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1. The Project of Moving toward “Fuel 
Zero Failures” in Russia

The concept of the project moving toward “fuel 
zero failures” includes: 
(1) Achievement of two goals: (a) achieving “fuel 

zero failures”, (b) exploitation of the «pure» ac-
tive zones without leaking fuel rods, 

(2) Tasks of development and implementation 
complex scientifi c, technical and technological 
activities aimed at identifying and removing the 
causes of nuclear fuel failures, 

(3) Main results of the project should be the reduc-
tion of radiation dose loads to the personnel, 
improving the environment, reducing costs of 
NPP for the purchase of fresh fuel, manage-
ment of spent nuclear fuel and radioactive 
waste, reduction of scheduled maintenance 
duration.

The movement towards zero level nuclear fuel fail-
ures is: 

(a) Reduce the probability of fuel rod depres-
surization due to

- the identifi cation of the mechanisms and 
causes of fuel rod depressurization,

- the elimination or mitigation of identifi ed 
negative factors causes of fuel rod depres-
surization,

(b) Mitigating the effects of fuel rod depressur-
ization in the result

- reduce the risk of secondary defect forma-
tion in the fuel rods,

- reduce pollution of the fi rst circuit and the 
cooling pool as a result of localization of 
the removal of nuclides 134Cs, 137Cs and 
fuel composition from leak fuel rods,

- reduce the amount of radioactive waste.
The goal is to reduce the loss of fuel rod depres-
surization. 

The fi rst two phases of the project “zero fail-
ure” of nuclear fuel for NPP with WWER in Russia 
were implemented in 2013 [1]. At the fi rst stage of 
the memorandum signed between the manufac-
turer of fuel – JSC “TVEL” and the operating orga-
nization – JSC “Concern Rosenergoatom”. In the 
second phase created four working groups: (1) de-
sign; (2) manufacturing; (3) operation; (4) for the 
management of spent nuclear fuel. The working 
groups carried out an analysis of the causes of 
nuclear fuel failures, design, technological and op-
erational documentation, conducted audits at the 
enterprises in the third phase in 2014. The result of 
the fourth stage of the project and the work of each 
working group in 2015 is a list of organizational 
and technical measures for the implementation 
of the developers, manufacturers and operators. 
From 2016 it is planned the implementation of the 
fi fth phase of the project – the implementation and 
monitoring of the implementation of the action plan 
at the enterprises of JSC “Concern Rosenergoat-
om”, JSC “TVEL” and developers of nuclear fuel.

Figure 1 presents the scheme of movement 
on the project “zero failure” of nuclear fuel in Rus-
sia. As result of activities carried out to improve 
the reliability, average for the year number of fuel 
assemblies (FA) with leaky fuel rods for almost 
all the projects of reactor units or FA types after 
the start of the initiative “zero failure” of nuclear 
fuel in 2012-2014 decreased signifi cantly com-
pared to 2009-2011. Negative dynamics is observ-
ing for a single 5 unit of Novovoronezh NPP with 
WWER-1000 project-187, has a random nature, 
as in 2009-2011 it leaking fuel rods were not, and 
in 2012-2014 was discovered one fuel rod defect 
type “gas leak”. However, the target of the project 
«zero failure» of nuclear fuel is from 95 to 100 % 
of active zones of reactors, operated without leak-
ing fuel rods, so far has not been achieved (fi gure 
2). Moreover, in 2014 the Russian NPPs, the pro-
portion of generating units with WWER-type reac-
tors in which the results of the leak test claddings 
was found leaking fuel rods is decreased to below 
50 %, unlike for the foreign nuclear power plants 
with WWER-type reactors. For foreign reactors of 
WWER-440 type in project «zero failure» target in 
fact achieved, and for foreign units with WWER-
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1000 is a positive trend in achieving this target.
The problems of achieving nuclear fuel “zero 

failures” at nuclear power plants of Russia are de-
fi ned: 

 ● changes in the design characteristics of fuel 
rods and fuel assemblies for WWER reactors, 
the test for the purpose of their further use for 
foreign NPP;

 ● changes in the operating conditions of nuclear 
fuel at existing reactors because of their mod-
ernization in the extension operation and/or in-
creasing the duration of campaigns or increas-
ing power.

