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1. Introduction

Since 1964 58 power units with water-water power reactors (VVER) with electric power
(gross) from 70 to 1000 MW had been built at 18 NPPs in the USSR, east European countries
and Finland. At present some of these reactors are out operation either because of the end of
lifetime or for other reasons. From 49 power units currently in operation 13 with the WER-440
and 1000 reactors of various modifications are in Russia.

In spite of their high performance characteristics construction of VVER-440 reactors was
stopped in the USSR in the 80s. They were replaced by VVER-1000 reactors as more efficient
and lower in cost.

During the 35 year operation of VVERs multiple measures on heightening their safety
and efficiency, based on the VVER operation experience and experience with other type reactors,
as well as due to changed safety standards and rules, were taken. Simultaneously, the activity on
creation of new VVER designs, more reliable, safe and efficient was carried out.

2. Main requirements to NPPs with new generation VVERs

The accidents at the "Three Mile Island" (USA, March 28, 1979) and Chernobyl (USSR,
April 26, 1986) NPPs, caused by deficiencies in the designs of these reactors and faults of
personnel, set the world public opinion against nuclear power as a whole. This resulted in
essential reduction in programs of nuclear power development in a number of countries and even
in the termination of NPP construction (Sweden, Finland) or prohibition of NPP operation (Italy,
Austria).

Although accidents with destructive consequences are practically impossible at the NPPs
existing in the world due to their design and physical features, the need arose to make changes in
the designs of the operating and of newly designed NPPs in order to ensure safety with more
reliable means.

For newly constructed NPPs the statements appearing in the IAEA recommendations
(INSAG-3) [1] and USSR normative documents of (OPB-88) [2], insistently requiring to reduced
the probability of severe accidents with core meltdown by 10 times comparing with the level
established for operating NPPs (up to 10" 1/reactor-year), and the possible inadmissible release
of radioactivity demanding the evacuation of population-by 10-100 times (up to 10"6 - 10"7

1/reactor-year).
As an perspective direction for solving the problems arisen, the NPP designers of some

countries, including Russia, began to create a number of water-water reactor designs using the
following safety enhancing approaches:

- extensive use of highly reliable passive safety systems operating without outside power
supply and permitting, in the case of accidents, the reactor plant to be cooled down for a long
time, about 24-72h, without operator's intervention;

- lower heat generation rates of fuel rods in the core, allowing slow development of the
accident and offering the possibility to take necessary measures even in the case of beyond-
design development of events;

- designing the systems of normal operation taking into account their possible use as
active safety systems;

- use of double containment: inner leak-tight shell and outer shell capable to withstand
such external impacts as fall of aircraft and explosions;

- provision of systems for managing beyond-design accidents.
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Simultaneously with safety enhancement the NPP designers took effective measures on
reducing the expenditures for NPP construction and operation.

The increased economic efficiency of new power units is reached due to the following
measures:

- reduction in consumption of concrete, metal, valves, pumps, cable due to the use of
passive systems and decrease in the number of active ones, improvement of arrangement of
rooms and equipment;

- increase in the fuel burnup at a given enrichment due to reduction in the power
distribution of the core and larger number of refuellings per core life;

- longer NPP service life - 50-60 years.
In the late 80s the designing of two such reactors, VVER-640 and VVER-1000 (V-392

design) was begun in Russia. Also, a conceptual design of NPP with 1500-1800 MW reactors are
being considered. New NPPs are being created using the experience gained in designing and
operation of VVERs which were connected to the network in the USSR, East European countries
and Finland.

3. Main characteristics of new generation NPPs

The main characteristics of new generation NPPs are listed in Table 1.
As seen from the table, most parameters of new VVER-1000 (V-392 design) and those of

VVER-1000 (V-320 design) now in operation are nearly the same. In the VVER-640 design the
steam pressure in steam generators is increased, which improves essentially the thermodynamic
efficiency of the unit.

In spite of essential difference in the power of the VVER-1000 and VVER-640 designs,
the dimensions of their vessels (rail transportable) and cores are the same.

The number of control rods (CR) is increased in comparison with the operating NPPs
with VVER-1000 reactors from 61 to 121. In this case their efficiency is sufficient, including the
case with one CR stuck, to trip the reactors and cool them down to a temperature of 20-100°C
without boric acid injection. In addition, the VVER-640 core will remain subcritical even after its
complete depoisoning and in the case of unanticipated replacement of coolant's boric acid by
pure condensate. The increased CR worth makes it possible to ensure a more reliable safety of
NPP during the accident resulting in a deep cooldown of the reactor coolant system or those
induced by unanticipated ingress of pure water into the reactor.

