the scale effect resulting from extrapolation from small scale test facilities to full 

size plants; 
• Uncertainties in the plant data such as reactor geometry, material properties, operating data, etc. 

 
In the Annapolis Workshop, the uncertainties resulting from the choice and simplification of the models, the 
numerical methods and the user effect were analysed in more detail. 
 
Choice of model. Most codes use a 2 fluid model (a liquid field for the water and a gas field to model the steam and 
non-condensable gases) that is satisfactory for most two-phase phenomena. There are particular plant conditions that 
would need a second liquid field to distinguish between a liquid film and a droplet field in the steam phase that can 
occur during reflooding after a large break LOCA. The lack of modelling detail in the 2 fluid model codes and the 
associated uncertainties were taken into account in the constitutive relationships using a lumped approach.  
 
Simplification of model. In order to reduce the required computing time to reasonable values and cost, several code 
simplifications were necessary, with inherent impact on the accuracy of the results. Such model simplifications 
include a time averaging process (which smeared out the fluctuations due to turbulence), a space averaging 
algorithm (requiring the introduction of imprecise flow pattern maps), an average pressure per volume (eliminating 
partial pressure driven phenomena such as condensation in the presence of non-condensable gases) and the choice of 
a one dimensional flow field in most codes (masking all secondary flow fields or stratification in pipe bends, and 
larger plenums such as the open core, SG plenum, etc). The conclusion is that whenever simplifications are 
necessary, pieces of information must be regenerated in the constitutive relationships by means of a lumped 
approach. 
 
Closure relationships. The formulation of the closure equations is in general semi-mechanistic based on theoretical 
consideration of the parameters that can have an impact on the process and semi-empirical where the coefficients of 
the parameters are then adjusted to reflect the experimental evidence. The main sources of uncertainty here are the 
hypotheses used to simplify the problem, the choice of the parameters to correlate (which requires a perfect insight 
in all the parameters that can have an impact on the process) and the availability and selection of representative 
experiments (separate effect tests) to define the coefficients of the selected parameters.  
 
Numerical methods. Most of the best estimate codes are using finite volume or finite difference integration with 
staggered meshes with donor cells. Generally first order schemes in space or in time are used, and hence most of the 
codes have problems with numerical diffusion smearing out steep gradients in the fluid. This requires from the code 
user a judgment as to the code capability for handling specific problems (e.g. water hammer pressure propagation 
fronts, concentration fronts such as boron plugs propelled in the loops). Another aspect related to the numerical 
treatment is the truncation error or rounding-off error specific for each computer (compiler). In some circumstances, 
when differences between quantities of the same order of magnitude must be taken, the impact of numerical 
truncation errors can be important. 
 
Code user effect. As it is observed in different OECD/NEA International Standard Problems, the same code 
analysing the same problem yields different solutions from different users. The main remedies to minimize this 
effect are: no code options available, full portability of the same code version on different computers, full testing of 
new versions including a standard set of non-regression tests, extensive user guidelines available and active 
assistance and maintenance by the development team. The nodalisation detail (number of volumes, junctions, heat 
slabs) should be a compromise between practicability and precision and be standardised as much as possible for 
each plant to be analysed.  
 
Two basic uncertainty treatment methods can be distinguished [4]. One propagates “input uncertainties” and the 
other one extrapolates “output uncertainties”. The main characteristics of the first method is to assign probability 
distributions for model and input uncertainties, and sample out of these distributions values for each code 
calculation to be performed. The number of code calculations is not dependent on the number of input uncertainties, 
and is only dependent on the defined probability content (percentile) and confidence level. The number of 
calculations is given by Wilks’ formula. By performing code calculations using variations of the values of the 
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uncertain parameters, and consequently calculating results dependent on these variations, the uncertainties are 
propagated. A list of uncertain parameters has to be defined considering all possible kinds of uncertainties as listed 
above. Then the input parameters are assumed to be random variables, characterized by a probability density 
function (PDF); in this way the input parameter uncertainties are quantified. The following step is the propagation 
step: a number code runs are performed by varying simultaneously the values of all the input parameters according 
to their PDF. The Wilks’ formula gives the number N of code runs to be performed in order to obtain an estimation 
of the output parameter Y value with a certain percentile and a certain confidence level. For that, the N values of the 
considered output parameter are ordered in a row Y(1)<Y(2)…<Y(N-1)<Y(N), and a majoring value of the 95% 
percentile with a confidence level of 95% is obtained by considering Y(N) for N=59, Y(N-1) for N=93, Y(N-2) for 
N=124, etc - according to Wilks’ formula. 
 