To analyze the trends of the movement to «zero 
failure» of nuclear fuel at WWER-type reactors in 
Russia in comparison with similar foreign WWER 
and PWR reactors (fi gure 3), we use the available 
measure of nuclear fuel reliability WANO – FRI 
(Fuel Reliability Indicator). In this case, the units 
without leaking fuel rods are maximum for the year 
the average quarterly value of the index FRI does 
not exceed the criterion of fuel leakage, equal to 
19 Bq/g.

When the indicator FRI used you should con-
sider its physical meaning is the percentage of the 
specifi c activity 131I in water fi rst circuit emerging 

Figure 1. Scheme of the movement to 
“zero failure” of nuclear fuel 
in Russia

Figure 2. Proportion of WWER unit without leaking 
fuel rods according to the results of fuel 
cladding leakage testing

Figure 3. Evaluation of the implementation of «zero failure» criterion using index FRI
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from leaking fuel rods. Thus it is impossible to use 
when comparing values in different countries, dif-
ferent reactor projects, etc. the median values in 
cases where more than 50 % of the units leaking 
fuel rods are missing. By results of consider of 
fi gure 3 it can be seen that the project «zero fail-
ure» is currently being successfully implemented 
at power units with PWR reactors in the United 
States.

Conclusion 1. The project is moving towards 
fuel “zero failure” in Russia provides for improving 
the reliability of nuclear fuel to the required level 
because of identifying and remedying of imple-
mented mechanisms and causes damage to the 
fuel rods at existing power units with WWER.

The complexity associated with changing de-
sign characteristics nuclear fuel, modernization of 
reactor systems and the operating conditions of 
the fuel in the process of project implementation:

 ● increasing the duration of fuel cycles from one 

year to a year and a half, 
 ● increasing the power of units with WWER-1000 

reactors fi rstly to 104 % and then to 107 % and 
possibly up to 110 % of nominal power.

2. Analysis Methods of the 
Mechanisms and Causes of Fuel 
Rod Leakages

To resolve actionable mechanisms and causes 
damage to the fuel rods must be identifi ed. Used 
organizational methods of analysis of possible 
causes of nuclear fuel failures related to the de-
sign, manufacture, operation in the reactor and 
fuel handling for NPP with WWER, have a signifi -
cant disadvantage. They will apply only to oper-
ating in currently operating nuclear power plants 
projects fuel assemblies and fuel rods. If these 
methods suffi ciently do not developed operational 
inspections of spent nuclear fuel after discharge 
from the reactor, and the identifi cation of damage 
mechanisms on the survey results in a protective 
(hot) cells long time, is expensive and limited by 
the number of fuel assemblies examined. 

In SC «VNIIAES» we have developed and 
used the technique of probabilistic and statistical 
analysis of possible mechanisms and damage 
causes to the fuel using the results of leakage test-
ing of fuel cladding in the operation and shutdown 
of the reactor plants, analysis of design charac-
teristics, manufacturing techniques and operating 
conditions of fuel (fi gure 4). We show the possibil-
ity of applying this method on the example of unit 
3 with WWER-440 of Novovoronezh NPP, which 
marked a deterioration of the reliability and integ-
rity of fuel rods (fi gure 5) fi rst 1994-1999 and then 
from 2002 to 2012.

