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Abstract 

The VVER are one of the most common reactor types in the world. In addition, 

many of the Gen-III/III+ reactors under construction or recently commissioned are 

VVER designs. On other hand, passive safety systems are attracting increasing 

interest for several reasons: their simplicity and reliability, reduced need for 

human intervention, lower maintenance requirements and long-term cost 

effectiveness.  

To address these two main concerns, a detailed VVER-1000/V320 model has been 

developed for system code TRACEV5P5, including the conventional safety systems 

from this design. In addition, two passive safety systems found in Gen-III/III+ 

VVER designs have been included in the VVER-1000/V320 model. These passive 

safety systems are the Second Stage Hydro-accumulators (HA-2) of the VVER-

1200/V392M and the air-cooled Passive Heat Removal System (PHRS) of the 

VVER-1000/V412 (Kudankulam Nuclear Power Plant).  

Several safety analyses have been carried out using the developed full plant model 

of a VVER-1000/V320 reactor. The first two have been performed considering the 

conventional safety systems. First, the success criteria for the Loss of Coolant 

Accident (LOCA) event trees have been verified. Then, the different strategies 

presented in the emergency operating procedures for the management of small 

LOCAs have been studied. Hereafter, two further analyses have been conducted 

with the aim of gain more in-depth knowledge of the passive safety systems 

incorporated in Gen-III/III+ VVER reactors. Thus, Small and Large LOCA have 

been simulated under Station Blackout (SBO) conditions, considering the 

performance of the HA-2 and the air-cooled PHRS.  

It is important to emphasize the use of the Integrated Safety Assessment (ISA) 

methodology throughout the analyses conducted in the PhD thesis, especially for 

the verification of the success criteria of the conventional safety systems, the 

identification of the success criteria for the passive safety systems incorporated in 

the VVER-1000/V320 model and the determination of available times required for 

human actions. 

Several conclusions have been drawn from this doctoral thesis. Firstly, a certain 

conservatism has been observed in the public event trees for the LOCAs, as the 

simulations show that a relaxation of the success criteria is possible. Therefore, a 

new proposal for the event trees has been made, including a new extended event 



 

xiv 

 

tree approach. It has also been found that human actions are necessary when the 

break sizes are smaller than 2 inches and the high pressure injection system is not 

available. The simulations show that the human action related to controlled SG 

depressurisation at a reactor coolant system cooling rate of 60 K/h in VVER-

1000/V320 provides a large safety margin, similar to that obtained in the 

Westinghouse PWR for the cooling rate of 55 K/h. 

On the other hand, it has been obtained that for the LOCA sequences under SBO 

conditions, the single actuation of the four HA-2 trains along with the injection of 

the First Stage Hydroaccumulators (HA-1) would be enough to avoid core damage 

for medium/large break sizes. In addition, the simulations of both SBLOCA and 

LBLOCA under SBO conditions, considering the performance of the HA-2 and the 

air-cooled PHRS, show that, given the availability of success criterion for LOCA of 

these safety systems in Gen-III/III+ VVER reactors (3 out of 4 trains), the 

performance of active safety systems is not necessary to avoid core damage during 

the first 24 hours of the sequence.  

On the basis of all the knowledge gained from hundreds of simulations, it has been 

possible to propose new event trees for LOCA and for the LOOP sequences, 

incorporating headers relating to the advanced passive safety systems studied, the 

HA-2 and the air-cooled PHRS. 
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Resumen 

Los reactores VVER son uno de los diseños de reactores nucleares más comunes. 

Tal es así que muchos de los reactores Gen-III/III+ que se están construyendo o 

que han entrado recientemente en operación son diseños VVER. Asimismo, los 

sistemas de seguridad pasivos están despertando un interés creciente por varias 

razones: su simplicidad, fiabilidad, menor intervención humana, bajo 

mantenimiento y rentabilidad a largo plazo.  

Para abordar estas dos cuestiones, se ha desarrollado un modelo detallado para el 

código de sistemas TRACEV5P5 de un reactor VVER-1000/V320. Este modelo 

incorpora los principales sistemas de seguridad convencionales, así como dos 

sistemas de seguridad pasivos presentes en los diseños de reactores VVER Gen-

III/III+: los acumuladores de segunda etapa (HA-2), del diseño VVER-

1200/V392M, y el sistema de eliminación de calor residual por aire (PHRS), del 

diseño VVER-1000/V412 (Central Nuclear de Kudankulam). 

Se han llevado a cabo varios análisis utilizando el modelo de planta desarrollado. 

En los dos primeros se ha considerado únicamente la disponibilidad de los sistemas 

de seguridad convencionales. En primer lugar, se han verificado los criterios de 

éxito para los árboles de sucesos de las secuencias de perdida de refrigerante 

(LOCA). Posteriormente, se han estudiado las diferentes estrategias presentadas 

en los procedimientos de operación de emergencia para la gestión de secuencias de 

roturas pequeñas de LOCA. A continuación, se han realizado otros dos análisis con 

el objetivo de profundizar en el conocimiento de los sistemas de seguridad pasivos 

incorporados en los reactores VVER avanzados. Así, se han simulado secuencias 

de LOCA en condiciones de pérdida total de la corriente alterna (SBO). 

Es importante destacar el empleo de la metodología "Integrated Safety Assessment 

(ISA)" a lo largo de los análisis realizados en la tesis, especialmente para la 

verificación de los criterios de éxito de los sistemas de seguridad convencionales, 

la identificación de los criterios de éxito para los sistemas de seguridad pasivos 

incorporados al modelo de VVER-1000/V320 y la determinación de los tiempos 

disponibles para realizar acciones humanas.  

Se han obtenido importantes conclusiones a partir estos análisis. En primer lugar, 

se ha observado cierto conservadurismo en los árboles de sucesos de las secuencias 

de LOCA. Ello ha llevado a proponer nuevos árboles de sucesos, entre los que 

destacan los árboles de sucesos expandidos. Por otro lado, se ha encontrado que las 
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acciones humanas son necesarias cuando el tamaño de la rotura en las secuencias 

de LOCA es más pequeño de 2 pulgadas y el sistema de inyección de alta presión 

está indisponible. Las simulaciones indican que, en los reactores VVER-1000/V320, 

la despresurización controlada de los generadores de vapor a 60 K/h ofrece un 

margen de seguridad similar al de los reactores Westinghouse con una velocidad 

de enfriamiento de 55 K/h.  

Por otro parte, se ha visto que, para las secuencias de LOCA en condiciones de 

SBO, la inyección de los cuatro trenes del HA-2 junto con la inyección de los 

acumuladores de primera etapa (HA-1) podría ser suficiente para evitar el daño al 

núcleo en roturas medianas y grandes. Además, las simulaciones tanto de 

SBLOCA como de LBLOCA en condiciones SBO, considerando la actuación del HA-

2 y del PHRS, muestran que, dada la disponibilidad del criterio de éxito para LOCA 

de estos sistemas de seguridad (3 de 4 trenes), la actuación de los sistemas de 

seguridad activa no es necesaria para evitar el daño al núcleo en las primeras 24 

horas de la secuencia.  

En base al conocimiento obtenido a través de cientos de simulaciones realizadas, 

ha sido posible proponer nuevos árboles de sucesos para secuencias de LOCA y 

secuencias de perdida de la corriente externa (LOOP), incorporando cabeceros 

relacionados con los sistemas de seguridad pasivos analizados en la tesis doctoral, 

el HA-2 y el PHRS.   
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Chapter 1.  

Introduction 
 

The present doctoral thesis has been developed within the project "Integrated 

Safety Analysis of Modular and Evolutive Reactors" (ISASMORE), conducted by 

the Universidad Politécnica de Madrid (UPM) in collaboration with the Karlsruhe 

Institute of Technology (KIT). The project and, consequently, this doctoral thesis 

are driven by two main motivations: 

 On the one hand, interest in studying the VVER reactors has grown 

considerably, as they are one of the most widely operated nuclear reactors 

in the world, particularly in countries such as Russia, China, India and 

several Eastern European countries. Among the different VVER reactors, 

the VVER-1000/V320, a Gen-II design, is the most widely deployed, with a 

total of 25 units in operation worldwide. This design has served as an 

important precursor to the more Gen-III/III+ VVER reactors. The transition 

from Gen-II VVER to Gen-III/III+ VVER is driving further interest in 

understanding the performance and safety aspects of these reactors. 

 On the other hand, there is a renewed and growing interest in the Passive 

Safety Systems (PSS) that ensure the core integrity during accidental 

sequences with a total loss of AC power. These PSSs, which could operate 

without the need for active human intervention or external power sources, 

could be useful to ensure reactor safety under extreme conditions. This focus 

is particularly relevant following accidents such as that at Fukushima 

Daiichi, which have highlighted the vulnerability of conventional active 

safety systems.  

It should be noted that the majority of the Gen-III/III+ VVER reactors incorporate 

advanced PSSs, which are found in the Emergency Core Cooling System (ECCS), 

in the heat removal systems and in the containment.   

Based on this, the primary objective of this doctoral thesis is to assess the 

enhancement of safety margins provided by the new advanced PSSs in the VVER 

reactors. To achieve this, safety analyses have first been conducted on a VVER-

1000/V320 reactor with conventional safety systems. Subsequently, a series of 
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safety analyses have been carried out on a VVER-1000/V320 reactor equipped with 

the Second Stage Hydro-accumulators (HA-2), of the VVER-1200/V392M, and the 

air-cooled Passive Heat Removal System (PHRS), of the VVER-1000/V412 at the 

Kudankulam Nuclear Power Plant (KKNPP).  

As a result of this effort, it has been possible to acquire a comprehensive 

understanding of the VVER-1000/V320 technology, with particular emphasis on 

nuclear safety. The various safety systems incorporated in this reactor design, 

including their configurations and their ability to cope with different accident 

sequences, have been explored in depth. A key aspect of this research has been to 

identify and analyse the main differences between the safety systems of VVER 

reactors and those of Western Pressurizer Water Reactors (PWR). 

In parallel, extensive knowledge has also been gained about new safety systems 

incorporated into Gen-III/III+ VVER reactors. Some of the main aspects explored 

have been: what are the strengths and weaknesses of these Gen-III/III+ VVER 

safety systems; what types of accident sequences are they specifically designed for; 

how do they differ from the PSSs used in Western PWR; and for how long can these 

systems maintain the integrity of the nuclear fuel without human intervention or 

dependence on external AC power. 

The document is structured as follows: Chapter 2 presents a comprehensive review 

of the state of the art covering the main topics of the doctoral thesis. It begins with 

an introduction to the PSSs found in Light Water Reactors (LWR). This is followed 

by an overview of the evolution of VVER reactors, providing a historical context for 

this technology, a detailed description of the VVER-1000/V320 reactor and the 

various Gen-III/III+ VVER designs, with particular emphasis on their safety 

systems. Finally, the VVER-1000/V320 standard Event Trees (ET) for Generic 

Transient (GT), Loss Of Off-site Power (LOOP), Small Break Loss Of Coolant 

Accident (SBLOCA), Medium Break Loss Of Coolant Accident (MBLOCA) and 

Large Loss Of Coolant Accident (LBLOCA) are presented.   

Then, in Chapter 3 the model developed for the TRACEV5P5 system code of a 

VVER-1000/V320 reactor is detailed in depth. Thereafter, Chapter 4 presents a 

series of transients conducted by means of the VVER-1000/V320 model to verify 

the correct performance of the implemented controls, safety systems, and their 

respective actuation signals. The analyses include a SCRAM, a Main Coolant 

Pump (MCP) trip, a Station Blackout (SBO) and two LOCA sequences. 
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Next, Chapter 5 presents two analyses carried out with the VVER-1000/V320 

reactor model, considering only the conventional safety systems of this technology. 

In the first analysis, the MBLOCA and LBLOCA ETs are assessed, re-evaluating 

the Success Criterion (SC) of each safety system involved in the accident, and 

developing new ETs for sequences where the old SCs are updated. In the second 

analysis, a study is made of the different strategies for managing the SBLOCA 

sequences along with High Pressure Injection System (HPIS) failure in VVER-

1000/V320 reactors. A comparison is also made with the strategies implemented 

for this accidental sequence in the Pressurized Water Reactor Westinghouse 

(PWR-W). In this analysis, a previous review of the Emergency Operating 

Procedures (EOP), the SBLOCA ETs and the experimental tests has been 

conducted.  

Subsequently, Chapter 6 presents two further analyses based on the performance 

of two PSSs incorporated in the Gen-III/III+ VVER reactors, the HA-2 and the air-

cooled PHRS. For this purpose, the VVER-1000/V320 reactor model for the 

TRACEV5P5 system code has been used, implementing the new PSSs. The first 

analysis of the chapter aims at studying the impact of the HA-2 on the event of a 

LOCA sequence, with and without SBO conditions. The second analysis focuses on 

the performance of the air-cooled PHRS in SBO sequences with and without LOCA, 

also considering the actuation of the HA-2. Furthermore, at the end of Chapter 6, 

based on all the knowledge gained through the realisation of the analyses involved 

in this doctoral thesis, proposed ETs for the LOOP, SBLOCA and LBLOCA 

Initiating Events (IE), including headers related to the PSS analyzed, are 

presented. 

Finally, Chapter 7 summarises the findings and presents the concluding remarks 

of the doctoral thesis.  
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Chapter 2.  

State of the art 

This chapter deals with the latest advances and developments in the field of 

nuclear reactor technology, with particular emphasis on VVER designs. It is 

divided into three main sections. First, in Section 2.1, the PSSs included in Gen-

III/III+ reactors are presented. Next, in Section 2.2, the evolution of VVER reactors 

is shown followed by a comprehensive description of the VVER-1000/V320 design 

and the Gen-III/III+ VVER. Finally, Section 2.3 gives the standard ET of the 

VVER-1000/V320 for different accidental sequences.  

2.1. Passive Safety Systems 

The International Atomic Energy Agency (IAEA) defines a PSS as "a System which 

is composed entirely of passive components and structures or a system which uses 

active components in a very limited way to initiate subsequent passive operation", 

(IAEA, 1994, 1991). Based on this definition, the IAEA establishes a classification 

to determine the passiveness level of a system based on whether it moves fluids or 

mechanical parts and whether it requires external power or signal inputs, see 

Table 2-1 and (Burgazzi, 2012; Fil et al., 1999; IAEA, 2009). In fact, PSSs cannot 

be classified exclusively as "passive" or "active", as both passive and active means 

can be found in the single safety system, e.g. a system could be driven by natural 

forces, such as gravity, but need a valve opening to initiate the operation. 

Furthermore, a PSSs can also be classified according to the safety function they 

perform into three groups that are commonly found in the literature (Bryk et al., 

2019; Buchholz et al., 2015; Heung Chang et al., 2013; IAEA, 2019, 2016; Kaliatka, 

2017; Yamada and Tuniz, 2011): passive ECCS, PHRS and passive containment 

cooling safety systems, see Table 2-2.  

Among the advantages of the PSS, it is worth highlighting the following (Burgazzi, 

2012; Fil et al., 1999; Prosek et al., 2022): 

 Independence from AC power 

 Simplified configuration and a reduced number of devices 

 Reduced probability of human error 
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 Less sensitive to equipment failure 

 Economically competitive 

However, the PSS have some disadvantages compared to active safety systems: 

lack of knowledge of certain phenomena, lack of operational experience or lack of 

data, (Burgazzi, 2012; Fil et al., 1999; Prosek et al., 2022).  Moreover, the PSSs 

present some Thermal-hydraulic (TH) challenges, such as the effect of the non-

condensable gases, which degrade the heat transfer process, and the temperature 

stratification in the water pools, (Kaliatka, 2017). The driving mechanism 

associated with the PSSs are the following (Prosek et al., 2022): 

 Gravity, including density difference (e.g. elevated tanks) 

 Pressure difference (e.g. ACCs) 

 Thermal exchanges (e.g. HXs, ICs) 

 Internal heating phenomena (e.g. nuclear decay heat) 

 Internal chemical phenomena (e.g. passive autocatalytic recombiners) 

 Phase change (e.g. from steam to liquid water or from liquid water to steam) 

 Any combination of the above forces 

There are several NEA/CSNI/WGAMA activities, see (NEA, 2020), and European 

projects that have studied the behaviour of the PSSs: McSafer (Sanchez-Espinoza 

et al., 2021), PASTELS (Montotut, 2021), sCO2-4-NPP (Prosek et al., 2022), PIACE 

(De Grandis et al., 2019), PERSEO Benchmark (Mascari et al., 2023), ISP-51 

experiment in ACME (in progress),  OECD/NEA Advanced Thermal-Hydraulic 

Test Loop for Accident Simulation (ATLAS) projects (NEA, 2022), or the 

OECD/NEA ETHARINUS project involving the Primary Coolant Loop Test 

Facility (PKL) (NEA, 2004). 

The different types of PSS that can be found in the large and small LWR are 

presented below: the Passive ECCSs in Section 2.1.1, the PHRSs in Section 2.1.2 

and the Passive Cooling Containment Safety Systems in Section 2.1.3. 
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Table 2-1 Passive Safety Systems IAEA classification 

 

Table 2-2 Passive Safety Systems classified by safety functions 

Passive 

Emergency 

Core Cooling 

Systems  

Accumulators 

Make-up tanks 

Elevated Gravity Drain Tanks (inside/outside 

containment) 

Long Term Core Cooling 

Passive Heat 

Removal 

Systems 

Through the SGs 
Cooled by a water pool 

Cooled by air flow 

Through the RCS 

Cooled by a water pool 

Cooled by a closed extra 

loop 

Passive Cooling 

Containment Safety 

Systems  

Suppression Pool 

Containment Condenser (cooled by water or air) 

Condensation in Containment inner wall 

 

2.1.1. Passive Emergency Core Cooling Systems 

The following is an overview of the passive ECCSs implemented in different 

reactor designs included in Table 2-2: 

 Accumulators (ACC): Tanks containing borated water and pressurized with 

non-condensable gases. All Gen-II and Gen-III PWR include this PSS, see Table 

2-3 and (AREVA, 2007; Bajorek, 2007; Ebrahimgol et al., 2021; Gavrilas et al., 

1995; Hosseini et al., 2020; Queral et al., 2021; Shoushtari et al., 2016; USNRC 
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HRTD, 2011). Moreover, ACCs can also be found in almost all the Light Water 

Small Modular Reactor (LW-SMR). The name given to the ACCs can be 

different depending on the design, so that for Babcock & Wilcox (B&W) reactors 

they are known as Core Flood Tanks, for Combustion Engineering (CE) reactors 

as Safety Injection Tanks and for the VVER reactors as First Stage Hydro-

accumulators (HA-1). The main characteristics of ACCs are: 

o ACCs are isolated from the Reactor Coolant System (RCS) by 

implementing check valves that open when the pressure in the RCS 

drops below the pressure of the non-condensable gases. It is noteworthy 

that the ACC pressure in VVER reactors is higher than in the other PWR 

reactors, see fourth column in Table 2-3. 

o According to the reactor design, different connections to the RCS can be 

found, see fifth column of Table 2-3. Some ACC designs are directly 

connected to the Reactor Pressure Vessel (RPV) and not to the Cold Legs 

(CL) or Hot Legs (HL), ensuring that in the event of a CL/HL LOCA the 

ACC inventory is not lost through the break instead of reaching the core.  

o Some reactors designs are equipped with a valve downstream of the 

ACCs, which isolates them automatically when the borated water level 

dropped below a certain level, thus preventing non-condensable gases 

from entering the RCS and being deposit on the SG tubes, deteriorating 

the heat exchange in them (D. C. Cacuci (ed.), 2010). In VVER-1000 

reactors, these valves are AC motorised, but they are powered by first 

category of secured power supply, which implies that there is a DC/AC 

inverter at the battery output capable of powering the isolation valves 

for at least 12 hours, so that in the event of an SBO sequence, isolation 

of the HA-1 is guaranteed (ČEZ, 2012). Previous VVER-440 reactors are 

equipped with floating valves inside the ACCs that have a similar 

function (Kral et al., 2011; Queral et al., 2021). Other PWR designs, e.g. 

Westinghouse, include in the EOPs a manual action of isolating the 

ACCs or venting the nitrogen valves. In addition, new venting valves 

have been proposed, e.g. the Automatic Safety Valve for Accumulator 

Depressurization (ASVAD), which have been developed to passively vent 

ACCs when they reach 1.5 MPa (Freixa et al., 2021). 
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o Finally, it can be highlighted that the design incorporated in the 

APR1400/APR+ reactors, which include a Fluidic Device that allows for 

the injection of the borated water in two stages. This enables a more 

efficient use of ACCs inventory during the refill phase of the LOCA and 

therefore extends injection to the end of the reflood phase, so that the 

Low Pressure Injection System (LPIS) can be excluded from the reactor 

design (Korea Hydro & Nuclear Power Co., 2012). An application to a 

VVER-1000/V446, Bushehr NPP, has shown they could improve the 

safety margins in LBLOCA sequences (Pouresgandar et al., 2022). 

Table 2-3 Accumulator designs comparison 

Reactor Design 
Number 

ACC/HA-1 

Total 

Capacity 

(m3) 

Pressure 

(MPa) 

Injection 

Connection 

Westinghouse 

(3/4loop) 
3/4 

41 (x3) / 

34 (x4) 
4.4 / 4.5 CL 

Siemens (Konvoi) 8 34 (x4) 2.5 
4 to CL and 4 to 

HL 

Framatome (P4) 4 47 (x4) 4.0 CL 

B&W 2 51 (x2) 4.13 DVI to DC 

CE 4 46.5 (x4) 4.11 CL 

CPR1000 3 33.2 (x 3) 4.93 CL 

VVER-1000 and 

VVER-1200 
4 60 (x4) 6.0 2 UP and 2 DC 

VVER-1000/V446 

4 + 8       

KWU-

ACCs 

60(x4) +         

45 (x8) 

6.0 

2.5 

 HA-1:2UP and 

2DC 

KWU ACCs: 4 CL 

and 4 HL 

EPR 4 150 (x4) 5.5 CL 

AP1000 and 

CAP1400 
2 

56.6 (x2) / 

65(x2) 
4.9 DVI to DC 

APR1400 4 68 (x4) 4.2 DVI to DC 

Hualong 3 50 (x 3) 5.5 CL 
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 Make-up Tanks: Tanks that are completely full of borated water.  In VVER 

reactors this system is usually referred to as HA-2, while for the other reactors 

is usually known as Core Make-up Tank (CMT). A comparison of the make-up 

tanks included in different designs can be seen in Table 2-4 and (Deng et al., 

2020; Kim et al., 2020; Shi et al., 2021; Yang et al., 2024; Yeh and Xie, 2024; 

Yusheng et al., 2024). Some proposals have been made to include also this 

system in the secondary side of the CPR1000 and Hualong reactors, where it is 

known as the Emergency Makeup Tank (EMT), (Li et al., 2021; Sun et al., 2018; 

Zhang et al., 2011). The main characteristics of the make-up tanks are the 

following: 

o They are connected upstream by a line to the RCS, either to the CL in 

the large reactors or to the RPV in the LW-SMR (Kim et al., 2020; Qiu et 

al., 2023). In the AP1000, CAP1400, ACP100 and SMART reactors this 

upper line is open, i.e. in stand-by mode the CMTs are at the RCS 

pressure, however in the VVER reactors this line is initially closed but 

contains a special dual check valve that opens when the pressure in the 

RCS is below 1.5 MPa (IAEA, 2017). 

o On the bottom, both the CMTs and the HA-2 are usually connected to the 

ACCs and HA-1 injection lines to the vessel.  Under normal operation 

this line is isolated from the RCS with check or isolation valves which 

open when the system is required to fulfil its safety function allowing the 

inventory flows into the RCS by the effect of the hydrostatic pressure 

(Veselov and Tishin, 2017).  

o It should be noted that in the case of the VVER reactors, the pressure 

setpoint of the HA-2 (1.5 MPa) is lower than that of the ACCs (labelled 

HA-1 in VVER reactors), so they actuate as a low pressure injection 

system, while in other designs the pressure setpoint of the CMT (11.7 

MPa) is higher than that of the ACCs, and then actuate as a high 

pressure injection system, see fourth column in Table 2-4. 
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Table 2-4 Make-up tank designs comparison 

Reactor 

Design 

Number 

of trains 

Total 

volume 

(m3) 

Pressure 

setpoint 

(MPa) 

Injection 

connection 
Stages 

VVER-

1200/V392M 

& VVER-

1300/V510 

(VVER-TOI) 

4 
120 x 2 

(x4) 
1.5 

Accumulator 

Injection Line 

UP/DC 

4 

VVER-

1000/V412 
4 

120 x 2 

(x4) 
1.5 

Accumulator 

Injection Line 

UP/DC 

6 

AP1000 / 

CAP1400 
2 

70.8 (x2) / 

85 (x2) 
11.7 DVI 1 

ACP100 2 18 (x2) N/A DVI 1 

SMART 4 N/A ~11 DVI 1 

SMR-160 2 N/A N/A DVI 1 

 
 Elevated Gravity Tanks: Tanks with large volumes, that can be placed outside 

or inside the containment at atmospheric conditions. They are located at higher 

elevation and have the capability of supply water to the RCS by gravity during 

several days at low pressure conditions (Buchholz et al., 2015; IAEA, 2019; 

Yamada and Tuniz, 2011).  An example is the In-containment Refuelling Water 

Storage Tank (IRWST) of the AP1000 reactors, which is connected to the Direct 

Vessel Injection (DVI) lines and has a total volume of 2070 m3 (Queral et al., 

2015). Furthermore, there are Gen-II reactors that have tanks at a higher level 

than their injection point to the RPV, so that it is possible to inject borated 

water to the RCS from this tank passively, (Gavrilas et al., 1995), mainly at 

reduced inventory or mid-loop conditions. 

 Long Term Core Cooling: this PSS consists of the containment sump or the RPV 

cavity connected to the RPV by a recirculation line, like in the AP1000. Its 

function is to passively return the inventory lost during a LOCA sequence to 

the RCS (Buchholz et al., 2015). 

All the PSSs described are designed to inject water into the RCS in the event of a 

LOCA sequence. In this sense, it can be highlighted how the ACCs/HA-1 and the 
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CMTs are mostly intended to replenish the RCS inventory during the initial stages 

of the accidental sequence.  However, in order to ensure core cooling for several 

hours or days, the make-up tank included in the VVER, i.e., the HA-2, the Elevated 

Gravity Tanks and the Long Term Core Cooling PSSs have been mainly conceived, 

(Buchholz et al., 2020). An overview of the large Gen-III PWR and LW-SMR that 

includes the passive ECCS can be found in Table 2-5 and (Buchholz et al., 2020, 

2015; ROSATOM, 2019a; Zeliang et al., 2020). 

Following this review a clear distinction can be made between the passive ECCS 

at the AP1000/CAP1400 and the VVER reactors, see Figure 2-1. Both designs are 

the only large nuclear reactors to include both high/medium and low pressure 

passive ECCS. 

On the one hand, the AP1000/CAP1400 incorporates the CMTs as a passive high 

pressure ECCS, the ACCs and the IRWST, which is able to replenish water into 

the RCS at low pressure. On the other hand, there is no passive high pressure 

ECCS for VVER reactors whose function is equivalent to that of the CMTs in the 

AP1000/CAP1400 reactors, however, their ACCs have a higher pressure than that 

of the AP1000/CAP1400 ACCs. The HA-2 of the VVER is a make-up tank, however 

its function is not similar to that of the CMT, since it is designed to replenish water 

in the RCS at low pressure for 24 hours, which justifies that its volume is greater 

than that of the CMTs.  

Table 2-5 Reactor designs with passive ECCS 

ECCS 
IAEA 

Category 
Reactor Designs 

Accumulator C 

ACP100, SMART, CAREM, SMR-160, 

NUWARD, RITM-200, VVER-1200, EPR, 

AP1000/CAP1400, APR1400, Hualong and 

Gen-II PWR 

Make-up Tank D 
ACP100, SMART, AP1000/CAP1400, VVER-

1200/V-392M, VVER-1000/V-412 

Elevated 

Gravity Tanks 
D ACP100, SMR-160, AP1000/CAP1400 

Long Term core 

cooling  
D 

ACP100, CAREM, RITM-200, SMART, 

SMR-160, NuScale, NUWARD, 

AP1000/CAP1400 
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Figure 2-1 VVER and AP1000 Passive ECCS comparison 
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2.1.2. Passive Heat Removal Systems 

The PHRSs are designed to remove decay heat from the core over extended periods 

of time without the need for AC power or human intervention, (Surip et al., 2022). 

The following section provides an overview of the different types of PHRS designs. 

There are different PHRS designs, which are incorporated into several Gen-III/III+ 

LWR designs. The PHRS can be divided into two groups, those that are connected 

to the secondary side of the SG and those that are connected to the RCS or the 

RPV. That PSS can also be distinguished according to the heat sink: a pool or the 

atmospheric air: 

 PHRS in the secondary side of the SGs:  The PHRSs in the SGs are typically 

found in a large number of Gen-III/III+ PWR designs, both small and large, 

with some exceptions such as the AP1000 and the CAREM reactors. In this 

PHRS configuration, the decay heat is removed via a two-phase natural 

circulation loop connecting the elevated Heat Exchanger (HX) to the SGs, 

(IAEA, 2009). The number of PHRS trains is usually equal to the number of 

RCS loops. The PHRS in the SGs can be water or air cooled: 

o Cooled by a water pool: The HXs are located in a large pool of water at 

atmospheric conditions. When the PSS comes into operation, the steam 

energy from the SGs is transferred to the water pool, which heats up and 

evaporates. This design is found in the HPR-1000 (Xing et al., 2016) and 

the VVER-1200/V491 (Bezlepkin et al., 2014), where the water pool is 

located in an elevated position between two containment structures. It is 

also found in small reactors; ACP-100, SMART, RITM-200 (Ekariansyah 

et al., 2021) and in the NuScale, where the tube bundle is located in the 

external pool where the NuScale power modules are inserted, (NuScale 

Power LLC, 2019). 

o Cooled by air flow: The HXs are cooled by external atmospheric air. When 

the PSS is operating, the air passes through the HX tube bundle by 

natural circulation, increasing its temperature. This design is found in 

the VVER-1000/V412 (Agrawal et al., 2006) and in the VVER-

1200/V392M (Galiev et al., 2017), V509 and V523. The HXs are housed 

in a shell in the outer part of the containments and are connected to air 

ducts through which the air flow passes.   
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 PHRS in the RCS or RPV:  The PHRS connected to the RCS can be found in the 

AP1000 (Westinghouse, 2011) and the CAREM PWRs, and in the classical and 

advance Boiling Water Reactors (BWR) such as the ESBWR (GE Hitachi 

Nuclear Energy, 2014), the BWRX-300 (Rassame et al., 2017) or the conceptual 

design KERENA (IAEA, 2011a). In this PHRS configuration, the decay heat is 

removed via a HX loop, which can be either a two-phase or a single-phase liquid 

natural circulation. The HX can be connected directly to the RPV or the RCS, 

or to another HX within the RPV: 

o Cooled by a water pool: The HXs, which are placed in a water pool, are 

connected to the RPV or the RCS. When this PSS comes into operation, 

the inventory from the core passes into the HX tubes where it causes the 

water pool to evaporate. In the AP1000 reactor, the HX loop is a liquid 

single-phase natural circulation loop, but in CAREM and in BWR, the 

HX loop is a two-phase natural circulation loop.  