The method based upon extrapolation of output uncertainties needs available relevant experimental data, and 
extrapolates the differences between code calculations and experimental data for the test facility to the reactor scale. 
Unlike the probabilistic approaches, the CIAU (Code with the Capability of Internal Assessment of Uncertainty) 
does not need to consider uncertain input parameters. The key feature of CIAU is the continuous full reference to the 
experimental database. Accuracies detected from the comparison between experimental and calculated data are 
propagated to obtain uncertainty in the system code predictions for a plant. A solution to the issues constituted by 
the “scaling” and “qualification” of the computational tools is embedded into the method. Furthermore, the UMAE 
(Uncertainty Methodology Based on Accuracy Extrapolation), constitutes the engine for the development of CIAU 
and for the creation of the error database. Assigned a point in the time domain, the accuracy in predicting the time of 
occurrence of any point is distinguished from the accuracy that characterizes the quantity value at that point. Time 
and quantity accuracies (and uncertainties) are defined in the time-domain and in the phase-space hyper-cubes, 
respectively. Quantity and time accuracies can be assumed to derive by errors-in-code-models and uncertainties-in-
boundary-and-initial-conditions including the time sequence of events and the geometric modelling (or nodalisation) 
of the problem. In practical terms, two statements below are important:  
 

• The ‘transient-time-dependent’ calculation by a code resembles a succession of steady-state values at each 
time step and is supported by the consideration that the code uses and is based on a number and a variety of 
empirical correlations valid (and qualified) at steady-state with assigned geometric discretization (or 
nodalisation) for the concerned system. Therefore, quantity accuracy can be associated primarily with 
errors-in-code-models. 

• Error associated with the opening of a valve (e.g. the time when the equivalent full flow area for the flow 
passage is attained) or inadequate nodalisation induces time errors that cannot be associated with code 
model deficiencies. Therefore, time accuracy can be associated primarily with uncertainties-in-boundary-
and-initial-conditions.  

 
Both these statements do not constitute an assumption for either the development or the application of the CIAU 
method. 
 
The two methods of uncertainties treatment above have advantages and drawbacks. The probabilistic methods need 
to select a reasonable number of variables and to associate range of variations and possibly distribution functions for 
each one. Selection of parameters and their distribution must be justified. Uncertainty propagation occurs through 
calculations of the code under investigation. The “extrapolation on the outputs” method has no formal analytical 
procedure to derive uncertainties, and needs to have “relevant experimental data” available. In addition, the sources 
of error cannot be derived as result of application of the method. The method seeks to avoid engineering judgement 
as much as possible.  
 
 
2.2 Examples of BE Approach Application by Industry  
 
Two years after the Annapolis meeting, a seminar was held in Ankara on the best estimate models in thermal 
hydraulic safety analysis. Following the identification of the main sources of uncertainty at the Annapolis meeting, 
and the realistic assumption that no code can be developed without shortcomings, the first attempts to use 
uncertainty evaluation methods for licensing have been discussed in Ankara. There is no complete general theory 
available and the differences in the various uncertainty methods are due to differences in applications for uncertain 
input parameters. Hence one observes that best estimate codes are becoming “fact of life” for licensing but effort 
now is focussing on developing various uncertainty evaluation models. The most highlighting applications from 
industry have been summarized as follows. 
 
France: EDF and Framatome [2] jointly developed a combined deterministic and realistic method to study the loss 
of coolant accidents. It is deterministic because the initial and boundary conditions are conservative. But the 
physical models although realistic are biased to yield upper-bound (in term of conservatism) results with respect to 
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the experimental data. The rationale for this approach is to reduce the excessive degree of conservatism and to 
benefit from better handling of the margins. The IRSN considered this methodology as interim approach between 
the old conservative methodologies (Appendix K approach) and best-estimate methodologies that include a 
quantification of basic uncertainties and their statistical combination.  
 
USA: In response to the rule change in the USA, a method called Code Scaling, Application and Uncertainty 
(CSAU) was developed to apply realistic methods, while properly taking into account data uncertainty, uncertainty 
in physical modelling and plant variability. The method was claimed to be structured, traceable and practical, but 
was met with some criticism on the practical applicability when first demonstrated (e.g. excessive use of engineering 
judgment and biases to account for code deficiencies). In 1996, the USNRC approved a methodology, based on the 
CSAU developed by a group led by Westinghouse [5]. The lessons learned in this application to safety analyses are 
that there are no flaws in the methodology itself, but additional work had to be performed to resolve the issues raised 
by the technical community. They confirmed that the application of the methodology, although at a high cost, will 
allow nuclear utilities to finally make up for years of research and development in this area to improve plant 
performance and economy.  
 
Germany: An application of a best estimate analysis plus uncertainty evaluation according to the CSAU 
methodology (i.e. statistical treatment of uncertainties) was developed by SIEMENS [2] for the LBLOCA analysis 
of a 1300 MWe PWR using the S-RELAP system code (plus RODEX fuel model and COCO containment code). 
This is the first attempt by a European vendor to use the full CSAU methodology for licensing calculations. 
 