Figure 4. The block diagram of the methodology 
 of probabilistic-statistical analysis of 
reliability and causes of fuel rod 
depressurization

Figure 5. Indicators of fuel rod 
leaking at the end 
of the campaigns of 3 
unit of Novovoronezh 
NPP
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To identify the mecha-
nisms and causes leakage 
of fuel rods used function 
feedback that character-
ize various causes (de-
sign, manufacturing, op-
eration) depending on the 
possible mechanisms of 
damage (hydrogenation, 
corrosion, debris, fretting, 
manufacturing defects, 
deformation). In fi gures 
6 and 7 show the results 
of calculation of some 
of these function, which 
characterize the possible 
mechanisms (fi gure 6) 
and factors for causes 
that causes damage to the 
fuel rods in the process of 
operation (fi gure 7).

The maxima on the 
curves of the depressur-
ization intensities (equal 
to the ratio of the number 
of fuel assemblies with 
leaking of the fuel rods for 
the total number of fuel 
assemblies in the sam-
pling who worked on this 
interval of burnup) char-
acterize the implemented 
mechanisms of dam-
age depending on their 
duration (fi gure 6). The 
frequency of depressur-
ization equal to the ratio 
of the number of fuel as-
semblies which fuel rod 
was damaged during the 
fuel cycle for the duration 
of the fuel cycle (upper 
graph in fi gure 7) can only 
be associated to opera-
tional causes of the dam-
age mechanisms which 
are implemented quickly within one campaign, for 
example, when debris damages related with the 
ingestion of foreign objects in the primary circuit. 
Therefore in the analysis of operational factors on 
the damage causes they should be considered for 
sampling of fuel assembly which rods was depres-
surized by only the course of it fi rst campaign op-
eration.

For operational factors the causes and mecha-
nisms of damage is most characteristic function 

of the leaks probability in the fuel rods of the fuel 
assemblies initially loaded into the reactor before 
a certain fuel cycle (lower graph in fi gure 7). In 
this case are participated in the selection of fuel 
assemblies with the same total for a given reac-
tor operating conditions. The mechanisms and 
causes of damage are determined by calculating 
the depressurization probability for fuel assembly 
samples with depressurization fuel rods which hav-
ing worked a different number of campaigns de-

Figure 6. Probability of operation without leakage of fuel rods and the 
intensity of FA depressurization for 3 unit of Novovoronezh NPP

Figure 7. Frequency depressurization (FA failure) during fuel cycles and 
probability of leaks in fuel rods for fuel assemblies loaded for 3 
unit of Novovoronezh NPP
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pending on the possible mecha-
nisms of damage according to 
the analysis of the intensity of 
depressurization (fi gure 7), and 
comparing them with the values 
of the parameters of the possi-
ble factors that causes damage 
during considered fuel cycles.

Conducted probabilistic-sta-
tistical analysis confi rmed the 
results of fuel assemblies ex-
amination in protective hot cell 
Novovoronezh NPP [2] showed 
that increased depressurization 
of fuel rods with 3 and 4 units 
Novovoronezh NPP occurred 
on mechanisms debris damage 
and local pitting corrosion under 
deposits (fi gure 8).

Causes of increase during 
each fuel cycle pressure drop 
in the core (fi gure 9) and the in-
creased temperature on the out-
put of individual fuel assemblies 
and depressurization of fuel 
rods and radioactive contamina-
tion of the steam generators on 
3 and 4 units of Novovoronezh 
NPP were:

 ● chemical decontamination 
of the primary circuit and the 
reactor vessel during recon-
struction in 1990-1991 that 
are leaded to ingress into 
the primary circuit of a large 
number of coarse particles 
of corrosion products as a 
result of the imperfection in 
Special water purifi cation 1 
system, 

 ● installation to 3 unit cas-
settes screens in 1999-
2008 that is leaded to an 
increased average power of 
fuel by 10% and their abnor-
mal depressurization on the 
mechanism of pitting cor-
rosion under deposits with 
the occurrence of surface 
boiling on separate sites of 
some of the fuel rods (fi g-
ures 6 and 8), 

 ● systematic decontamination of steam genera-
tors in the period 2000-2009 with the lack of ef-
fectiveness of primary circuit treatment systems 
from coarse particles of corrosion products.