Besides, in the BWR the water-cooled PHRS is referred to as Isolation 

Condenser (IC). On the other hand, it should be noted that not only the 

Gen-III/III+ reactors such as the BWRX-300 and the ESBWR have this 

PSS, but also the Gen-II BWR/3 such as the Fukushima Daiichi (unit 1) 

(Dolganov, 2024). However, this design in the BWR/3 were not developed 

to withstand an SBO event, so the water pool is considered to be smaller 

than that of the Gen-III/III+ LWRs (Grant et al., 1996). 

o Cooled by a closed extra loop: The decay heat is removed from the core 

through a loop containing two HXs, one inside the RPV and one 

introduced into a pool of water. The main purpose of this design is that 

the coolant passing through the core does not leave the RPV. This 

structure is included in some conceptual designs, but no LWR reactor 

has currently been built with this type of PHRS (Buchholz et al., 2015). 
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Table 2-6 PHRS designs comparison 

 

 

 

Reactor 

Design 

Reactor  

Thermal  

Power 

(MW) 

Number of PHRS 

trains    

(HXs/train) 

Heat 

removal

/ train 

(MW) 

Cooled by      

(HX location) 

IAEA 

PSS 

category 

AP1000 3000 1 (1 HX/trains) 60 
Water pool 

(RCS) 
D 

BWR/3 1400 1-2 (1-2 HX/trains) 40 
Water pool 

(primary) 
D 

BWRX-300 870 3 (2 HX/trains) 33 
Water pool 

(primary) 
D 

ESBWR 4500 4 (2 HX/trains) 33 
Water pool 

(primary) 
D 

HPR-1000 

(CGN, 

CNNC) 

3000 3 (1 HX/trains) 20 
Water pool 

(SGs) 
D 

NuScale 160 2 (1 HX/trains) 4 
Water pool 

(SGs) 
D 

VVER-

1000/V412 
3000 4 (3 HX/trains) 20 Air (SGs) D 

VVER-

1200/V392M 
3200 4 (2 HX/trains) 30 Air (SGs) D 

VVER-

1200/V491 
3200 4 (16 HX/trains) 30 

Water pool 

(SGs) 
D 

KERENA 3370 4 (1 HX/train) N/A 
Water pool 

(primary) 
B 
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As previously discussed, the IAEA establishes a classification to determine how 

passive a safety system is based on the moving fluids, the moving parts, the signal 

input, the external power and the human actions, see Table 2-1. Most PHRSs are 

classified by the IAEA as Category D PSS because they require an input signal to 

open the isolation valves or the gates that allow the PSS to begin removing decay 

heat.  

In particular, the PHRS in the KERENA reactor design (never built) does not have 

isolation valves. Heat transfer during normal reactor operation is prevented by an 

anti-circulation loop, which blocks the flow between the RPV and the PHRS tubes 

in stand-by conditions. Therefore, the PHRS for the KERENA reactor does not 

require signal inputs to start operation and hence is classified as Category B. 

It is important to note that not only are some LWRs equipped with PHRS, but 

other designs, such as liquid metal cooled reactors (IAEA, 1999) and high 

temperature reactors, also incorporate these PHRS (U.S. Nuclear Regulatory 

Commission, 2021). In Sodium Fast Reactors (SFRs), several designs, including 

PFR, PFBR, CFBR, BN-1200, JSFR, Kalimer, SPX-1, EFR and ESFR, see (Chetal, 

2011; Choi, 2009; Kurisaka, 2012), incorporate air-cooled PHRS, consisting of a 

closed loop that transfers the decay heat from the reactor pool to the atmosphere. 

Moreover, the ALMR, PFBR, BN-500, Phenix and Astrid SFRs have air-cooled 

PHRS, and the Astrid SFR has water-cooled PHRS connected to the SGs. 

Furthermore, there are some SFRs, such as the ALMR and the PFR, where the 

PHRS consists of air flowing around the vessel walls, see (Gluekler, 1997; Jensen 

and Ølgaard, 1995). On the other hand, it is worth mentioning the HTR-PM, a 

high-temperature reactor in which the decay heat is transferred from the vessel to 

the water-filled PHRS tubes by radiation, see (China Nuclear Engineering Group 

Corporation (CNEC), 2019; Takeda and Inagaki, 2021). 

2.1.3. Passive Containment Cooling Safety Systems  

In order to manage the RCS or secondary side inventory discharges into the 

containment, several PSS can be found which are capable of cooling and 

depressurising the containment. Most Gen-II LWRs utilize active safety systems 

that spray water droplets from the upper part of the containment, condensing the 

steam and thereby lowering the pressure and temperature to maintain 

containment integrity. 
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In contrast, some Gen-III/III+ large and small LWRs are equipped with PSSs 

designed to maintain the temperature and pressure within design limits for a long 

time during an accidental sequence without the need for AC power or human 

intervention, see Table 2-7 and (Buchholz et al., 2020, 2015; IAEA, 2016; Kaliatka, 

2017). The main passive containment cooling safety systems are: 

 Suppression pool: High pressure and temperature steam from the RPV and 

the containment is conducted to the suppression pool in the wet well to 

mitigate the pressure increase. This system is common in BWR but is also 

implemented in PWR-SMR such as CAREM, where it is considered as 

category D due to the need for external signals. 

 Containment Condenser: Found in both BWRs and PWRs, the IC is located 

in the upper part of the containment. In most reactor designs with this PSS, 

it requires external signals and is therefore considered as category D. In the 

BWR, the steam in the containment condenses inside the IC tubes, which 

are immersed in a large water pool. In these reactors, the effect of the non-

condensable gases present in the containment must be considered, 

(Buchholz et al., 2020). In the ESBWR, the steam-gas mixture in the dry-

well passes through the inner part of the IC tubes, condenses, and returns 

to a pool connected to the RPV, while the non-condensable gases are sent to 

the suppression pool. In contrast, in the ABWR, the condensate from the IC 

is sent to the suppression pool in the wet-well, (Burgazzi, 2012).  

In the PWR designs, the IC is connected to an elevated water pool rather 

than immersed in it. The IC tubes are angled slight angle to allow natural 

circulation within the tubes so that the steam in the containment condenses 

on the outer wall of the IC tubes and the water inside evaporates. In stand-

by mode, this system is filled with water that is at a temperature similar to 

that of the containment, and when a LOCA occurs, the heat transfer takes 

place due to the pressure and temperature difference between the IC tubes 

and the containment. This design is found in the VVER-1200/V491, Hualong 

and ACP100 PWRs, and is also present in the KERENA BWR design, (Bryk 

et al., 2019).  

 Condensation on Containment inner Wall. This facilitates both steam 

condensation on the inner containment wall and the decay heat release by 

convention or conduction mechanisms, (IAEA, 2016). There are two variants 

of this system: 
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o  In Small Modular Reactors (SMR), as in the NuScale reactor, the 

metal containment is immersed in a pool of water, which is possible 

due to the reduced dimensions of the RPV. In the SMR, the 

condensation on the inner wall of the containment is considered as 

category B, as external signals are not required (NuScale Power LLC, 

2020). 

o The large LWRs containment cannot be fully immersed in a water 

pool. Instead, they use a large water of pool at the top of the 

containment. In an accidental sequence, the metallic containment is 

cooled by air flowing through the annulus between the metallic and 

the concrete containments, driven by a chimney effect, and by water 

bubbles from the upper water pool. This configuration is found in the 

AP1000 (Westinghouse, 2011) and the CAP-1400 reactors, where it is 

classified as category D. 

It should be noted that most of the Gen-III/III+ LWR have other safety systems 

designed for severe accidents, such as the in-vessel retention system, developed to 

retain the corium inside the RPV, the Core Catcher (CC), designed to contain the 

corium if it escapes from the RPV and the Passive Autocatalytic Recombines 

(PAR), to reduce the H2 concentration in the containment. 

Table 2-7 Reactor designs with passive containment cooling safety systems 

Passive containment 

cooling safety system  

IAEA 

Category 
Reactor design 

Suppression Pool D CAREM 

Containment Condenser D 

ACP100, VVER-1200/V491, 

Hualong, ACP100, ESBWR, 

ABWR 

Condensation on 

containment inner wall 
B or D 

ACP100, NuScale, 

AP1000/CAP1400 
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2.2. VVER reactors 

The aim of this section is to present the state of the art concerning VVER reactors. 

To this end, the historical development of VVER models is first discussed in Section 

2.2.1. Subsequently, in Section 2.2.2, the VVER-1000/V320 reactor is described in 

detail, both in terms of its components and its auxiliary and safety systems. Section 

2.2.3 then outlines the different designs of Gen-III/III+ VVER reactors, with 

particular emphasis on their safety systems. Finally, Section 2.2.4 gives a detailed 

description of the two PSSs analyzed in this PhD thesis, the HA-2 and the air-

cooled PHRS.  

2.2.1. Evolution of the VVER reactors 

The acronym VVER stands for "Vodo-Vodyanoi Energeticheskii Reactor" that in 

English means "Water-Water Energetic Reactor", so it is also typical to find them 

referred to as WWER. These nuclear reactor designs represent a remarkable path 

of technological advancement from the first VVER designs to the Gen-III + VVER-

1200, see Figure 2-2.  

VVER reactors emerged in the 1950s, around the same time as Western PWRs. 

Both types of reactors use UO2 as fuel and operate on a Rankine steam cycle on 

the secondary side of the SGs, achieving efficiencies close to 33%. The similarities 

in their basic operating principles are so that VVERs and Western PWRs are often 

considered to be variations of the same reactor type, (ROSATOM, 2019b). Although 

the design of VVER reactors has changed significantly over the decades, the first 

models had features that later became common to all VVERs: 

 The dimensions of the RCS components and SGs allow them to be 

transported by rail, which was one of the key conditions for the design of the 

first VVERs, (Ryzhov et al., 2010). These requirements determine not only 

the maximum diameter of the reactor, but also the configuration of some of 

its elements (angles between loops, nozzles characteristics, etc.). 

 VVERs are characterised by hexagonal Fuel Assemblies (FA), as well as 

tighter triangular FA lattices and fuel rods with a smaller pitch, (Luciano 

et al., 2016). As a result, VVERs have a high specific energy density. The 

VVER typically used 9.1 mm diameter fuel pellets with a lattice pitch from 

12.2 mm to 12.75 mm. 
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 VVER reactors have consistently utilized horizontal SGs, unlike the vertical 

SGs found in Western PWRs, (Egorov et al., 2020). This horizontal 

configuration offers greater compactness and a larger heat transfer area, 

(Ghazanfari et al., 2014; Rabiee et al., 2016). However, it complicates the 

containment layout. 

 There are no penetrations in the RPV below the top of the core. This removes 

the probability of a LOCA in the lower part of the RPV. It should be noted 

that almost all western Gen-III PWR designs have this feature. 

 The Pressurizer (PZR) volume in VVER reactors is typically larger, 

providing a greater safety margin during operational transients, 

(ROSATOM, 2019b).  

 In VVERs RPV, two characteristic internal structures are highlighted: the 

core barrel and the core baffle. The core baffle, which acts as a neutron 

reflector (Georgieva et al., 2015), is located inside the core barrel. Both 

structures protect the RPV from the neutron flux. It is emphasised that the 

modern Western PWR designs include structures similar to the core baffle, 

with the aim of reducing the impact of the neutron flux in the RPV.  

The VVER designs development was started by OKB "GIDROPRESS" and the 

RRC "Kurchatov Institute" in 1955, (Mokhov, 2010). The evolution of these 

reactors consists of several generations, each characterised by technological 

advances, safety features and operational efficiency. The first VVER to be 

developed were the VVER-210 and the VVER-70, in the late 1950s and early 1960s, 

which pioneered the use of light water as a moderator and coolant in the Russian 

design reactors. These early models laid the basis for subsequent VVER reactors, 

see Table 2-8. 

In the 1960s, the VVER-365 design emerged with the Novovoronezh I NPP (unit 

2), which went into operation in 1969. It was the forerunner of the VVER-440 

series, which marked the Gen-I VVER reactors. With an electrical capacity of 440 

MWe, these reactors were designed to meet the energy needs of the time, providing 

a compact and reliable solution. The VVER-440 series is characterised by six RCS 

loops, see Figure 2-3. The first VVER-440 in operation were the VVER-440/V179 

at Novovoronezh I NPP (units 3 and 4) and the VVER-440/V270 at Armenia NPP 

(units 1 and 2). However, unit 1 of the Armenia NPP was shut down after the 1995 

earthquake.  
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The VVER-440/V230, a more advanced version, was introduced in the late 1960s 

and early 1970s in several countries, including Russia, Bulgaria, Slovakia and 

Germany. The NPPs with these designs are Kola NPP (units 1 and 2), Kozloduy 

NPP (units 1 to 4), Greifswald NPP (units 1 to 4) and Bohunice I NPP (units 1 and 

2).  

The evolution of the VVER continued with the VVER-440/V213 design in the 

1970s. This design was widely used in Eastern Europe, with significant projects 

such as the Dukovany NPP in the Czech Republic, which was commissioned to the 

grid in 1988. Other notable NPPs of this design are Mochovce in Slovakia and Paks 

in Hungary.  

It is worth noting that after German reunification in 1990, the four VVER-

440/V230 units at Greifswald NPP were shut down for safety reasons. In addition, 

Greifswald unit 5, a VVER-440/V213 under construction, and the VVER-70 reactor 

at Rheinsberg NPP were also shut down. In addition, the closure of the four VVER-

440/V230 units at the Kozloduy NPP in Bulgaria and the two VVER-440/230 units 

at the Bohunice I NPP in Slovakia was required as part of the entry of these 

countries into the European Union (World Nuclear Association, 2024). 

Nevertheless, many VVER-440/213 reactors remain in operation after undergoing 

extensive upgrades to improve safety and efficiency  (Kovacs, 2014). More detailed 

information about the VVER-440 reactors can be found in (Kovacs. Z, 2014; Slugen, 

2011). 

The transition to the 1000 MWe VVER-1000 series in the 1970s and the 1980s 

represented a significant advance in reactor technology, such as a larger core size 

and improved safety systems. Although the VVER-1000 reactors have a higher 

thermal power than the VVER-440, it is important to note that the VVER-1000 

has four RCS loops instead of six, see Figure 2-4. The VVER-1000 series, started 

with the Novovoronezh I NPP (unit 5), a VVER-1000/V187, which was connected 

to the grid in 1971. The VVER-1000 design was further refined with the 

introduction of the VVER-1000/V320. This variant became particularly prominent, 

with a total of 25 reactors in operation in Russia, Ukraine, Bulgaria and other 

countries. In particular, the Zaporizhzhia NPP in Ukraine, where six VVER-

1000/V320 reactors were built between 1977 and 1986, became the largest NPP in 

Europe. It should be noted that some VVER-1000 NPP, as the Temelin NPP in the 

Czech Republic, has been upgraded with Western FAs, instrumentation and 

equipment (Tusheva, 2012).   



  
State of the art 

23 

 

The XXI century saw the emergence of the Gen-III/III+ VVER-1000 and VVER-

1200 designs, see Table 2-8. Most of these reactors incorporated PSSs to meet the 

evolving challenges of the nuclear industry. The emphasis was on increasing both 

the operating life and the economic viability of these reactors to make them more 

competitive in the global economy. Two design families can be distinguished for 

Gen-III/III+ VVER reactors, that of the Joint Design Institute Atomproekt (in 

Saint Petersburg) and that of the Joint Design Institute Atomenergoproekt (in 

Moscow). In the following text, the former is referred to as the Saint Petersburg 

Institute and the latter as the Moscow Institute. The two main designs of the 

VVER-1000 Gen-III are the VVER-1000/V428 and the VVER-1000/V412: 

 VVER-1000/V428, also known as AES-91, developed by the Saint Petersburg 

institute (ROSATOM, 2021). This design was deployed at the Tianwan NPP 

(units 1 to 4), in China.  

 VVER-1000/V412, also known as AES-92, developed by the Moscow institute 

(ROSATOM, 2021). It is a modification of an earlier Gen-III design, the VVER-

1000/V392, which was never built. The six units at the KKNPP in India are 

VVER-1000/V412. 

Table 2-8 VVER reactors in operation and under construction (World Nuclear 
Association, 2024) 

NPP Country 
VVER 

design 

Beginning of 

construction 

Grid 

connection 

Novovoronezh I 1 Russia VVER-210 1957 1964 

Rheinsberg Germany VVER-70 1956 1966 

Novovoronezh I 2 Russia VVER-365 1963 1969 

Novovoronezh I  

3, 4 
Russia 

VVER-

440/V179 
1966 1971 

Kola 1, 2 Russia 
VVER-

440/V230 
1967 1972 

Kozloduy 1-4 Bulgaria 
VVER-

440/V230 

1970/70/ 

73/73 

1974/75/80/

82 

Bohunice I 1, 2 Slovakia 
VVER-

440/V230 
1972 1978/80 
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Greifswald 1- 4 Germany  
VVER-

440/V230 

1967/68/ 

72/73 

1973/74/77/

79 

Greifswald 5 Germany 
VVER-

440/V213 
1974 - 

Loviisa 1, 2 Finland 
VVER440/V

213 
1971/72 1977/80 

Kola 3, 4 Russia 
VVER-

440/V213 
1975/77 1981/84 

Mochovce 1, 2 Slovakia 
VVER-

440/V213 
1982/85 1998/99 

Bohunice II 1, 2 Slovakia 
VVER-

440/V213 
1982/84 1998/99 

Dukovany 1-4 
Czech 

Republic 

VVER-

440/V213 

1974/76/ 

79/80 

1985/86/87/

88 

Parks I 1-4 Hungary 
VVER-

440/V213 

1972/74/ 

81/82 

1982/84/87/

92 

Rivne 1,2  Ukraine 
VVER-

440/V213 
1973/81 1980/86 

Armenian 1, 2 Armenia 
VVER-

440/V270 
1972/75 1976/80 

Novovoronezh I 5 Russia 
VVER-

1000/V187 
1968 1971 

South Ukraine 1 Ukraine 
VVER-

1000/V302 
1973 1983 

South Ukraine 2 Ukraine  
VVER-

1000/V338 
1977 1985 

Kalinin 1,2  Russia 
VVER-

1000/V338 
1976/81 1984/86 

Balakovo 1-4 Russia 
VVER-

1000/V320 

1977/79/ 

84/86 

1985/86/93/

95 
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Kozloduy 5, 6 Bulgaria 
VVER-

1000/V320 
1980/81 1987/91 

Kalinin 3, 4 Russia 
VVER-

1000/V320 
1985/86 2004/11 

Rostov 1-4 Russia 
VVER-

1000/V320 

1977/83/ 

09/10 

2001/10/14/

18 

Zaporizhzhia 1-6 Ukraine 
VVER-

1000/V320 

1977/80/83/ 

84/85/86 

1984/85/86/

87/89/95 

South Ukrainian 

3 
Ukraine 

VVER-

1000/V320 
1983 1989 

Rivne 3, 4 Ukraine 
VVER-

1000/V320 
1981/83 1986/93 

Khmelnytskyi  

1, 2 
Ukraine 

VVER-

1000/V320 
1981/83 1987/94 

Temelin 1,2 
Czech 

Republic 

VVER-

1000/V320 
1981 2000/02 

Bushehr 1 Iran 
VVER-

1000/V446 
1995 2011 

Tianwan 1, 2 /  

3, 4 
China 

VVER-

1000/V428 

(AES-91) 

VVER-

1000/V428M 

(AES-91) 

1999-2000 

2012-13 

2006-07 

2017-18 

Kudankulam 1-6 India 

VVER-

1000/V412 

(AES-92) 

2002/02/17/1

7/21/21 

2013/16/-/-/-

/- 

Novovoronezh II 

1,2 
Russia 

VVER-

1200/V392M 

(AES-2006) 

2008/09 2018/21 
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Akkuyu 1-4 Turkey 

VVER-

1200/V509 

(AES-2006) 

2018/20/  

21/22 

2025/26/     

27/28 

Rooppur 1, 2 Bangladesh 

VVER-

1200/V523 

(AES-

2006M) 

2017/18 2025 

Leningrad II 1 -3 Russia 

VVER-

1200/V491 

(AES-2006) 

2008/10/24 2018/21/- 

Ostrovets 1, 2 Belarus 

VVER-

1200/V491 

(AES-

2006E) 

2013/14 2020/23 

Kursk II 1, 2 Russia 

VVER-

1300/V510K 

(VVER-TOI) 

2018/19 2025 

Bushehr 2 Iran 
VVER-

1000/V466B 
2019 2028 

El Dabaa 1-4 Egypt 

VVER-

1200/V529 

(AES-

2006E) 

2022/22/  

23/24 
- 

Tianwan 7, 8 China 

VVER-

1200/V491 

(AES-

2006E) 

2021 2026/27 

Xudabao 3, 4 China 

VVER-

1200/V491 

(AES-

2006E) 

2021/22 2027/28 
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Table 2-9 VVER reactors planned in a near term (World Nuclear Association, 2024) 

NPP Country VVER design 

Leningrad II-4 Russia 
VVER-1200/V491  

(AES-2006) 

Smolensk II 1, 2 Russia 
VVER-1300/V510 

(VVER-TOI) 

Paks II 1, 2 Hungary 
VVER-1200/V527  

(AES-2006E) 

Kursk II 3, 4 Russia 
VVER-1300/V510K 

(VVER-TOI) 

Kola II 1, 2 Russia VVER-600/V498 

 

The latest stage in this evolution is the VVER-1200, considered as Gen-III+ 

reactors. There are two families of VVER-1200 reactors, derived from the two main 

VVER-1000 Gen-III design (Queral et al., 2021): 

 Evolution from the VVER-1000/V428 (Tianwan NPP): The first VVER-1200 

reactor design developed from the VVER-1000/V428 is the VVER-1200/V491, 

see Figure 2-5, which is in operation in Russia, Belarus and China, and a new 

one is planned at the Leningrad II NPP in Russia. Subsequently, new models 

of this reactor family are under construction as the VVER-1200/V527 (Paks II 

1 and 2) and the VVER-1200/V529 (Dabaa NPP, units 1 to 4) in Hungary and 

Egypt respectively.  

 Evolution from the VVER-1000/V412 (KKNPP): The VVER-1200/V392M, see 

Figure 2-6, deployed at the Novovoronezh II NPP (units 1 and 2), is the 

successor of the VVER-1000/V412. This reactor family also includes the VVER-

1200/V509 (Akkuyu NPP, units 1 to 4) and the VVER-1200/V527 (Rooppur 

NPP, units 1 and 2), in Turkey and Bangladesh respectively. 

The Bushehr NPP (unit 1) in Iran is a special case as it is a VVER-1000 NPP with 

a spherical containment of KWU design, (Noori-Kalkhoran et al., 2014). This is 

because this NPP was originally intended to be a German-designed KWU reactor. 

An agreement between Iran and Russia in 1995 stabilised that ROSATOM would 
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complete unit 1 of the Bushehr NPP using the infrastructure already in the place, 

(ROSATOM, 2019b).  

Most recently, the VVER-1300/V510, known as the VVER-TOI, has been developed 

from the VVER-1200/V392M/V509/V527. It is being built for the Kursk II NPP in 

Russia.  There are also plans to build two VVER-1300/V510 (VVER-TOI) at the 

Smolensk II NPP and two more at the Kursk II NPP, see Table 2-9. It should be 

noted that the Akkuyu NPP (VVER-1200/V509) incorporates several features and 

standards of the VVER-1300/V510 (VVER-TOI), (Queral et al., 2021). On the other 

hand, a new design of VVER, the VVER-600/V498, has been developed and is 

planned for construction at the Kola II NPP.  

It is highlighted that the first VVER design to receive a certificate of compliance 

with the European Utility Requirements was the AES-92 in 2007. Later, in 2019, 

the same certificate was issued for the VVER-1300/V510K (VVER-TOI) design. 

 

Figure 2-2 VVER reactors designs evolution (modified from (ROSATOM, 2019b) 
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Figure 2-3 VVER-440 RCS (Misak, 2024)   

 

Figure 2-4 VVER-1000/V320 RCS (Tabadar et al., 2019)  
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Figure 2-5 VVER-1200/V491 with water-cooled PHRSs (Svetlov, 2017)   

 

Figure 2-6 VVER-1200/V509/V527 with air-cooled PHRS (Rosenergoatom, 2017)   
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2.2.2. VVER-1000/V320 reactors 

The VVER-1000/V320 is the most widely used Russian-designed Gen-II PWR. This 

reactor operates on a thermal neutron spectrum, using borated water as both 

coolant and moderator, and utilizes lightly enriched UO2 as fuel, (IAEA, 2011b). It 

has a thermal power of 3000 MW and generates 1000 MWe. Several features 

distinguish the VVER-1000/V320 from the VVER-440 models (IAEA, 2011b; VVER 

working group, 2019): 

 The containment is designated to withstand the conditions of a LBLOCA.  

 Four RCS loops instead of six, see Figure 2-7. 

 The RCS loops have no isolation valves. 

 The safety systems have 100% capacity per train. 

 The SFP is placed in the containment. 

Section 2.2.2 is structured as follows: first, Sections 2.2.2.1 to 2.2.2.4 describe the 

RCS, followed by the reactor core, the balance of plant and the containment. 

Subsequently, Section 2.2.2.5 deals with the electrical power supply. Section 

2.2.2.6 then presents the auxiliary systems. Finally, Section 2.2.2.7 describes the 

safety systems connected to the RCS, the secondary circuit and the containment. 

 

Figure 2-7 VVER-1000/V320 plant layout 
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2.2.2.1. Reactor Coolant System  

The RCS of the VVER-1000/V320 consists of four loops, each with CL and HL of 

0.85 m diameter and no isolation valves. The HLs are connected to the RPV at the 

same angular position as the CLs, with the HLs positioned 1.8 m above the CLs, 

(Kolev et al., 2006). The connection of the CLs and the HLs to the RPV is not 

symmetrical in the azimuthal direction; loops 1 and 4 are separated by an 

azimuthal angle of 55o. In addition, the HLs connect directly to the SGs collectors 

with a 90o elbow. The total primary side water volume is 337 m3 while the total 

volume is 361 m3, (Ivanov et al., 2004).  

A layout of the RCS is shown in Figure 2-8 and Figure 2-9. This is followed by a 

detailed description of the Reactor Pressure Vessel (RPV), the MCP, the 

Pressurizer (PZR) and the Steam Generators (SGs). 

 

Figure 2-8 VVER-1000/V320 RCS floor plan 
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Figure 2-9 VVER-1000/V320 RCS components elevation (State nuclear regulatory 
inspectorate of Ukraine, 2011) 
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The RPV has an overall height of 19.1 m, an external diameter of approximately 

4.5 m and an internal free volume of 110 m3. Inside the RPV, three different 

structures can be identified: the core barrel, the core baffle and the protective tube 

unit, see Figure 2-10: 

 The core barrel is a structure that encloses the core baffle and the protective 

tubes units. Its upper section is perforated with cylindrical holes to allow 

coolant to flow from the Upper Plenum (UP) to the HLs. Meanwhile, coolant 

enters the RPV through the CLs, which are below the HLs, and flows 

through the annular space between the RPV wall and the core barrel. An 

annular ring separates the CL and the HL connections to the RPV, ensuring 

that the coolant from the CLs does not mix with the coolant flowing through 

the upper core barrel holes to the HLs. The core barrel is supported by a 

ledge recessed in the upper part of the RPV, positioned just below the level 

where the RPV head is bolted on, see Figure 2-11 and (Iegan et al., 2018; 

Ivanov et al., 2004).  

The lower section of the core barrel is perforated with 1344 holes, each 44 

mm in diameter, to allow coolant from the Downcomer (DC) to enter the 

lower plenum, (Ivanov et al., 2004). This lower section is elliptical and has 

a greater curvature than that of the elliptical RPV bottom, see Figure 2-11.  

Fuel support columns are welded to the lower part of the core barrel, i.e., in 

the lower plenum. The upper part of each column has a hexagonal shape 

with a central circular opening of 194 mm, designed to hold the FAs. There 

are a total of 163 fuel support columns, one for each FA. These columns are 

perforated with slots to distribute the flow and allow the coolant to flow 

upward into the FA. These openings are designed to prevent debris from 

entering and potentially blocking the active part of the FA in the event of a 

severe accident, (Ivanov et al., 2004).  

 Protective tubes unit is positioned immediately above the top of the FA. It 

includes top, middle and bottom plates. 