Spain: Best estimate codes have been used in Spain since 1986 (RETRAN-03 for PWR and TRAC-BF1 for BWR 
reactors in Spain). An intermediate approach between conservative Appendix K approach and full Best-estimate 
with quantification and statistical treatment of the uncertainties was presented [2]. Best estimate codes are used, and 
95% upper bound values for some dominant variables and/or additive terms are applied. Additional conservatism is 
introduced to cover variables not considered. For LOCA analyses in BWR, TRAC-BF1 with a relaxed Appendix K 
approach was applied. 
 
Japan: Two kinds of codes are used by TOSHIBA [2]: licensing codes (originally developed by GE) and best 
estimate codes to support the licensing safety analyses and improve the understanding of TH phenomena during 
abnormal transient/accident events. Future trend for treating abnormal transients points to the further development 
of the 3D TRACG system code to be combined with a statistical approach for analysing the sensitivity of input data 
on the critical parameters to support and upgrade the licensing analyses.  
 
Subsequent topical international events (NURETH, ICONE, NUTHOS, ICAPP, etc) have provided new examples of 
industrial applications of best estimate methods to safety analyses. Some of these activities are briefly mentioned 
below.  
 
2.2.1 AP1000 analysis for LBLOCA 
A best estimate Large Break (LB) Loss of Coolant Accident analysis was presented at ICONE-13 conference [6]. 
This analysis was performed by Westinghouse for the advanced reactor with passive safety features AP1000 using 
the WCOBRA/TRAC computer code to verify the meeting of peak cladding temperature acceptance criterion (1204 
oC). The analysis includes the use of the Westinghouse Automated Statistical TReatment of Uncertainty Method 
(ASTRUM) that was licensed by the NRC in 2004. In general, the ASTRUM methodology relies on the order 
statistics for the determination of 95th percentile of Peak Clad Temperature (PCT), Local Maximum Oxidation 
(LMO), and Core-Wide Oxidation (CWO) at a 95% confidence level. The method requires the execution of 124 
LBLOCA transient calculations, where the uncertainty contributors are sampled using a direct Monte Carlo method.  
 
The ASTRUM method was applied in this study to assess the performance of AP1000 passive core cooling, and for 
this purpose 59 calculations were considered to draw the conclusions with regard to PCT limit only. Based on the 
Wilks’ formula, 59 runs are sufficient to bound the 95th percentile of PCT at 95% confidence level. The individual 
uncertainty contributors were sampled from their respective distributions with a random number generator. In 
ASTRUM there are approximately 40 uncertainty contributors. The uncertainty parameters are divided in four 
categories: initial conditions, global models, power distribution, and local models. Examples of initial conditions are 
the reactor coolant system pressure and average fluid temperature, accumulator volume, pressure and temperature, 
safety injection temperature, etc. Examples of global models are the break flow, nozzle resistance, downcomer 
condensation, etc. Break type, i.e., double ended guillotine (DEGCL) or split break (SPLIT), is also sampled within 
the ASTRUM analysis. The break area is sampled for SPLIT breaks. The uncertainty associated to the break flow 
model is modeled by sampling a coolant discharge factor from its multiplier distribution. In contrast to the global 
models, the local models are those variables that have no effect on the global thermal-hydraulic response of the 
system. Examples of local models are the heat transfer coefficient multipliers, the oxidation model, fuel conductivity 
before and after the burst, the burst temperature and strain, fuel relocation, etc. 
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The first step in any LOCA simulation for licensing purpose is the definition of the worst plant configuration with 
regard to some parameters such as break location and size, offsite power availability, etc. These effects are typically 
bounded and not considered as an uncertainty attribute. Therefore, preliminary sensitivity runs were performed to 
find the worst case, and then the best estimate plus uncertainty methodology was applied to this case by performing 
59 WCOBRA-TRAC runs. The highest PCT was predicted with run 038 and is equal to 1538 oF (about 250 oF 
higher than the best estimate value). The PCT is reached early in the transient during the blow-down phase. The 
initial temperature excursion during blow-down is followed by a rapid decrease due to reverse core flow that 
provides good core cooling. As the system pressure decreases below the accumulator pressure set-point, the 
accumulator lines open. At about 35 seconds, the lower plenum is refilled and water begins to reflood the core. 
Since the resulting PCT for the limiting case is 1538 oF, the meeting of 10 CFR 50.46 criterion (b) (1), i.e., “Peak 
Clad Temperature less than 2200 oF,” was demonstrated with a significant amount of margin. 
 
2.2.2 WWER-1000 analysis for LBLOCA 
Deterministic accident analysis for plant licensing has to be carried out conservatively in relation both to the 
boundary condition (assuming possible safety system failures) and to the initial condition (assuming uncertainties of 
parameters used as the input data). To quantify the effect of some initial and boundary conditions on the peak 
cladding temperature, EDO “Gidropress” has performed a large number of TECH-M-97 code runs for the cold leg 
double-ended guillotine break as applied to generic WWER-1000 reactor (32 reactors of this type are presently 
under operation and construction in 6 countries). Some results of that study are briefly presented below.  
 
