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ABSTRACT 

 
The reactor pressure vessel (RPV) is one of the most key components of equipment of Nuclear Power 

Plant (NPP) with VVER type reactors. The issue of the plant lifetime extension is actual especially in 
aspect of RPV embrittlement. An analysis of influence of RPV embrittlement on the evaluation of RPV 
lifetime and by means of that on an opportunity of operation extension beyond the design life within the 
framework of the expert analysis. The Regulatory Standards Base, existing in Russia and guiding a 
process of justification of RPV lifetime, is surveyed.  

The results of expert analysis performed in SEC NRS particularly towards the application of the first 
generation of VVER-440 reactors are presented. On the basis of such analyses, the priority issues, solution 
of which considerably increases a confidence of justification of VVER-440 and VVER-1000 RPV 
lifetime, are assigned. 

1. INTRODUCTION 
 
Safety aspects of Long Term Operation (LTO) of Russian NPP are considered in frame of 

expertise of safety justification. Positive results of safety analysis of LTO are mandatory 
condition to rise issue of NPP service life extension. The non-restorable equipment of power 
reactors is a key component, the safety of which should be severely justified during LTO. An 
example of non-restorable key equipment of VVER type reactor is Reactor Pressure Vessel. RPV 
lifetime is a subject of thorough consideration of experts in frame of expertise of Operator's 
safety justification. 

Basic Regulatory requirements aimed at justification of RPV lifetime is reliability of 
evaluations taking into account conservative approach [1]. Basic Russian regulatory documents, 
guiding RPV integrity evaluation, RPV material control during operation and prediction of 
radiation load parameters (fluence, fluence rate, spectrum of neutrons) of RPV are PNAE G-7-
008-89, PNAE G-7-002-86, section 4.2.10 NP-006-98, RB-007-99, RB-018-01 [2]. Nowadays, a 
justification of RPV lifetime, that included in Operator's safety justification documentation, 
evaluated by new developed procedures [3], which are taken into account last investigation of 
RPV materials and results of surveillance specimens programs.  

Concerning VVER, service life extension has touched the first generation of VVER-440 type 
reactors. For that moment first generation units of Russian NPPs has been operated 
approximately 10 years more than project life time. Also the consideration of life extension of 
long operated VVER-440 of second generation (design series V-213) and VVER-1000 are in 
progress.  



IAEA-CN-194-056 

 2 

2. APPROACH TO THE ANALYSIS OF THE PREDICTION OF LIFETIME OF VVER 
PRESSURE VESSELS 

 
VVER pressure vessels lifetime justification is carried out in aspect of the irradiation 

embrittlement of RPV metal. The basic Russian regulatory document, which regulates the brittle 
fracture calculations of RPV metal and which determines the criteria of RPV integrity is PNAE 
G-7-002-86 [4]. Proceeding from the integrity analysis, the general conceptual approach to the 
evaluation of VVER pressure vessel lifetime is presented as a diagram in Fig. 1. We consider the 
application of this approach to the evaluation of RPV lifetime using the criterion of reaching the 
maximum allowable value of the critical embrittlement temperature (so called akT  concept). 

The dependence of kT  on neutron irradiation or on fast neutron fluence F  may be presented 

as follows: 

)F(T n
k f= , (1) 

where: n – index of power (in Russian standards it is accepted as 1/3). 

It is known, that the growth of kT is admitted up to some maximum allowable value a
kT . The 

term of exhaustion of the RPV lifetime is the situation when: 
a
kk TT =  (2) 

On the base of the formula (1) it is possible to derive the allowable neutron fluence aF , 

corresponding to a
kT . Then the residual lifetime of the VVER pressure vessel in unit Effective 

Full Power Days (EFPD) may be expressed as follows: 
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where: aF  - allowable neutron fluence (E> 0.5 MeV) in zone determining the pressure vessel 

safety (the critical point of pressure vessel), n/cm2, 

tF  - current neutron fluence (E> 0.5 MeV) in the same point at the moment of residual lifetime 

evaluation, n/cm2, 

maxΦ  - accepted fluence rate (E> 0.5 MeV) in the same point chosen as maximum value from all 
possible fuel cycles in forecast future, n/(cm2s). 

Presented approach, using a
kT  concept and formulated in detail in regulatory document RB-

007-99 [5], developed by Rostechnadzor of Russia, is implemented during expert analysis of 
RPV lifetime. 