 The core baffle is a structure that surrounds the core. It is perforated 

longitudinally so that some of the coolant from the lower plenum passes 

through these holes, with the aim of cool the core baffle structure.  
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Figure 2-10 VVER-1000/V320 Reactor RPV inner components (Komolov et al., 2019) 

 

Figure 2-11 VVER-1000/V320 RPV coolant flow paths (Ivanov et al., 2004) 
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The MCP, or Reactor Coolant Pump (RCP), are GCN-195M vertical centrifugal 

type pump driven by 6kV AC motors, see Figure 2-12 and (Muellner, 2010). At 50 

Hz, the nominal flow rate of each MCP is 5.9 m3/s with a nominal head of 0.66 

MPa. The pumping capacity varies depending on the number of MCPs in operation: 

6.76 m3/s with 3 MCPs available, 7.33 m3/s with 2 MCPs available and 7.50 m3/s 

with a single MCP available (Ivanov et al., 2004). The principal characteristics of 

the MCPs are shown in Table 2-10 

The MCPs are controlled leakage pumps with seals maintained by the Control 

Volume and Chemical System (CVCS) make-up pumps. Part of the seal injection 

flow goes to the RCS and the remainder is returned to the CVCS via a seal return 

line, (Ryzhov et al., 2010). The desired MCP coast-down is achieved by a specific 

flywheel. The MCP coast-down time in the event of a power loss is 55 s for 1 out of 

4 MCPs and 210 s for 4 out of 4 MCPs, (Tusheva, 2012). 

Table 2-10 VVER-1000/V320 MCP characteristics (Ivanov et al., 2004) 

Parameter Value Unit  

Coolant volume per MCP 3 m3 

Nominal flow at 50Hz per MCP 5.9 m3/s 

Nominal speed of the rotor 104.2 rad/s 

Rated torque 47500 Nm 

 

  

Figure 2-12 VVER-1000/V320 MCP (Ivanov et al., 2004; Kuzmanov, 2021)  
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The PZR is a vertical tank that has a saturated vapour/liquid interface at nominal 

operation, see Figure 2-13 and Figure 2-14. The PZR is designed to maintain the 

RCS coolant in the liquid phase. It also performs other functions such as increasing 

the RCS pressure during reactor start-up and decreasing the RCS pressure during 

reactor shutdown, (IAEA, 2011b). It is connected to the rest of the RCS in the lower 

part by the HL 4 through the surge line (Fortava, 2018). The main features of the 

PZR are listed in Table 2-11. The PZR is supplied by two systems that allow the 

RCS pressure to be controlled: 

 The sprays: This system sprays water in the upper part of the PZR to 

condense the steam and allow the pressure drop. These sprays take water 

from one of the CLs, downstream of the MCP. 

 Heaters: In the lower part of the PZR there are 28 heaters in four groups 

with the following power: 360 kW in the group 1; 180 kW in the group 2; 720 

kW in the group 3 and 1260 kW in the group 4 (Ivanov et al., 2004). They 

are designed to boil water in order to increase pressure. During nominal 

operation, one group of the heaters is switched on to compensate heat losses.  

The PZR relief and safety valves are connected to a horizontal tank known as a 

bubbler condenser, see Figure 2-15. The main function of this tank is to condense 

the steam inventory released from the PZR relief and safety valves. If the pressure 

in the relief tank rises above the limit, a disc ruptures and coolant is released to 

the containment, (Iegan et al., 2018). 

 

Figure 2-13 VVER-1000/V320 PZR and bubbler condenser (ROSATOM, 2022) 



 
Elena Redondo Valero 

38 

 

 

Figure 2-14 VVER-1000/V320 PZR dimensions (Ryzhov et al., 2010) 

 

Figure 2-15 VVER-1000/V320 PZR bubbler condenser dimensions (Ryzhov et al., 2010) 

Table 2-11 VVER-1000/V320 PZR characteristics (Ivanov et al., 2004) 

Parameter Value Unit  

Volume  79 m3 

Water volume in nominal conditions 55 m3 

Steam volume in nominal conditions 24 m3 

Heaters maximum power 2.5 MW 
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The SGs of the VVER-1000/V320 reactors are SG PGV-1000M type (Tusheva, 

2012), see Figure 2-16.  They are horizontal HXs designed to produce dry saturated 

steam on the secondary side. The heat from the RCS coolant, which passes through 

a submerged bundle of horizontal U-shaped tubes, see Figure 2-17, is transferred 

to water on the secondary side to produce steam. On the primary side they contain 

a total RCS inventory volume of 23.4 m3, while on the secondary side the total 

volume is 66 m3 (Muellner, 2010; Tusheva, 2012). The main dimensions of the SGs 

are given in Figure 2-18. The SGs contain the following components: 

 Hot and cold collectors. The RCS inventory from the HLs enters in the hot 

collector where it is distributed through the horizontal U-shape tubes. Once 

the inventory has passed through the U-shape tubes, it enters the cold 

collector and from there to the CLs. The height of both collectors is 5 m and 

the volume is 2.4 m3.  

 U-shape horizontal tube bundle. There are a total of 11000 U-shaped tubes 

per SG, with an internal diameter of 13 cm and an average length of 11.1 m 

(Tusheva, 2012). The vertical step between tubes is 19 mm and the 

horizontal step is and 23 mm. On the secondary side, there are submerged 

perforated plates between the tube bundles to provide structure between 

them. The total volume of the 11000 U-shape tubes is approximately 16.2 

m3. 

 Main Feedwater (MFW)/Auxiliary Feedwater (AFW) manifold. The water 

from the MFW and the AFW enters the SGs through a 0.42 m diameter pipe. 

From this pipe the water is distributed to 16 collectors of 80 mm diameter, 

to which 38 pipes are connected (Ivanov et al., 2004). 

 Emergency Feed Water (EFW) manifold and distribution pipes. 

 Steam separators in the upper part. 

 Steam Collector. Above the SGs is a steam collector where the steam is 

directed to the SLs. 

The volume of water in the horizontal SGs is greater than that in the vertical SGs 

of the Western type, and therefore the water mass and water surface area are 

greater. This means that the transient response of horizontal SGs can be very 

different from that of vertical SGs. The main dimensions of the VVER-1000/V320 

reactor SGs is shown in Table 2-12.  
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Table 2-12 VVER-1000/V320 SGs dimensions (Muellner, 2010) 

Parameter Value Unit  

Average tube length  11.1 m 

No of tubes  11000 - 

Tube ID/OD 0.013/0.016 mm 

SG collector volume 2.4 m3 

SG collector height 5 m 

Primary side volume  23.4 m3 

Primary side tubes volume  16.2 m3 

Secondary side volume  66 m3 

 

 

Figure 2-16 VVER-1000/V320 SGs layout (Rabiee et al., 2016) 
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Figure 2-17 VVER-1000/V320 SGs U-shaped tubes 

 

 

Figure 2-18 VVER-1000/V320 SGs dimensions (Ryzhov et al., 2010) 
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2.2.2.2. Reactor core 

The core consists of 163 hexagonal FA (Lee and Cho, 2006) with a regular 

triangular grid of 312 fuel rods, see Figure 2-19. The active part of the core is 

approximately 3.53 m long, and the equivalent diameter is 3.16 m, see Table 2-13. 

During normal operation, the pressure drops across the core is approximately 0.18 

MPa, (Tusheva, 2012) 

The fuel rod pitch is 12.75 cm, see Table 2-14 and Figure 2-20. Among the FAs, 61 

have 18 positions where the fuel rods are replaced by tubes for control rod. In 

addition, some FAs contain tubes for in-core instrumentation and rods with 

burnable absorber. The FA type for the VVER-1000/V320 reactors, such as the 

Balakovo NPP, is the TVS-2M, (VVER working group, 2019), and the cladding 

material is Zircaloy E110. 

Besides, the core is equipped with Neutron Flux Measuring Channels (NFMC) to 

monitor the radial and axial neutron flux. These NFMCs are located in the central 

tube of 64 FA and in the guide channel of the protective tube block. In addition, 91 

FAs are fitted with Core Exit Thermocouples (CET) at the outlet to measure the 

temperature, (IAEA, 2011b).  

 

 

Figure 2-19 VVER-1000/V320 core (in blue FA with CRA) and FA designs; 1. Fuel rod, 2. 
Tube for CRs, 3. Central tube for in-core instrumentation (IAEA, 2011b) 
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Figure 2-20 VVER-1000/V320 FA geometry (Asmolov, 2009; Kolev et al., 2006) 

Table 2-13 VVER-1000/V320 core geometrical data (Ivanov et al., 2004) 

Parameter Value Unit  

Number of FA  163 - 

Number of FA with CRA 61 - 

Heating length of the FA  3.53 m 

FA pitch 0.236 m 

Heating core flow area 4.17 m2 

Equivalent Diameter  3.16 m 
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Table 2-14 VVER-1000/V320 FA characteristics (Ivanov et al., 2004) 

Parameter Value Unit  

Number of fuel rods 312 - 

Fuel rods pitch 0.1275 m 

Number of tubes per CRA 18 - 

Number of axial support plates 14 - 

FA height  4.57 m 

 

The fission chain reactor is controlled by means of two reactor control and 

protection systems which are based on different principles: the control rods and 

the CVCS. On the one hand, the CVCS regulates the boron RCS concentration. 

This system is used to achieve small changes in reactivity throughout the fuel 

cycle. On the other hand, the Control Rod Assemblies (CRA) are used to control 

reactivity and axial power shape during operation, (IAEA, 2011b). They are also 

used during normal reactor shutdown and emergency shutdown to interrupt 

fission reactions. 

The CRAs are organized in 10 banks, (IAEA, 2011b), see Figure 2-21. They are 

made from two different materials, the upper 90% axial length consists of B4C, 

while the remaining 10%, located at the bottom, is made of DyTi, (Fadaei and 

Setayeshi, 2009).  

All CRA are of full length, except for bank V, which contains partial length control 

rods designed to manage the axial power profile, see Figure 2-21. The CRA banks 

are connected at the top to electromagnets, which are responsible for adjusting 

their position. In case of activation of the protection system or loss of the AC power, 

the electromagnets release the CRAs, which enter the core passively by gravity 

within a maximum of 4 s. 

When the reactor is operating at nominal conditions, all CRA banks are out except 

bank X. It is normally positioned at a height of 70-90% from the bottom and is used 

to compensate for small changes in reactivity due to variations in temperature, 

boron concentration, etc, (IAEA, 2011b).  
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Figure 2-21 VVER-1000/V320 Control Rod Assemblies banks (Kolev et al., 2006) 
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2.2.2.3. Secondary circuit and Balance of plant 

The SGs are HXs in which the thermal power of the core is transferred to the 

secondary circuit to produce electricity. Therefore, these components have a part 

below the RCS and a part below the secondary circuit. The other components in 

the secondary circuit are the SLs, the Main Steam Header (MSH) and the balance 

of plant consisting of the high and low pressure turbines, the condenser, the 

condenser pumps, the low pressure heater, the aerators, the MFW pumps and the 

high pressure heaters, see Figure 2-22 (Nuclear Regulatory Agency, 2011). 

 

Figure 2-22 VVER-1000/V320 balance of plant (Nuclear Regulatory Agency, 2011) 

 

The steam produced in the SGs is transported through the four SLs to the MSH 

where the pressure is equalizes before entering into the balance of plant (Ryzhov 

et al., 2010). During normal reactor operation, most of the steam is sent to the high 

pressure turbine, (IAEA, 2011b). After leaving the high pressure turbine, the 

steam enters to a separator to remove the moisture before passing through a HX, 

where it is reheated and then sent to the low pressure turbine. Then, steam from 

both the high and low pressure turbines enters the condenser. It should be noted 

that the high and low pressure turbines are connected to the separate condensers 
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(IAEA, 2011b). From the condenser, the water is pumped by the condenser pumps 

to the low pressure heaters and then to the deaerator to remove non-condensable 

gases. The deaerated water is then pumped by the MFW pumps to the high 

pressure heaters before returning to the SGs. 

The MFW system consists of two turbine-driven feedwater pumps designed to 

operate when the reactor power exceeds 6-7% (Nuclear Regulatory Agency, 2011), 

see Figure 2-23. Feedwater is taken from the deaerator, which has a total capacity 

of 400 m³, and delivered to the high pressure heater through 0.5 m diameter pipes. 

After passing through the high pressure heater, the feed water flows into a 

collector and is then distributed to the SGs through 0.4 m diameter pipes. Each 

turbine-driven pump has a capacity of approximately 1650 m³/h (Ryzhov et al., 

2010). 

 

Figure 2-23 VVER-1000/V320 MFW and the AFW diagram (Kolev et al., 2006) 
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2.2.2.4. Containment 

All elements of the primary side are housed in a single-wall cylindrical 

containment made of pre-stressed reinforced concrete lined with steel on the inside 

(Tusheva et al., 2009; VVER working group, 2019). The building consists of a 

cylinder 66 m high and 45 m in diameter, topped by a dome. The base of the 

containment is at 7 m above ground level. The lower part of the reactor building 

houses the ECCS pumps and the containment sump, see Figure 2-24.  

Inside the containment is a spent fuel pool with a total volume of 585 m³ (Nuclear 

Regulatory Agency, 2011). The pool is maintained at a subcritical state of at least 

5% by ensuring a reliable distance between the stainless steel cells containing the 

FAs and by using borated water at a concentration of 16 g/kg. The spent fuel pool 

cleaning system is responsible for maintaining the water level at +28.8 m and 

ensuring the correct water chemistry (Nuclear Regulatory Agency, 2011). 

 

 

Figure 2-24 VVER-1000/V320 containment (Environment Agency Austria, 2019) 
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2.2.2.5. Electric Power Supply System 

An example of the electrical power supply of the Kozloduy NPP (units 5 and 6) and 

the Temelin NPP (units 1 and 2) is shown in Figure 2-25 and Figure 2-26. As 

illustrated, various electrical loads are present in the VVER-1000/V320 reactors 

for electric power supply (ČEZ, 2012), including: 

 Main sources: Supplied by transformers connected to the generator driven 

by the NPP turbines. 

 Auxiliary sources: Supplied by auxiliary transformers connected to the off-

site electrical grid. 

 Emergency sources: Consists of independent emergency diesel generators 

(EDG) installed separately as far as possible from each other on site. There 

are three EDGs in the VVER-1000/V320 reactors, each with a capacity of 

about 6 kV (ČEZ, 2012). Each EDG is connected to one of the three safety 

trains. In the event of a power failure from the main and auxiliary sources, 

the EDGs start up automatically within 15 seconds (VVER working group, 

2019). These EDGs are equipped with storage tanks that provide fuel for at 

least 48 hours. 

In addition, some VVER-1000/V320 NPPs have backup EDGs connected either to 

all three safety trains or to only one of them. Moreover, after Fukushima, some 

NPPs have implemented mobile EDGs to supply power to mobile EFW pumps 

(Nuclear Regulatory Agency, 2011). 

On the other hand, the safety systems components in VVER-1000/V320 reactors 

are divided into three electrical supply categories, depending on the sources of 

supply (Nuclear Regulatory Agency, 2011): 

 Category I components are battery powered, allowing them to operate under 

SBO conditions for long as battery life permits. 

 Category II components are connected to the EDG, enabling them to operate 

in Loss of Offsite Power (LOOP) conditions, but not during an SBO,(Nuclear 

Regulatory Agency, 2011).  

 Category III components are not connected to battery or EDG, so are not 

available in the case of LOOP. 
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Figure 2-25 Single-line diagram for Kozloduy NPP (units 5 and 6) (Nuclear Regulatory 
Agency, 2011) 
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Figure 2-26 Single-Line diagram for Temelin NPP (units 1 and 2) (ČEZ, 2012) 
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2.2.2.6. Auxiliary systems  

The main auxiliary systems found in VVER-1000/V320 reactors are presented 

below. These auxiliary systems are the CVCS, the Service Water System (SWS), 

the Residual Heat Removal System (PHRS) and the AFW.   

The CVCS consists of three independent trains, each located at separate sites to 

prevent the simultaneous loss of both in the event of flooding, fire, or other 

hazards. During normal reactor operation only one train is active, and performs 

several functions, including (Iegan et al., 2018; Ryzhov et al., 2010): controlling the 

RCS inventory, controlling the boron concentration in the RCS, compensating for 

minor leaks in the RCS equipment, purifying the RCS inventory and supplying 

water to the MCPs seals (2 m3/h for each MCP). 

In addition, the CVCS is also designed to release a boron solution in the RCS to 

bring the reactor to a subcritical state in the event of an accidental scenarios, as 

well as to replenish the water in the RCS during SBLOCA of small break sizes. For 

this purpose, the CVCS has two tanks with a capacity of 200 m3 of boric acid. 

Moreover, the CVCS is involved in the start-up and shutdown of the reactor (Iegan 

et al., 2018). 

The CVCS consists of the make-up system, which takes the water from the RCS, 

and the let-down system, which discharges the treated water to the RCS. The 

make-up system supplies water to the four CLs at a nominal flow rate of 8.19 kg/s 

(Ivanov et al., 2004).  

The water from the RCS sucked through the let-down lines passes through the 

HXs, where it transfers heat to the water supplied to the RCS through the make-

up lines. The let-down inventory then passes through the low pressure water 

purification system and then the degassing system to remove non-condensable 

gases (IAEA, 2011b). Finally, the purified water is ready to be injected into the 

RCS by the three pumps of the system, i.e., TK21-23D01,02 see Figure 2-27.  

The SWS consists of two parts, one for cooling the components of the auxiliary and 

operating systems and the other for cooling the components of the safety systems. 

The one responsible for the safety system components is composed of 3 x 100% 

trains.  

The SWS cool the components of the following systems: the HPIS, the LPIS, the 

CSS, the containment ventilation system, the EFW and the EDGs. In addition, the 

SWS also provide cooling to the MCPs. 
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The RHRS is the system responsible for the removal of core decay heat during 

planned reactor shutdown or a reactor SCRAM scenario. This auxiliary system is 

part of the LPIS. The RHRS consists of three trains.   

The RHRS takes the RCS inventory from the connection of train 1 to HL 1. 

Thereafter, the inventory is directed to the HXs of the system, one per train, and 

finally fed to the injection points of the three trains. These injection points are the 

CL1 and the four injection lines of the HA-1. A diagram of the LPIS when operating 

in RHR mode is shown in Figure 2-28. 

The AFW is an auxiliary system used during reactor start-up, shutdown or in the 

event of MFW pump malfunction. The AFW system consists of two auxiliary 

electric pumps designed to operate in transient mode at power levels below 6-7%, 

sharing the loading lines with the MFW system (Nuclear Regulatory Agency, 

2011). A detailed diagram of the MFW and AFW is shown in Figure 2-29. 

 

 

Figure 2-27 VVER-1000/V320 diagram of the CVCS (Andruschenko et al., 2010) 
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Figure 2-28 VVER-1000/V320 diagram of the LPIS in the RHR mode 
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Figure 2-29 VVER-1000/V320 MFW and the AFW layout (Iegan et al., 2018) 
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2.2.2.7. Safety systems  

The safety systems present in the VVER-1000/V320 reactors are described below. 

Therefore, the safety systems connected to the RCS are described in Section 

2.2.2.7.1, the safety systems connected to the secondary circuit are given in Section 

2.2.2.7.2 and the safety systems in the containment are referred to in Section 

2.2.2.7.3. 

2.2.2.7.1. Safety systems connected to the RCS  

The safety systems connected to the RCS are the Emergency Core Coolant System 

(ECCS), the EBIS, the RCS overpressure protection system, and the EGRG. In 

turn the ECCS includes the HA-1, the HPIS and the LPIS, (Rijova and Steinborn, 

2008). A general scheme of the ECCS is shown in the Figure 2-30.  

There are four HA-1 with a design criteria of 2 out of 4 trains and a total volume 

of 60 m3 per HA-1 (Kovacs, 2014), partially filled with borated water, 50 m3, and 

pressurized with N2 to 6 MPa, (State nuclear regulatory inspectorate of Ukraine, 

2011). The HA-1 are located in two pairs in the containment at levels 27.0 m and 

36.0 m. They are arranged in diagonally opposite positions close to the inner 

surface of the containment wall. The HA-1 situated at the higher level discharge 

into the RPV downcomer (HA-DC) and the HA-1 at the lower level discharge into 

the RPV upper plenum (HA-UP), see Figure 2-31 (Tusheva, 2012). Moreover, the 

HA-1 are equipped with automatic isolation valves to isolate them when the water 

level drops below 1.2 m (Queral et al., 2021).  

The HPIS consists of 3 identical trains (TQ13, TQ23 and TQ33) connected to the 

CL 1, CL 3 and CL 4, with a design criterion of 1 out of 3 trains, (D. C. Cacuci (ed.), 

2010). Initially, the HPIS pumps take suction from HPIS storage tanks (TQ13B01, 

TQ23B01 and TQ33B019) with a boron concentration of 16 g/kg. When these 

storage tanks are empty, the pumps start to take suction from the containment 

sump tank (TQ10), which is shared with the LPIS (Iegan et al., 2018). A diagram 

of the HPIS is shown in Figure 2-32. 

The LPIS consists of three identical trains (TQ12, TQ22 and TQ32).  All three 

trains take suction from the containment sump and include HXs to cool the water 

prior to injection into the RCS. The system is designed with a 1 out of 3 trains 

design criteria. One of the trains is connected to CL 1 and HL 1, see Figure 2-33, 

while trains 2 and 3 are each connected to the HA-DC and HA-UP discharge lines 

to the RPV, see Figure 2-34.  
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VVER-1000 reactors have also implemented mobile equipment, e.g. Balakovo NPP 

has installed pumps with the capacity to inject water into LPIS trains 2 and 3 with 

the mass flow of up to 150 m3/h at the pressure of up to 8.8 MPa, (VVER working 

group, 2019).  

A comparison of the number of trains, volumes, cut-off pressures and capacity per 

pump of the LPIS, HPIS of various PWR reactor designs is given in the Table 2-15, 

(AREVA, n.d.; Bui and Tran, 2015; Chul-Hwa and Jong-Kyun, 2004; Gavrilas et 

al., 1995; General Nuclear System, 2021; Huang et al., 2020; ROSATOM, 2022; 

Sang-Won et al., 2014). 

Table 2-15 ECCS active comparison in different PWR designs 
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Figure 2-30 VVER-1000/V320 ECCS configuration. Modified from (WWER-1200 
Nucleopedia, 2021) 

 

Figure 2-31 VVER-1000/V320 HA-1 connections to the RPV (Tusheva, 2012) 
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Figure 2-32 VVER-1000/V320 diagram of the HPIS 
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Figure 2-33 VVER-1000/V320 diagram of the LPIS train 1 
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Figure 2-34 VVER-1000/V320 diagram of the LPIS trains 2 and 3 
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The EBIS, also known as the High Head Pressure Injection System (HHPIS), is 

designed to discharge a boric acid solution into the RCS to bring the reactor to a 

subcritical state. This safety system consists of 3 identical trains (TQ14, TQ24, 

TQ34) with a design criterion of 1 out of 3 trains. The EBIS share the connection 

points with the HPIS, i.e., the CL 1, the CL 2 and the CL 3, see Figure 2-35. 

This system takes suction from a storage tank with a high boron concentration of 

40 g/kg, with a volume of 15 m3 each. The system pumps are capable of injecting 

6.3 m3/h of borated water at an RCS pressure of up to 20.0 MPa (Iegan et al., 2018). 

A diagram of the EBIS is shown in Figure 2-36. 

 

 

 

 

Figure 2-35 VVER-1000/V320 EBIS configuration. Modified from (WWER-1200 
Nucleopedia, 2021) 
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Figure 2-36 VVER-1000/V320 diagram of the EBIS 
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The RCS overpressure protection system is designed to protect the RCS structures 

from pressure exceeding design limits, (IAEA, 2011b). The safety system consists 

of three relief and safety valves located in the upper part of the PZR (Chatterjee et 

al., 2009). In the references it has been found that one valve opens at a setpoint 

around 18 MPa, while the second and the third valves open at a setpoint around 

18.6 MPa (Gencheva et al., 2005; Ivanov et al., 2004; Tusheva, 2012), see Table 

2-16. 

These valves can also be manually operated to depressurize the RCS and 

implement the feed and bleed strategy, (Muellner, 2010). The RCS overpressure 

protection system is composed of Category I components, which means that they 

are battery powered. Therefore, the safety system is capable of operating in an 

accidental sequence under SBO conditions, (Tusheva, 2012). A diagram of the RCS 

overpressure protection system is shown in Figure 2-37. 

 

Figure 2-37 VVER-1000/V320 diagram of the RCS overpressure protection system (Iegan 
et al., 2018) 

Table 2-16 VVER-1000/V320 PZR relief and safety valves (Ivanov et al., 2004) 

PZR relief and safety valves Value Unit  

#1 17.7 MPa 

#2 18.6 MPa 

#3 18.6 MPa 
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The EGRS is a safety system designed to ensure emergency depressurisation by 

venting the steam-gas mixture formed at the uppermost points of the RCS in the 

event of an accident (Gencheva et al., 2005).  

The EGRS consists of a series of valves in the upper head of the RPV, in the SG 

collectors and in the upper part of the PZR (Iegan et al., 2018), see Figure 2-38. 

The system is manually operated from the Main Control Room (MCR). The valves 

of the EGRS are Category II electrical power supply. Therefore, under SBO 

conditions, these valves cannot be used for RCS depressurisation (Tusheva, 2012). 

 

Figure 2-38 VVER-1000/V320 diagram of the EGRS (Iegan et al., 2018) 
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2.2.2.7.2. Safety systems connected to the secondary circuit 

The VVER-1000/V320 reactors have two safety systems on the secondary circuit: 

the secondary pressure relief system and the EFW system. In addition, SL are 

equipped with Main Steam Isolation Valves (MSIV), also known as Fast Acting 

Isolation Valves (BZOK), and check valves. The secondary pressure relief system, 

see  Figure 2-39, includes the following valves:   

 Relief valves to the atmosphere (BRU-A). Each SL upstream of the MSIV is 

equipped with a BRU-A valve. They are designed to relieve steam to the 

atmosphere to prevent pressure increase in the SGs. The BRU-A valves open 

when the SL pressure exceeds 7.3 MPa and maintain the pressure between 6.8 

and 7.3 MPa, (IAEA, 2011b; Iegan et al., 2018).  

In addition to maintaining SG pressure during emergency scenarios, the BRU-

A valves can also be used as part of an emergency strategy to cool and 

depressurize the RCS via the SGs, (Groudev, 1998). This approach is only 

employed if the Steam Dump Valves to the Condenser (BRU-K) valves are 

unavailable and either the AFW or EFW systems are operational, (Iegan et al., 

2018). This strategy provides controlled RCS cooling rates of either 30 K/h or 

60 K/h. Alternatively, the BRU-A valves can be fully opened to achieve 

maximum RCS cooling rates.  

 Safety Valves. Each SL is equipped with two safety valves located between the 

MSIV and the BRU-A valve. These valves are designed to prevent the SG 

pressure from exceeding 15% of the design value during emergency scenarios, 

(Ivanov et al., 2004). The safety valves on each SL have different setpoints: one 

valve opens when the pressure exceeds 8.4 MPa, and the other opens at 8.6 

MPa. Both valves close when the pressure drops below 7 MPa. Additionally, the 

valves can be manually operated from either the main or reserve MCR, 

(Tusheva, 2012). 

 BRU-K. There are 4 BRU-K valves located in the MSH. These valves have a 

total turbine bypass capacity of 60 % (VVER working group, 2019). They are 

designed to keep the pressure in the steam header below 6.8 MPa, (Muellner, 

2010). The valves open automatically when the pressure rises above 6.8 MPa 

and maintain the pressure between 6.4 and 6.8 MPa. 
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The BRU-K valves are also used for the RCS cooling and depressurization 

management strategy through the SGs, when the AFW or the EFW are 

available. The RCS cooling rates provided by these valves are those of the BRU-

A, 30 K/h or 60 K/h, (Iegan et al., 2018). 

 Relief valves to the atmosphere (BRU-SN). In the MSH there are to BRU-SN 

intended to relief steam to the atmosphere. This type of valves has been 

removed from the VVER Gen-III/III+ designs, (Queral et al., 2021). 

 

Figure 2-39 VVER-1000/V320 SL valves (Iegan et al., 2018) 
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The EFW is designed to provide feed water to the SG during accident sequences 

with loss of MFW and AFW. The EFW is an open circuit consisting of 3 x 100% 

trains, see Figure 2-40. One train supplies water to SG 1 and SG 4, another train 

supplies water to SG 2 and SG 3 and a third train supplies water to the fourth SG, 

(Iegan et al., 2018). Each train draws water from a tank with a volume of 500 m3. 

A diagram of the HPIS is shown in Figure 2-41. 

 

Figure 2-40 VVER-1000/V320 EFW connections to the SGs. Modified from (WWER-1200 
Nucleopedia, 2021) 

 

Figure 2-41 VVER-1000/V320 diagram of the EFW 
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2.2.2.7.3. Safety systems in the containment 

The containment is equipped with the Containment Spray System (CSS), the 

Containment Isolation System (CIS), the Containment Ventilation System (CVS) 

and in some VVER-1000/V320 NPPs also with PARs. A short description of these 

systems is given below.  

The CSS consists of 3 x 100% trains (TQ11, TQ21 and TQ31) (Rijova and Steinborn, 

2008). This safety system is designed to reduce the pressure and temperature in 

the containment, to minimise the radioisotopes and to condensate the inventory 

release during a LOCA or a Steam Line Break (SLB) accident.  

The CSS is provided with three rings of 20 spray nozzles each at the top of the 

dome, see Figure 2-42. They are connected by vertical pipes to the pumps and the 

HXs of the system located below the containment. The pumps take suction from 

the containment sump, which is common to all three systems and is shared with 

the HPIS and LPIS. The CSS start to operate when the pressure in the 

containment reaches 0.03 MPa (relative value) (VVER working group, 2019). It 

should be noted that during normal operation the containment is at 

subatmospheric pressure. 

The CIS, on the other hand, is a safety system designed to seal the containment in 

the event of a LOCA. This system is triggered by two activation signals: a high 

pressure condition and a temperature rise. Isolation valves are installed in various 

systems with components both inside and outside the containment. 

Moreover, the CVS aims to remove heat from the containment during normal 

operation and to prevent activation of the CSS in the event of an accidental 

sequence. The system consists of three trains, of which only one operates under 

normal conditions. If the containment temperature rises above 50°C, the operators 

activate a second train. Each train contains a motorised air fan and is connected 

to an SWS HX.  