The reactor plants of units considered have four circulation loops with the MCP and
horizontal steam generator in each. In the design of steam generators the deficiencies revealed
during the operation of NPP with VVER-1000 have been eliminated. In particular, the headers in
the SG of new units will be made of stainless steel using an improved technology of tube closing.

In the designs new main circulation pumps with reduced leaks from the seals are used.
Even in the case of seal cooling loss leaks through the seals of one pump will not exceed 50 1/h
for 24 h.

No oil system is required for cooling the pump components. An unusual reverse locations
of sucking and pressure nozzles of MCP for the VVER-640 permitted the reactor coolant system
to be designed without U-shaped sections on the loops, worsening LOCA development.

In the designs of new generation NPPs with VVERs the turbines of high heat economy,
generators with fully water cooling, condensers with titanium tubes are used.

As far the NPPs with 1500-1800 MW are concerned, at present there are proposals from
two teams: these are the NPPs with VVER-1500U (OKB "Gidropress", St. Petersburg AEP) and
UVR-1500 (AEP, Moscow; OKB Mashinostroenie, Nizhni Novgorod). In the first proposal the
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Table 1. Main characteristics of new VVERs comparing with those of western reactors
of the same power

1

2

3

4

5

6

7

8

Cbtricterfftic

Electric power
(gross), MW

Thermal power,
MW

Pressure in reactor
coolant system, MPa
Pressure in SG, MPa

Average/maximum linear
power generation rate in

fuel rods, W/cm
Outer diameter of fuel rod

Outer diameter of reactor
vessel, m

M

Number of loops

WER-
440

440

1375

12,3

4,6

127/325

9,1

3,84

6

WER-
640

640

1800

15,7

7,1

100/265

9,1

4,54

4

AP600
(USA)

620

1940

15,7

5,5

135/-

9,5

4,4

4

W E R -
1000

(V-320)

1000

3000

15,7

6,3

166/448

9,1

4,54

4

W E R -
1000

(V-392)

1000

3000

15,7

6,3

L 66/44 8

9,1

4,54

4

N1300
(France)

1330

3817

15.5

7,1

170/-

9,5

4,83

4

W E R -
1800

1830

5250

15,7

7,1+7,8

185/478

9,1

5,67

4

WER-
1500U

1500

4250

15,7

7,1
156/410
120/310

9.1/7,6

5,30

4

EPR

1500

4250

15,5

7,3

155/450

9,5

5,4

4

Note: 1. For the VVER-1800 the characteristics of V-352 conceptual design, developed in 1985, is given.
2. EPR - European power reactor.

basis for designing the safety systems is solutions developed for VVER-640, in the second-for
VVER-1000 (design V-392). The short-term problem is to reduce these two proposals to one
selecting the best solutions.

4. Safety concept of new generation NPPs.

The operation conditions of NPPs with VVERs include:
- normal operation; emergency situations; design and beyond-design accidents.
The NPP meets the safety requirements when its radiation impact on the personnel,

population and environment under normal operation, in emergency situations and DBA does/not
result in exceeding the adopted doses of personnel and population exposure and standards on the
release and content of radioactive materials in the environment and limits this impact in the
beyond-design accident.

For each category of operation conditions the following factors are determined: signs of
referring the operation condition to one of the categories; nomenclature of operation conditions
for each category; criteria of successful course of given operation condition.

It is understood by the normal operation the fulfillment of all operations necessary for
reaching the main objective of NPP-the generation of electricity and heat, with the safety of
personnel and population being ensured.

The normal operation includes: flooding of the equipment with a working medium,
heating/cooling of the systems, scheduled start-ups and shutdowns of the unit, operation at
various power levels, scheduled equipment switchings ons and offs, revisions, refuelings, tests,
ets.

Under the normal operation condition the state of NPP equipment is maintained in the
operation limits determined by the design. These conditions are maintained by corresponding
systems of normal operation, including the control systems.

When the controllers fail, the function of maintaining the parameters in the limits of safe
operation is fulfilled by the systems of process interlocks and protections.

In the normal operation the criteria given below for this category of operation conditions
must not be exceeded.
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The violation of the normal operation (emergency situation) may be deviations of
parameters beyond the permissible limits (symptom) or the event pertaining to the category of
emergency situations or accidents (event sign).