The implementation of this approach allows to understand basic principles of management of 
VVER pressure vessel lifetime. From the formula (3) it is visible, that the variation of values of 
parameters in the formula leads to the change of lifetime, but in case of purposeful variation it 
leads to the lifetime management. As a generalized example, the case of lifetime evaluation and 
management of RPV of the first generation of VVER-440 is shown in Fig.2. The intersection of 

forecast degradation curve of kT  with a line, demonstrating the allowable value of a key property 

parameter a
kT  defines the operation lifetime. It was shown, that the initial prediction of RPV 

lifetime is less, than design service life (typical situation, observed for the first generation of 
VVER-440). To ensure the design service life and to extend the operation beyond the design life, 
various measures are applied. Measure 1 is directed to decrease of embrittlement rate. As fast 
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neutron fluence is a primary reason of the embrittlement, the decrease of fluence rate maxΦ  is 
applied in this case (see also formula (3)). It may be realized by the installation of dummy 
assemblies in reactor core periphery. This measure essentially decelerates the embrittlement rate. 
More "soft" radiation load regulation, influenced on RPV lifetime management, is achieved by 
variation (reduce) of neutron leakage from reactor core by installation of burn-up fuel assemblies 
in the core periphery. These measures are effectively applied for Russian VVER vessels. Measure 
2 is provided for slackening of pressurised thermal shock (PTS) conditions. It may be achieved 
by increase of temperature in emergency core cooling system and by improvement of the circuit 
of water supply. Measure 3, which allows to recover the properties of RPV metal, is the most 
essential. It is reached by thermal annealing of the most crucial parts of pressure vessel. 

The following items are the subject of steadfast attention of experts during the analysis of 
RPV safety justification: 

• validity and reliability of all input data, used for evaluation of VVER RPV lifetime; 
• effectiveness of measures, directed to the lifetime extension (management), 
• evaluation of completeness and quality of programs of supervision on RPV state. 
In this analysis attention is attracted to the evaluation of conservatism of the lifetime 

prediction. The example of such evaluation is shown in Fig. 3. A main principle of such 
evaluation of the conservatism is the definition of safety margins (SM) and their validity. As it is 
visible from Fig.4, the SM values essentially influence on evaluation of RPV lifetime. The values 

of SM depend on many factors. The SM for kT  may include the uncertainties due to the 

evaluation of initial parameters (kRT , 0kT ), assessment of fast neutron fluence and fluence rate, 

shape of forecast kT  curve (for example, as the result of uncertainty of radiation embrittlement 

FA ). The SM for a
kT  covers possible uncertainties of the results of thermal-hydraulic and fracture 

mechanics calculations. 
At the same time it can be seen, that the estimated values of lifetime may be increased in case 

of reducing the uncertainties, that means the removal of some conservatism in SM evaluations. 
However, such diminution of uncertainties should be thoroughly validated. 

3. ANALYSIS OF RPV LIFETIME EXTENSION 
 
The embrittlement of RPV, especially the first generation of VVER-440, is the factor limiting 

the safe operation of NPP Units as a whole. Basic issues, which are considered by experts in the 
analysis of RPV embrittlement and lifetime justification, are the following: 

• what place of the pressure vessel is critical, 
• reliability of the definition of initial properties, 
• reliability and conservatism of the forecast degradation curve, 
• reliability of the definition of neutron fluence and fluence rate, 
• reliability of surveillance specimen programs, 
• reliability and effectiveness of measures directed to reducing the brittle fracture 

possibility, 
• account and validation of conservatism (safety margins). 
 
Critical place (component) of pressure vessels of VVER from point of view of embrittlement, 

is the circumferential welds, located within the limit of reactor core height (№ 4 for VVER-440, 
№3 and № 4 for VVER-1000). It is resulted from the increased content of impurities 
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(phosphorus, copper, nikel) in weld metal in comparison with the base metal. These impurities 
increase embrittlement rate.  

Especially sharp problem is appeared for the first generation VVER-440. No archive metal 
was provided for these RPV. It did not allow to estimate experimentally the initial properties 

( 0kT ) and content of impurities. Besides, no surveillance specimen program was created in RPV 

design. It turned out, that the content of deleterious impurities in the weld was more, than it was 
supposed, and, therefore, the embrittlement went faster. All these features led to the deep anxiety 
that the design service life of RPV was not ensured. The above mentioned measures (see Fig.2), 
including thermal annealing of weld № 4, were accepted. For the evaluation of real properties of 
irradiated RPV metal, templates (boat samples) from the inner surface of base metal and weld № 
4 were cut out. From the templates sub-size Charpy specimens were prepared. On the base of 
investigation of these sub-size specimen, parameters of metal embrittlement under irradiation 

were determined, and effectiveness of annealing (definition of kRT ) and initial properties of RPV 

metal ( 0kT ) were evaluated. More over, to get forecasting information about the metal properties, 

templates were put in standart positions of SS VVER-440 of the second generation (project V-
213). On the bases of such investigations of RPV materials and results of SS programs Utility 
organizations developed new procedures (RD EO) [3], which used for the justification of RPV 
lifetime. 