In addition, a significant number of VVER-1000 NPPs are equipped with PARs, 

type RVK-500 or RVK-1000 (Tarasov et al., 2017), see Figure 2-43. This PAR 

contains fourteen γ-Al2O3 ceramic cylinders and impregnated with Pt catalyst 

(Malakhov et al., 2024). 
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Figure 2-42 VVER-1000/V320 CSS configuration. Modified from (WWER-1200 
Nucleopedia, 2021) 

 

Figure 2-43 RVK-1000 PAR. 1. Gas inlet, 2. Hydrogen recombination in the catalytic 
block, 3. Draft section, 4. Gas outlet (Tarasov et al., 2017) 
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2.2.3. Gen-III/III+ VVER reactors 

Two different families of Gen-III/III+ VVER reactors have been developed by two 

separate Russian institutes, one in Saint Petersburg and the other one in Moscow. 

Initially, both institutes developed Gen-III VVER-1000 designs based on the 

earlier Gen-II VVER-1000/V320 reactor. The Saint Petersburg institute developed 

the VVER-1000/V428, while the Moscow institute developed the VVER-1000/V412 

in Moscow. Later, each institute independently has designed Gen-III+ VVER-1200 

models, see Figure 2-44. Some of the main differences between these two families 

can be found in their safety systems, which also affect the shape and geometry of 

the containment structures, (World Nuclear Association, 2024; WWER-1200 

Nucleopedia, 2021). 

A detailed overview of the main characteristics, capabilities and layout of the 

active and PSS found in the Gen-III/III+ VVER designs is given below. Besides, 

three tables at the end of this section summarize the safety systems, both passive 

and active, found in the Gen-II, Gen-III and Gen-III+ reactors in the RCS, the 

secondary circuit and the containment, see Table 2-17, Table 2-18 and  

Table 2-19, using the nomenclature specified in the Kraftwerk-Kennzeichensystem 

(KKS) and the Alfanumericheskaya Kodovaya Znakovaya (AKZ) coding system.  

 

 

Figure 2-44 Main Gen-III/III+ VVER reactor designs 
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2.2.3.1. Gen-III/III+ VVER from the Saint Petersburg institute 

The safety systems of the Saint-Petersburg institute VVER designs are shown 

below, with particular emphasis on to the VVER-1000/V428 (Tianwan NPP) and 

the VVER-1200/V491. 

This family of reactors has a characteristic cylindrical containment. The VVER-

1200/V491 has a double containment, consisting of an inner containment made of 

pre-stressed reinforced concrete lined with carbon steel in the inner part, and an 

outer containment made of monolithic reinforced concrete designed to provide 

protection against external impacts, see Figure 2-45 and (WWER-1200 

Nucleopedia, 2021).  

In the upper part of the outer containment, in the VVER-1200/V491 there is a 

water pool, known as Emergency Heat Removal Tanks (EHRT), belonging to the 

water-cooled PHRS connected to the SGs and the PHRS-C in the containment.  

 

Figure 2-45  VVER-1200/V491 containment building (WWER-1200 Nucleopedia, 2021) 
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Safety systems connected to RCS 

The RCS safety systems include the ECCS, the EBIS, the RCS pressure relief 

system and the EGRS. With regard to the ECCS, there are two active injection 

systems, the LPIS and the HPIS, and one passive injection system, the HA-1: 

 The HPIS (JND) in the VVER-1000/V428 consists of 4 trains injecting into the 

CLs, with a 100% capacity each (4 x 100%). The VVER-1200/V491 design, also 

includes 4 x100% trains, but with a different configuration: 2 trains inject into 

the 4 HA-1 discharge lines, while the other 2 inject into the CLs and HLs of 2 

loops of the RCS (Belarus nuclear regulatory authority, 2017; Bykov, 2013; 

WWER-1200 Nucleopedia, 2021), see Figure 2-46.  

 The LPIS (JNG) consists of 4 x 100% trains, of which 2 inject into the HA-1 

discharge lines and 2 inject into the CLs and HLs of two RCS loops, see Figure 

2-46. In the VVER-1200/V491, the water source for both the HPIS and the LPIS 

is the containment sump tank, (Bykov, 2013; D. C. Cacuci (ed.), 2010). 

 The HA-1 (JNG 2) are the only passive ECCS in the Saint-Petersburg Gen-

III/III+ VVER reactors. They consist of 4 x 33% trains. The HA-1 tanks are 

filled with 50 m3 of borated water and 10 m3 of N2 at 6 MPa, (Belarus nuclear 

regulatory authority, 2017; Veselov and Tishin, 2017). They are attached to the 

RPV, with two connections to the UP and two others to the DC, see Figure 2-46.  

With regard to the EBIS (JDH), the VVER-1200/V491 and the VVER-1000/V428 

employ 4 x 50% trains each (Belarus nuclear regulatory authority, 2017), see 

Figure 2-47. On the other hand, the RCS pressure relief system comprises three 

Pilot Operated Safety/Relief valves (PORV/JEF) which are activated by solenoid or 

spring (Belarus nuclear regulatory authority, 2017). This system is designed to 

handle anticipated transients and accidental sequences without Core Damage 

(CD). Additionally, the EGRS (KTP) in the VVER-1200/V491, is designed for severe 

accident sequences and consists of 2 trains, each with 2 Motor Operated Valves 

(MOV), which allow the RCS pressure to be reduced to values below 1 MPa 

(Belarus nuclear regulatory authority, 2017).  
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Safety systems connected to the secondary circuit 

The VVER designs of the Saint Petersburg institute include two heat removal 

systems (the EFW and the water-cooled PHRS) and the secondary pressure relief 

system.  

The EFW in the VVER-1000/V428 and the VVER-1200/V491 is an open circuit 

similar to the that in the VVER-1000/V320. Both reactor designs feature 4 x 100% 

trains, supplying water from two storage tanks (Bykov, 2013; D. C. Cacuci (ed.), 

2010), see Figure 2-48. Additionally, these reactors are also equipped with the 

AFW (LAR/LAS), which is mainly used during startup, shutdown and planned 

cooldown.  

The water-cooled PHRS (JNB) is only present in the VVER-1200 reactors, not in 

the VVER-1000/V428. It is activated if the EFW is unavailable. The water-cooled 

PHRS consists of 4 x 33 % trains, see Figure 2-49. Each train includes 18 HX 

located inside the EHRT, see Figure 2-50 and Figure 2-51, which are maintained 

at atmospheric conditions in the upper part of the containment, situated above the 

double containment containments structure, (Belarus nuclear regulatory 

authority, 2017; Bykov, 2013; Fennovioma, 2015; Laaksonen, 2015). These tanks 

are shared with the Passive Containment Cooling System (PHRS-C) and are 

designed to remove the heat from the SGs and the containment for up to 72 hours. 

When the water-cooled PHRS is activated, steam from the SLs flows to the HX, 

where it condenses and return to the SGs through natural circulation. 

With respect to the secondary pressure relief system, three types of valves can be 

found in the Gen-III/III+ Saint-Petersburg VVER designs (WWER-1200 

Nucleopedia, 2021): 

 BRU-A: MOV which discharge steam into the atmosphere. They are equipped 

with battery power, allowing the operation from the control room during LOOP 

and SBO sequences. In both the VVER-1000/V428 and the VVER-1200/V491, 

there is one BRU-A per SL, see Figure 2-52.  

 Safety valves: The VVER-1000/V428 comprises two per SL while the VVER-

1200/V491 contains one per SL, see Figure 2-52. 

 The BRU-K: They consists of 8 valves that discharge into the condenser. They 

are not equipped with a battery, so they are not available in the event of an AC 

power loss.  
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Containment safety systems  

The VVER-1200/V491 reactors also have a passive heat removal system in the 

containment, the PHRS-C, mainly relevant in SBO sequences.  

Moreover, the CSS of the VVER-1000/V428 and VVER-1200/V491 is similar to that 

of the VVER-1000/V320 reactor. It consists of 4 x 100% trains in the VVER-

1000/V428 and 4 x 50% trains in the VVER-1200/V491. The pumps of this system 

take suction from the same water sources as the HPIS and the LPIS, the 

containment sump tank, see Figure 2-53. 

The PHRS-C consists of 4 x 33% trains, see Figure 2-54. Each train contains an 

open circuit which takes suction from the EHRT, see Figure 2-55. Condensation of 

the steam from the containment on the outer walls of the HX tubes causes 

evaporation of the water inside the tubes, which returns to the pool by natural 

circulation, see Figure 2-56 and (Belarus nuclear regulatory authority, 2017; 

Bykov, 2013; Laaksonen, 2015). A similar PSS, albeit in a closed circuit, is found 

in the Hualong One CNNC design. Other Gen-III/III+ reactors, such as the AP1000 

and CAP1400, also feature PHRS in the containment, but the design is 

significantly different.  

In addition to the active and passive heat removal systems, VVER designs from 

the Saint Petersburg institute also includes a CC which aims to protect the 

containment structures from the corium in the event of severe accidents, (Udalov 

et al., 2014). It contains sacrificial oxides, such as alumina, which can be melted 

by the corium to reduce hydrogen generation.  
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Figure 2-46 VVER-1200/V491 active and passive ECCS. Modified from (WWER-1200 
Nucleopedia, 2021) 
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Figure 2-47 VVER-1200/V491 EBIS. Modified from (WWER-1200 Nucleopedia, 2021) 

 

 

Figure 2-48 VVER-1200/V491 EFW. Modified from (WWER-1200 Nucleopedia, 2021) 
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Figure 2-49 VVER-1200/V491 water-cooled PHRS. Modified from (WWER-1200 
Nucleopedia, 2021) 

 

Figure 2-50 PHRS heat exchanger connection to the SGs (Bezlepkin et al., 2014) 
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Figure 2-51 PHRS heat exchanger imagen (ROSATOM, 2022) 

 

 

 

Figure 2-52 VVER-1200/V491 secondary circuit relief pressure system. Modified from 
(WWER-1200 Nucleopedia, 2021) 
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Figure 2-53 VVER-1200/V491 CSS. Modified from (WWER-1200 Nucleopedia, 2021) 

 

 

Figure 2-54 VVER-1200/V491 PHRS-C. Modified from (WWER-1200 Nucleopedia, 2021) 
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Figure 2-55 PHRS-C heat exchanger connection to the EHRT 

 

Figure 2-56 PHRS-C heat exchanger scheme 
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2.2.3.2. Gen-III/III+ VVER from the Moscow institute 

The Gen-III/III+ VVER from the Moscow institute incorporates a dual containment 

structure, with a primary containment of pre-stressed reinforced concrete and an 

outer non-stressed reinforced concrete (VVER working group, 2019). Reactors of 

this series have a unique containment design that integrates the air ducts and the 

HXs of the air-cooled PHRS, see Figure 2-57.   

A detailed analysis of the VVER-1000/V412 and VVER-1200/V392M designs is 

given below, together with some comments on the VVER-1200/V509 reactor. Also 

include are specific details on Bushehr NPP (unit 1), a VVER-1000/V446, which is 

a special version of the VVER-1000 derived from the VVER-1000/V392 and the 

KWU reactor designs.  

 

Figure 2-57 VVER-1200/V392M containment building (WWER-1200 Nucleopedia, 2021) 
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Safety systems connected to the RCS 

The RCS safety systems include the ECCS, the EBIS, the RCS relief system and 

the EGRS. The ECCS consist of two active injection systems, i.e., the LPIS and the 

HPIS, and three passive injection systems, i.e., the first, second and third hydro-

accumulators. 

 The HPIS (JND) varies according to the VVER reactor version. In the VVER-

1000/V412 (KKNPP), it consists of 4 x 100% trains injecting into the CLs, 

(Agrawal et al., 2006). While, in the VVER-1200/V392M, it consists of 2 x 100% 

trains injecting into both the CLs and the HLs of two separate RCS loops 

(Statsura et al., 2017), see Figure 2-58. In the VVER-1200/V509, the HPIS also 

has 2 x 100% trains: one injects into the HA-UP discharge lines, while the other 

injects into two CLs, see Figure 2-59. On the other hand, in the VVER-

1000/V446 (Bushehr NPP), the HPIS consists of 4 x 100% trains connected to 

the four CLs and HLs.  

 The LPIS (JNG) in the VVER-1000/V412 (KKNPP) consists of 4 x 100% trains, 

two of which inject into the HA-1 discharge lines and two into the CLs and HLs 

of two RCS loops (Agrawal et al., 2006). In the VVER-1200/V392M design, the 

LPIS (JNA) consists of 2 x 100% trains injecting directly into the RPV through 

the HA-1 discharge lines (IAEA, 2013; Turkish Atomic Energy Authority, 2018; 

Veselov and Tishin, 2017), see Figure 2-58. On the other hand, in the VVER-

1300/V509 reactor, the system also has 2 x 100% trains connected to the CLs 

and HLs of two RCS loops, see Figure 2-59. The water source for both, the HPIS 

and the LPIS is the Spent Fuel Pool (SFP). In addition, the LPIS in the VVER-

1000/V446 (Bushehr NPP), has the same injection points as the HPIS.  

 The HA-1: It consists of 4 x 33% trains. Each HA-1 is filled with 50 m3 of borated 

water and 10 m3 of N2 pressurized to 6 MPa. They are similar to those of the 

Gen-II VVER-1000/V320 and the Gen-III/III+ Saint Peterburg institute VVER 

reactor. It is worth mentioning that in the VVER-1200/509 the heigh of the HA-

1 has been optimized (Atomenergoproekt, 2021; Maltsev, 2015). 

 The HA-2: This PSS is incorporated in all the VVER designs from the Moscow 

institute, see Figure 2-58 and Figure 2-59. The HA-2 was used for the first time 

at the KKNPP (IAEA, 2017). It consists of 4 x 33% trains with two make-up 

tanks per train. The HA-2 tanks are connected to the HA-1 discharge lines and 

have the capacity to inject borated water into the RCS for 24 hours when the 

pressure is below 1.5 MPa (Turkish Atomic Energy Authority, 2018; Veselov 
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and Tishin, 2017). The long discharge period is achieved by the internal 

geometry of the tanks, which consists of several pipes of different heights 

through which the water flows into the injection line. At the beginning of the 

operation, the tanks are full, so water flows out of all the pipes. Later, as the 

level of the tanks drops, the pipes are gradually uncovered, so that no more 

water flows out of them and therefore the flow rate is reduced, (Maltsev, 2015; 

ROSATOM, 2022). In the VVER 1200 of the Moscow Institute, the HA-2 

consists of four injection stages (ROSATOM, 2022), whereas in the VVER 

1000/V412 (KKNPP), the HA-2 consists of six injection stages (Agrawal et al., 

2006). A detailed description of the HA-2 is given in Section 2.2.4. as it is one of 

the PSS analyzed in this PhD thesis.  

The VVER-1000/V446, also incorporates a second ACC design, consisting of 4 

trains with 2 tanks per train. The tanks are known as KWU-ACC and are 

connected to the HLs and CLs of the four RCS loops, (Hosseini et al., 2024). It 

should also be noted that the HA-2 has some similarities to the CMTs of the 

AP1000 and the ACCs of the Korean designs APR-1400 reactors, as commented 

on in Section 2.1 above.  

 The HA-3 are also a type of make-up tank which is found in the VVER-

1200/V509 and the VVER-1300/V510 (VVER-TOI) reactors, see Figure 2-59. 

The HA-3 start injecting into the HA-1 discharge lines when the HA-2 tanks 

are depleted. It consists of 4 x 33% trains. Each train consists of three tanks 

located outside the containment. With a total water capacity of 720 m3, the HA-

3 can inject for up to 48 hours, (Turkish Atomic Energy Authority, 2018).  

Regarding the EBIS, it can be noted that the VVER-1200/V392M has 2 x 100% 

trains, each train with two Motor Driven Pumps (MDP) (ROSATOM, 2022; 

Turkish Atomic Energy Authority, 2018), see Figure 2-60. On the other hand, the 

VVER-1000/V412 (KKNPP) has a different design with a passive four-channel 

system with 4 x 33% trains, called the Quick Boron Injection System (QBIS) 

(Agrawal et al., 2006; Veselov and Tishin, 2017). The RCS pressure relief and 

safety valves, and the EGR are similar to those in the Gen-III/III+ VVER designs 

of the Saint Petersburg institute.  
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Safety systems connected to the secondary circuit 

In the Gen-III/III+ VVER from the Moscow institute, it can be found two heat 

removal systems, the air-cooled PHRS and the Emergency Cooldown System 

(ECS). The ECS is incorporated in both the VVER-1000/V412 and the VVER-

1200/V392M. It consists of a closed circuit with MDP and HX, which takes the 

steam from the SLs and condenses it in the HX when the pressure in the SL is 

higher than 7.35 MPa. The system in the VVER-1000/V412 has 4 x 100% trains, 

in the VVER-1200/392M has 2 x 100% trains with two MDPs per train, see Figure 

2-61, and in the VVER-1200/V509 has 2 x 100% trains but with one MDP per train, 

(Agrawal et al., 2006; Asmolov et al., 2017; ROSATOM, 2022). 

The air-cooled PHRS consists of 4 x 33 % trains, with 3 HXs per train for the VVER-

1000/V412 and 2 HXs per train for the VVER-1200/V392M, see Figure 2-62. Each 

HX is located in an air duct outside the two containments. The air-cooled PHRS is 

designed to remove residual heat when the ECS is not available, (Agrawal et al., 

2006; Asmolov et al., 2017; Galiev et al., 2017; IAEA, 2013; Khubchandani et al., 

2013a; Veselov and Tishin, 2017). A detailed description of the air-cooled PHRS is 

given in Section 2.2.4, as it is one of the PSS analyzed in this PhD thesis. 

Regarding the secondary pressure relief system, three types of valves are found 

(WWER-1200 Nucleopedia, 2021): 

 BRU-A: similar to those installed in other VVER Gen-III/III+ designs. In both 

the VVER-1000/V412 and the VVER-1200/V392M there is one BRU-A per SL, 

see Figure 2-63.    

 Safety valves: in the VVER-1000/V412 there are four per SL. Whereas, on the 

VVER-1200/V392M, there are two per SL, see Figure 2-63. 

 The BRU-K: similar to the other incorporated in the other VVER Gen-III/III+ 

designs. 

Containment safety systems 

The Gen-III/III+ VVER design from the Moscow institute do not incorporate 

PHRS-C. However, they feature a CSS similar to that in the VVER-1000/V320. In 

the VVER-1000/V412, the CSS consists of 4 x 100 % trains while in the VVER-

1200/V392M it consists of 2 x 100 % trains, see Figure 2-64.  
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Figure 2-58 VVER-1200/V392M; active and passive ECCS. Modified from (WWER-1200 
Nucleopedia, 2021) 
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Figure 2-59 VVER-1200/V509 active and passive ECCS. Modified from (WWER-1200 
Nucleopedia, 2021) 
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Figure 2-60 VVER-1200/V392M; EBIS. Modified from (WWER-1200 Nucleopedia, 2021) 

 

 

 

Figure 2-61 VVER-1200/V392M ECS. Modified from (WWER-1200 Nucleopedia, 2021) 
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Figure 2-62 VVER-1200/V392M air-cooled PHRS. Modified from (WWER-1200 
Nucleopedia, 2021) 

 

 

 

Figure 2-63 VVER 1200/V392M secondary circuit relief pressure system. Modified from 
(WWER-1200 Nucleopedia, 2021) 
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Figure 2-64 VVER-1200/V392M CSS. Modified from (WWER-1200 Nucleopedia, 2021) 
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Table 2-17 Safety systems related to the RCS (KKS/AKZ Coding System) 

 VVER-1200 VVER-1000 

System 
392M/ 

V509/V510 
V491 

V412 

(AES-92) 

KKNPP 

V428 (AES-

91) 

Tianwan 

NPP 

V446 

Bushehr 

NPP 

V320 

 Gen-III+ Gen-III Gen-II+ Gen-II 

ECCS 

Active 

JNA: 

JNA30/60 

(HPIS) 

2TX100% 

+ 

JNA20/50 

(LPIS) 

2Tx100% 

JND (HPIS) 

4Tx100% 

 

JNG1 

(LPIS) 

4Tx100% 

 

JNA 

(PHRS) 

4Tx100% 

MDP and HX 

from JNG1 

JND10-40 

(HPIS) 

4Tx100% 

 

JNG 

(LPIS) 

4Tx100% 

 

JND 

(HPIS) 

4Tx100% 

 

JNG (LPIS) 

4Tx100% 

 

HPIS 

4Tx100% 

 

LPIS 

4Tx100% 

 

TQ  

(HPIS) 

3Tx100% 

 

TQ 

LPIS 

3Tx100% 

 

HA-1 

JNG50-80 

(GE-1) 

4Tx33% 

JNG2 

JNG50-80 

4Tx33% 

JNG 

JNG10-40 

4Tx33% 

JNG2 

JNG50-80 

4Tx33% 

ACC 

4Tx33% 

YT 

4Tx50% 

HA-2 

JNG10 

(GE-2) 

4Tx33% 

 
JNG50-80 

4Tx33% 
 

KWU-ACC 

8 HA 
 

HA-3 

JNG10 

(GE-3) 

4Tx33% 

(only V509 

and V510) 

     

EBIS 

JND 

2Tx 

(2x50%) 

JDH 

4Tx50% 

JND50-80 

(EBIS) 

4Tx50% 

 

JDJ 

4Tx33% 

(QBIS) 

JDH 

4Tx50% 

 

TW 

4Tx50% 

 

TQ 

3Tx100% 

RCS 

relief 

system 

PORV (3) JEF (3) JEF (3) PORV (3) PSD (3) 
YP 

PORV (3) 

EGRS KTP KTP KTP EGRS EGRS YR 
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Table 2-18 Safety systems related to the secondary circuit (KKS/AKZ Coding System) 

 VVER-1200 VVER-1000 

System 
392M/V509/

V510 
V491 

V412 

(AES-92) 

KKNPP 

V428 (AES-

91) 

Tianwan 

NPP 

V446 

Bushehr 

NPP 

V320 

 Gen-III+ Gen-III Gen-II+ Gen-II 

EFW  
LAR/LAS 

4Tx100% 

EFW 

4Tx100% 

EFW 

4Tx100% 

TX 

3Tx100% 

EFW 

3Tx100% 

ECS 

JNB10 

V392 

2Tx100% 

V509/V510 

2Tx100% 

 
JNB10-40 

4Tx100% 
   

PHRS-

SG 

JNB50-80 

4Tx33% 

Air-cooled 

HXs 

JNB 

4Tx33% 

Water-cooled 

HXs 

JNB50-80 

4Tx33% 

Air-cooled 

HXs 

   

SGs 

pressure 

relief 

system 

BRU-A 4x1 

PORV 4x2 

BRU-K 

LBU (BRU-

A) 

4x1 

PORV 4x1 

BRU-K 

LBK 

(BRU-A) 

4x1 

SGPD 4x4 

BRU-K 

BRU-A 4x1 

SV 4x2 

BRU-K 

BRU-A 4x1 

PSD 4x2 

BRU-K (6) 

BRU-A 4x1 

SV 4x2 

BRU-K (4) 

BRU-SN 

(2) 

 

Table 2-19 Safety systems related to containment (KKS/AKZ Coding System) 

 VVER-1200 VVER-1000 

System 
392M/V509/

V510 
V491 

V412 

(AES-92) 

KKNPP 

V428 (AES-

91) 

Tianwan 

NPP 

V446 

Bushehr 

NPP 

V320 

 Gen-III+ Gen-III Gen-II+ Gen-II 

PHRS-C  
JMP 

4Tx33% 
    

CSS 
JMN 

2Tx100% 

JMN 

4Tx50% 

JMN 

4T 

CSS 

4T 

TJ 

2Tx100% 

TQ 

3Tx100% 

CC JMN JMR JKM CC   
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2.2.4.  Passive safety systems relevant to the PhD thesis 

As mentioned in the introduction, this doctoral thesis analyses the impact of two 

of the passive safety systems incorporated in the Gen-III/III+ VVER reactors. 

These safety systems are the second stage hydro-accumulators (HA-2) and the 

passive heat removal systems, the air-cooled PHRS. 

The two PSS selected are from the VVER designs of the Moscow Institute. They 

have been selected because the combined performance of both allows to fulfil two 

CSF, the core decay heat removal and the RCS inventory replenishment. This 

makes it possible to analyse LOCA sequences under SBO conditions without 

reaching CD conditions. The HA-2 selected to analyse is from the VVER-

1200/392M, as there is no publicly available information for the HA-2 in the VVER-

1000/V412 (KKNPP). Similarly, the air-cooled PHRS design selected is that of the 

VVER-1000/V412 (KKNPP) reactor. 

The aim of this section is to describe the HA-2 and the air-cooled PHRS in more 

detail and to get to know their geometries, layouts, design criteria, setpoints and 

operating modes. 

2.2.4.1. Secondary State Hydro-accumulators (HA-2) 

The HA-2, included in the VVER-1200 reactors, consists of 4 x 33 % trains, each 

containing two borated water tanks. These tanks are connected at the top to a 

common head, which is connected to the CLs through a line with a special check 

valve. At the bottom they are connected to the HA-1 injection lines so that this 

system also provides top and bottom core flooding, see Figure 2-65. 

The total volume of water is 960 m3 with each tank containing 120 m3. The total 

height of a tank is 10.4 m and the diameter is 4 m, see Figure 2-66. The RCS 

pressure below 1.5 MPa, with a delay of 100 s, is the actuation signal for the HA-2 

(ROSATOM, 2022). 

The HA-2 has been designed taking into account the mass flow rate required to 

compensate for the decay heat, see Table 2-20. It is noteworthy that the HA-2 

discharges in four stages, which is achieved by means of four discharge pipes 

located inside the HA-2 at different heights (Maltsev, 2015). Figure 2-67 shows the 

scheme of an experimental facility for the HA-2, along with some results showing 

that as the water level drops, the different pipes are uncovered and therefore the 

mass flow through the HA-2 is reduced (Maltsev, 2015).  
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Table 2-20 HA-2 mass flow rate (per train) 

Stage 

interval (s) 
100 - 4000 4000 - 10000 10000 - 30000 30000 - 86400 

Flow rate 

from one 

HA-2 train 

(kg/s) 

10 5 3.3 1.78 

 

 

Figure 2-65 Connection to the RCS of the Second Stage Hydro-accumulators (HA-2) (Nu-
Power, 2015) 

 

Figure 2-66 HA-2 layout (Kasapoglu et al., 2024) 
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Figure 2-67 HA-2 experimental facility results (Maltsev, 2015) 

2.2.4.2. Air-cooled Passive Heat Removal System (PHRS) 

The air-cooled PHRS incorporated in the VVER-1000/V412 (KKNPP) consists of 

four trains, one per SG, see Figure 2-62. Each of the PHRS trains contains three 

HXs, which are located in an elevated position, right where the containment dome 

begins (Khubchandani et al., 2013a), see Figure 2-68. It is important to note that 

in the VVER-1200/V392M, V509, V523 and the VVER-1300/V510 (VVER-TOI), the 

air-cooled PHRS also consists of four trains, but each has two HXs instead of three 

(Galiev et al., 2017), see Figure 2-69. The design criterion for the air-cooled PHRS 

in all these reactor designs is that a minimum of 3 out of 4 trains are required to 

fulfil their safety function, (Ayhan and Sokmen, 2016a).  

Each HX is placed in a shell inside an air duct. In the air duct, upstream and 

downstream of the HXs, there are air gates with the capacity to isolate the HXs 

from the atmosphere (Agrawal et al., 2006), see Figure 2-70. These air gates have 

only two positions, closed and open, with no intermediate positions. They remain 

in the closed position during reactor operation by means of electromagnetic 

actuators which are de-energized in the event of a loss of AC power, allowing the 

air gates to open (Agrawal et al., 2006). 

Moreover, between the HX and the upstream air gates, there is a regulator 

consisting of flaps, see Figure 2-70 and (Polunichev et al., 2007). This regulator is 

equipped with two actuators, a passive actuator and an active actuator which is 

powered by the safety class 1 emergency power system (battery powered).  
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Each HX contains a steam collector and a condensate collector; the steam collector 

is located above the condensate collector, see Figure 2-71 and Figure 2-72. On the 

one hand, the steam collector is connected to the condensate collector by a total of 

630 horizontal U-shaped tubes with a slight slope, (Chaudhary et al., 2017). 

Moreover, the steam collectors and condensate collectors are connected to the SGs 

thought the steam lines and the condensate lines.  

In order to know the geometry of this system, an extensive review of references 

has been necessary (Ahmed Pirouzmand and Shahabinejad, 2021; Bharat Heavy 

Electricals Limited, n.d.; Chaudhary et al., 2017; IAEA, 2009; Khubchandani et 

al., 2013a; ROSATOM, 2023; Sri Krishna College of Engineering and Technology 

(SKCET), 2019). For some parameters, different values have been found, so it has 

been decided to take approximate values in some cases. Table 2-21 summarizes the 

values adopted for the model of the air-cooled PHRS developed for the TRACEV5P5 

system code. 

The air-cooled PHRS is designed to remove decay heat for extended periods of time 

in the event of unavailability of the active heat removal system through the SGs 

or total loss of AC power, i.e. SBO conditions, (Agrawal et al., 2006; Khubchandani 

et al., 2013b). Therefore, the air-cooled PHRS should start operating due to 

(ROSATOM, 2022): 

 AC power loss, i.e., SBO conditions 

 A high SGs pressure signal, i.e., pressure above 8.44 MPa 

The electromagnetic actuators of the air gates take 30 s to de-energize, see (Ayhan 

and Sokmen, 2016a). Moreover, the air gates need 90 s to be fully open, 

(ROSATOM, 2022).  

In addition, the air-cooled PHRS has two operating modes: SGs pressure 

maintenance mode and RCS cool-down mode, (IAEA, 2012; ROSATOM, 2022): 

 SGs pressure maintenance mode: The aim is to remove the decay heat from 

the core through the SGs by maintaining the pressure of the SGs between 

5.35 MPa and 6.05 MPa, (Khubchandani et al., 2013b). This is achieved by 

controlling the regulator flaps position in the air duct and therefore the air 

flow through the HX tubes. When the air-cooled PHRS starts to operate, the 

regulators flaps are fully open. As the pressure in the SGs drops below 6.05 

MPa, the regulators flaps begin to close, reducing the power that the PHRS 
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can remove compared to the power it could remove if the regulators flaps 

were fully open, see the red line in Figure 2-73.  