Figure 9. The change of thermal power and pressure drop through 
the core at 3 unit of Novovoronezh NPP

 
 

 

Figure 8. The survey results of WWER-440 fuel assemblies in the 
“hot cell” of Novovoronezh NPP

After discharge from the active zone of unit 3 cas-
settes screens and the steps taken to clear the 
primary coolant from foreign objects and particles 
of corrosion products depressurization of fuel ele-
ments has decreased to an acceptable level (1-2 
of fuel rods per year). 
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Figure 10. The mechanisms of WWER-1000 fuel assemblies damaging that was investigating after 2000

Figure 11. The output of fi ssion products from leaking fuel rods with primary and secondary defects

Despite good results, the scope of application 
of this methodology probabilistic and statistical 
analysis of damage causes to the fuel rods is lim-
ited. It is effective only when a statistically signifi -
cant number of damaged fuel rods.

Conclusion 2. The technique of probabilistic-
statistical analysis of reliability and causes of fuel 
rod depressurization allows you to identify the 
mechanisms and the causes of the fuel rod de-
pressurization in events with a large statistically 
signifi cant amount of damage.

Disadvantages of the methodology are:

 ● prolonged periods of accumulation of infor-
mation are not less than 3-5 years, a period 
during which may not be installed and, accord-
ingly, are not eliminated causes damage to the 
fuel rods,

 ● restrictions on the use of the method in condi-
tions of realization of the concept of “zero de-
fect” in a small number of events associated 
with depressurization of fuel rods. 



536

3. Problems and Perspectives of 
Achieving “Fuel Zero Failures” 

Since 2000 for 15 years in protective chambers 
of Dimitrovgrad were examined only 11 of the 
WWER-1000 fuel assemblies with defects clad-
ding fuel rods (fi gure 10). Was identifi ed the main 

mechanisms of damage: debris in six cases, 
fretting at three FAs and internal hydrogenation 
of two fuel rods. However the number of surveys 
clearly insuffi cient to identify and correct the prob-
able mechanisms and causes damage to the fuel 
rods [3, 4].

In the case of fretting and hydrogenation de-
signers and nuclear fuel manufacturers promptly 

Figure 13. The use of computer codes to prevent depressurization of fuel rods when changing projects 
nuclear fuel or reactor plants

Figure 12. The specifi c activity in the primary coolant during operation of 3 unit of Kalinin NPP with a 
secondary defect in the leaking fuel rod



537

took the necessary measures to the structural 
changes of the fuel assembly and manufacturing 
technology, allowing virtually eliminate damage by 
these mechanisms. Was designed also antidebris 
grid allowing reducing the probability of hitting in 
the fuel assemblies foreign objects, type of weld-
ing hail, shavings or wire. Taken to prevent the 
contamination of foreign objects in the fi rst circuit 
is in the process of repairs. However, completely 
exclude the possibility of debris damage failed. In 
addition, in one case debris damage at the bot-
tom of the fuel rod has led to the emergence of 
secondary defect and fracture due to the ingress 
of moisture under the shell of a fuel rod and hydro-
genation of the fuel rod cladding in its upper part 
(fi gure 11). 

The case with the emergence of secondary 
fuel rod defect with fast convective transfer iodine 
nuclides from the fuel rod has led to the fact that 
the total specifi c activity of iodine nuclides in the 
coolant because of one fuel rod with such defects 
has risen to the level of operational limit (fi gure 

12). Since the WWER-1000 power units in Russia 
has been translated into eighteen months of fuel 
cycle increases the risk of occurrence of second-
ary defects and the possibility of exceeding speci-
fi ed for normal operation of the operating limit. This 
requires us to exclude the cases of abandonment 
in the reactors after planned repairs of fuel assem-
blies with even minor defects in the fuel rods of 
the type “gas leaks”. In this case, the economic 
losses will be proportionally higher losses due to 
the reduction of fuel burnup with leaky fuel rods. 
The reliability of the fuel rods, conforming to the 
requirements of a “zero failure”, reduces economic 
losses to a minimum.