Maximum linear heat rate: Both design power distribution coefficients and various uncertainties of the important 
parameters (reactor power, values produced by neutron-physical calculations, fuel rod geometry, etc) are to be taken 
into account conservatively while assigning the initial linear heat flux in the core hot spot. All these uncertainties 
are assigned to one fuel rod by means of setting up of appropriate power peaking factor. The calculated hot channel 
is then formed from such fuel rods for TECH-M-97 analysis. The uncertainties related to neutron calculation 
inaccuracy and manufacture tolerances are assigned by multiplication of the design power of hot fuel rod to so-
called engineering coefficient. This coefficient is estimated statistically, and its numerical value for accident 
analysis is assumed for 3σ interval. This means that power set up of hot channel for accident analysis is 
conservative with a very high probability (around 99%). This approach for WWER-1000 produces maximum linear 
heat rate in hot spot 448 W/cm being assumed in design practice for DBA licensing analysis. Calculations have 
been carried out using two values of initial linear heat rate: 448 W/cm and 417 W/cm. The last one corresponds to 
numerical value of engineering coefficient to be conservative with probability not less than 95%. The results 
showed that maximum linear heat rate have a significant effect both on the first temperature peak and much more 
on the temperature conditions during subsequent phase of the accident (i.e., on local oxidation as well). 
 
Pellet-cladding gap conductivity: The conductivity of gas gap between fuel pellet and cladding determines the 
initial fuel temperature. The heat removal from fuel rod to coolant is practically terminated at the break moment, 
and the cladding temperature is increasing rapidly due to the heat accumulated in fuel pellet. Therefore the first 
cladding temperature peak depends significantly on initial fuel temperature (and hence on the gas gap conductivity). 
The difference between outer pellet diameter and inner cladding diameter (gas gap size) has the most effect on gas 
gap conductivity. The design allowances for pellet and cladding size are such that maximum and minimum possible 
gaps differ nearly two times. In design practice, the maximum possible gap size in the hottest fuel rod is assumed 
for the LBLOCA licensing analysis (in spite of the fact that the data of pellets and clad parameters control during 
manufacturing gives extremely insignificant probability to have such gap). The gap conductivity is calculated for 
this maximum gap size and then decreased in order to take into account fuel densification and uncertainties of the 
conductivity correlations. Therefore, the initial fuel temperature is calculated very conservatively pre-determining 
the highest value for the first cladding temperature peak. The calculations were carried out using two values of gas 
gap conductivity: (1) according to approach adopted now for the licensing safety analyses, and (2) conservative 
with probability at least 95%. It was found that gas gap conductivity effects significantly both on the first 
temperature maximum and on the cladding temperature conditions during subsequent accident phase (and hence on 
local oxidation).  
 
Decay heat: The residual heat has significant influence on core temperature conditions during phase after the first 
peak when core is practically emptied and heat removal from fuel rods is limited by low heat transfer coefficient to 
the overheated steam. The residual heat for design safety analyses of LBLOCA is set up as function of time using 
standard correlations (e.g., ANSI-79) assuming long-time of full power operation. Besides, the correlation 
inaccuracy is added for 3σ interval, i.e. the decay heat is taken for a very high probability of conservatism. The 
calculations were carried out using two curves of residual heat: (1) according to the approach adopted now for 
design safety analysis, and (2) conservative with probability not less than 95%. The results have demonstrated that 
the residual heat has significant effect on cladding temperature after the first peak and hence on local oxidation. In 
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particular in case (2) no noticeable oxidation should be expected since the cladding temperature in the long-term 
period remains below the steam-zirconium reaction limit. 
 
2.2.3 WWER-1000 analysis for SBLOCA 
An uncertainty statistical analysis [7] was performed by NRI (Czech Republic) for the generic WWER-1000 
nuclear power plant (analysis was presented at ICAPP-2007 conference, paper 7050). The 11% upper plenum break 
was considered for this analysis with the scenario performed in the experiment at the PSB integral test facility 
(Electrogorsk, Russia). Totally 93 runs were performed by ATHLET code with selected 50 input and model 
parameters. 
 
From these runs, maximum and minimum courses (and upper and lower tolerance limits) of fuel cladding 
temperature obtained from PSB and NPP calculations have been selected and compared. The temperature courses of 
NPP are similar to the PSB case. Nevertheless, in the interval between 200-400 s the maximum calculated PCT for 
NPP is below of both the experimental and calculated values for PSB test facility. In the experimental facility the 
first increase of cladding temperature is observed at 200 sec, while at NPP such increase is after 400 sec. One 
possible reason for this difference may be the space effects: several parallel channels are modeled for WWER-1000 
plant, but for PSB facility case only one channel is used. 
 