This operating mode is controlled by the passive actuator of the regulator 

flaps which operates by means of a spring-operated piston system. The 

piston is driven both by the steam pressure on the secondary side of the SG 

and by the spring force. The direction of movement of the piston rod, and 

therefore whether the regulator flaps open or close, is determined by the 

balance between the SGs steam pressure and the spring force, (Galiev et al., 

2017; Polunichev et al., 2007). 

 RCS cool-down mode: If the SBO sequence or the loss of the active heat 

removal systems is followed by a LOCA, the PHRS operates in RCS cool-

down mode. When the subcooling margin in the HL is below 8 oC, 

(ROSATOM, 2022), the control that regulates the regulators flaps position 

is inhibited, forcing them to remain fully open. In this mode, the air-cooled 

PHRS behavior is characterized by a power vs. SG pressure curve, see blue 

line in  Figure 2-73. 

The active actuator of the regulator flaps is responsible for overriding the 

passive actuator to keep the regulator flaps fully open (Galiev et al., 2017; 

Polunichev et al., 2007), without the need for human intervention. In 

addition, if necessary, the active actuator can also be operated by the 

operator to switch to RCS cool-down mode (Asmolov, 2011, Turkish Atomic 

Energy Authority, 2018). 

In stand-by mode, the HXs are isolated from the atmosphere by the air gates 

located both upstream and downstream of the HXs. Otherwise, the regulators flaps 

are fully open, (ROSATOM, 2022). Moreover, the steam lines and the condensate 

lines are open, allowing the PHRS tubes to be at SG pressure, (Agrawal et al., 

2006; IAEA, 2012). 
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Figure 2-68 VVER-100/V412 air-cooled PHRS with three HX per trains,  
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Figure 2-69 VVER-1200/V392M air-cooled PHRS with two HX per train  



 
Elena Redondo Valero 

100 

 

 

Figure 2-70 Air-cooled PHRS. Modified from (Galiev et al., 2017; Polunichev et al., 2007; 
ROSATOM, 2023, 2022) 

 

 

Figure 2-71 Air-cooled PHRS HX bundle of tubes (Ahmed Pirouzmand and 
Shahabinejad, 2021) 
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Figure 2-72 air-cooled PHRS HX scheme 

 

Figure 2-73 PHRS power vs. SGs pressure curves in both operating modes 
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Table 2-21 Air-cooled PHRS geometry 

Parameters Value                                Units Reference 

Steam 

lines 
Diameter 0.2 m 

(Ahmed Pirouzmand and 

Shahabinejad, 2021; 

Ayhan and Sokmen, 

2015; IAEA, 2009) 

PHRS 

tubes 

No HX 3 - 

(Ahmed Pirouzmand and 

Shahabinejad, 2021; 

Khubchandani et al., 

2013a) 

No tubes per 

HX 
630 - (Chaudhary et al., 2017) 

Length 8 m (Ahmed Pirouzmand and 

Shahabinejad, 2021; 

Bharat Heavy Electricals 

Limited, n.d.; 

ROSATOM, 2023) 

Height 1.49 m 

Condensate 

lines  

Diameter 0.1 m 
(Ahmed Pirouzmand and 

Shahabinejad, 2021) 

Height 19.2 m 

(Khubchandani et al., 

2013a; Kopytov et al., 

2011, 2009) 

Air ducts  

Flow area 

(Regulator – 

Air duct 

outlet) 

12 m2 

(Bharat Heavy 

Electricals Limited, n.d.; 

ROSATOM, 2022; Sri 

Krishna College of 

Engineering and 

Technology (SKCET), 

2019) 

Height   

(Lower air 

gates - 

Regulator) 

7.5 m 

Height 

(Regulator – 

air duct 

outlet) 

30 m 

(Sri Krishna College of 

Engineering and 

Technology (SKCET), 

2019) 
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2.2.4.3. Experimental facilities related to the air-PHRS and the HA-2  

The aim of this section is to give an overview of the experimental facilities that 

have been employed to investigate the joint effect of HA-2 and air-cooled PHRS on 

the Gen-III/III+ VVER from the Moscow Institute. In particular, two experimental 

facilities can be highlighted, the PSB-VVER facility, which has been modified to 

include the HA-2 and the air-cooled PHRS, and the HA2M-SG facility.  

In the 1990s, the PSB-VVER facility, a large scale integral test facility modeling 

the VVER-1000/V320 reactor, was constructed at the Electrogorsk Research and 

Engineering Centre on NPP Safety (EREC) in Russia. Several international 

projects have been developed to analyse numerous accidental sequences at the PSB 

VVER facility, see (Blaha, 2014; Shahedi et al., 2010; Varju et al., 2024). These 

include the TACE-97 R2.03 project "Development of software for accident analysis 

of VVER and RBMK reactors" (European commission EuropeAid Co-operation 

Office, 2006)  and the OECD PSB-VVER project (Melikhov et al., 2008).  

Between 2017 and 2018, the PSB-VVER facility was upgraded to model a VVER-

TOI reactor, including the HA-2 system and the air-cooled PHRS, see Figure 2-74. 

In (Elkin et al., 2018), it has been noted that LOCA scenarios under SBO conditions 

have been realised at the upgraded PSB-VVER plant. However, there is limited 

publicly available information on the modified version of the PSB-VVER plant 

reflecting the upgrade to a VVER-TOI reactor.  

The HA2M-SG, on the other hand, is designed to study the combined performance 

of the PSS in Gen-III/III+ VVER reactors. It is located at the Leipunskii Institute 

of Physics and Power Engineering (IPPE) of the Joint-Stock Company (JSC) in 

Russia, (Kopytov et al., 2009).  The HA2M-SG consists of a VVER SG model, a tank 

accumulator for steam supplied and a PHRS HX, see Figure 2-75 and (Kopytov et 

al., 2011). 

In the HA2M-SG, several experiments have been carried out related to the study 

of the effect of the non-condensable gases in the SG tubes, (Berkovich et al., 2006). 

The conclusions of these analyses reflect that in the first 24 hours of operation of 

the HA-2 and the PHRS, the line connecting the upper part of the HA-2 to the CLs 

takes the mixture of steam and non-condensable gases from the RCS, reducing the 

presence of the latter in the SGs tubes. Therefore, the effect of the non-condensable 

gases in the condensation of the steam in the SGs tubes due to the PHRS operation 

is not appreciable, (Kopytov et al., 2011, 2009).  
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The IPPE also has other experimental facilities, such as the GROT facility, which 

has been used to analyse, among other things, the reduction in heat exchange in 

the SG tubes due to the presence of different concentrations of non-condensable 

gases or the effect of boiling boric acid, see (Morozov et al., 2014; Morozov and 

Sakhipgareev, 2017; Shlepkin et al., 2020).   

 

Figure 2-74 PSB-VVER facility including HA-2 and air-cooled PHRS (Elkin et al., 2018) 

 

Figure 2-75 HA2M-SG facility (Kopytov et al., 2011)  
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2.3. Standard Event Trees for the VVER-1000/V320   

This section aims to present the VVER-1000/V320 ETs, focusing on those that are 

particularly relevant to this PhD thesis, as they are the ones considered in Sections 

4 to 6. The ETs covered include, on the one hand, the GT and LOOP ETs, based on 

those found in (Begun et al., 2000; Kovacs, 2014; Science Applications 

International Corporation (SAIC), 1987), see Figure 2-76 and Figure 2-77. On the 

other hand, the SBLOCA, MBLOCA and LBLOCA ETs are based on those found 

in (Skalozubov et al., 2010), see Figure 2-78, Figure 2-79 and Figure 2-80. The 

headers that appear in these ETs are often repeated from one ET to another. These 

headers are: 

 S Header – SCRAM or reactor protection system actuation  

The success of the S header consists of the correct insertion of the CRs in the core 

at a required speed and without getting stuck in an intermediate position when 

the trip setpoints of the emergency protection are reached or when the emergency 

protection is initiated by the operator. Its failure leads to an Anticipated Transient 

Without SCRAM (ATWS) in all the ETs.   

 EF Header – EFW/AFW 

The success of the EF header consists of the availability of 1 out of 3 AFW trains 

or 1 out of 3 EFW trains together with the operation of 1 out of 4 BRU-A or BRU-

K valves. Note that this header consists only of EFW availability and not AFW 

availability for LOOP ET.  

 BF Header – Bleed and Feed 

This management action consists of opening the PZR relief and safety valves to 

reduce the pressure in the RCS, thus allowing the HPIS to be injected. The purpose 

of the strategy is to cool the RCS when this is not possible via the SGs.  

 EDG Header – Diesel Generators  

The success of the EDG header consists of the availability of 1 of the 3 EDG, with 

the capacity to supply on-site power to one of the safety trains. 

 R-EX Header – Recovery of the external power 

The success of the R-EX header consists of the recovery of one of the safety bus. 
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 H Header – HPIS 

This system performs the function of injecting borated water into the RCS when 

the pressure is high. H header SC is accomplished if 1 out of 3 HPIS trains inject 

successfully, except for the LBLOCA for which the SC is the availability of 2 out of 

3 HPIS. 

 A Header – HA-1 

The HA-1 re-flood the core with borated water. They can inject at an intermediate 

pressure (below 6 MPa). A header SC is accomplished if 1 out of 2 HA-UP and 1 

out of 2 HA-DC inject successfully. 

 L Header – LPIS 

As the HPIS, the LPIS mission is to introduce borated water into the RCS at low 

pressure to compensate for the coolant lost through the break. L header is 

considered successful if 1 out of 3 LPIS trains inject successfully. 

 B Header – EBIS 

This header is related to the performance of the EBIS. The mission for this safety 

system is to inject borated water into the RCS to ensure the subcriticality of the 

reactor, B header is considered successful if 1 out of 3 EBIS trains is available.  

 D Header – RCS cooling and depressurization through the SGs 

This header is related to the depressurization of the SGs at a controlled RCS 

cooling rate, 30 K/h or 60 K/h, or a maximum RCS cooling rate. It should be noted 

that this header is not related to an automatic action, but to a human action. This 

management action is achieved by opening the BRU-K valves or the BRU-A valves 

if the condenser is not available. The success of the D header consists in the 

operation of 1 out of 2 AFW pumps or 1 out of 3 EFW pumps together with the 

availability of 1 out of 4 BRU-K or BRU-A valves. 

 EG Header – EGRS 

This header appears in the SBLOCA ET, with the mission to depressurize the RCS. 

The SC for the EG header is the opening of one of the EGRS valves. 

A summary of the previously described headers is shown in Table 2-22, together 

with the SC associated with each one. 
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Table 2-22 Success criteria for VVER-1000/V320 ETs 

Header Success Criteria 

S 
Forming a signal of SCRAM and the activation of the reactor 

control and protection system 

EF  

1 out of 3 EFW pumps or 1 out of 2 AFW pumps 

+ 

1 out of 4 BRU-A or BRU-K 

(SG pressure maintenance mode) 

BF 

1 out of 3 PZR valves 

+ 

1 out of 3 HPIS trains 

EDG 1 out of 3 EDG 

R-EX Recovery of 1 safety bus 

H 1 out of 3 HPIS trains (2 out of 3 trains in the LBLOCA ET) 

A  2 out of 4 HA-1 trains 

B 1 out of 3 EBIS trains 

L 1 out of 3 LPIS trains 

D 

1 out of 3 EFW pumps or 1 out of 2 AFW pumps  

+ 

1 out of 4 BRU-A or BRU-K (human action) 

(RCS cool-down mode) 

EG  1 EGRS valve in the RCS 

  

The ETs for the GT, LOOP, SBLOCA, MBLOCA and LBLOCA IEs are described 

below. It should be noted that the sequences that reach a success end state are 

denoted by "S", while those that reach core damage are denoted by "CD". In 

addition, there are some sequences that are transferred to other ETs, such as the 

Generic GT ET or the ATWS ET. Moreover, a specific wording is used to identify 

the sequences. A sequence is defined by concatenating the letter identifying its 

headers, written in upper or lower case, so that if it is in upper case it represents 

a success, while if it is in lower case it represents a failure of the system. 
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 GT ET 

The GT ET consists of four headers: GT, S, EF and BF, see Figure 2-76. When the 

SCRAM signal occurs, if the S header is not successful the sequence is transferred 

to the ATWS ET. If on the other hand the S header is successful, the sequence 

reaches success end state whether the EF header (S-EF-bf) or the BF-header (S-

EF-BF) is successful. Otherwise, if neither the EF header nor the BF header is 

successful (S-ef-bf), the sequence reaches CD end state. 

 LOOP ET 

The LOOP ET consists of four headers: S, EDG, EF and R-EX, see Figure 2-77. 

When the SCRAM signal occurs, if the S header is not successful, the sequence is 

transferred to the ATWS ET. On the other hand, if the S header is successful along 

with the EDG and the EF headers (S-EDG-EF-r-ex), the sequence reaches a 

success end state. Furthermore, if the EDG header fails but the R-EX header 

succeeds (S-edg-ef-R-EX) the sequence is transferred to the GT ET.  

Conversely, if the EDG header is successful but the EF header fails (S-EDG-ef-r-

ex), the sequence reaches a CD end state. In addition, a CD end state is also 

reached if neither the EDG nor the R-EX headers are successful (S-edg-ef-r-ex). It 

is worth noting that those sequences where the EDG failed are SBO sequences. 

Furthermore, in the sequence 3 (S-edg-ef-R-EX), if the leakage through the seals 

of the MCPs is considered and the recovery of the external power is not immediate, 

the sequence is transferred to the Seal Loss Of Coolant (SLOCA) ET.  

 SBLOCA ET 

The SBLOCA ET consists of eight headers: S, H, EF, D, B, EG, A, L, see Figure 

2-78. The break size range for this LOCA ET is between 0.5 and 2 inches.  As in 

the GT and LOOP ETs if the S header is not successful the sequences is transferred 

to the ATWS ET. This ET has two successful sequences, one corresponds with the 

only successful of the S, H and EF headers (S-H-EF-d-b-eg-a-l) and the other one 

correspond with the successful of all the headers except for the H and EF headers 

(S-h-ef-D-B-EG-A-L). 
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This highlights the importance of HPIS performance in SBLOCA. In case HPIS is 

not available, human actions, reflected in the D and EG headers, are necessary to 

depressurise the RCS, thus allowing the injection of HA-1 and LPIS. This issue is 

extensively discussed in Chapter 5, Section 5.2, where the damage domains and 

the available times for the different management strategies in SBLOCA with HPIS 

failure are analyzed.  

 MBLOCA ET  

The MBLOCA ET consists of four headers: S, H, A, L, see Figure 2-79. The break 

size range for this LOCA ET is between 2 and 8 inches.  As for the other ETs with 

S header, if it is not successful, the sequence is transferred to the ATWS ET. To 

reach a success end state it is necessary that all headers, i.e. S, H A and L, are 

successful (S-H-A-L). In fact, if any of the headers associated with the ECCS fail, 

the sequence leads to a CD end state.  

It should be noted that in Chapter 5, Section 5.1, a verification of the SC for the 

MBLOCA headers is performed and, based on the results obtained, new ETs 

proposals are made for MBLOCA, taking into account new break size ranges and 

SC. 

 LBLOCA ET 

The LBLOCA ETs is the only one present in this section that does not consider the 

S header. This is due to the fact that reactivity does not play a significant role in 

this type of transient. Therefore, the LBLOCA ET headers are H, A and L, see 

Figure 2-80. The LBLOCA ET has a range between 8 inches and the DEGB. The 

DEGB area corresponds to 1.135 m2 and an equivalent diameter of 47 inches as 

the diameter of the CL is 33.5 inches. Moreover, the SC for the H header is more 

restrictive, going from 1 out of 3 to 2 out of 3 trains successfully injecting.  

The LBLOCA ET contains two sequences with a success end state: H-A-l and h-A-

L, all other sequences reach a CD end state. Thus, for a success end state, it is 

mandatory that one HA-1 injects into UP and another one into DC, in addition to 

the injection of one LPIS or two HPIS trains. 
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Figure 2-76 GT ET of VVER-1000/V320 reactor 
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Figure 2-77 LOOP ET of VVER-1000/V320 reactor 
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Figure 2-78 SBLOCA ET for VVER-1000/V320 reactor (Skalozubov et al., 2010) 
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Figure 2-79 MBLOCA ET for VVER-1000/V320 reactor (Skalozubov et al., 2010) 
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Figure 2-80 LBLOCA ET for VVER-1000/V320 reactor (Skalozubov et al., 2010) 
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Chapter 3.  

VVER-1000/V320 reactor 

model for the TRACEV5P5 

code 
 

The following chapter is intended to describe the model of the VVER-1000/V320 

reactor developed for the TRACEV5P5 systems code (NRC, 2017) throughout the 

PhD thesis. Note that this model comes from an earlier RELAP5 model (Sanchez-

Espinoza and Bottcher, 2006), which has been completed with controls, actuation 

signals and safety systems. In addition, the VVER-1000/V320 model has been 

implemented with human actions and the passive safety systems previously 

described in Section 2.2.4, as part of the analyses carried out in chapters 5 and 6.  

Firstly, Section 3.1 shows the TH model of the RCS and the secondary circuit. Next, 

the actuation signals for the SCRAM, the MCPs, the MFW and the Turbine Trip 

(TT) are described in Section 3.2. The conventional safety systems of the VVER-

1000/V320 reactor are presented in Section 3.3, the human actions in Section 3.4 

and the advanced passive safety systems in Section 3.5. Finally, the Section 3.6 

ends with the steady-state values obtained in the final model.   

3.1. RCS and secondary circuit model 

The TH model for VVER-1000/V320 RCS is shown in Figure 3-1 and the TH model 

for the VVER-1000/V320 secondary circuit is shown in Figure 3-2. The conversion 

of the TH model from the RELAP5 to the TRACEV5P5 code has been performed 

component by component, adjusting the pressure drops for the RCS, the secondary 

side of the SGs and the SLs. In this approach, the Cell Elevation Change (DELEV) 

option was selected to specify the elevation and orientation of the TH components 

due to its equivalence to RELAP5. 
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The SETS numerical method has been selected to solve the two-phase flow 

equations in the TH components. With regard to the friction factor correlation 

option, the homogeneous wall flow friction factor was selected, except for the 

abrupt area changes which were adjusted to reproduce the RELAP5 model 

pressure drops. 

Moreover, the TH model of the SGs has been modified from modeling the U-shaped 

tubes in three levels to modeling them in five levels. This has had a great impact 

on the simulation of the SBO sequence, as the water level of the SGs is very 

sensitive to the number of cells used to model the heat transfer. 

This has resulted in the final VVER-1000/V320 TH model with a total of 16 

BREAKs, 29 FILLs, 164 PIPEs, 4 PUMPs, 4 SEPARATORs, 37 VALVEs, 1 

VESSEL, 432 hydraulic connections. The main components of the RCS are 

described below:   

 RCS loops: The CLs and HL have been modeled with 1D PIPEs. 

 The MCPs: These have been modeled using the specific PUMPs component. 

In addition, the coast-down has been introduced by means of a time vs. speed 

table. 

 The PZR: Connected to the HL 4 by the Surge Line. The PZR model also 

includes the spray lines attached to the CL 1, the relief and safety valves 

and four groups of heaters. 

 RPV: Modeled using a 3D VESSEL component divided into 50 axial levels, 

6 azimuthal sectors and 6 radial sectors. The three inner rings are dedicated 

to the modeling of the core, the fourth ring to the modeling of the bypass, 

the fifth to the modeling of the core barrel and the sixth to the modeling of 

the DC.   

 Core: A total of 18 HEAT STRUCTURE components are used to model the 

50856 fuel rods (163 hexagonal fuel assemblies with 312 fuel rods each). The 

HEAT STRUCTUREs have a height of 4 m and are divided into 12 axial 

levels (10 corresponding to the active part and 2 to the reflector part).  A 

cosine axial power distribution is assumed and a hot fuel rod peaking factor 

of 1.74 (Iegan et al., 2016) has been included. 

 Primary side of the SGs. The 11000 U-shaped tubes have been modeled with 

five horizontal PIPEs components. In addition, the cold and hot collectors 

have also been modeled with six vertical PIPEs components each.  
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The model also includes the CVCS, consisting of the make-up and the let-down 

systems with a mass flow rate of 8.19 kg/s. The make-up system has been modeled 

with four boundary conditions using FILL components connected to the four CLs. 

Whereas the let-down system has been also modeled with two FILL components 

connected to CL 2 and CL 3.  

The secondary circuit of the VVER-1000/V320 reactor has been modeled up to the 

turbine stop valve, including the secondary side of the SGs, the SLs and the MSH. 

 Secondary side of the SGs. The heat transfer zone is modeled with five 

vertical PIPE components, each connected each to a horizontal PIPE 

modeling the U-shaped tubes in the primary side of the SGs. In addition, 

the downcomer of the SGs has also been modeled with vertical PIPE 

components, cross connected to the five PIPEs modeling the heat transfer 

zone. In the upper part the liquid/steam SEPARATOR component is placed.  

 SL: including a BRU-A valve, two safety valves, a MSIV valve, and a check 

valve in each SL.  

 MSH: including BRU-K valves and BRU-SN valves. 

It should be noted that the MFW is modeled as a boundary condition with a FILLs 

component. A FILL per SGs introduces water at 409 K with a rated mass flow that 

is a function of the water level in the secondary side of the SGs. 
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Figure 3-1 VVER-1000/V320 RCS TRACEV5P5 TH model 
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Figure 3-2 VVER-1000/V320 secondary circuit TRACEV5P5 TH model 
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3.2. Actuation signals for SCRAM, MCPs trip, MFW pumps trip 

and Turbine trip  

The following section describes the signals for the SCRAM, the MCPs trip, the 

MFW pumps trip and the TT included in the VVER-1000/V320 model. It should be 

noted that the SCRAM and the MCPs trip signals are taken from (Muellner, 2010). 

Moreover, a summary of that signals is given in Table 3-1. 

The SCRAM can be caused by a large number of signals, see Figure 3-3. On the 

one hand, the signals related to the RCS consist of high core power, high RCS 

pressure, low level in the PZR, a subcooling margin in the HLs below 10 K, low 

pressure drop in the RCS, high HLs temperature. On the other hand, the signals 

related to the secondary circuit are low level in the SGs and high pressure in the 

SGs. In addition, there are other combined signals: a low pressure in the SL 

together with a difference between the saturation core temperature and the SL 

temperature below 75 K, a low pressure at the core outlet together with a high 

temperature in the HLs, a core power higher than 75% together with the RCS trip 

and a core power higher than 75% together with a low core outlet pressure. 

The RCSs trip can be activated by four signals. Three of these are low level in the 

SGs, high level in the SGs and closing of the MSIV valves. The fourth is a 

combination of signals consisting of low pressure in the SL together with a 

difference between the core saturation temperature and the SL temperature of 75 

K and a HL temperature below 473.15 K, see Figure 3-4. 

The MFW can be switched off by five signals: a subcooling margin in the HLs below 

10 K, a temperature in the HLs above 599.15 K, a PZR level below 4 m, a pressure 

in the RPV head above 17.65 MPa and a pressure in the HLs below 14.71 MPa, see 

and Figure 3-5. 

The TT can be caused by the seven signals: a subcooling margin in the HLs below 

10 K, a temperature in the HLs above 599.15 K, a PZR level below 4 m, a pressure 

in the RPV head above 17.65 MPa, a pressure in the HLs below 14.71 MPa, a high 

SG level and a low pressure in the MSH, see Figure 3-6. All TT signals have a 15 

s delay.   
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Table 3-1 SCRAM, MCPs trip, MFW pumps trip and TT signals, VVER-1000/V320 model 

SCRAM 

Power > 107 %                                                                                OR 

SG level < 1.60 m                                                                                 OR 

PRCS > 17.65 MPa                                                                             OR 

PZR level < 4.6 m                                                                               OR 

PSG > 7.84 MPa                                                                               OR 

PSL < 4.1 MPa AND Tୡ୭୰ୣ_୭୳୲
ୱୟ୲ – T SL > 75 K                              OR 

Tୌ୐
ୱୟ୲ − THL < 10 K                                                                            OR 

ΔPMCP < 0.245                           OR 

Pcore out < 13.73 MPa AND THL > 533.15 K                                                                                     OR 

THL > 597.15 K                                                                                                                   OR 

Power > 75 % MPa AND MCPs trip                                                                                   OR 

Power > 75 % MPa AND Pcore out > 14.7 MPa  

MCPs 

ΔSGlevel < - 0.5 m                                                                                                                OR 

ΔSGlevel > 0.25 m                                                                                     OR 

MSIV closing signal                                                                                                          OR 

PSL < 4.1 MPa AND Tୡ୭୰ୣ_୭୳୲
ୱୟ୲ – T SL > 75 K AND THL > 473.15 K    

MFW 

𝑇ு௅
௦௔௧ − THL < 10 K OR 

THL> 599.15 K                                                                                                                   OR 

PZR level < 4 m OR 

Ptop_RPV > 17.65 MPa                                                                                                                          OR 

PHL < 14.71 MPa  

TURBINE TRIP 

𝑇ு௅
௦௔௧ − THL < 10 K                                                                                                             OR 

THL > 599.15 K                                                                                                            OR 

PZR level < 4 m                                                                                                              OR 

Ptop_RPV > 17.65 MPa                                                                                                       OR 

PHL < 14.71 MPa                                                                                                                  OR 

SG level > 2.65 m                                                                                                            OR 

PMSH < 5.098 MPa  
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Figure 3-3 SCRAM signals, VVER-1000/V320 model 
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Figure 3-4 MCPs trip signals, VVER-1000/V320 model 
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Figure 3-5 MFWs pumps trip signals, VVER-1000/V320 model 



 
VVER-1000/V320 reactor model for the TRACEV5P5 code 

125 

 

 

Figure 3-6 Turbine trip signals, VVER-1000/V320 model 
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3.3. Conventional control and safety systems  

The model for the TRACEV5P5 code includes the following safety systems: the 

ECCS, the EBIS, the RCS and secondary pressure relief systems and the EFW. 

The following describes how each of these safety systems is modeled in the model 

for the VVER-1000/V320 reactor.  

The active part of the ECCS consists of the HPIS and the LPIS, which are modeled 

with boundary conditions. The LPIS is connected to the four HA-1 injection lines 

and to CL 1 and HL1, while the HPIS is connected to the CL 1, CL 3 and CL 4. The 

injection curves of which are shown in Figure 3-7. The triggering of the actuation 

signal of both the LPIS and the HPIS requires the fulfilment of two conditions; the 

first is that the subcooling margin in the HLs falls below 10 K and the second is 

that the vessel head pressure is less than 10.78 MPa for the HPIS and 2.55 MPa 

for the LPIS, see Table 3-2 and the Figure 3-8.   

The conventional PSS of the ECCS consists of four HA-1, each modeled with a 

special PIPE component and divided into 6 cells of 10 m3 each, of which 5 are filled 

with water and 1 with N2. They are isolated from the RCS by check valves. This 

PSS is also equipped with valves that close when the level in HA-1 is below 1.2 m. 

They are connected to the RCS by means of the HA-1 injection lines, two of which 

are attached to the RPV UP and the other two to the RPV DC. 

The EBIS is modeled by means of FILL components. The connection points to the 

RCS are those of the HPIS, i.e. the CL 1, the CL 3 and the CL 4. This safety system 

does not have an automatic actuation signal and can be activated by the user. 

 

Figure 3-7 HPIS and LPIS injection curves (per pump), VVER-1000/V320 model 
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Table 3-2 Active ECCS signals, VVER-1000/V320 model 

ECCS 

LPIS 
Tୌ୐

ୱୟ୲ − THL < 10 K      AND 

PRPV < 2.55 MPa  

HPIS 
Tୌ୐

ୱୟ୲ − THL < 10 K      AND 

PRPV < 10.7 MPa  

 

Figure 3-8 LPIS and HPIS actuation signals, VVER-1000/V320 model 
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The RCS relief system consists of three relief and safety valves located in the upper 

part of the PZR. Two of them have the same opening setpoint of 18.62 MPa and a 

closing setpoint of 17.84 MPa, while the third has an opening setpoint of 18.13 MPa 

and a closing setpoint of 17.25 MPa, see Table 3-3 and Figure 3-9.  

Table 3-3 PZR relief and safety valves signals, VVER-1000/V320 model 

PZR Valves 

Valve 1 and 2 
Open: Ptop_PZR > 18.62 MPa 

Close: Ptop_PZR < 17.84 MPa 

Valve 3 
Open: Ptop_PZR > 18.13 MPa 

Close: Ptop_PZR < 17.25 MPa 

 

Figure 3-9 PZR valves signals, VVER-1000/V320 model 
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In addition to the relief and safety valves in, the model includes connected to the 

PZR two other auxiliary systems, the sprays and the heaters, whose function is to 

control the RCS pressure. There are a total of 4 heaters groups modeled by 4 HEAT 

STRUCTURE components, each connected to a POWER component with a power 

of 360 kW, 180 kW, 720 kW and 1260 kW respectively.  The heaters are switched 

on according to different values of the RPV pressure, see Table 3-4 and Figure 3-10. 

In addition, for any of the heaters to be switched on, it is a requirement that the 

PZR level does not drop below 4.2 m. In steady-state conditions, heater 1 is 

switched on to compensate losses.  

Table 3-4 PZR heaters on/off signals, VVER-1000/V320 model 

PZR Heaters  

Heater 1 
On: Ptop_RPV < 15.6 MPa AND PZR level > 4.2 m  

Off: Ptop_RPV > 15.78 MPa OR PZR level > 4.2 m 

Heater 2 
On: Ptop_RPV < 15.6 MPa AND PZR level > 4.2 m 

Off: Ptop_RPV > 15.6 MPa OR PZR level > 4.2 m 

Heater 3 
On: Ptop_RPV < 15.3 MPa AND PZR level > 4.2 m 

Off: Ptop_RPV > 15.5 MPa OR PZR level > 4.2 m 

Heater 4 
On: Ptop_RPV < 15.3 MPa AND PZR level > 4.2 m 

Off: Ptop_RPV > 15.5 MPa OR PZR level > 4.2 m 

 

 

Figure 3-10 PZR heaters on/off signals, VVER-1000/V320 model 
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Two PZR sprays are modeled with two valves connecting the CL 1 to the upper 

part of the PZR. This system is designed to reduce the RCS pressure. Therefore, 

when the pressure in the PZR rises above 16.27 MPa, valve 1 opens and if it 

continues to rise, valve 2 opens when it reaches 16.46 MPa. Conversely, if the 

pressure starts to decrease, valve 2 closes at 16.17 MPa and valve 1 closes at 15.97 

MPa, see Table 3-5 and Figure 3-11.  