In the last two years during the inspection of 
fuel assemblies during outages Balakovo and Ros-
tov NPP identifi ed light “patina” at the top of the 
fuel rods after 12 remote grid (photo in the lower 
right corner in fi gure 10). Causes of light “patina” 
and whether it can lead to the leak from fuel rods it 
not known. However, worried by the fact that dur-
ing these two years at the Balakovo and Rostov 

Figure 14. The specifi c activity increase of fi ssion 
products in the water of the spent fuel 
pool and the fi rst circuit 3 unit of Kalinin 
NPP during depressurization of fuel rods

Figure 15. The release of fi ssion products leaking 
from one “gas leak” type defect fuel 
rod during the “spike effect”, when the 
WWER-1000 unit has stopped

 

Figure 16. The statistical criterion leaks in “sip-
ping-method” for leakage testing of fuel 
cladding in the handling machine

Figure 17. The statistical criterion leaks for bench 
leakage testing of fuel cladding
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Figure 18. The results of 
the WWER-1000 
fuel cladding leak 
test in which by 
visual inspection 
or during post-ir-
radiation studies 
were identifi ed 
large through 
defects in the fuel 
cladding

Figure 19. Features of fuel cladding rod bench leak monitoring method with the pressure cycling

NPPs were cases of fuel rod depressurization. At 
the same time, at Kalinin NPP light “patina” is not 
yet been observed. Since these units were trans-
ferred to a one year and a half the fuel cycle, work-
ing on power 104 % of par and are planning their 
transfer to 107% of nominal power, it performs a 
program of works to identify causes and mecha-
nisms of the appearance of the white “patina” and 
the possibility of depressurization of fuel rods.

Problems with the possibility of damage to fuel 
rods and the deviation from the “zero failure” may 

occur when introducing new nuclear fuel designs 
and projects of modernization of WWER-1000 
units, the introduction of WWER reactors of new 
projects (NPP-2006, WWER-TOI). The prospects 
of achieving zero failures of nuclear fuel in this 
case are associated with the development of new 
and improvement of existing analytical methods 
that describe the known mechanisms of depres-
surization of fuel rods with zirconium claddings, 
such as manufacturing defects, internal hydroge-
nation, deformation, mechanical interaction of fuel 
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Figure 20. The structural scheme is the optimal method for WWER fuel cladding leakage testing 
by technology of nuclear fuel “zero failure”

and cladding, fretting, debris and normal corrosion 
of the claddings. The use of such calculations will 
prevent the possibility of implementing the mech-
anisms of damage of the fuel rods in the design 
stages of fuel and technology for its manufacture 
and in operation (fi gure 13).

Currently there are solutions and are used in 
the design of fuel rods and fuel assemblies, mainly 
modeling of thermo mechanical behavior of the 
fuel assembly and evaluation of stock valuation 
prior to the heat transfer crisis on the basis of lo-
cal parameters. With increasing power of units, to 
change the maximum linear loads on the fuel rods, 
and the use of mixing grids with the intensifi cation 
of heat exchange may change the conditions of 
the fuel rods associated with corrosion processes 
on zirconium claddings, the transfer of the solu-
ble and dispersed particles of corrosion products. 
Because these processes can lead to depressur-
ization of fuel rods, it is necessary to work on the 
modeling and development of computer codes 
that describe these processes.

The presence of such computer codes inte-
grated in the information system on operating ex-
perience of nuclear fuel, will allow predicting the 

behavior of fuel rods in the design, manufacture or 
operation conditions. Thus “zero failure” of nucle-
ar fuel can be achieved when implementing fuel 
assembly new projects, changing the operating 
conditions of reactor and commissioning nuclear 
plant new projects with much less money and with-
out depressurization of fuel rods at the initial stage.