2.2.4 WWER-1000 analysis for non-LOCA 
For most non-LOCA postulated initiating events, the main safety requirement is to keep the reliable heat transfer 
from fuel cladding to coolant. The relevant acceptance criterion for licensing analyses of WWER-type reactors is 
that the minimum DNBR shall be more than 1.0 with the probability not less than 95% with the confidence level 
not less than 95%. To evaluate the margin that is being introduced into licensing analyses by WWER design 
practice, a special study has been performed by EDO “Gidropress” using DINAMIKA-97 code for the main coolant 
pumps trip. The reactor scram in this study was artificially delayed to obtain minDNBR for licensing case exactly 
1.0. The four uncertain input parameters being the most important from minDNBR viewpoint were found by 
preliminary calculations. Then the probability distribution function for each parameter was assigned (on the basis of 
experimental and plant data and engineering judgment). One hundred DINAMIKA-97 code runs have been 
performed with randomly formed sets of these 4 parameters keeping other input parameters unchanged and 
conservative. 
 
The minDNBR values from all 100 runs were ordered in a row DNBR(1)>DNBR(2)>…>DNBR(99)>DNBR(100). 
According to Wilks’ formula, the minDNBR value for 95%/95% probability was found as DNBR(99)=1.2, i.e. 
WWER-1000 reactor has a large margin (at least 20%) in relation to limiting licensing value. This margin can be 
used for the improvement of plant performance (like power uprate, operation flexibility, etc). 
 
 
2.3 Use of CFD and Coupled Codes  
 
Most of the usually performed accident analyses were successfully done using system thermal-hydraulics codes. In 
case of complex problems involving solution of thermal-hydraulics together with other disciplines, system codes are 
usually not enough or prediction capability can be improved by addition of separate computational models. The 
similar is true in case when interaction of different solution domains should be calculated (e.g. primary system and 
containment) with different physical models, or very different spatial or time discretization. Different mathematical 
models that exist for each analysed phenomena can be used independently based on external iterations and 
appropriate boundary conditions. That is time-consuming process with limited number of iterations, and additional 
assumptions needed in order to realize separate calculations. Time needed to prepare new codes where all required 
models are properly incorporated are relatively long, as well as time needed to build user experience and qualify the 
code. 
 
Coupled codes can be way to make compromise between two mentioned approaches. Separate existing computer 
codes can be coupled providing new capabilities without spending too much time in development and with 
possibility to use existing experience and perform code verification and validation only for coupling part of new 
code. Still some problems has to be solved such as: what is required level of interaction between codes, is it possible 
to use explicit or implicit connection, which part of the code is responsible for overall code control, how to perform 
coupling and how to exchange data (parallel and serial coupling). There are many ways how these questions are 
solved and there are many types of coupled codes. Three basic categories are: thermal-hydraulics and neutronics 
codes, thermal-hydraulics and containment codes and thermal-hydraulics and severe accident codes. The existing 
experience with stand-alone codes is of primary importance in coupled code usage and full understanding of coupled 
code potential is possible if the user was included in development of the coupled code. 
Best estimate safety analyses require usage of a multidimensional neutron kinetics model instead of classic point 
kinetics for transient calculations where strong spatial changes occur in the core. Usually current multidimensional 
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neutron kinetics codes have a simple thermal-hydraulic model of the core and the plant components outside the 
reactor core are represented with boundary conditions. Best-estimate thermal-hydraulic system codes provide a 
respective thermal-hydraulic analysis for all components in the plant, and include realistic description of plant 
protection and control systems. Point kinetics model is traditionally used in present system codes. However, that is 
sufficient only for the cases where the space dependent parameters within reactor core remain approximately 
constant. In order to remove described limitations in both types of codes and to enable best-estimate 
multidimensional neutron kinetics calculation, a number of coupled thermal-hydraulic and neutronic codes were 
recently developed and used worldwide. In the coupled code, generally speaking, thermal-hydraulic code calculates 
system thermal-hydraulics, average core channel thermal-hydraulics and heat conduction, while neutronic code 
calculates only 3D neutron kinetics. Some kind of interface module should provide the on-line interchange of the 
data between the two codes. This type of coupled codes can be used for best estimate safety analysis, operational 
support and training. 
 
The benefits of the coupled codes are currently related to better understanding and more accurate prediction of 
consequences of the analyzed accidents and transients. Typical examples of accidents where application of coupled 
codes could be important are: 
 

• steam and feed water line break (asymmetric reactivity change); 
• control rod ejection/withdrawal (localized spatial change, local fuel rod enthalpy;) 
• boron dilution events (large reactivity change, non-uniform boron distribution in the core); 
• startup of inactive coolant loop (asymmetric reactivity change); 
• transients without scram (accurate evaluation of feedback effects); 
• instrumentation response (operational support and determining set points). 

 
Last NURETH, ICONE, ICAPP conferences and other international nuclear events make it evident that coupling of 
different codes is being pursued in many countries. The coupling that is most evident is between best estimate 
thermal-hydraulic system codes on one hand, and on the other hand with: 
 

• 3-D kinetic codes to handle reactivity accidents; 
• core sub-channel codes to calculate the DNBR;  
• containment or sub-compartment codes to evaluate the pressure rise in case of LOCA or Steam Line Break.  