Table 3-5 PZR sprays signals, VVER-1000/V320 model 

PZR Sprays 

Spray 1 
Open: Ptop_PZR > 16.27 MPa 

Close: Ptop_PZR < 15.97 MPa 

Spray 2 
Open: Ptop_PZR > 16.46 MPa 

Close: Ptop_PZR < 16.17 MPa 

 

Figure 3-11 PZR spray 1 and 2 actuation signals, VVER-1000/V320 model 
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The secondary overpressure system included in the model for the VVER-1000/V320 

reactor consists of the BRU-A valves and the safety valve located in the SLs and 

the BRU-K valves located in the MSH. All these valves have opening and closing 

pressure signals, with the BRU-K setpoint being the lowest and the safety valves 

setpoint being the highest. This means that if the pressure in the SGs starts to 

rise, first the BRU-K, then the BRU-A and finally the two safety valves open, see 

Table 3-6, Figure 3-12, Figure 3-13 and Figure 3-14. It should be noted that the 

BRU-K valves are not available in SBO conditions, so even if the pressure in the 

MSH rises above their setpoint, they will not open. 

In the model, the BRU-SN valves are also implemented, but no automatic signals 

are associated with these valves, so they can only be opened by user intervention. 

On the other hand, there are MSIV in the four SLs downstream of the safety 

valves. These valves close when the pressure in the SLs falls below 4.9 MPa.  

The EFW is modeled as a boundary condition by means of FILL components 

connected to the secondary side of the four SGs. This safety system begins to inject 

into the SGs secondary side when the MFW is unavailable. The maximum mass 

flow rate considered for the EFW system is 41.6 kg/s per SG, with the mass flow 

rate becoming 0 kg/s when the SG level rises above 2.65 m.   

Table 3-6 Secondary overpressure system signals, VVER-1000/V320 model 

Secondary overpressure system 

BRU-K 
Open: PMSH > 6.667 MPa                                                                      

Close: PMSH < 5.786 MPa              

BRU-A 
Open: PSL > 7.25 MPa                           

Close: PSL < 6.27 MPa 

Safety Valve 1 
Open: PSL > 8.23 MPa 

Close: PSL < 6.86 MPa 

Safety Valve 2 
Open: PSL > 8.43 MPa 

Close: PSL < 6.86 MPa 
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Figure 3-12 BRU-A valves actuation signals, VVER-1000/V320 model 
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Figure 3-13 SL safety valves 1 and 2 actuation signals, VVER-1000/V320 model    
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Figure 3-14 BRU-K valves actuation signals, VVER-1000/V320 model 



 
VVER-1000/V320 reactor model for the TRACEV5P5 code 

135 

 

3.4. Human Actions: RCS cooling and depressurization by means 

of the SGs  

The human action consisting of cooling and depressurization of the RCS through 

the SGs by means of the BRU-A valves has been implemented in the TRACEV5P5 

model. This human action is considered in SBLOCA sequences, as the analyzed in 

Section 5.2. The control implemented calculates the cooling function at 30 K/h or 

60 K/h from the average temperature of the RCS at the moment the manual action 

is started. On the other hand, it measures the average temperature of the four RCS 

loops and calculates the difference with the value of the cooling curve at 30 K/h or 

60 K/h at each time step. This deviation between the average RCS temperature 

and the control value is then used as input in the control model to give the 

corresponding opening for the four BRU-A valves at any given time, see Figure 

3-15. 

 

 

Figure 3-15 RCS cooling and depressurization control, VVER-1000/V320 model 

 

 



 
Elena Redondo Valero 

136 

 

3.5. Advanced passive safety systems 

The HA-2 is a PSS included in some Gen-III/III+ VVER designs which, as part of 

the analysis presented in Chapter 6, has been included in the VVER-1000/V320 

model to study its impact on some accident sequences. It should be noted that this 

PSS is extensively described in Section 2.2.4. 

Each of the four HA-2 PSS train has been modeled with a mass flow rate boundary 

condition by means of FILL components connected to the four HA-1 discharge 

lines. This approach has been taken because of the lack of sufficient information 

in public references to accurately model the system using TH components. The four 

injection stages considered for modeling the HA-2 are those of (ROSATOM, 2022), 

Figure 3-16. The actuation signal for the HA-2 is activated when the pressure in 

the RCS is below 1.5 MPa, and this signal also includes a 100 s delay.  

In the model, the line connecting the top of the HA-2 to the CLs is also modeled, 

see Figure 3-17. This line is opened when the HA-2 start to operate, allowing the 

HA-2 to remain at RCS pressure. This causes some of the inventory from the CLs 

to be drawn into the HA-2. The inventory sucked in is equal to the volume flow 

rate being injected by the passive low pressure ECCS. Therefore, the mass flow 

rate sucked in by the upper lines of the HA-2 is the volumetric flow rate being 

injected by the HA-2 per the density in the CLs. 

 

Figure 3-16 HA-2 mass flow rate (per train), VVER-1000/V320 model  
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Figure 3-17 VVER-1000/V320 RCS TRACEV5P5 TH model including the HA-2 
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The air-cooled PHRS is a PSS which has been included in the VVER-1000/V320 

model, as part of the analysis presented in Section 6.2. Moreover, it should be noted 

that the main characteristics, setpoints and operating modes have been defined in 

Section 2.2.4.  

First, an isolated TH model of an air-cooled PHRS train was developed for the 

TRACEV5P5 system code. This TH model includes the air duct from the air inlet 

to the outlet, the U-tube of the HXs, the SLs and the condensate lines, see Figure 

3-18.  

 Air duct: the three air ducts of each train have been modeled in a single one. In 

the model, the air ducts can be differentiated into three sections modeled with 

a PIPE component each: 

o Air duct between the upper air gate and the atmosphere. 

o Air duct between the upper air gate and the regulator. 

o Air duct between the regulator and the lower air gates. Here is the 

HEAT-STRUCTURE coupled to the PIPE where the heat transfer to the 

SGs takes place.  

The inlet and outlet of the air duct have been modeled using pressure boundary 

conditions. In a first calculation of the pressure drop, the difference in height 

between the air duct inlet and outlet and the air density were taken into 

account. The pressure difference was then further adjusted to avoid generating 

a non-zero air flow in the absence of a heat source in the PHRS.  

 PHRS Tube bundle: The tube bundle has been modeled with a single PIPE 

component, with three slopes to properly reproduce the U-shape of the pipes. 

In the available references it has been found that the tubes diameter of the 

PHRS is around 0.03 m, so this has been chosen as the tubes diameter for the 

model, see (Ma et al., 2021; Yücehan-Kutlu, 2019). 

The heat transfer between the PHRS tube bundle and the air duct has been 

modeled using a HEAT STRUCTURE with cylindrical geometry The inner 

surface is connected to the PIPE component that represents the PHRS tube 

bundle, while the outlet surface is linked to the first cell of the PIPE modeling 

the air duct between the regulator and the lower air gates. The HEAT 

STRUCTURE follows the nodalization of the PIPE representing the PHRS tube 

bundle, consisting of eight cells with a one-to-one connection.  
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 Steam lines and Condensate lines: both lines have been modeled using PIPE 

components, with each PIPE divided into six cells.  

To verify the performance of the isolated model of an air-cooled PHRS train, the 

power that it can remove at different pressures has been determined. The results 

obtained have been then compared with the results from the FSAR code for an 

isolated PHRS model of the KKNPP (Khubchandani et al., 2013a) . In order to have 

a comprehensive view of the behaviour of the PHRS under different outdoor 

conditions, the PHRS power vs. pressure curves have been obtained for various air 

temperatures: 10 oC, 20 oC, 30 oC and 40 oC, see Figure 3-19. 

Each curve has been obtained for a total of nine pressure values, from 0.1 MPa to 

8 MPa. It is noteworthy that the TRACE model curves are very close to the KKNPP 

curves from 0.1 MPa to 8 MPa. The value for atmospheric pressure at KKNPP is 

not available in (Khubchandani et al., 2013a), but it can be found in (Kopytov et 

al., 2009), that the power for a pressure of 0.15 MPa is about 15 MW for an outside 

temperature of 38 oC at the Novovoronezh NPP, which is about 3.75 MW per train, 

see Figure 3-19. 

 

Figure 3-18 air-cooled PHRS (one train) isolated TH model for the TRACEV5P5 code 
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Figure 3-19 TRACEV5P5 air-cooled PHRS model, power vs. SGs pressure curves 

 

Once the performance of the isolated model has been verified, it has been 

implemented in the VVER-1000/V320 model, see Figure 3-20. This system starts 

operating when both the upstream and downstream air valves open. In the 

TRACEV5P5 model, these valves have two opening signals: SBO conditions and 

SG pressure above 8.44 MPa, see Table 3-7. These signals have a delay of 30 s and 

the valves take 90 s to be fully open. 

The air-cooled PHRS has two operating modes depending on the position of the 

regulators: SG pressure maintenance mode and RCS cool-down mode. The SG 

pressure maintenance mode consists of controlling the regulator to maintain the 

SG pressure within 5.35 and 6.05 MPa. This mode has been incorporated into the 

TH mode by means of a control that determines the regulators area as a function 

of the SG pressure in the following way:  

 When the SGs pressure is above 6.05 MPa, the regulators are fully open. 

 When the SG pressure starts to drop below 6.05 MPa, the regulators start to 

close.  

 When the SGs pressure drops below 5.35 MPa, the regulators close completely.  
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On the other hand, the RCS cool-down mode consists in keeping the regulator fully 

open in order to achieve a rapid depressurisation of the SGs and thus of the RCS. 

This mode has been incorporated into the TH mode by means of an HLs subcooling 

signal (Tsat − THL < 8 oC) which forces the regulators to remain fully open, 

overriding the regulator area control.  

Table 3-7 PHRS actuation signals, VVER-1000/V320 model 

air-cooled PHRS 

SBO condition                           OR 

P SGs > 8.44 MPa  

 

In addition, SNAP tools have been used to create a video mask of the VVER-

1000/V320 reactor model for the TRACEV5P5 system code, including the HA-2 and 

the air-cooled PHRS, see Figure 3-21. This enabled the generation of videos 

showing various parameters such as void fraction in the hydraulic components. 

This provided a comprehensive view of the response of the plant model to the 

sequences analyzed. 
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Figure 3-20 VVER-1000/V320 secondary circuit TRACEV5P5 TH model including the 
PHRS   
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Figure 3-21 SNAP video for VVER-1000/V320 TRACEV5P5 model including HA-2 and 
air-cooled PHRS 
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3.6. Steady State model results  

In order to demonstrate the proper performance of the VVER-1000/V320 model 

developed for the TRACEV5P5 code, including both PSS, the HA-2 and the air-

cooled PHRS, the SS values of the model are compared with reference data from 

the VVER-1000/V320 at Kozloduy NPP (Kolev et al., 2006) in Table 3-8. It can be 

observed that the data from the simulation are close to the data from the real 

values of the NPP. 

Table 3-8 SS values, VVER-1000/V320 model 

Parameter Reference NPP  TRACEV5P5 

Core Power (MW) 3010 3010 

Core outlet pressure (MPa) 15.70 15.74 

PZR level (m) 8.70 8.71 

CLs temperature (K) 560.85 560.96 

HLs temperature (K) 591.55 591.13 

Average RCS loop mass flow 

rate (kg/s) 
4456.00 4457.21 

SG outlet pressure (MPa) 6.27 6.27 

MFW mass flowrate (kg/s) 409.00 408.09 

MFW temperature (K) 493 493 

SGs level (m) 2.50 2.50 
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Chapter 4.  

Verification sequences of 

the VVER-1000/V320 

TRACEV5P5 model 
 

To validate the TRACEV5P5 model for the VVER-1000/V320 reactor and ensure 

that all safety system signals and models have been correctly implemented, five 

sequences have been conducted:  

 Reactor SCRAM 

 MCPs Trip  

 Station Blackout  

 Large Loss Of Coolant Accident (LBLOCA)  

 Small Loss Of Coolant Accident (SBLOCA). 

In order to verify the reliability of the results obtained by the model developed for 

the TRACEV5P5 system code, it has been necessary to gain insight into the 

expected behaviour of VVER-1000/V320 reactors during accidental scenarios that 

are typically studied in nuclear safety.  

For this purpose, an extensive literature review of public references on transient 

analysis in VVER-1000/V320 reactors has been performed, see Table 4-1. The 

accidental sequences found are SBO, SBLOCA, LBLOCA, Steam Generator Tube 

Rupture (SGTR), Total Loss of Feed Water (TLFW), MCP Trip, MCP startup, loss 

of "core cooling" in cold conditions, ATWS, BRU-A opening and SLB.  
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Table 4-1 VVER-1000/V320 accidental sequences references 

Sequence Reference  

SBO 

(Chatterjee et al., 2009; Groudev and Kitchev, 1998; 

Mazzini et al., 2015; Pavlova et al., 2007; Tusheva, 

2012; Tusheva et al., 2010, 2009) 

LBLOCA 

(Chatterjee et al., 2010, 2008a, 2008b; Dina et al., 

2019; Khalil Mousavian et al., 2003; Sabotinov and 

Srivastava, 2008; GadEl-karim et al., 2025) 

SBLOCA 

(Belozerov et al., 2019; Chatterjee et al., 2010, 2008b; 

Groudev et al., 1997; Groudev, 1998; Sabotinov et al., 

2013) 

SGTR (Gencheva and Groudev, 2000) 

TLFW  
(Gencheva et al., 2005; Muellner et al., 2005; Pavlova 

et al., 2004) 

One MCP  

Switching-on 

(Groudev and Pavlova, 2004, 2002; Iegan et al., 2018; 

Petkevich et al., 2011; Skalozubov et al., 2010) 

Loss of "Core 

cooling" in cold 

condition 

(Groudev and Andreeva, 2016; P.P Groudev and 

Georgieva, 2010) 

ATWS (Velkov et al., 2009) 

BRU-A opening  (Macek and Vyskocil, 2013) 

SLB (Stefanova et al., 2002) 

Inadvertent MSIV 

Closure 
(Iegan et al., 2018) 
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4.1. Reactor SCRAM sequence 

The SCRAM signal occurs at 2000 s. Due to the delay time, the CRAs start 

inserting 0.3 s later and take 4 seconds to be fully inserted into the core. The 

SCRAM causes RCS pressure decrease to 13.30 MPa in the first 35 s and the PZR 

level drop to 5.38 m, Figure 4-1 and Figure 4-2.  

Subsequently, the pressure starts to increase until it reaches the PZR spray 

setpoint, which cycle three times until close definitely. Because there is no MCPs 

trip, the forced circulation continues, so the HL temperature is similar to the CL 

temperature, Figure 4-3. 

In the SGs, the pressure decreases until the TT actuates. Subsequently, the 

pressure increases until the MFW pumps trip and the starts of the EFW pumps. 

Finally, BRU-K valves start to cycle to maintain the SGs pressure between the 

opening/closure setpoint of the BRU-K valves, Figure 4-1. The sequence of the 

SCRAM is shown in Table 4-2. 

 

 

Figure 4-1 RCS and SGs pressure, reactor SCRAM sequence 
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Figure 4-2 PZR level, reactor SCRAM sequence 

 

Figure 4-3 RCS temperature, reactor SCRAM sequence 
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Table 4-2 Reactor SCRAM sequence events 

Time (s) Event 

2000 SCRAM signal 

2000.3 SCRAM actuation (signal + delay) 

2004.3 CRAs fully inserted 

2005 PZR heaters 2, 3 and 4 on (Ptop_RPV  < 15.6 MPa) 

2006 TT and MFW/EFW trip signal (PHL < 14.71 MPa) 

2020 TT (signal + delay) 

2045 MFW/EFW trip (signal + delay) 

2401 PZR Spray begins to cycle (Ptop_PZR > 16.27 MPa)  

2571 PZR Spray off (Ptop_PZR < 15.97 MPa) 

2916 BRU-K valves open (PMSH > 6.66 MPa) 

4588 PZR heaters 3 and 4 off (Ptop_RPV > 15.5 MPa) 

4763 PZR heater 2 off (Ptop_RPV > 15.78 MPa) 

 

4.2. MCPs trip sequence 

The MCP trip occurs at 2000 s from the beginning of the sequence. The SCRAM 

immediately occurs, because more than two MCPs have started the cost-down with 

the reactor power level above 75 %. 

Thereafter, the RCS pressure decreases to 13.39 MPa, see Figure 4-4, and the PZR 

level decreases approximately 3 m, Figure 4-5, in the first 39 s. Then, it starts to 

rise until it reaches the setpoint of the PZR sprays, so the RCS pressure starts to 

decrease again, Figure 4-4. Due to there is MCPs trip, the temperature difference 

between the HLs and the CLs increases sharply after RCSs cost-down, Figure 4-6. 

In the SGs, the pressure decreases until the TT actuates. Subsequently, the 

pressure increases until the MFW pumps trip and the start-up of the EFW pumps 

occurs. Finally, BRU-K valves start to cycle to maintain the SGs pressure between 

the opening/closure setpoint of the BRU-K valves, Figure 4-4. The sequence of the 
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MCPs trip transient is shown in Table 4-3

 

Figure 4-4 RCS and SGs pressure, MCPs trip sequence 

           

Figure 4-5 PZR level, MCPs trip sequence 
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Figure 4-6 RCS temperature, MCPs trip sequence 

Table 4-3 MCPs trip sequence events 

Time (s) Event 

2000 
MCPs cost-down 

SCRAM signal 

2000.3 SCRAM signal + delay 

2003 PZR heaters on (Ptop_RPV < 15.6 MPa) 

2004.3 CRAs fully inserted 

2007 TT and MFW/EFW trip signal (PHL < 14.71 MPa) 

2021 TT (signal + delay) 

2047 
MFW/EFW trip (signal + delay) 

PZR level = 5.38 m 

2032 MCP angular velocity = 0 rad/s 

2243 PZR heaters off (Ptop_RPV > 15.5 MPa) 

2319 PZR Spray on (Ptop_PZR > 16.27 MPa) 

4445 PZR Spray off (Ptop_PZR < 15.97 MPa) 

2927 BRU-K valves open (PMSH > 6.66 MPa) 
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4.3. Station Blackout (SBO) sequence 

The SBO sequence starts 300 s after the beginning of the sequence, see Figure 4-7. 

While there is water in the SGs, the RCS is cool-down via the secondary side. Once 

the SGs are emptied, around 8500 s, Figure 4-8, the pressure in the RCS is 

controlled by the PZR valves, Figure 4-7, which means the loss of the RCS 

inventory and therefore the uncovering of the core because there is no active ECCS 

injecting water to the RCS, see Figure 4-9 and Figure 4-10.  Finally, it can be seen 

as the Peak Cladding Temperature (PCT) reaches 1477 K near to the 14400 s. The 

sequence events of the SBO transient are shown in Table 4-4. 

It should be noted that in this sequence the SLOCA has not been considered. If 

SLOCA is considered, the sequence event could be different as RCS inventory is 

lost from the beginning of the transients instead of the beginning of the opening of 

the PZR valves.  

 

 

 

Figure 4-7 RCS pressure, SBO sequence 
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Figure 4-8 SGs level, SBO sequence 

 

Figure 4-9 Collapsed liquid level, SBO sequence 
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Figure 4-10 PCT, SBO sequence 

Table 4-4 SBO sequence events 

Time (s) Event 

300 
SBO (SCRAM, MFW pumps and MCPs trip, TT, loss of 

the condenser, CVCS off) 

300.3 CRAs fully inserted 

308 BRU-A valves open (PSL > 7.25 MPa) 

332 MCP angular velocity = 0 rad/s 

4498 
PZR relief and safety valves begins to cycle (Ptop_PZR > 

18.13 MPa)  

9450 Collapsed liquid level in the core starts to decrease 

12565 Core uncovered 

14400 PCT > 1477 K 
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4.4. Large Break Loss Of Coolant (LBLOCA) sequence 

The Double Ended Guillotine Break (DEGB) LBLOCA, located in the CL 1, occurs 

at 300 s. The availability systems considered for the sequence are those of the SC 

of the LBLOCA ET, which has been discussed in Section 2.3: 

 2 out of 4 HA-1 

 1 out of 3 LPIS trains 

 0 out of 3 HPIS trains 

During the first seconds of the transient the RCS pressure reaches nearly 

atmospheric values, see Figure 4-11 while the collapsed liquid level in the core 

reaches values near to the 10%, see Figure 4-12. Despite the quick actuation of two 

HA-1 and one LPIS train, core reflooding is not completed until 1620 s. At 2500 s, 

the LPIS mass flow rate equals the break leakage and the collapsed liquid level in 

the core is stabilized allowing to reach a pseudo-SS. Then, it can be seen that CD 

has not occurred, since the PCT does not exceed 1477 K, see Figure 4-13 and the 

Local Maximum Oxidation did not surpass 6.7%, see Figure 4-14. The sequence 

events of the LBLOCA transient are shown in Table 4-5. 

 

 

Figure 4-11 RCS and SGs pressure, DEGB LBLOCA sequence 
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Figure 4-12 Collapsed liquid level, DEGB LBLOCA sequence 

 

Figure 4-13 PCT, DEGB LBLOCA sequence 
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Figure 4-14 Equivalent Cladding Reacted, DEGB LBLOCA sequence 

Table 4-5 DEGB LBLOCA sequence events 

Time (s) Event 

300 DEGB-LBLOCA 

302 
SCRAM signal (Power > 2250 MW and Pcore outlet < 14.7 MPa) 

TT signal and MFW pumps shutdown signal (PHL < 14.7 MPa) 

302.3 Start of the CRAs insertion (signal + delay) 

310 

MCPs coast-down begins (PSL< 4.69E6 Pa and SG level  < 2m) 

Closing of the MSIV (PSL < 4.69 MPa) 

Start of HA-1 and HA-4 injection (PDC/UP  < 6.07 MPa) 

315 
TT (signal + delay + turbine closing time) 

Start LPIS injection (PDC  < 2.55 MPa and Tୌ୐
ୱୟ୲ − THL < 10 K) 

340 MFW pumps trip (signal + delay) 

760 Maximum PCT (1253 K) 

1390 Collapsed liquid level starts to increase  

1620 Core reflooding ends 

2500 Collapsed liquid level in the core is stabilized.  
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4.5. Small Break Loss Of Coolant (SBLOCA) sequence 

The SBLOCA (2 inches), located in the CL 1, occurs at 300 s. The availability 

systems considered for the sequence are those of the SC for the SBLOCA ET, which 

has been discussed in Section 2.3:  

 2 out of 4 HA-1 

 1 out of 3 LPIS trains 

 1 out of 3 HPIS trains 

 1 out of 3 EFW pumps  

At the beginning of the transient a fast depressurization of the RCS occurs. This 

causes the triggering of the HPIS signal at 470 s and the injection of the HA-1 at 

the 760 s. ECCS coolant entering the RPV causes the depressurization rate to 

decrease, see Figure 4-15, and therefore the LPIS pressure setpoint is not reached 

until 5000 s.  

Nevertheless, the LPIS signal does not trigger because the difference between the 

HLs temperature and the saturation temperature has to be less than 10 K. 

Consequently, the LPIS does not start injecting until 8036 s. At 10000 s, the mass 

flow rate through the break and the ECCS injection equals, allowing a pseudo-SS 

to be reached, Figure 4-16.  

The SGs pressure follows the RCS, Figure 4-15. Finally, it can be concluded that, 

applying the SC from the core is covered during all periods of the accidental 

sequence,  Figure 4-17 and, therefore, no CD occurs, Figure 4-18. The sequence 

events of the SBLOCA transient are shown in Table 4-6. 
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Figure 4-15 RCS and SGs pressure, SBLOCA (2 inches) sequence 

          

Figure 4-16 RCS inlet/outlet mass flow rate, SBLOCA (2 inches) sequence 
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Figure 4-17 Collapsed liquid level, SBLOCA (2 inches) sequence 

  

Figure 4-18 PCT, SBLOCA (2 inches) sequence 
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Table 4-6 SBLOCA (2 inches) sequence events 

Time (s) Event 

300 SBLOCA (Ø= 2 inches) 

315 
SCRAM signal (Power > 2250 MW and Pcore-outlet < 1.47 MPa) 

TT and MFW trip signals (PHL < 14.7 MPa) 

330 TT (signal + delay + turbine closing time) 

355 MFW pumps trip and EFW pumps start-up (signal + delay) 

470 HPIS injection (PDC < 10.78 MPa and Tୌ୐
ୱୟ୲ − THL < 10 K) 

760 HA-1 and HA-4 injection (PDC/UP < 6.07 MPa) 

1405 MCPs coast-down and closing of the MSIVs (PSL< 4.69 MPa) 

8036 LPIS injection (PDC < 2.55 MPa and Tsat -THL < 10K) 
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Chapter 5.  

Safety analyses considering 

conventional safety systems 
 

Chapter 5 deals with two analyses related to the VVER-1000/V320 considering the 

conventional safety systems of the technology. The first one is related to the 

LBLOCA and MBLOCA sequences, while the second one is related to the SBLOCA 

sequences without considering the actuation of the HPIS, which implies the need 

for management strategies. 

5.1. Analysis of MBLOCA and LBLOCA Success Criteria in 

VVER-1000/V320 reactors. New proposals for PSA Level 1 

Probabilistic Safety Analysis (PSA) and Deterministic Safety Analysis (DSA) are 

the methodologies for the overall safety evaluation of NPP. PSA is based on both 

fault and ET techniques that require reliability data of components/human actions 

to predict the probability of occurrence of accidental sequences. 

In the frame of PSA, ETs are used to identify the different outcomes of an initiating 

event depending of the availability of safety systems or operator actions, and in 

this process evaluate the end state according to an acceptance criterion. The usual 

acceptance criterion is accomplished if the PCT remains below 1477 K during the 

full transient. This temperature is the one used by many countries but in other 

countries with LWR the acceptance criterion is PCT below 1473 K, nevertheless 

this difference has a small impact on PSA results. The compliance or not with the 

criterion is assessed with system TH codes. Then, the performance of those safety 

systems or crew human actions is compared against the end state defining the SC 

of the system, i.e., the minimum performance required to comply with the 

acceptance criteria of the sequence. This method plays a central role in the PSA of 

NPPs (Kovacs, 2014). 
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The principal steps in ET development consists of determining boundaries of the 

analysis, identifying CSF available to mitigate each IE, determine systems or 

operator actions available to perform each CSF and determine the SC for each 

safety system. 

Currently, the are new methods associated with ET which are still under 

development, such as the Expanded ET (EET), (Najafi et al., 2022; Queral. C et al., 

2021; Queral et al., 2017; Sanchez-Torrijos et al., 2022). In addition, the 

computational codes used to simulate the different transients of an ET are 

upgraded and improved over the years. This makes the verification of ET outcomes 

with these upgraded codes necessary, as previously unseen phenomenology or 

combination of phenomenology could be now simulated modifying the outcome of 

previous ET (Hosseini et al., 2020). 

One of the most studied ET of all NPPs is the Loss of Coolant Accident (LOCA), 

due to its rapid and long-lasting impact on the integrity of the reactor core. The 

investigations of LOCA simulations in VVER type reactors is relatively extensive 

(Dina et al., 2019; Federal Environmental, 2005; Gibson-Daud-Thulu et al., 2021; 

Hossain-Khan et al., 2019; IAEA, 2001; Mousavian et al., 2003; OECD, 2001; 

Sabotinov et al., 2013; Sabotinov and Srivastava, 2008; Tarantino et al., 2001). 

However, there are no analyses in the open literature related to the LOCA ETs of 

this type of NPPs. In the following a verification of the SC of the ETs headers for 

the Medium and Large Break LOCA sequences is conducted. 

This Section 5.1 is organised as follows: Section 5.1.1 reviews the SC proposed in 

the reference ETs for the MBLOCA and LBLOCA presented in Section 2.3. The 

possibility of relaxing the SC is then analyzed in Section 5.1.2.  With the new SC 

obtained previously, two new approaches to the LOCA ETs are proposed in Section 

5.1.3, one using the classical ET and the other using the EETs. Finally, Section 

5.1.4 presents the conclusions of this analysis. 

5.1.1. MBLOCA and LBLOCA success criteria verification 

A verification of the sequences with a success end state has been performed for all 

break sizes of both MBLOCA and LBLOCA ETs. The results obtained in the 

simulations for the MBLOCA sequences with a success end state, S-1/3H-2/4A-

1/3L, show a wide safety margin as the PCT values are largely under 1477 K, see 

Table 5-1. The 8 inches MBLOCA is the only break size where the maximum PCT 

exceeds the operational value by 56 K. The maximum PCT reached in the LBLOCA 
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success end state sequences; 2/3H-2/4A-l and h-2/4A-1/3L, also shows a large safety 

margin, although it decreases as the LBLOCA break size increases, see Table 5-2. 

Therefore, it can be confirmed that the SC in (Skalozubov et al., 2010) for the 

MBLOCA and LBLOCA IEs are valid. However, they can be conservative and then, 

a refined SC are sought below. 

Table 5-1 Maximum PCT for the MBLOCA reference success sequence 

 

Table 5-2 Maximum PCT for the LBLOCA reference success sequences 

 

5.1.2. MBLOCA and LBLOCA refined success criteria 

In order to carry out a more in-depth study, it has been evaluated whether there 

are other sequences with different SC from those previously analyzed. Hereby, new 

simulations have been performed considering all configurations for the HPIS, HA-

1 and LPIS systems, applying a similar approach to (Queral et al., 2018), as well 

as the entire MBLOCA and LBLOCA break size range. For that purpose, a 
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preliminary generic MB/LBLOCA ET has been considered, see Figure 5-1, on 

which the following assumptions have been made: 

 In the MBLOCA sequences, the SC of the ECCS-related headers have been 

examined based on the assumption that the reactor SCRAM always occurs, 

i.e., ATWS sequences have not been analyzed. On other hand, in the 

LBLOCA sequences the performance of SCRAM has not been considered, 

since, as mentioned above, SCRAM does not cover any CSF for this IE. 