In this connection new issues have been added to the basic tasks, mentioned above. The 
following issues are also subjected to special attention from experts: 

• reliability of the recovery of initial properties (0kT ) by the annealing, 

• reliability of sub-size specimen test results, 
• reliability of a correlation of standard and sub-size Charpy specimens, 
• validity of a forecast re-irradiation curve after the annealing, 
• completeness, sufficiency and reliability of results provided by the surveillance program 

on the base of re-irradiation of sub-size specimens prepared from the templates cut out 
from RPV, 

• evaluation of residual embrittlement after annealing and conservatism of forecast 

kT dependence, 

• reliability of evaluation of fast neutron fluence resulted from the analysis of 54Mn 
accumulated in template metal. 

It is necessary to note an important particularity of the program of supervision on RPV metal 
embrittlement of this reactor type. Any standard surveillance specimen program provides some 
kind of simulation (modeling) of metal behavior under irradiation (taking into account the fact of 
different irradiation conditions from pressure vessel irradiation). The prediction of embrittlement 
of pressure vessel metal proceeding from the results, obtained in this program, should contain a 
priori some uncertainties, caused by these differences (for example, difference in fluence rate, 
neutron spectrum, fluence gradient through the specimens, difference of temperature, pressurized 
state etc.). Surveillance program of VVER-440 pressure vessels is based on a study of sub-size 
specimens (using re-irradiation and/or reconstruction procedures) simulating the standard Charpy 
V-notch specimens, which themselves are models. So to say, modeling of "model" is carried out. 
It may essentially increase the uncertainty of embrittlement prediction of VVER-440 pressure 
vessel metal. In this connection, a possibility of research of VVER-440 pressure vessel metal of 
the decommissioned Greifswald NPP obtains a significant value. The Greifswald RPV program 
of cutting out trepans through RPV thickness allows to estimate real properties of metal without 
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any "modeling". During this study it is possible to carry out a substantiation of surveillance 
programs with templates for Russian VVER-440 vessels. 

The Russian VVER under life time prolongation have been shown on Table 1. The 
consideration of life extension of long operated VVER-440 of second generation (design series 
V-213) and VVER-1000 are in progress. 

 
Table 1. Long term operation Russian VVER during Life time prolongation 

 
NPP Unit 

 
Start-up Annealing Dummy 

Assemblies 
Completion of 
Design Life 

Life time 
prolongation 

      
NV-3 1971 1987, 1991 1999  

(till 2009) 
2001 2016 

NV-4 1972 1991 no 2002 2017 
Kola-1 1973 1989 1985 2003 2018 
Kola-2 1974 1989 1985 2004 2019 
 

4. RPV RADIATION LOAD MONITORING UNDER REGULATORY DEMANDS 
Knowledge of radiation load parameters (especially resulted from neutrons) of RPV of 

VVER type reactors is needed to evaluate RPV steel embrittlement during operation and to 
predict it on the end of life-time [6]. This knowledge could be received during the monitoring of 
irradiation parameters (MIP). 

RPV neutron fluence monitoring of Russian VVER is regulated by the requirements of the 
Russian regulatory documents [2]. First fundamental is that the maximum RPV neutron fluence 
should be accounted over all period of operation (Paragraphs 9.17 PNAE G-7-008-89, 5.8 PNAE 
G-7-002-86,  RB-007-99). This account should be held by calculational procedures. Certification 
of computer codes is a second necessary regulatory procedure in Russian practice of RPV fluence 
monitoring. Paragraph 2.1.18 of Regulatory rules, NP-082-07, demands that computer codes used 
for safety justification are to be certified. It means that codes should be verified and validated by 
reliable measured data.  

To fulfill current MIP of RPV of serial VVERs, and as it is recommended by RB-007-99, 
unified for serial VVER calculation procedures should be used. These calculation procedures are 
recommended [5] to be tested by measurements. The most simple, reliable and accurate 
measurement technique applied at NPP with VVER is ex-vessel neutron activation measurement. 
This technique is recommended by regulatory document RB-018-01 [7].  

Calculational procedure developed in SEC NRS used certified codes. Tradition features of 
calculational model are 60 degree sector of VVER symmetry which include; pin-wise neutron 
source distributions in periphery assemblies; neutron source takes into account mixture of U/Pu 
fission spectrum; variation of release of neutron per fission in dependence on burnup. New 
feature is neutron source preparation from analysis of 360 degree neutron-physics core 
calculation. Earlier the 30 and/or 60 degree core calculation results were used for core source 
model preparation. Next feature is use 25 and more (up to 100) height layers of core calculations 
and create a height distribution of height source as polynomial. The most new feature is neutron 
source preparation as combination of neutron physical core calculation and in-core power 
distribution measurements performed by standard in-core monitoring system [8]. 
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Ex-vessel experimental procedures are based on the detector installation techniques 
developed in SEC NRS and recommended as normative document RB-018-01. Fig. 4 shows 
typical position of detector installations at all types of VVER. Standard set of detectors and their 
characterizations is described in RB-018-01. 