Conclusion 3. The problems of achieving 
“fuel zero failures” are due to:

 ● a prolonged period of time at least 3-5 years to 
determine the causes and mechanisms of fuel 
rod damage, 

 ● the long time for achieve “fuel zero failures” 
after the elimination of fuel damage causes 
that is determined by the mechanism of the 
fuel rod damage,

 ● the possibility of fuel rod damage after the 
implementation of nuclear fuel new projects, 
the upgrading of old or the introduction of new 
reactor plants.

Perspectives achieve “zero failure” of nuclear fuel 
are connected:

 ● for existing projects, nuclear fuel and reac-
tor units in the implementation of the activi-
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ties programmer to identify and eliminate the 
causes of the fuel rod damage,

 ● for new projects of nuclear fuel, with the mod-
ernization of old and implementation of new 
reactor units warning of possible implementa-
tion of known causes and mechanisms of fuel 
rod damage with zirconium cladding as a re-
sult of the development methods and design 
of computer codes that predict the behavior of 
nuclear fuel in a new environment.

4. Mitigation of Nuclear Fuel Failure 
Consequences

On units with WWER there is a trend of in-
creasing specifi c activities of cesium nuclides in 
the water of the spent fuel pool and the fi rst circuit 
(fi gure 14) after the depressurization of fuel rods. 
Nuclides 134Cs and 137Cs come because of the 
“spike effect” after a shutdown or unloading of the 
reactor (fi gure 15). Because mounted in unit water 
treatment systems do not purify the water from ce-
sium, at the beginning of the campaign the specifi c 
activity of the primary coolant by 134Cs and 137Cs 
has a maximum due to the ingress of contaminat-
ed water from the cooling pool and then decreases 
as a result of deposition of cesium on the fuel clad-
ding and the steam generator tube bundle.

To additional contamination of the primary cir-
cuit and spent fuel pool of cesium nuclides lead 
statistical criteria the leakage of fuel rods used for 
operational ‘sipping method’ for leakage testing of 
fuel cladding in the handling machine (fi gure 16) 
and for bench testing fuel assembly (fi gure 17) 
based on the calculation of mean and standard de-
viation for all tested fuel assemblies. This means 
that for every fuel assemblies with the leaky fuel 
rod prior to their localization in the sealed canister 
produces two additional overloads during which 
the cesium out of the fuel rods due to the spike 
process.

To halve the number of transport-technological 
operations with fuel assemblies containing the 
leaking fuel rods will allow the development of cri-
teria to determine the fuel rod leakage during the 
operational leak test of the fuel cladding during an 
overload of the fuel assembly (fi gure 16) and dur-
ing bench testing of these fuel assemblies (fi gure 
17). The solution to this problem is also linked to 
the need for a new criterion of failure of WWER-
1000 fuel assemblies for the fuel rod leakage, 
because the existing criterion on the 131I specifi c 
activity in the water sample above 1480 Bq/g af-
ter the fuel assembly test according to the stan-

dard technique on the stand leak test of the fuel 
cladding has proved to be unworkable. Of the 14 
known cases of fuel rod obvious damage in which 
the inspections or during post-irradiation studies 
were found of the fuel rod destruction, long cracks 
or visible holes in the shells, only twice the fuel as-
semblies were classifi ed as failed on this criterion 
(fi gure 18). 

The task of developing a workable criterion of 
failure of fuel assemblies and criteria the leakage 
of fuel on the testing results for fuel cladding leak-
age testing is possible on the basis of the method 
with the pressure cycling [5] (fi gure 19). Based on 
the poster for fuel cladding leakage testing with the 
pressure cycling already developed and used in 
standard methods for the control of fuel cladding 
tightness at the NPP of JSC «Concern Rosener-
goatom» criteria for determining the degree of fuel 
rod tightness with defects of the type “gas leaks” 
and “direct contact of fuel and coolant” when stor-
ing fuel assemblies in the spent fuel pool. 