 All sequences in which both the LPIS and HPIS are not available, i.e. S6 

and S8 in Figure 5-1, have not been analyzed since it is already known that 

they cannot reach a success end state due to the fact that the CSF of the 

RCS coolant supply will not be fulfilled in the long term. Therefore, the 

sequences considered for both IEs have been: S1, S2, S3, S4, S5 and S7, with 

the exception that the S-header is only considered in the MBLOCA 

sequences. 
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Figure 5-1 MBLOCA and LBLOCA generic ET 
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5.1.2.1. Review of the MBLOCA success criteria 

More than 50 MBLOCA simulations have been performed considering different 

configurations of HPIS, HA-1 and LPIS systems, as well as various break sizes. 

The minimum configuration of the ECCS required to avoid the CD, obtained for 

each of the five break sizes simulated, along with the PCT values are shown in 

Table 5-3. As an example, Figure 5-2 and Figure 5-3 present the evolution of the 

RCS pressure and the PCT for the full MBLOCA range of the sequence S-1/3H-a-

l. Figure 5-4 and Figure 5-5 show the different cases for a break of 2 inches.   

It has been found that 1 out of 3 HPIS trains are enough to reach a success end 

state for the whole MBLOCA break size range. In addition, 1 out of 3 LPIS trains 

are also adequate for 3 to 8 inches MBLOCA IE to avoid CD. Nevertheless, for the 

2 inches MBLOCA it has been proven that 3 out of 3 LPIS trains plus 4 out of 4 

HAs are required if no HPIS train is available, as shown in Figure 5-4 and Figure 

5-5. Thus, it can be considered that the MBLOCA ET in (Skalozubov et al., 2010) 

contains conservatism since it assumes that to have a sequence with a success end 

state all three ECCS (1 out of 3 HPIS trains plus 1 out of 3 LPIS trains plus one 

HA-1 of each type (HA-UP + HA-DC)) are needed, but according to the simulations 

performed, over the whole MBLOCA range, the single actuation of LPIS (1 out of 

3 trains) or HPIS (1 out of 3 trains) is enough to prevent reaching a PCT value of 

1477 K. 

 

Figure 5-2 RCS pressure, MBLOCA S-1/3H-a-l sequences 
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Figure 5-3 PCT, MBLOCA S-1/3H-a-l sequences 

   

Figure 5-4 RCS pressure, MBLOCA (2 inches) sequences 
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Figure 5-5 PCT, MBLOCA (2 inches) sequences 

Table 5-3 Success criteria and maximum PCT, MBLOCA sequences 
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5.1.2.2. Review of the LBLOCA success criteria 

For a similar approach to MBLOCA analysis, about 50 LBLOCA simulations have 

been performed, considering different HPIS, HA-1 and LPIS systems 

configurations, as well as multiple break sizes. As an example, Figure 5-6 and 

Figure 5-7 present the evolution of the RCS pressure and the PCT for all the 

LBLOCAs analyzed with the only availability of the L header (sequence h-a-1/3L 

for LBLOCAs from 8 to 25 inches and sequence h-a-2/3L for LBLOCAs from the 30 

inches to DEGB). 

Table 5-4 shows all the SC obtained for the six LBLOCA break sizes evaluated 

together with their PCT values. It can be seen how the ECCSs SC gets stringent 

as the break size increases; from 3 to 12 inches it is enough with a single LPIS or 

HPIS train to avoid the CD, but as break size get larger, the availability of more 

safety systems is required.  

Furthermore, for 20 inches LBLOCAs onwards, more than one SC appears for 

some ECCSs. This is because, for larger LBLOCAs, LPIS and HPIS require the 

availability of more trains if they operate alone than if they perform their safety 

function in combination with another safety injection system. On other hand, it 

has been found that from 30 inches LBLOCA onwards, the sole availability of all 

three HPIS trains is not enough to avoid the CD. However, the sole availability of 

two LPIS trains is enough to have a success sequence in the DEGB LOCA. Figure 

5-8 and Figure 5-9 shows the RCS pressure (left) and the PCT (right) for the DEGB 

sequences included in the Table 5-4. 

It can be highlighted how in none of the LBLOCAs the injection of the HA-1 is a 

necessary requirement to prevent the PCT from exceeding 1477 K, since the 

availability of the LPIS and the HPIS, with different configurations, is enough to 

reach the success end state.  

Moreover, the success sequence 1/3H-1/3A-l for the 30 inches LBLOCA follows a 

non-monotonic trend, as the HA-1 SC is relaxed to a single train relative to the 25 

inches LBLOCA where the injection of 2 HAs is required if only one HPIS train 

and no LPIS trains inject successfully. This is because a larger break has a double 

effect. In the one hand, the mass flowrate through the break is greater and 

therefore the RCS inventory is lost in a shorter time, and therefore the core 

uncovery is reached earlier. On the other hand, the larger the break, the faster the 

RCS depressurizes and the injection systems can actuate sooner. For all these 

reasons, the SC are not always monotonic with respect to the break diameter. This 
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type of behaviour has also been found in other designs such as the Westinghouse 

PWR (Queral et al., 2018). 

Table 5-4 Success criteria and maximum PCT, LBLOCA sequences 

 

 

Figure 5-6 RCS pressure, LBLOCA h-a-1/3L (8 - 25 inches) and h-a-2/3L (30 inches-
DEGB) sequences 
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Figure 5-7 PCT, LBLOCA h-a-1/3L (8 - 25 inches) and h-a-2/3L (30 inches-DEGB) 
sequences 

 

Figure 5-8 RCS pressure, DEGB LBLOCA sequences 
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Figure 5-9 PCT, DEGB LBLOCA sequences 

5.1.3. Event Tree and success criteria proposals 

The SC of the MBLOCA and LBLOCA ETs have been reviewed in Section 5.1.3, 

the results obtained in both ETs are summarized in Table 5-5. The results show 

that the SC for MBLOCA from 3 to 8 inches and those for LBLOCA from 8 to 12 

inches are identical, since the sole availability of one HPIS train or that of the LPIS 

is enough to prevent the CD end state. This indicates that it is possible to modify 

the boundaries between both IEs, by increasing the MBLOCA break size range 

from [2 – 8] inches to [2 – 12] inches and thereby reducing the LBLOCA break size 

range from [8 inches – DEGB] to [12 inches – DEGB]. 

The classic PSA uses a binary state for each header: failure or success, which 

presents a challenge since, as seen in Table 5-5, for some sequences there is more 

than one SC. Some different approaches to handle this drawback are available, two 

of them are proposed below.  

In the first approach, a careful selection of the SC has been carried out with the 

aims of establishing new classic ETs. In a second approach, it is proposed to use 

EETs that allow to consider all available configurations of the safety injection 
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systems and not only their minimum requirement to meet the CSF, i.e. they 

provide the possibility to consider more than one SC for each ECCS. 

Table 5-5 New MBLOCA and LBLOCA success criteria 

 

5.1.3.1.  Event Trees for the classic PSA approach 

New classic ETs for MBLOCA and LBLOCA IEs are proposed considering the SC 

obtained previously. First, a grouping of the break size ranges with the most 

similarities between them is carried out. Then, the optimal SC for each range is 

selected.  

Thus, the proposed break ranges for the new ETs could be: MBLOCA-I [2 - 3 

inches], MBLOCA-II [3 - 12 inches], LBLOCA-I [12 - 25 inches] and LBLOCA-II 

[25 inches – DEGB]. A difference between the original ETs and these new ETs 

proposed can be found in the choice of splitting the range of each IE into two, as 

well as having considered the MBLOCA-II break size range up 12 inches.  

The selection of SC for the MBLOCA-I and II ETs is straightforward, as there are 

no different SC for a single safety injection system. This is not the case for the 

LBLOCA, which presents several combinations of the SCs. For this second IE, it is 

proposed to consider the SCs in the following manner: 

 For the LBLOCA-I ET, the minimum SC for the HPIS, 1 out of 3 trains, has 

been chosen at the expense of selecting the more restrictive HA-1 SC, 2 out 

of 4, since the HA-1 failure probability is lower (passive system) than that 
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of HPIS (active system). Regarding the number of LPIS trains required, the 

results show that a single train is enough to avoid CD.  

 For the LBLOCA-II ET, it is proposed that the SC for the LPIS and the HPIS 

is 2 out of 3 trains. The selected SC for the HA-1 is 2 out of 4. This is because 

the sequences with 1 out of 3 HPIS trains and 1 out of 4 HA-1 configurations 

succeed by a small margin, less than 50 K (Table 5-6).  

Table 5-6 Proposed success criteria for MBLOCA and LBLOCA sequences 

 

Considering the previous findings, the proposed ET for each IE are the following: 

The ET for the MBLOCA-I, Figure 5-10, consists of the four original headers (S, H, 

A and L), while the MBLOCA-II ET, Figure 5-11, dispenses with the A header as 

its actions are not required to avoid the CD. The proposed LBLOCA-I and 

LBLOCA-II ETs, Figure 5-12, feature the original LBLOCA ET headers (H, A and 

L), with the success and failure sequences being the same for both, but with 

different SC, those of the LBLOCA-II being more restrictive than those of the 

LBLOCA-I. 
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Figure 5-10  Proposed MBLOCA-I ET 
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Figure 5-11 Proposed MBLOCA-II ET 
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Figure 5-12 Proposed LBLOCA-I and LBLOCA-II ET 
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5.1.3.2. LBLOCA Expanded Event Trees Approach 

The selection of SC for the MBLOCA ETs is relatively straightforward, SC are 

unique for a single break size range, whereas for the LBLOCA there are several 

combinations of SC that lead to having to make a selection by choosing the most 

conservative one to propose new classic ETs. In this second approach, the authors 

make use of the EETs, (Queral. C et al., 2021; Queral et al., 2017), in order to find 

a more realistic model for the LBLOCA sequences.  

The difference between classic ETs and EETs is that whereas in the first one there 

are only two possible options for each header, i.e., success or failure (Sanchez-

Torrijos et al., 2022), in the second one it is feasible to have more than one success 

configurations, which allow considering a wide range of sequences. In addition, a 

relaxation of the grouping of the LBLOCA range could be done, so that four EETs 

are proposed:  

 LBLOCA-A EET (12 to 20 inches). The H header is the only one that needs to 

be expanded in three possible configurations: zero trains, one train and more 

than two trains, Figure 5-13. 

 LBLOCA-B EET (20 to 25 inches). Again, the only header expanded is the HPIS 

header, but in this case in four configurations:  zero, one, two or three trains. 

All other headers are not expanded, Figure 5-14. The only configuration that 

does not need the availability of other ECCS is 3 out of 3 HPIS trains the other 

configurations require the HA-1 or the LPIS to inject successfully.  

 LBLOCA-C EET (25 to 30 inches). This break size range that does not require 

the expansion of any of its headers, Figure 5-15. With HPIS alone, it is not 

possible to avoid the CD, but with 1 out of 4 HA-1 or 1 out of 3 LPIS trains 

successfully injecting all that is required is to successfully inject with one HPIS 

train.  

 LBLOCA-D EET (30 inches to DEGB). In the EET it is again found that the H 

header must be expanded in three configurations: failure, one train and two or 

more trains, Figure 5-16. For the configuration of two or more trains the 

injection of one HA-1 is enough to achieve a successful end state, however, when 

the configuration is relaxed to 1 out of 3 HPIS trains, the successful injection of 

1 out of 4 HA-1 and 1 out of 3 LPIS trains or 2 out of 3 LPIS trains is required. 
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Figure 5-13 LBLOCA-A Expanded ET 
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Figure 5-14 LBLOCA-B Expanded ET 
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Figure 5-15 LBLOCA-C Expanded ET 
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Figure 5-16 LBLOCA-D Expanded ET 
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5.1.4.  Conclusions regarding MB/LBLOCA ET verifications and new 

proposals 

In this section a reassessment of the MBLOCA and LBLOCA ETs of the VVER-

1000/V320 reactor has been performed. The SC of HPIS, LPIS and HA-1 have been 

assessed and confirmed; and to deepen into the sequence, all availability 

configurations have been simulated, which has provided the following insights: 

 For LOCA break range between 2 and 12 inches the sole actuation of 1 out 

of 3 HPIS trains is enough to prevent core damage. But above 12 inches, 1 

HPIS train is not enough and would need either HA-1 actuation or more 

HPIS/LPIS trains. 

 LOCA break sizes above 3 inches and below 25 inches can avoid core damage 

with the successful actuation of one LPIS train.  

 For LOCA break sizes over 20 inches, more than one success criterion 

appears for some headers.  

Taking these findings into account, new proposals for the MB/LBLOCA ETs study 

have been developed: 

 First, a reconfiguration of break sizes into four ranges allows using classic 

ETs and then four new ET are proposed.  

 Second, if an EET approach is used, four EETs are proposed for the range 

from 20 inches to DEGB. Each of those EET have different SC for the 

different ECCS headers, supporting the aim of this work.  

These new proposals could be considered in the PSA of current and future NPPs, 

helping to develop a more comprehensive and efficient evaluation of LOCA 

sequences. 
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5.2. Management of the SBLOCA sequences with HPIS failure in 

VVER-1000/V320 reactors; comparison with Westinghouse 

PWR strategies 

In a VVER-1000/V320 reactor, if a MBLOCA sequence occurs with HPIS failure, 

the RCS depressurization is fast enough to allow first the HA-1 and then the LPIS 

to act in time preventing CD. However, in SBLOCA sequences with HPIS failure, 

the RCS pressure may stagnate above the HA-1 pressure, preventing the HA-1 and 

LPIS from replenishing the RCS inventory before reaching CD. 

This behaviour can be also observed in Western PWR designs, such as the PWR-

W, but the range of break sizes in which it appears depends on several factors. 

Among the most important are: the thermal power of the core, the total RCS water 

inventory and the ECCS designs. These types of sequences are some of the most 

risk-important design extension condition sequences and it is highly desirable that 

they be mapped in detail. 

Therefore, in SBLOCA sequences with HPIS failure the operators must perform 

manual actions, following the appropriate EOPs, to cool and depressurize the RCS 

allowing the injection of the HA-1 and the LPIS. The EOPs provide guidance to the 

operator to bring the plant to a safe and stable condition in the event of this 

accidental sequence. 

In the present section, the Integrated Safety Assessment (ISA) methodology 

(Ibánez et al., 2016) has been applied to study different operator actions for 

managing SBLOCA sequences with HPIS failure in VVER-1000/V320 reactors and 

3 loops PWR-W. The Previous Damage (PD) curve and the different Damage 

Domains (DD) of the possible manual actions or strategies have been obtained by 

using the ISA methodology. 

The Section 5.2 is structured as follows: Section 5.2.1 reviews strategies related to 

the SBLOCA sequence management in VVER-1000/V320 and PWR-W. 

Subsequently, the SBLOCA sequences with HPIS failure without human actions 

and considering three different strategies in VVER-1000/V320 reactors are 

analyzed in Sections 5.2.2 to 5.2.5, respectively. This is followed by a comparison 

of the previously discussed manual actions in Section 5.2.6. Afterwards, in Section 

5.2.7, the SBLOCA with HPIS failure in 3 loops PWR-W is analyzed and the results 

are compared with those of the VVER-1000/V320 reactors in Section 5.2.8. Finally, 

conclusions are given in Section 5.2.9. 
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5.2.1. Strategies related with SBLOCA sequences with HPIS failure in 

VVER-1000/V320 and Westinghouse PWR 

The different strategies for managing SBLOCA with HPIS failure sequences in 

VVER-1000/V320 and 3 loops PWR-W are discussed below. A review of the 

literature on EOPs, ET related to SBLOCA sequences, and experimental tests has 

been performed to provide a global overview. 

It is important to note that, although both reactor designs have similar thermal 

power, ~3000 MWth, there are differences in the liquid volumes in both the RCS 

and SG, see Table 5-8, and also in their ECCSs characteristics, see Table 5-7.  The 

ECCSs are labelled differently in the VVER-1000/V320 and in the 3 loops PWR-W; 

the high pressure system is named HPIS in the VVER-1000/V320 and High 

Pressure Safety Injection (HPSI) or High Head Safety Injection (HHSI) in the 3 

loops PWR-W. The low pressure system is named LPIS in the VVER-1000/V320 

and Low Pressure Safety Injection (LPSI) in the 3 loops PWR-W. The Hydro-

Accumulators are named HA-1 in the VVER-1000/V320 and ACC in the PWR-W. 

Table 5-7 HA-1/ACC and LPIS/LPSI characteristics 

Parameters 
VVER-

1000/V320 
3 loops PWR-W  

HA-1/ACC 

No of trains 4 3 

Total Volume (m3) 60 (x4) 41 (x3) 

Liquid Volume (m3) 50 (x4) 36 (x3) 

Discharge pressure (MPa) 6 4.4 

LPIS/LPSI 

No of trains 3 2 

Shutoff head (MPa) 1.5 2.5 

Max mass flow rate per 

pump (kg/s) 
406.8 207.2 

 

Table 5-8 VVER1000/V320 and PWR-W approximate liquid volumes 

Reactor VVER-1000/V320 3 loops PWR-W  

RCS (m3) 340 260 

SGs (m3) 220 160 
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5.2.1.1. Management of Westinghouse PWR SBLOCA sequences with HPIS failure 

In the PWR-W, the EOPs aim to provide symptom-based recovery strategies to 

guide the Main Control Room (MCR) crew in the management of accident scenarios 

(Westinghouse owners group, 1983). They are divided into two different groups: 

The Optimal Recovery Guidelines (ORGs) and the Function Restoration 

Guidelines (FRGs), see Figure 5-17. In an SBLOCA with HPSI failure sequence, 

the EOPs involved are as follows: 

 When a reactor SCRAM occurs, the MCR crew begins to follow the ORG, 

specifically the EOP E-0 "reactor trip or safety injection".  In EOP E-0, the 

RCS integrity is checked. If it is not preserved, there is a transition to EOP 

E-1 "loss of reactor or secondary coolant". Following the EOP E-1, the 

operator checks the RCS pressure. If it is higher than 1.5 MPa, there is a 

transition to the EOP ES-1.2 "post LOCA cooling and depressurization". The 

action indicated in EOP ES-1.2 to depressurize and cool the RCS is the 

controlled depressurization of the SGs at a cooling rate of 55 K/h through 

the SGs (TECNATOM, 1999), see Figure 5-18.  

 From the EOP E-0, the CSF start to be monitored. There are six CSF status 

trees: F.0.1 "subcriticality", F.0.2 "core cooling", F.0.3 "heat sink", F.0.4 

"RCS integrity", F.0.5 "containment integrity", F.0.6 "RCS coolant 

inventory", see (EPRI, 2011). The following criteria are used to determine 

the degree of threat for the CSF status tree: satisfied (green), not satisfied 

(yellow), severe challenge (orange) and extreme challenge (red). In those 

cases, where the status of the CSF status tree becomes severe challenge or 

extreme challenge, there is a transfer from the ORGs to the corresponding 

FRGs. In SBLOCA with HPSI failure sequences, the F.0.2 status tree plays 

an important role. Three FRGs can be distinguished in the F.0.2 status tree 

(EPRI, 2011), see Figure 5-19: 

o The EOP FR-C.3: Response to saturated core cooling (yellow). 

o The EOP FR-C.2: Response to Degraded Core Cooling (DCC) (orange). 

o The EOP FR-C.1: Response to Inadequate Core Cooling (ICC) (red). 

The DCC condition is reached when the temperature of the CET exceeds 376 oC 

(649 K), see(Eisenhut, 1982; IEEE, 2002; Lutz, 2004; NRC, 2006, 1983). If this 

occurs, the FR-C.2 indicates that the SGs have to be depressurized at an RCS 

cooling rate of 55 K/h, similar to EOP ES-1.2. However, if the ICC condition is 
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reached, i.e., the CET exceeds 650 oC (923 K), the EOP FR-C.1 indicates that the 

RCS shall be cooled through the SGs at the maximum RCS cooling rate (full 

opening of secondary circuit relief valves). It should be noted that there are F.0.2 

status trees that consider the Reactor Vessel Level Indicator System (RVLIS) and 

the number of MCP running in addition to the CET temperature, to indicate which 

FRG must be followed FR-C.1, FR-C.2 or FR-C.3, see (EPRI, 2011; Montero-

Mayorga et al., 2014). 

To understand the management of the SBLOCA sequence in the 3 loops PWR-W 

in case of HPSI failure, it is also useful to study the SBLOCA ET in addition to the 

EOPs, see Figure 5-20. The SBLOCA ET indicates that in case of HPSI failure, to 

reach a successful end state, the success of the following headers is required, see 

red path (sequence 10) in Figure 5-20:  

 [S] SCRAM. 

 [AF] AFW. 

 [D] RCS cooling and depressurization via the SGs. 

 [A] Effective injection of the ACCs. 

 [A-IS] Manual ACCs isolation or venting in order to avoid N2 injection in 

the RCS. 

 [L] LPSI, in its two actuation modes, first the injection from the Refuelling 

Water Storage Tank (RWST) and 

 [LR] the recirculation from the containment sump.  

In most of the PSA of the PWR-W, the ETs header “RCS cooling via the SGs” 

considers the controlled SGs depressurization (ES-1.2 or FR C.2). However, some 

of them consider the fast SGs depressurization at the maximum RCS cooling rate 

(FR C.1). In summary, the main management strategies of SBLOCA with HPSI 

failure sequences in the PWR-W are: 

 Controlled SGs depressurization through the relief valves in the SLs at an 

RCS cooling rate of 55 K/h (in ES-1.2 or FR-C.2). 

 Fast SGs depressurization through full opening of the relief valves in the 

SLs when the ICC condition is reached, i.e., when CET temperature exceeds 

650 oC (923 K) (in FR C.1). 
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Figure 5-17 Emergency Operating Procedures scheme 

 

 

Figure 5-18 Westinghouse PWR EOP related with SBLOCA sequences (E-0, E-1, ES-1.2) 
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Figure 5-19 Westinghouse PWR FRG Core Cooling Status Tree (i.e., F.0.2) 
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Figure 5-20 Westinghouse PWR SBLOCA ET 
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5.2.1.2. Management of VVER-1000/V320 SBLOCA sequences with HPIS failure 

In the late 1990s, a significant number of VVER NPP decided to change their 

accident management approach, see (Bánáti and Ézsol, 1997; Cherubini et al., 

2008; Groudev and Hadjiev, 2001; Pavlova et al., 2008, 2007). Most of the VVER-

1000/V320 NPP adopted the Westinghouse EOPs-like approach, see (Bica, 1999; 

IAEA, 2000; Linn et al., 2002; United States General Accounting Office, 1996) and 

Figure 5-17. In some VVER-1000/V320 NPP, the equivalent of the PWR-W ORGs 

was referred to as the Accident Termination Guidelines (ATG), while the 

equivalent of the PWR-W FRGs were referred to as the Beyond Design Accident 

Management Guidance (BDBAMG), see (European commission EuropeAid Co-

operation Office, 2006; Muellner, 2010). Besides, it is important to note that there 

is almost no public information on the EOPs of the VVER-1000/V320 reactors.  

In an SBLOCA with HPIS failure sequence, before reaching ICC conditions, the 

management strategy carried out in VVER-1000/V320 reactors is to depressurize 

the SGs at a controlled RCS cooling rate. References were found indicating that 

the depressurization of the SGs is performed at an RCS cooling rate of 30 K/h or 

60 K/h, see (Iegan et al., 2018; Muellner, 2010; Skalozubov et al., 2010).  When the 

ICC condition is reached, the EOPs specify that it is necessary to initiate SGs 

depressurization at the maximum RCS cooling rate, i.e., full opening of the BRU-

K or the BRU-A valves. References have been found indicating that the ICC 

condition is considered when the CET temperature exceeds between 350 oC (623 

K) and 400 oC (673 K) (Groudev, 1998; P. P Groudev and Georgieva, 2010; 

Muellner, 2010).  

In order to develop and qualify the new EOPs for the VVER-1000 reactors, part A 

of project R2.03 of the TACE-97 program "Development of software for VVER and 

RBMK reactor accident analysis" was launched (Del Nevo and D’Auria, 2007; 

European commission EuropeAid Co-operation Office, 2006; Parisi et al., 1997). 

Within this project, experiments were performed at the PSB-VVER experimental 

facility (Araneo, 2008; Del Nevo and D’Auria, 2007; Kardos et al., 2024). Among 

the experiments carried out in the PSB-VVER facility, four can be highlighted in 

which SBLOCA sequences were reproduced: tests 11 and 12, where the 

management action consisted in the controlled SGs depressurization at an RCS 

cooling rate of 30 K/h; and tests 4 and 16, where the management action consisted 

in the SGs depressurization at the maximum RCS cooling rate. 
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On the other hand, the SBLOCA ET for VVER-1000/V320 reactors (Skalozubov et 

al., 2010) shows that in case of HPIS failure, the remaining ET headers have to be 

fulfilled for the sequence to be successful, see Figure 5-21 (sequence 3). These 

headers are the following: 

 [S] SCRAM 

 [D] RCS cooling by a controlled SGs depressurization along with operation 

of the EFW or the AFW pumps. 

 [B] Boron injection. 

 [EGRS] Opening of the EGRS valve. 

 [A] Effective injection of the HA-1. 

 [L] Injection of the LPIS from containment sump tanks.  

Therefore, the ET indicates that, in addition to the RCS cooling through the 

controlled SG depressurization, the EGRS actuation is also required.  On the other 

hand, it should be noted that in the VVER-1000/V320 reactors, the RCS cooling by 

the SGs depressurization is performed through the BRU-K or through the BRU-A 

if the condenser is not available. In summary, the main strategies found in the 

VVER-1000/V320 reactors in the event of an SBLOCA with HPIS failure sequence 

are as follow: 

 Controlled SGs depressurization at a RCS cooling rate of 30 K/h or 60 K/h. 

 Controlled SGs depressurization along with EGRS actuation. 

 Fast SGs depressurization at maximum RCS cooling rate when ICC 

condition is reached. 
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Figure 5-21 VVER-1000/V320 SBLOCA ET (Skalozubov et al., 2010) 
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5.2.2. VVER-1000/V320 SBLOCA sequence with HPIS failure without 

human actions 

The SBLOCA sequence with HPIS failure is analyzed without considering the 

actions taken by the MCR crew. First, SBLOCA with HPIS failure and no human 

intervention is analyzed as a base case. Then, the impact of the break size on the 

sequence is analyzed and the so-called PD curve is constructed. 

5.2.2.1. SBLOCA sequence with HPIS failure: Base case 

A break size of 1.5 inches located in the CL 1 was chosen for the SBLOCA sequence 

with HPIS failure without human action. In addition, the following hypotheses 

were made: 

 Core power at the beginning of the transient: 100%. 

 The LPIS and HA-1 availability correspond to the SBLOCA SC: 2 out of 4 

HA-1 trains available and 1 out of 3 LPIS trains available (Skalozubov et 

al., 2010). 

 The HPIS is unavailable. 

The accidental sequence begins 300 s after the start of the simulation. During the 

first few seconds of the transient, the RCS pressure drops and reaches the HPIS 

setpoint, see Figure 5-22, however the HPIS pumps do not inject during the 

sequence. The RCS pressure continues to fall, but remains just above the HA-1 

pressure, preventing the HA-1 injection into the RPV. Therefore, the collapsed core 

water level does not recover as no safety system is refilling it, see  Figure 5-23. The 

core starts to uncover at about 6000 s, see Figure 5-24. At 7081s, the RCS pressure 

becomes equal to that of the HA-1, allowing injection, but too late as the core water 

collapsed level is low. Finally, CD is reached when the PCT exceeds 1477 K at 8126 

s.  At this point, the total inventory lost due to the break is approximately 2.1 x 

105 kg, see Figure 5-25. Besides, it is worth noting that CD occurs when the RCS 

pressure is well above the LPIS setpoint. 
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Figure 5-22 RCS and SGs pressure, SBLOCA (1.5 inches) with HPIS failure without 
human action          

           

Figure 5-23 Collapsed Core Level, SBLOCA (1.5 inches) with HPIS failure without 
human action 
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Figure 5-24 PCT, SBLOCA (1.5 inches) with HPIS failure without human action 

 

Figure 5-25 Integral of the mass flow through the break, SBLOCA (1.5 inches) with 
HPIS failure without human action 
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5.2.2.2. Previous Damage Curve. Impact of break size in SBLOCA evolution 

In order to assess the effectiveness of a management strategy in an accidental 

sequence, it is essential to know first when CD would occur without human actions. 

This information is provided by the denominated PD curve. To obtain the PD curve, 

SBLOCA with HPIS failure sequences have been simulated for different break 

sizes without any management action. The range for the break sizes considered is 

between 1 to 6 inches with a step of 0.25 inches. Each simulated case can reach 

two conditions: damage, if the PCT exceeds 1477 K, or success if the PCT does not 

exceed this temperature, see Figure 5-26. Besides, the RCS depressurization is also 

analyzed, see Figure 5-27. 

For the cases that CD is reached, CD times are plotted against the break sizes, see 

Figure 5-28. The “damage” sequences are represented by a red marker at the time 

CD is reached, while the “success” sequences are represented by a green marker 

(see electronic version). The curve that follows all the red markers is called the PD 

curve. A detailed analysis of the PD obtained shows: 

 From 2.5 inches onwards the LOCA sequences with HPIS failure, are 

successful. This is because the RCS is depressurizing through the break fast 

enough allowing the injection of the HA-1 and LPIS on time.  

 Between 1 and 2.25 inches, all the sequences exceed the damage condition. 

For smaller breaks sizes, CD takes longer to occur, and as the break sizes 

get larger, CD occurs earlier.  

Along with the PD curve, the core uncovering time curve, the HA-1 time injection 

curve and the LPIS time injection curves have also been plotted, see Figure 5-28. 

The following conclusions can be drawn from these curves: 

 The HA-1 inject at every break size analyzed, but at smaller break sizes, 

between 1 and 2.25 inches, it is too late to stop the PCT from rising.  

 The LPIS injects before damage for break sizes from 2.25 inches onwards. 

This is because for smaller LOCA the RCS pressure remains around the HA-

1 pressure, preventing it from reaching the LPIS shutoff pressure (2.55 

MPa). 