 
Many reported applications have demonstrated the feasibility of programming special models within the control 
system logic of some TH system codes, e.g. programming a fission product transport model to calculate the 
radiological releases in case of a steam generator tube rupture. It was recognised that such coupling would yield a 
better insight in the real evolution of the transient, and at the same time could lead to a reduction of the over-
conservatism inherent in a decoupled approach. This required the availability of qualified codes, very large 
computer power and suitable communication protocols between computers.  
 
As specifically applied to WWER-type reactors, the example [8] of “international” coupling of ATHLET code 
(GRS, Germany) with WWER-oriented neutronic code BIPR-8KN (Kurchatov Institute, Russia) may be mentioned.. 
The internal coupling algorithm was applied for this coupled code, which means that all thermal-hydraulics 
modeling of the plant is performed only within the system code ATHLET and the 3D neutron kinetics model BIPR-
8KN generates the heat source in the core. The coupled code system ATHLET/BIPR-VVER is capable to perform 
realistic simulation of three-dimensional neutron kinetics and thermal-hydraulic processes in WWER reactors. It has 
been validated by comparison with measurements from operating plants and by participating in international 
benchmark activities. In particular, the ATHLET/BIPR-VVER results for OECD/NEA V1000CT-2 benchmark 
showed its advantages by predicting correctly not only the overall plant response, but also local core parameters. 
This coupled code is intensively applied for performing safety analyses of existing WWER-440 and WWER-1000 
reactors and also for new advanced WWER designs. 
 
The CFD and the more recent CMFD (Computational Multi-Fluid Dynamics) methods are now emerging as a new, 
additional tool for the analysis of different reactor safety problems. These methods and codes will likely be coupled 
to the classical system analysis codes to provide the necessary local detail or 3D behaviour when needed. The CFD 
and CMFD methods address the problems at a much more fundamental and less globally empirical way; for 
example information on the turbulence near the wall is needed and used instead of a friction factor and a heat 
transfer coefficient. Thus, the validation of CMFD methods requires new kinds of experimental data. Most of the 
data presently available and used for code validation were obtained in essentially one-dimensional geometries and 
only average flow parameters (heat flux, velocities, average temperatures or at most the profiles of their averages) 
were measured. Three-dimensional and much more sophisticated flow field data are clearly needed for the new 
applications. 
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Nevertheless, recent conferences (like ICAPP, ICONE and NURETH) and more specialized events (like 
OECD/NEA CFD4NRS seminar in 2006) have shown that CFD codes can already solve many practical issues in 
reactor thermal-hydraulics. Obviously, next CFD4NRS seminar to be held in France this year will provide new 
achievements in this area and more examples of CFD applications to reactor safety problems. 
 
 
3. BENEFITS FROM BE METHODS APPLICATION 
 
In industry the shifting to BE methods was welcomed since best estimate codes are now based on physical models 
attempting to simulate as good as possible the real behaviour. Industry fully realized that the switch to these new 
tools could eventually justify the reduction of existing plant margins, relaxation of component performance and 
improve on the overall plant performance (with possible up-rating) at reduced cost.  
 
The industry actively participated in the code validation and assessment based on numerous small scale thermal-
hydraulic test facilities built in the eighties, in order to assist in defining the test matrix, gain the needed user 
experience required to handle these codes and to properly interpret the results. On the other hand, industrial 
experience with full scale plant transients constituted a valuable addition to the small scale experimental data base to 
guide the ongoing code development, and assess them on the basis of real full scale plant data (no scaling effects). 
The International Standard Problems launched by the CSNI on the issues of thermal-hydraulics, have been of 
extreme value to all stakeholders. Industry, (i.e. utilities, vendors and architect engineers) is applying now such 
complete code packages with a validated data base for their plants with emphasis on quality assurance and 
documentation, as required for licensing.  
 
The best estimate code could now form the nucleus for performing a host of different analyses for such purposes as:  

• plant design or plant hardware modification, including power up-rate and lifetime extension.;  
• licensing of design basis accidents as well as operational transients;  
• validation of full-scope plant simulator models, plant analysers and operator training. The use of best 

estimate codes to drive full scope simulators in real time had to wait for a 10 fold increase in computer 
performance;  

• optimisation of the protection and control systems as well as the emergency operating procedures;  
• probabilistic safety assessment supporting calculation;  
• real plant incident analysis;  

 
All these tasks can be solved in optimal way only if the best estimate methodology with quantification of 
uncertainties is applied. 
 
 
4. NEEDS FOR MATURING BE METHODS 
 
4.1. Improvement of BE Codes 
 
The development and validation of the current codes have proceeded to a level that they can be regarded as reliable 
analysis tools for most of the anticipated operational occurrences and postulated accidents. In particular, they have 
made it possible to transfer the analyses from the very conservative evaluation models (EM) to more realistic 
approaches that are often called best estimate (BE) methods. This opinion is supported by the results of BEMUSE 
program (revisiting the ISP-13 with LOFT LBLOCA) which is still going on. In particular, the dispersion bands of 
results appear substantially less than in ISP-13 (even though a lower number of participants submitted calculation in 
BEMUSE with respect to ISP-13), and this testifies of code improvements in the last 20 years but especially in 
techniques for performing analysis. 
 