Unlike the accidents, the emergency situations are very probable events and, therefore,
their arising should not lead to the violation of safety criteria specified for the normal operation
or cause failure of the equipment, except for one whose failure is the initial event. Upon the
repair of failed equipment the unit must be put into operation without any extra revisions and
refuelings. In the Russian normative documentation there is no probability criterion for
separating emergency situations from accidents. In accordance with the US standards, [4] all
whose probability is <10"2 1/reactor year, i.e. once per 100 year and more often, should be
understood as the emergency situations. These includes unscheduled (emergency) switching off
some equipment (MCP, turbines, feed pumps, steam generators), false operation of scram
system, ruptures of small pipelines, etc.

In accordance with OPB-88 and OPB-88/97 the accident is understood as a violation of
NPP operation with the release of radioactive products and/or ionizing radiation beyond the
limits specified in the design for normal operation (symptom).

The accidents are divided into design and beyond-design ones.
The design accident is one for which the design determines the initial events and final

states and stipulates are foreseen the safety systems ensuring, with allowance for the principle of
single failure of safety systems or a single error of personnel, independent of the initial event, the
restriction of its consequences within the limits specified for these accidents [2], [3].

When the design accident occurs, an essential repair and even core discharge may be
required. Therefore the probability of accident should be lower than for the emergency situation.

As a consequence from the OPB-88 requirements and IAEA recommendations the
probability of initial events of design accidents must be within the range 10"2 - 10"5 1/reactor
year, and the probability of serious fuel damage must not exceed 10"5 1/reactor year.

The beyond-design accident is meant as "the accident induced due to the initial events
unanticipated for the design accidents or accompanied by failures of safety systems beyond the
single failure or faulty decisions of personnel, which can lead to serious damages or to. core
meltdown. The mitigation of its consequences is attained the accident by management and/or by
the realization of the emergency plan on protection of personnel and population" [2].

According to [5] "the sequences of events which can lead to significant damage of the
core" are called severe accidents.

Obviously, the NPP operation will be safe and economic only in the case when the NPP
is designed so that the number of disturbances in its operation (emergency situations and
accidents) would be small, and their impact on the personnel, population and environment would
not go beyond the limits of a certain permissible risk, insignificant comparing with other
technogenous impacts. Therefore the approach existing in the world establishes various safety
criteria depending on the operation conditions (its probability), and for radiation impacts taking
into account the difference in their hazard for various groups of personnel and population.

To ensure the safety of NPPs with the VVERs the defense-in-depth concept is used,
which is based on the use of:

- a system of barriers preventing propagation of ionizing radiation and radioactive
products to the environment;

- a system of technical and organization measures on the protection of barriers and
maintaining their efficiency;

- measures of direct protection of population.
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In accordance with the defense-in-depth concept the NPP is designed, constructed and
operated in such a way that the radioactive materials are confined with a number of physical
barriers. The system of barriers of NPP with the VVER consists of: fuel matrix; fuel claddings;
reactor coolant pressure boundary; a leak-tight confinement (containment).

For the protection of barriers several NPP protection "levels" characteristic of the given
impact level (categories of regimes) are provided. For each "level" the appropriate technical
and/or organization measure for preventing and/or mitigating the impact consequences or impact
sources are used to prevent the NPP transition from the normal operation to the emergency
situations or to the accident, if these measures are ineffective, with the aim of fastest return to
normal operation.

For each category of NPP operation conditions the safety concept envisages a set of
criteria for attaining the main safety goal. The criteria are set up on the basis of normative
requirements and experience of creation and operation of NPPs with the VVERs (see Table 2).

5. Technical means for ensuring safety concept requirement.

Unlike the operating NPPs with the VVERs, an important feature of new designs, as
mentioned in Section 3, is the use of double shell containment with a controlled space in
between.

To ensure the safety in the beyond design accident at the NPPs with VVER-1000 and
with VVER-640 of new generation, sets of active and passive systems are provided. The passive
systems can fulfill all safety functions without active systems and operator's intervention for at
least 24 hours.

The active systems, in turn, (a part of them also fulfill the functions of the systems of
normal operation) can ensure the safety without the operation of passive systems for the most
probable accident in the presence of alternating current at the NPP.

The reactor is tripped, if necessary, both by the insertion of control rods into the core by
gravity and by the injection of boric acid into the coolant.

For the core cooldown and removal of residual heat in non LOCA cases, the passive heat
removal systems (PHRS) from the steam generators are provided. The SG heat is removed in
special heat exchangers, located outside the containment, to the air (VVER-1000) or to the water
in a heat accumulating tank initiating its evaporation (VVER-640).