Method for leakage testing of fuel cladding fuel 
rods with the pressure cycling is more sensitive 
than using the staffi ng methodology and enables 
us to estimate the effective size of defects in the 
fuel rods. In form of receiving and processing of 
the results this method are analogous techniques 
in France based on temperature control during 
testing of the fuel assembly on the stand. Howev-
er, the duration of the test in this case is reducing 
from 8 hours to 25 minutes, which is necessary for 
WWER reactors with cooling pool located inside 
the containment, since such tests can only is per-
formed during shutdown of units.

Structural scheme of the optimal method for 
fuel cladding leakage testing by technology “zero 
failures” of nuclear fuel, that mitigating conse-
quences of nuclear fuel failures by the fuel rod 
tightness to a minimum, presented in fi gure 20. 

Key problems identifi ed for the treatment of 
WWER nuclear fuel containing the leaking fuel 
rods include:

 ● the lack of water purifi cation systems of the fi rst 
circuit and cooling pools from cesium nuclides,

 ● an unworkable criterion of failure by the leak-
age of WWER-1000 fuel assemblies the 131I 
specifi c activity in water at bench leakage test-
ing of fuel rods in the cooling pool,

 ● the statistical criteria of fuel rod leakage ac-
cording to the results of the fuel cladding leak-
age testing: operational sipping–method in 
handling machine and in-house bench tests in 
a case of the cooling pool,

 ● the lack of operational systems «sipping meth-
od» of the fuel cladding leakage testing in han-
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dling machine in units with WWER-440 and 5 
unit of Novovoronezh NPP,

 ● the lack of systems for the storage and trans-
portation of spent nuclear fuel with leaking fuel 
rods.

The weakening of nuclear fuel failures conse-
quences is achieved as a result of implementing 
measures: unload all assemblies with leaking fuel 
rods during scheduled shutdowns of the reac-
tor, minimize the number of overloads due to the 
use of non-statistical criteria the tightness of fuel 
according to the results of operational sipping-
method and bench test fuel assemblies, as well 
as cleaning of pool water exposure on selective 
sorbents from cesium nuclides. 

Conclusion 4. The mitigation of nuclear fuel 
failure consequences is achieving by the use 
of technologies, including: 

 ● after confi rming the fuel rod leakage during 
fuel assembly testing on the bench providing 
drain radioactive water for processing, not mix-
ing with the pool water exposure,

 ● minimizing the number of transport-technolog-
ical operations (TTO) with fuel assembly con-
taining the leaking fuel rods, for which the fuel 
assembly with “leaky gas” the fuel rods must 
be stored in one compartment of the cooling 
pool without overloading the storage period, 
except for overloads when sending from nu-
clear power plants for long-term storage, for 
processing or for examination, and to optimize 
the system for leakage testing of fuel cladding 
in terms of minimizing the number of TTO with 
fuel assembly,

 ● removed by selective sorbents from 134Cs and 
137Cs water output from the cooling pool after 
the end of the nuclear fuel reloading.

The criterion for the leakage of fuel rods, allow-
ing outside penile storage of nuclear fuel in water-
fi lled cooling ponds and haulage containers is a 
defect such as a «gas leak».

The defect is of the type «gas leak» if it has an 
effective hydraulic diameter:

 ● of not more than 50 microns, 

 ● from 50 to 120 microns inclusive in the ab-
sence of growth of the specifi c activity of 
the solid fi ssion products: 140Ba, 140La, 103Ru, 
106Ru or 141Ce, 144Ce in water of the canister 
for fuel cladding leak testing in the pressure 
cycling process.

5. Main conclusions

The implementation of the concept of “zero 
failures” fuel rods will improve radiation safety and 
economic effi ciency of nuclear power plants due to:

(1) improve the reliability of nuclear fuel,
(2) reduction of dose loads and reducing the 

amount of radioactive waste.
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