Nevertheless, significant efforts are still needed to improve the existing TH system codes. This opinion is also 
supported by the above mentioned results of BEMUSE program. For some sensitivities, some codes/participants 
have predicted a variation of peak cladding temperature in an opposed direction respect to the ones predicted by 
other codes/participants. It is an “alerting” fact because some doubts may appear on physical “representativeness” of 
the computer codes. Besides, the maximum difference in PCT predicted for L2-5 experiment by different 
codes/users was about 300oC. This value seems to be too high keeping in mind that BEMUSE L2-5 exercise shall be 
considered as “open” problem (everybody knew the experimental value before the analyses started). The Bemuse 
Phase IV - which can be considered as a “blind” problem - brought up the similar results: despite the PCT differs not 
so high (about 230oC), the overall behavior of the cladding temperature curves differs very much, especially for the 
reflood phase. Since all the participating codes are best estimate ones and all are accepted by regulatory bodies for 
licensing applications, the BEMUSE results confirms that some areas for code improvements still remain. 
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Otherwise, safety authority might require to introduce one more uncertainty in BE methodology. This one can be 
called as “code-to-code uncertainty”, because there is no instrument to decide which code prediction should be taken 
as reference one for subsequent uncertainty analysis. 
 
 
4.2. Simplification and Standardization of Uncertainty Quantification Methods 
 
Essential aspect of licensing application of the BE approach is the uncertainty quantification issue. As it was already 
mentioned, two basic uncertainty treatment methods can be distinguished: (1) propagation of input uncertainties and 
(2) extrapolation of output uncertainties (see section 2.1 of this paper). The BEMUSE Phase III has demonstrated 
that these two methodologies produce not the same result for the same problem (L2-5 experiment). Moreover, 
different users with one methodology (e.g., propagation of input uncertainties in case of BEMUSE) may produce 
different results.  
 
Besides, both methodologies seem too difficult for massive industrial applications. In particular, methodology (1) 
requires a lot of computations, and for application of methodology (2) one shall look for the available and reliable 
experimental data applicable to reactor and condition under consideration. 
 
Therefore, the simplification and standardization of uncertainty quantification methodology should be considered as 
a priority task for scientific community to easy the implementation of the BE methods in the design organizations 
and utility organizations. 
 
 
4.3. Introduction of BE Methods into Safety Standards  
 
The USNRC document SECY-83-472 started in 1983 to open up the possibility of using an approach that would 
permit a reduced margin in licensing large break LOCA ECCS analysis without changing the required features of 
Appendix K. 
 
According to SECY-83-472, the licensee would employ “best estimate” models to calculate the PCT, both at the 
realistic, or most probable  (50% probability) level and at more conservative 95% probability level. When 
calculating the PCT at the 95% probability level, other uncertainties, such as the precision with which the code can 
calculate actual plant behaviour, input or plant parameter uncertainties (such as power level, initial temperatures 
and pressures) and nuclear parameters not otherwise considered would be accounted for. Acceptable 
methodologies for calculating the 95% probability level would have to be formulated by the industry and approved 
by the staff. It would be expected that the industry would take into account systematic as well as random errors 
when establishing probability estimates.  
 
Once the acceptable methodology was established, the realistic PCT at the 95% probability level would be 
calculated. The licensee would then perform a conventional ECCS analysis, except they would be permitted to use 
their realistic model augmented only with the required features of Appendix K. This would constitute a new 
evaluation model which conforms to Appendix K. The PCT calculated using this model would then be compared to 
the realistic PCT at the 95% probability level. If the evaluation model PCT exceeds the PCT at the 95% probability 
level and remained below 2200oF limit, we would find the evaluation model analysis acceptable. If the evaluation 
model PCT were calculated to be less than the realistic PCT 95% probability level, this would indicate that the 
overall evaluation model, including the required Appendix K conservative features, was not providing sufficient 
margin in excess of the estimated statistical uncertainty. Therefore, we would require additional margin be included 
in the evaluation model such that the calculated appendix K temperature was in excess of the 95% probability level. 
 
The proposed approach would allow a reduction in the excess conservatism of ECCS analyses with the remaining 
conservatism being quantifiable at or above the 95% probability level of the realistic PCT. This approach does not 
relax any regulations and, in fact, was always available to the staff since the model changes we propose to allow 
are not prohibited by Appendix K. It is also allows for productive use of research results and encourages design 
improvements.  
 