In the LOCA cases, as the pressure decreases, the reactor coolant systems is reflooded
from the ECCS hydroaccumulators. or/and tanks. In the VVER-1000 design four
hydroaccumulators of first stage with the initial pressure 5.9 MPa and twelve hydroaccumulators
of second stage with the initial pressure 1.5 MPa are provided, each of them containing 50m3 of
water. The water stored in the hydroaccumulators (taking into account for the operation of SG
PHRS) permits the core to be flooded for at least 24 hours without switching on the active safety
systems.

For the NPPs with VVER-640 ECCS tanks with atmospheric pressure (4X460) m3 and a
different principle of heat removal at the final stage of accident are provided in place of
hydroaccumulators of second stage. When the primary circuit pressure is decreased to 4-5 MPa
the non-return valves of hydroaccumulators open, and the boric acid is injected to the reactor
vessel. Further cooldown and pressure reduction for small and medium LOCAs are accomplished
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Table 2
Technological and radiation criteria ensuring safe operation of the new generation NPPs with WERs

Technological criteria
^ ^ ^ BARRIER

PRODECTION ^ ^ \ ^
LEVEL ^ ^
1 LEVEL - Normal
operation
PURPOSE: Assurance of
NPP safety at the expense
of operation reliability and
maintaining barrier
efficiency, and ensuring the
personnel's vital activity by
technical means and
organization measures
envisaged for normal
operation.

II LEVEL - emergency
situations
PURPOSE: Assurance of
NPP safety by limiting the
normal operation till its
termination and assurance
of barrier efficiency and
personnel vital activity by
technical means including
safety systems.

FUEL
MATRIX

No fuel melting.
Release of
radiologicaly
hazardous
fission products
from the fuel
matrix does not
exceed 0.3% of
the total.(3)

FUEL CLADDING

Operational limit of
fuel rod damage is
not exceeded:
-defects of gas-
untightness type -
not more than 0.1%
of fuel rods:
- direct contact of
nuclear fuel with the
coolant-not more
than 0.01% of fuel
rods. (1)
The external
temperature of
claddings - s355°C
No heat transfer
crisis.

DNBR- 1,2+1.3.
-1+2a, where a -
mean square error
of correlation used

REACTOR
COOLANT
SYSTEM

At normal operation
the rate of
unanticipated leaks
from the reactor
coolant system not
higher than 100 l/h
The pressure is lower
or equal to the design
pressure (2).
In the emergency
situation the pressure
increase up to 1.15 of
the design pressure is
permitted. (9).

CONTAINMENT

The leak of medium
from the leak tight
shell-not more than
0.1% of its volume
per day.

Radiation criteria

CRITERION

Limits of professional exposure level
1. The limit of individual dose of external and internal irradiation -
20 mSv/year. [6], [7]

The designed dose rates, corresponding to the given limit with anowance
for double designed safety factor depending on the character of works,
are used in designing protection against the ionizing radiation's.
2. The limit on the collective dose of personnet carrying out schedule
works connected with dose expenditures (planned maintenance,
inspection, refueling) - 0.5 man Sv/year.

The limits of exoosur doses for population
The individual dose - 0.1 mSv/yr.[6], [7].
The limit is referred to the effective equivalent dose for the critical group
of population due to NPP operation with allowance for direct and indirect
ways of radiation impact.
The limit corresponds to10% of the main limit of dose, established for the
population in NRB-99.

(1) The given values are half as large as those indicated in [8],
(2) The design pressure is maximum pressure in normal operation, exept for the hydraulic tests, used in the strenth calculation
(3) Up to burnup 42 MWd/kgU
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Table 2
Technological criteria

^ \ ^ ^ BARRIER

PRODECTION ^s"""--^ i^
LEVEL ^ -
111 LEVEL-Design
accidents fipoeXTHbie
anapnH
PURPOSE: Assurance of
NPP safety by the reliable
termination of operation by
the operation of safety
systems.

IV LEVEL-The beyond-
deslgn accidents
PURPOSE: Assurance of
NPP safety by the reliable
termination of operation,
protection of barriers and
assurance of vital activity of
the personnel using any
possible means.

FUEL
MATRIX

No fuel melting.
Fuel enthalpy in
reactivity impacts
as low as 607
kj/kg.

The probability of
severe core
damage or melting

mustbesiO"5

1/reactor year.

FUEL CLADDING

The maximum
design fuel rod
damage-not
exceeded:
- fuel cladding
temperature musl

be 800 °C; (4)
- local depth of
fuel cladding
oxidation must be
25 % of the (4)
starting wall
thickness;
- fraction of
oxidized zirconium
£1% of its mass in
fuel claddings.
The probability of
severe core
damage or melting

must be £1O~5

1/reactor year.