The ex-vessel measurements accompanying the MIP permit to evaluate real RPV neutron 
fluence conservatism, and, if possible, to reduce conservative safety margins [6]. SEC NRS is 
performing now the ex-vessel measurements on all power units with VVER reactors. Russian 
NPP units undergoing now ex-vessel dosimetry are shown in Table 2. 

 
Table 2. Russian NPP units with VVER-440 and VVER-1000 undergoing ex-vessel 

dosimetry 
 

 Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 

Kalinin NPP yes in progress in progress  in progress -** 
Novovoronezsh NPP shut down shut down yes (×2)* yes (×2)* yes (×2) 

Kola NPP yes* yes (×2)* yes (×2) yes -** 
Balakovo NPP yes yes (×2) yes (×2) yes (×2) -** 
Rostov NPP yes yes -** -** -** 

* - ex-vessel dosimetry on VVER-440 during life time extension (after 30 years operation) 
** - Unit does not exist 
 

Typical situation is that C/E values for used threshold reactions of neutron activation 
detectors lie in range ±10-15 %. The results of MIP at first generation VVER-440 have shown 
(Table 3) that calculational data are in agreement with measured ones. This fact confirms a 
reliability of fluence calculational procedure and its using in justification of RPV lifetime 
extension from 30 to 45 years 

 
Table 2. Mean C/E values in ex-vessel positions of first generation VVER-440 (V-179 and 

V-230).  
 

Unit DA* 54Fe(n,p) 58Ni(n,p) 46Ti(n,p) 63Cu(n,α) 93Nb(n,n') 237Np(n,f) 238U(n,f) 

yes 1.05 1.04 1.04 1.12 1.06 1.06 0.99 
NV-3 

no 1.02 1.04 0.97 - 1.07 - - 

no 1.00 0.98 0.90 0.88 1.06 1.02 0.96 
NV-4 

no 0.98 0.96 0.91 0.92 1.13 - - 

Kola-1 yes 1.05 1.09 1.03 1.01 1.03 1.10 0.98 

yes 1.01 0.99 0.93 1.02 1.14 1.07 0.91 
Kola-2 

yes 0.99 0.93 - 1.03 0.99 - - 

* - dummy assemblies 
 

5. CONCLUSIONS 
 
1. The degree of metal embrittlement of VVER pressure vessel is a basic issue of justification 

of NPP Unit service life and LTO. 
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2. While embrittlement process managing, it is possible to manage the VVER lifetime of NPP 
in whole. 

3. In case of extension of operation the special attention should be drawn to the validity of 
prediction of RPV embrittlement in frame of justification analysis. 

4. The approaches, developed and applied in SEC NRS during the expertise of safety 
justifications, are based on a system of regulatory documents of Rostechnadzor of Russia. At the 
same time, the improvement of this system in a part of development of safety guides and unified 
procedures of the evaluation of embrittlement, permitting to increase the validity and reliability 
of estimations, is required. 

5. The supplement of experimental database on VVER-440 pressure vessel embrittlement by 
reliable results of measurements with as templates (Russian VVER-440), so as trepans (NPP 
Greifswald) is required. It may allow to decrease the conservatism in embrittlement evaluations 
and to increase the reliance in validity of lifetime extension. 

6. Monitoring of radiation load parameters of RPV of Russian VVER is performed in frame 
of as RPV safety approval; as justification analysis. Monitoring is based on the calculational 
procedures. Ex-vessel measurements are necessary to test calculational procedures in application 
to every unit. 
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Fig. 1. General conceptual approach to the evaluation of VVER pressure vessel lifetime on the base of 
PNAE G-7-002-86. 
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Fig. 2. General principles of VVER RPV lifetime assessment and management. 
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Fig. 3. Conservative evaluation of the VVER RPV lifetime. 

 

 
 

1 - pressure vessel; 2 - support ring; 3 - concrete; 4 - racks with dosimeters; 5 – water tank 

Fig. 4. Ex-vessel dosimeters installations on different VVER reactor types: a) VVER-440/179 (NV-3),  
b) VVER-440/179(230) (NV-4, Kola-1,2), c) VVER-440/213 (Kola-3,4), d) VVER-1000/320/186/302. 
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