The above limitations prescribing some use of Appendix K also for realistic approach, were removed by best 
estimate option in 10CFR50.46(a)(1)(i) allowed since September 1988; it requires that uncertainties in the analysis 
method and inputs must be identified and assessed so that uncertainty in the calculated results can be estimated. This 
uncertainty must be accounted for, so that, when the calculated ECCS cooling performance is compared to the 
criteria set forth in 10CFR50.46(b), there is a high probability that the criteria would not be exceeded. The details of 
this new approach that would be acceptable for NRC (models, correlations, data, model evaluation procedures, etc) 
have been described in the Regulatory Guide 1.157 (May 1989) in relation to LOCA ECCS evaluation. To support 
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this new rule, in December 1989 the NRC and its contractors and consultants developed and demonstrated an 
uncertainty evaluation methodology called code scaling, applicability and uncertainty (CSAU).  
 
In December 2005, the NRC has issued the Regulatory Guide 1.203 “Transient and Accident Analysis Methods” 
which describes a process that the NRC considers acceptable for use in developing and assessing evaluation models 
that may be used to analyse transient and accidents behaviour that is within the design basis of a nuclear power plant. 
As for the uncertainties in LOCA ECCS performance evaluation, this new guide approximately follows the Guide 
1.157, and does not require a complete uncertainty analysis for other Standard Review Plant (SRP) events referring 
that the SRP guidance is to use “suitable conservative” input parameters. However, as an alternative to using 
“suitable conservative” input parameters, the evaluation model may choose to perform an uncertainty analysis of the 
safety limit with evaluation at the nominal technical specifications and set-points being considered as the base case. 
The safety limit can then be analysed with uncertainties in both phenomena and set-points evaluated in a 
probabilistic manner similar to the way the 2200oF limit is evaluated in a best estimate LOCA analysis as described 
in Regulatory Guide 1.157. A hybrid methodology (where some parameters are treated in a bounding manner, and 
other are treated in a probabilistic manner) may also be acceptable. 
 
So, the above USNRC activities could be a good “sample” to follow for other safety authorities to introduce the BE 
methods in the safety standards and licensing process. In this relation, the role and initiatives of the industry (some 
examples are given in the previous sections of this paper) are also very important, even if up to now the industrial 
applications of BE methodology appear on the case-by-case basis.  
 
 
5. CONCLUSIONS  
 
While the period 1971 -1974 was marked by the issuing of the acceptance criteria for LBLOCA by the USNRC, 
momentum in developing best estimate codes started after the TMI accident and peaked when the best estimate 
codes were introduced in the licensing process following the SECY-83-472 paper of NRC in 1983. This is the 
period that also industry was heavily involved in this learning process based essentially on the experimental results 
of numerous small scale test facilities. 
 
In the nineties the emphasis was gradually shifted towards code uncertainties with their quantification. Within the 
CSNI, different methodologies were developed which are still being refined by further improving the models of 
thermal-hydraulics. The industry, under changing regulatory pressure either applied strictly the CSAU or used 
simpler (but more conservative) methods to satisfy both the regulators and the licensees. Indeed, while uncertainties 
were tied to probability and confidence level, the consequences of an accident were brought in to define the risk 
(probability times consequences) in operating nuclear plant, which is expected now to became dominant in 
regulation. While on one hand there always remains a strive for further code improvement, one observes on the 
other hand the recognition of a sufficient level of maturity of the codes and the industry need for code consolidation 
into fewer validated code packages, easier to maintain and more cost effective. This is also observed in other areas 
such as reactor kinetic codes, core thermal-hydraulics codes, and containment codes  
 
Since the explosion of computer power in the nineties, code coupling between the mature thermal-hydraulic system, 
core, neutronic and containment codes becomes not only feasible and cost effective, but also very instructive to 
enhance our insight in accident evolution, often leading to further margin reduction. This increasing computer 
performance also enables the introduction of CFD/CMFD codes for special localised problems, which are outside 
the scope and capabilities of the TH system codes. A further evolution is urgently needed in the field of two-phase 
flow modelling. Investment in new measurement techniques is needed, that must lead to a better understanding of 
the fundamental structure of two-phase flow and the interaction between the phases. This must ultimately lead to a 
new generation of two-phase CFD codes. These codes will at first supplement and in a far future could replace the 
current TH system codes. 
 
In order to face the challenges of the future, we need on one hand to feel confident that one can build and operate 
nuclear reactors safely now and on the other hand continue to develop further the needed expertise and tools to 
design and build safe nuclear reactors for the future. It is imperative that this wealth of competence, knowledge and 
experience gained through all these years, at the CSNI, and partly embedded in our BE codes, be transferred to 
younger generations. Mankind has no alternatives for large-scale energy production, both for electricity, heat and 
hydrogen production if one wants to avoid the climate threatening greenhouse gas emissions. All this knowledge, 
gathered over a few decades of activities at the CSNI, and partly embedded in the available codes, needs to be 
conserved, further developed and transmitted to younger generations to reduce the public perception of risk related 
to nuclear safety, and make the nuclear energy option the backbone of energy supply in the future. 
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