REACTOR
COOLANT
SYSTEM

Loss of reactor
coolant can result in
short-term core
deflooding. Pressure
<1.15 of design
pressure.

Loss of reactor
coolant result in long-
term core deflooding.
By the time of failure
the pressure in the
system < 0,1+0.2
MPa.

LEAK-TIGHT
ENCLOSURE

SYSTEM

Medium leak from
the protection leak-
tight shell 0.1% of its
volume per day.

The probability of
limited emergency
release must be

<10"^ 1/reactor year.

Radiation criteria

CRITERION

Planned increased exDosure of personnel
Limit of individual external exposure dose - 40-80 mSv/year.[7]
Limit of individual effective equivalent dose in the control room and
reserve control room -25 mSv/year.
The limits correspond to the integral doses the personnel received during the
accident and in mitigation of accident consequences through external and
internal exposure by inhalation.
Limits of population exposure doses.
The individual dose of external whole body exposure - 5 mSv/year.[7]
The radiation impact on (he population from accidental release o f radioactive
products to the environment during the design accidents and/or external effects
taken into account in the design, does not require any protection measures for
the population beyond the NPP site.

Planned increased exposure of personnel
This is specified in the design in accordance with the above limits for the
designed accidents.
Limits of DODuiation exposure doses
The restriction of radiation impact on the population in the design accidents by
the above limits is attained by protection measures taken ahead of schedule by
forecast o f formation of accidental exposure levels.
The zone of planning the protection measures for the population, specie -
in the design for the limiting accidental release with a probability 10"7 1/reactor
year is S3 km taking into account the characteristics of NPP location.
The radiation impact on the population due to accidental releases of radioactive
products to the environment does not require any planned protection measures
outside the NPP site, except for temporal limitation on consumption of local
agriculture products.

(4) This values are lower, than given in [8] figures 1200°C and 18%, respectively.
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through the SG PHRS and, if necessary, by steam discharge from the pressurizer via the relief
valve.

For large and long-term LOCAs, upon the decrease in the pressure difference in the
primary circuit and in the containment up to 0.6 MPa special depressurization valves, connecting
the hot and cold legs of the loops with the spent fuel pool open. These valves represent passive
facilities which in normal operation are closed due to the pressure of the primary circuit.

The coolant and boric acid from the ECCS tanks coming from the rupture are collected in
the special leak-tight enclosure around the reactor and primary loops forming the so-called
emergency pool (EP). After deflooding of two hydroaccumulators and two ECCS tanks the level
in EP, is set above the level of reactor's outlet pipes, and then, after deflooding all
hydroaccumulators and all ECCS tanks-at the level of MCP connector (not flooding the motor).

When the EP level rises up to 2.95 m from the pool bottom (approximately between the
hot and cold reactor pipes) the valves on the line connecting the emergency and spent fuel pools
open. Thus, the whole volume (except for the failed ECCS tanks) of water in the leak tight
encloses is involved into the process of cooling the core and spent fuel. The process is stabilized
and may continue, in principle, for a rather long time depending on the availability of the cooling
system of leak-tight enclosure, which is designed for 24 hours in the VVER-640.

In the designs of NPP of new generation the systems for severe accidents management are
first provided. In spite of all measures taken to prevent the core melting it is deterministically
supposed than such an accident may take place. In this case are considered the technical means of
retaining the corium in the reactor vessel and if it can not be for some reasons, in a special device
under the reactor vessel. Also, the measures for prevention of explosive hydrogen concentrations
and protection of the containment from high pressure in severe accidents are provided.

6. Techno-economic indices of new generation units.

In designing the NPPs of new generation great attention was given to updating of their
technoeconomic indices by improved arrangement solutions, use of advanced equipment,
reduced number of active systems. Such indices as volumes of construction, consumption of
concrete and metal, construction sites, consumption of cable are reduced by 15-25% for the NPP
with new VVER-1000 comparing with NPP with VVER-1000/V-320. These indices for the
NPPs with VVER-640 are practically the same as for the NPPs with VVER-1000/V-320.

Conclusion

The concept of NPP with the VVER of new generation is developed taking into account
the requirements stated in Russian normative documentation, international requirements and 35-
year experience with operation of these type reactors. The safety level and efficiency of the NPP
being developed in accordance with this concept should completely satisfy the needs of Russian
and potential Customers for several decades after the year 2000.
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