 The SBLOCA with HPIS failure sequences are successful when the LPIS 

inject water into the RCS before CD. 

 There is core uncovering from 1 to 3 inches but from 2.5 inches onwards 

LPIS injection avoid CD.  
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Figure 5-26 PCT, SBLOCA (1 – 2.5 inches) with HPIS failure without human action 

 

Figure 5-27 RCS pressure, SBLOCA (1 – 2.5 inches) with HPIS failure without human 
action 
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Figure 5-28 Previous Damage curve for SBLOCA with HPIS failure (VVER-1000/V320) 

5.2.3. VVER-1000/V320 SBLOCA sequence with HPIS failure and 

controlled SGs depressurization 

By obtaining the PD curve of the SBLOCA sequence with HPIS failure, it has been 

found that there is a range of break sizes that reach CD if no human actions are 

credited. Therefore, in these sequences, it is necessary that the control room crew 

performs a management strategy to ensure core cooling. The analysis of the 

controlled depressurisation action of the SGs to cool the RCS consists of the 

following items: 

 Section 5.2.3.1: A set of four cases of the SBLOCA with HPIS failure and 

controlled SGs depressurization is shown for each of the RCS cooling rates 

under study, 30 K/h and 60 K/h.  

 Section 5.2.3.2: The DDs for 30 K/h and 60 K/h are obtained. 

 Section 5.2.3.3: A Sensitivity analysis of the DD on certain boundary 

conditions is presented. 
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5.2.3.1. SBLOCA sequence with HPIS failure and SGs controlled depressurization: 

Base Cases 

The sequences in which the operators have performed the action of depressurizing 

the SGs in a controlled manner, is analyzed in detail below for both RCS cooling 

rates, 30 K/h and 60 K/h.  For both cooling rates, the SBLOCA sequence has been 

simulated with different start times of the manual action, to assess how sensitive 

the success of the sequence is to this time value. The break size chosen has been 

the 1.5 inches located in the CL 1 with the hypotheses considered in the base case 

of the SBLOCA sequence with HPIS failure without human actions. 

Depressurization with 30 K/h RCS cooling rate 

The start time, from the beginning of the SBLOCA sequence (1.5 inches), selected 

for the SGs depressurization at a 30 K/h rate have been 7000 s, 6200 s, 5400 s and 

3700 s. The SBLOCA sequence starts 300 s after the beginning of the simulation 

and the evolution of the events is that of the sequence without SGs 

depressurization until the manual action is initiated.  From then on, each SBLOCA 

sequence evolves in a different way, depending on the start of the SGs 

depressurization: 

 7000 s: In this case the operator action starts too late, Figure 5-29, since in 

the PD curve shows that the previous CD occurs at 7500 s. 

 6200 s and 5400 s: In these cases, the SGs pressure starts to reduce the RCS 

pressure as soon as the manual action is initiated, see Figure 5-30. The RCS 

pressure reaches the HA-1 pressure and continues to fall, but before it 

reaches the LPIS cut-off pressure, CD occurs, see Figure 5-29. This is 

because the collapsed core level is already low when the operator action is 

initiated, see Figure 5-31. 

 3700 s: In this case, since the manual action is initiated earlier, the RCS 

pressure reaches the LPIS cut-off pressure before CD occurs, see Figure 

5-30. It can be seen that the RCS cools at a rate of 30 K/h until it reaches 

the LPIS cut-off pressure at about 12000 s, see Figure 5-32. When this point 

is reached, the core is reflooded, see Figure 5-31.  

For the four analyzed start times for the controlled SGs depressurization at an 

RCS rate of 30 K/h that have been analyzed, it can be observed that the core 

uncovering, which occurs once the PCT starts to increase, begins when the 

collapsed liquid level in the core is below 50 %, Figure 5-29 and Figure 5-31. 
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Figure 5-29 PCT, SBLOCA (1.5 inches) with HPIS failure and RCS cooling at 30 K/h 

 

Figure 5-30 RCS and SGs pressure, SBLOCA (1.5 inches) with HPIS failure and RCS 
cooling at 30 K/h 
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Figure 5-31 Collapsed liquid level, SBLOCA (1.5 inches) with HPIS failure and RCS 
cooling at 30 K/h 

 

Figure 5-32 RCS average liquid temperature, SBLOCA (1.5 inches) with HPIS failure 
and RCS cooling at 30 K/h 
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Depressurization with 60 K/h RCS cooling rate 

The start time, from the beginning of the SBLOCA sequence (1.5 inches), selected 

for the SGs depressurization at a 60 K/h rate have been between 3700 and 7000 s. 

The SBLOCA sequence starts 300 s after the beginning of the simulation and the 

evolution of the events is that of the sequence without SGs depressurization until 

the manual action is initiated. Thereafter, each of the four SBLOCA sequences has 

a different evolution: 

 7000 s: It can be observed that as soon as the depressurization of the SGs 

starts, the RCS pressure starts to drop rapidly, however, the core level is too 

low when the HA-1 discharge starts, so that finally CD cannot be avoided, 

see Figure 5-33. 

 6200 s: Although core uncovering occurs, see Figure 22, the RCS pressure 

successfully reaches the LPIS cut-off pressure in time to reflood the core, see 

Figure 21, before the PCT exceeds 1477 K, see Figure 20. 

 5400 s and 3700 s: The RCS pressure successfully reaches the LPIS cut-off 

pressure, see Figure 5-34. 

As expected, the depressurization of the SGs at an RCS cooling rate of 60 K/h, 

Figure 5-34 and Figure 5-36 allows the RCS pressure to reach the LPIS cut-off 

pressure earlier than for a cooling rate of 30 K/h. This means that core reflooding 

starts much earlier, when the PCT is not yet high. For the four analyzed start time, 

it can be observed that the core uncovering, which occurs once the PCT starts to 

increase, begins when the collapsed liquid level in the core is below 50 %, see 

Figure 5-33 and Figure 5-35. 
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Figure 5-33 PCT, SBLOCA (1.5 inches) with HPIS failure and RCS cooling at 60 K/h 

 

Figure 5-34 RCS and SGs pressure, SBLOCA (1.5 inches) with HPIS failure and RCS 
cooling at 60 K/h 
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Figure 5-35 Collapsed liquid level, SBLOCA (1.5 inches) with HPIS failure and RCS 
cooling at 60 K/h 

 

Figure 5-36 RCS average liquid temperature, SBLOCA (1.5 inches) with HPIS failure 
and RCS cooling at 60 K/h 
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5.2.3.2. Damage domains for the SGs controlled depressurization 

The DD for a given action in a given sequence can be defined as the region of the 

space of uncertain parameters where CD (or any damage condition considered) is 

reached. The number of dimensions for this space region corresponds to the 

number of uncertain parameters involved in the analyzed sequence. The 

considered DD for the SBLOCA sequence with HPIS failure with controlled SGs 

depressurization has two dimensions, the break size and the start time of the 

manual action. 

In order to obtain the DD, a series of TH simulations are performed by varying the 

parameters considered. For that purpose, it is previously established which are the 

limits for the seeking of the DD. The following considerations have been made in 

this analysis: 

 Break Size: the DD in the break size dimension lies between the limits of 

the PD curve (1, 2.25 inches). This is because the sequences with larger 

break sizes that do not fall within the PD curve are successful without the 

need for any manual action.  

 Depressurization start time: The DD enclosed the PD curve in the 

depressurization beginning time dimension.  

In order to obtain the DD for both RCS cooling rates of 30 K/h or 60 K/h, the 

SBLOCA with HPIS failure sequence has been simulated for each break size 

between 1 and 2.25 inches, with an interval of 0.25 inches, testing different start 

times of the manual action from the PD curve, see Figure 5-37 (left) and Figure 

5-38 (left). The DD is then obtained by drawing the line separating the damage 

and success regions, see Figure 5-37 (right) and Figure 5-38 (right). 

The DD provides information on the time from which the manual action considered 

is no longer effective, but another factor has to be taken into account: the time it 

takes for the MCR crew to reach the EOP step where the action is indicated to be 

performed. The time required by the MCR crew to initiate the controlled 

depressurization of the SGs is around 600 s (tmin = 600 s). Subtracting this time 

from the DD lower limit gives the available time to accomplish the human action, 

see Figure 5-39.  

𝑡௔௩௔௜௟௔௕௟௘ =  𝑡ௗ௔௠௔௚௘ ௗ௢௠௔௜௡ −  𝑡௠௜௡  
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In this study, the available time is classified into three categories: short, if it is less 

than 15 minutes, medium, if it is between 15 minutes and 1 hour, or long, if it is 

more than 1 hour. The following conclusions can be drawn from these curves: 

 30 K/h RCS cooling rate: The break sizes around 2.25 inches have no 

available time to depressurize at an RCS cooling rate of 30 K/h. The 

available time is short for the 2 inches break size, medium between 1. 75 

and 1.5 inches, and long below 1.5 inches. 

 60 K/h RCS cooling rate: The smallest available time is given for the 2 inches 

break size, but in this case the available time is medium, 2900 s. The 

available time is medium between 2.25 and 2 inches and long below 1.75 

inches. 

The available time obtained corresponds to a tmin = 600 s. It should be noted that 

there is some uncertainty in the time required by the MCR crew. Therefore, if a 

larger tmin value is found, the available time for the 60 K/h RCS cooling rate would 

be lower and the range of break sizes without available time for the 30 K/h RCS 

cooling rate would be greater, see Figure 5-39. 

 

Figure 5-37 Damage Domain for SBLOCA with HPIS failure and 30 K/h RCS cooling 
(VVER-1000/V320) 
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Figure 5-38 Damage Domain for SBLOCA with HPIS failure and 60 K/h RCS cooling 
(VVER-1000/V320) 

 

Figure 5-39 Available Times for SBLOCA with HPIS failure sequence with 30 K/h and 
60 K/h RCS cooling (VVER-1000/V320) 

In view of the above, it is important to make the following observation. On the one 

hand, the SBLOCA ET for the VVER-1000/V320 reactor, see Figure 5-21, shows 

that for the SBLOCA sequence in which the HPIS is not successful, it is necessary, 

among other things, that the B and EG headers are successful. On the other hand, 

the simulations in this analysis have been performed without considering the 

availability of EBIS and EGRS.  

Based on the results of the analysis, there is enough time for the manual action 

related to a cooling rate of the RCS of 60 K/h for all breaks without considering the 

availability of EBIS and EGRS. Therefore, the ET of the SBLOCA could be 

simplified, see Figure 5-40. 
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Figure 5-40 VVER-1000/V320 SBLOCA ET without considering EBIS and EGRS 
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5.2.3.3. SGs controlled depressurization. Damage Domain sensitivity analysis 

Previously, the DDs have been obtained for the SBLOCA sequence with HPIS 

failure and controlled SGs depressurization by considering the following 

hypotheses: the accidental transient occurs with the core power is at 100 % and 

the available HA-1 and LPIS trains are those of the SC. In the following, a 

sensitivity analysis of the DDs to different boundary conditions for the core power 

and availability of the HA-1 and LPIS trains has been carried out: 

 Original case: The ECCS available trains are 2 out of 4 HA-1 trains and 1 

out of 3 LPIS trains. Core power at 100%. 

 2nd case (Power uprate): The ECCS available trains are 2 out of 4 HA-1 

trains and 1 out of 3 LPIS trains. Core power at 120%. 

 3rd case (ECCS fully available): The ECCS available trains are 4 out of 4 HA-

1 trains and 3 out of 3 LPIS trains. Core power at 100%. 

 4th case (Power uprate and ECCS fully available): The ECCS available 

trains are 4 out of 4 HA-1 trains and 3 out of 3 LPIS trains. Core power at 

120%. 

The sensitivity analysis has been performed for both the 30 K/h and the 60 K/h 

RCS cooling rates, see Figure 5-41 and Figure 5-42. The overall outcome is that 

the DD is much more sensitive to the available HA-1 and LPIS trains than to the 

core power. For each cooling rates the following can be highlighted: 

 30 K/h cooling rate: The most limiting case is the second (power uprate), as 

it extends to 2.75 inches and there is no available time between 2.25 and 

2.75 inches. For the third case (ECCS fully available) the DD is reduced to 

1.75 inches where the border reaches 4500 s, while, for the fourth case 

(power uprate and ECCS fully available) the DD is also reduced to 2 inches 

where it reaches 2200 s. 

The sensitivity analysis on the DD associated with the 30 K/h cooling rate 

strategy shows that if the HA-1 and the LPIS trains are fully available, the 

DD is smaller, both in the break size dimension and in the depressurization 

beginning time dimension. Therefore, the 30 K/h cooling rate could be 

enough to provide the MCR crew with a large available time in the case of 

100% power with 4 out of 4 HA-1 and 3 out of 3 LPIS trains are available.  

 60 K/h cooling rate: it should be noted that the DDs for the 60 K/h RCS 

cooling rate reach the same break size limits as the DDs for the 30 K/h RCS 
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cooling rate, but they extend less in the time. The most limiting case is the 

second (power uprate) as it extends to 2.75 inches for which it reaches 850 

s. For the third case (ECCS fully available) the DD reaches 7850 s for 1.75 

inches, while, for the fourth case (power uprate and ECCS fully available), 

the DD reaches 5400 s for 2 inches. 

It should be noted that if a 20 % power uprate is performed in a VVER-

1000/V320 reactor, the strategy associated with the controlled SGs 

depressurization at an RCS cooling rate of 60 K/h may not be enough to 

avoid CD, considering the time required by the operator to initiate the 

management action. Therefore, in this case, it would be necessary to study 

other strategies to complement the controlled SGs depressurization or to 

apply higher cooling rates.   

 

 

Figure 5-41 Damage Domains sensitivity analysis for SBLOCA with HPIS failure and 30 
K/h RCS cooling (VVER-1000/V320) 
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Figure 5-42 Damage Domains sensitivity analysis for SBLOCA with HPIS failure and 60 
K/h RCS cooling (VVER-1000/V320) 

5.2.4. VVER-1000/V320 SBLOCA sequences with HPIS failure, 

controlled SGs depressurization and EGRS actuation 

The EGRS is a safety system developed to remove the steam-gas mixture from the 

upper RPV, the PZR and the primary side of the SGs, (Iegan et al., 2018). In the 

references, some cases have been found where the depressurization of the RCS 

through the EGRS is studied in SBLOCA sequences with HPIS failure (Groudev, 

1998), or TLFW sequences, (Gencheva et al., 2005). Besides, the SBLOCA ET for 

the VVER-1000/V320 reactor, Figure 5-21 and (Skalozubov et al., 2010), shows 

that for the sequence in which the HPIS is not available, in addition to the RCS 

cooling by the controlled SGs depressurization, the EGRS opening valve is also 

required to avoid CD.  

Based on the DDs obtained for the controlled SGs depressurization, it was verified 

that the EGRS actuation is not necessary when the depressurization is performed 

at an RCS cooling rate of 60 K/h. However, when the SGs depressurization is 

performed at an RCS cooling rate of 30 K/h, see Figure 5-37 (right), the DD 
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indicates that the opening of an EGRS valve might be useful in order to avoid CD 

for the whole SBLOCA spectrum. 

In order to analyse the impact that the EGRS could have in the SBLOCA without 

HPIS sequences in VVER-1000/V320 reactors, the DD for the EGRS actuation has 

been obtained in Section 5.2.4.1. Then, in Section 5.2.4.2, it has been performed a 

sensitivity analysis on the EGRS valves diameter. 

5.2.4.1. Damage domains for the EGRS actuation 

The aim is to analyse the impact of the EGRS performance in SBLOCA sequences 

with HPIS failure where the controlled SGs depressurization at a rate of 30 K/h is 

applied. It has been considered that the actuation of this safety system consists in 

the opening of a valve located in the PZR with a diameter of 1.25 inches.  

First, the DD of the EGRS actuation alone has been obtained, see Figure 5-43-B. 

It can be seen that the DD extends over the entire beginning depressurization time 

dimension from 1 to 1.75 inches, i.e., even if the EGRS valve were opened at the 

time the SBLOCA occurs the sequence would not be successful. However, for break 

sizes of 2 and 2.25 inches, the DD limit is similar to the PD curve values. This is 

because opening an EGRS valve is equivalent to inducing a second LOCA of 1.25 

inches in the RCS. The sum of both areas, i.e. the EGRS valve are and the LOCA 

break, is shown in Table 5-9. Therefore, despite the EGRS, sequences from 1 to 

1.75 inches are not successful, because the RCS opening areas (LOCA + EGRS 

valve) are still small enough to allow it to depressurize in time for the HA-1 and 

LPIS injection before CD.  

Subsequently, the DD of both combined strategies, SGs depressurization at 30 K/h 

and EGRS valve opening, has been obtained, see Figure 5-43-C. It has been 

considered that the operator opens the EGRS valve 100 seconds after the beginning 

of the controlled SGs depressurization. It can be seen how the resulting DD is a 

combination of the DD for the controlled depressurization at 30 K/h and the DD of 

the EGRS performance. 

Then, the available time for the strategy of controlled SGs depressurization 

combined with the opening of a 1.25 inches EGRS valve has been calculated. The 

available time obtained has been compared with that of the two strategies alone, 

see Figure 5-44. The following conclusions can be drawn: 

 1 to 1.75 inches: The shape of the available time curve is similar to the 

available time curve for the controlled SGs depressurization at 30 K/h, but 
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the time values are lower. The 1.75 inches break size has no available time, 

it is medium for 1.5 inches and long from 1 to 1.25 inches. 

 2 to 2.25 inches: The available time curve is very close to the available time 

curve for the EGRS strategy alone.  A long available time is considered, 

because it is greater than 1 hour. 

Table 5-9 SBLOCA area along with the EGRS valve area 

Break diameter 

(inches) 

Break area (m2) Break area + EGRS area (m2) 

1 5.07E-4 1.31E-3 

1.25 7.92E-4 1.60E-3 

1.5 1.14E-3 1.94E-3 

1.75 1.55E-3 2.35E-3 

2 2.03E-3 2.83E-3 

2.25 2.57E-3 3.36E-3 

 

 

Figure 5-43 Damage Domains for SBLOCA with HPIS failure and 30 K/h RCS cooling 
along with EGRS actuation (VVER-1000/V320) 
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Figure 5-44 Available time for SBLOCA with HPIS failure and 30 K/h RCS cooling along 
with EGRS actuation (VVER-1000/V320) 

5.2.4.2. EGRS valves diameter sensitivity analysis 

A sensitivity analysis has been performed on the EGRS valve diameter to see its 

impact on the DD of the strategy consisting of controlled SGs depressurization at 

an RCS cooling rate of 30 K/h in combination with the opening of one of the EGRS 

valves, see Figure 5-45. It is important to note that the size of the EGRS valves 

can be different for NPPs of the same reactor design. Therefore, the DD has been 

obtained for the following cases: 

 The opening valve has the diameter as one of the PZR relief and safety valve 

(diameter =2.5 inches). This option has been considered as the EOPs of some 

VVER-1000/V320 NPPs may consider opening the PZR relief and safety 

valves instead of the EGRS valves. 

 The opening valve had half the area of the PZR relief and safety valve 

(diameter = 1.72 inches). This option has been considered as references 

(Muellner, 2010) indicated that the EGRS valves area can be half that of the 

PZR relief and safety valves area. 

The lowest value obtained for the DD limit is 2000 s (diameter = 1.72 inches, half 

the area of the 2.5 inches diameter valve), so despite considering the minimum 

time needed by the operator to execute the strategy, there would be enough 

available time. If the opening EGRS valve has the area of one of the PZR relief and 

safety valves, the DD limit has values close to those of the PD curve. This is 
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because the opening of a valve with diameter of 2.5 inches causes high cooling 

rates, more than 60 K/h. In case of considering a valve with a diameter of 1.72 

inches, the DD limit is close to the PD curve from 1.75 to 2.25 inches break sizes. 

 

Figure 5-45 Damage Domains sensitivity analysis on the EGRS (VVER-1000/V320)  

5.2.5. VVER-1000/V320 SBLOCA sequences with HPIS failure and SGs 

depressurization at maximum RCS cooling rate 

In the management of the SBLOCA sequences with HPIS, there is an alternative 

manual action for those cases where the core cooling CSF is not fulfilled, i.e., when 

the ICC condition is reached. This consists in performing a maximum RCS cooling 

by means of a fast SGs depressurization, which implies the full opening of the 

BRU-A valves. It should be noted that the fast SG depressurization causes high 

RCS cooling rates, exceeding 200 K/h, which can lead to hazardous thermal shock 

conditions. 

References have been found where the SGs fast depressurization is performed 

when the CET temperature exceeds 350 oC (623 K) (Muellner, 2010). On the other 

hand, in the PWR-W, whose EOPs were used as a reference for the actual EOPs of 

the VVER-1000/V320 reactors, the ICC condition is reached when the CET 

temperature exceeds 650 oC (923 K) (FR C.1). Taking this information into account, 

it has been decided to analyze the fast SGs depressurization in VVER-1000/V320 

reactors considering both ICC temperature values, 350 oC (623 K) and 650 oC (923 

K). 
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First it has been obtained when the ICC temperatures considered are reached. For 

this purpose, the SBLOCA with HPIS failure sequences without human action 

have been simulated and it has been found when the steam temperature at the 

core exit exceeded 350 oC (623 K) and 650 oC (923 K), see Figure 5-46. 

Subsequently, the margin time curve, which gives the time from the occurrence of 

the ICC to the occurrence of the PD has been then obtained. This was done by 

subtracting the ICC time and the time taken by the MCR crew to initiate the action 

from the PD curve values. The value considered for the time required by the MCR 

crew is 60 s, as this is the time taken by the operators to perform this action in 

simulator training. The following conclusions can be drawn from the time margin 

curves obtained: 

𝑡௠௔௥௚௜௡ =  𝑡௣௥௘௩௜௢௨௦ ௗ௔௠௔௚௘ −  𝑡ூ஼஼ −  𝑡௠௜௡   

 ICC = 350 oC (623 K):  the margin time obtained is similar for all the break 

sizes. The break size with the largest margin being the 2.25 inches with 

2296 s and the one with the smallest margin being the 1.75 inches with 1381 

s, see Figure 5-47. 

 ICC= 650 oC (923 K): the margin time obtained is much smaller than the 

time margin obtained for ICC = 350 oC (623 K). The break size with the 

largest margin being the 2.25 inches with 1151 s and the one with the 

smallest margin being the 1 inch with 265 s, see Figure 5-48. 

Afterwards, the DD for the fast SGs depressurization has been obtained. For this, 

the steps described previously for calculating the DD for the controlled SGs 

depressurizations have been followed. The DD obtained has been plotted together 

with the two ICC curves (350 oC and 650 oC) for those cases without 

depressurization, this allow to check how closed they are to the DD border, see 

Figure 5-49. In addition, a surface has also been generated showing the PCT values 

as a function of the start time of the fast SGs depressurization and of the break 

sizes. On this surface, two curves have been plotted showing the PCT values 

reached in the case where the manual action starts just when the ICC conditions 

occur, see Figure 5-50. 

Finally, the available time to perform the maximum RCS depressurization and 

cooling by a fast SGs depressurization has been calculated. This time is determined 

by subtracting the time in which the ICC condition occurs from the DD, minus the 

time required by the MCR crew to initiate the action, see Figure 5-51.  
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𝑡௔௩௔௜௟௔௕௟௘ =  𝑡ௗ௔௠௔௚௘ ௗ௢௠௔௜௡ −  𝑡ூ஼஼ − 𝑡௠௜௡  

The following conclusions can be drawn from the obtained curves: 

 The available time to perform the action is longer when considering that the 

ICC condition occurs when the CET temperature exceeds 350 oC (623 K). 

 Considering that the ICC occurs when the CET temperature exceeds 350 oC 

(623 K), the break size with the shortest available time is 1.75 inches at 

1352 s. The available time for all the break sizes is medium, ranging from 

15 minutes to 1 hour.   

 Considering that the ICC occurs when the CET temperature exceeds 650 oC 

(923 K), the break size with the shortest available time is 2 inches at 190 s. 

The available time for all break sizes, except for 2.25 inches is considered 

shot because it is less than 15 min. 

 

Figure 5-46 CET SBLOCA with HPIS failure without human actions (VVER-1000/V320) 
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Figure 5-47 Time margin for maximum RCS cooling, ICC = 350 0C (VVER-1000/V320) 

 

Figure 5-48 Time margin for maximum RCS cooling, ICC = 650 0C (VVER-1000/V320) 

 

Figure 5-49 DD for RCS maximum cooling rate via the SGs (VVER-1000/V320) 
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Figure 5-50 PCT in SBLOCA with HPIS failure and RCS maximum cooling rate via the 
SGs (VVER-1000/V320) 

 

Figure 5-51 Available time for SBLOCA with HPIS failure sequence and RCS maximum 
cooling rate via the SGs at ICC = 350 0C and ICC = 650 0C (VVER-1000/V320) 

5.2.6. Comparison of management strategies for VVER-1000/V320 

SBLOCA sequences with HPIS failure 

An overview is given of the different strategies that can be implemented in a 

VVER-1000/V320 reactor to manage an SBLOCA sequence with HPIS failure. The 

following have been analyzed in this work: 

 The controlled SGs depressurization at an RCS cooling rate of 30 K/h and 

60 K/h. 

 Controlled SGs depressurization at an RCS cooling rate of 30 K/h along with 

the EGRS actuation. 
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 The SGs depressurization at maximum RCS cooling rate when ICC 

condition is reached. 

The DDs obtained for all analyzed strategies have been compared by plotting the 

lines delimiting these DDs on the same graph, see Figure 5-52. Likewise, the 

available time curves obtained for the different strategies have been compared, see 

Figure 5-53 and Table 5-10. From this comparison, it can be concluded the 

following: 

 The strategy with the highest available time for the whole range of break 

sizes is the controlled SGs depressurization at an RCS cooling rate of 60 K/h. 

The second one is the corresponding to the fast SGs depressurization. 

 The other strategies cannot avoid CD in the whole range of break sizes. 

As mentioned in the previously, the available times obtained are highly dependent 

on the time required by the MCR crew to perform the corresponding management 

action, i.e., the tmin selected. However, it should also be noted that the calculated 

available times are subject to other uncertainties, mainly related to the options 

and hypotheses assumed in the model and the system code applied in the analysis. 

 

Figure 5-52 Damage Domains comparison for SBLOCA with HPIS failure management 
strategies (VVER-1000/V320) 

 



 
Elena Redondo Valero 

224 

 

 

Figure 5-53 Available times comparison for SBLOCA with HPIS failure management 
strategies (VVER-1000/V320) 

 

Table 5-10 Minimum available time in VVER-1000/V320 for SBLOCA with HPIS failure 
sequence strategies 

Strategy 
Min Available 

Time (s) 

Controlled SG depressurization at 30 K/h 0 

Controlled SG depressurization at 60 K/h 2900 

Controlled SG 

depressurization at 30 K/h 

along with the opening of a 

EGRS valve 

EGRS valve diameter = 

1.25 inches 
0 

EGRS valve diameter = 

1.72 inches 
1100 

EGRS valve diameter = 

2.5 inches 
4705 

Fast SG depressurization 
ICC =350 oC 1352 

ICC =650 oC 190 
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5.2.7. Verification of EOPs strategies in Westinghouse PWR for 

SBLOCA sequences with HPSI failure 

This Section 5.2.7 is focused on the analysis of the different management strategies 

that can be found in a 3 loops PWR-W for the SBLOCA sequence with HPSI failure. 

In 3 loops PWR-W two strategies can be distinguished depending on whether ICC 

condition has been reached: 

 Controlled SGs depressurization: The PWR-W EOP ES-1.2 and EOP FR-C2 

indicate that this action is performed at 55 K/h. 

 Fast SGs depressurization: this strategy is adopted when the ICC condition 

has been reached, i.e., CETs exceed 650 °C (923 K).  

The hypotheses considered in the 3 loops PWR-W model are similar to those 

considered for the VVER-1000/V320 model: the core power at the beginning of the 

accidental sequence is 100 % and the available trains of the ACC (2 out of 3 trains) 

and the LPSI (1 out of 2 trains) are those of the SC. On the other hand, it is 

noteworthy that the PWR-W do not have automatic MCPs trip, unlike the VVER-

1000/V320 reactors. Therefore, in order for the conditions considered in both 

models analyzed to be similar, it has been assumed that the RCSs in the 3 loops 

PWR-W are triggered at the beginning of the accidental sequence. 

To analyze both strategies, the PD curve has first been obtained using the 

methodology applied to the VVER-1000/V320 reactor. Along with the PD curve, the 

core uncovered curve, the ACC injection curve and the LPSI injection curves have 

also been plotted, see Figure 5-54. As can be seen, the PD occurs up to 2 inches 

break sizes, and the break size where the PD occurs first is 1.5 inches at 7263 s. 

While the ACC inject prior to the PD for all sizes, only those break sizes where the 

LPSI injects are successful, except for the 2 inches break size, for which it does so 

after the PD has already occurred.  

From the PD curve, the DD have been generated both for the controlled SGs 

depressurization at an RCS cooling rate of 55 K/h, see Figure 5-55, and for the SGs 

depressurization at the maximum RCS cooling rate, see Figure 5-56. The approach 

has been the one applied in the search for DDs in the VVER-1000/V320 reactor 

strategies.  

Subsequently, the available time has been calculated for both strategies, see 

Figure 5-57. The following can be drawn from the results obtained: 
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 The available time for depressurization at maximum RCS cooling rate is 

much smaller than for controlled depressurization. This is because 

depressurization at maximum RCS cooling rate is initiated only if the ICC 

condition has been reached. 

 The lowest available time in the controlled SGs depressurization strategy is 

900 s, for 1.75 inches, which is considered medium as it is 15 minutes. 

 The break size with the lowest available time in the fast SGs 

depressurization strategy is 1.25 in, which is 460 s. This is considered to be 

a short available time, as it is less than 15 minutes. Although the minimum 

available time is short, it may be reasonable as the MCR crew would be 

particularly attentive to the CET temperatures under these conditions. 

 

Figure 5-54 Previous Damage Curve for SBLOCA with HPIS failure (3 loops PWR-W) 
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Figure 5-55 Damage Domains for SBLOCA with HPIS failure and 55 K/h RCS cooling (3 
loops PWR-W) 

 

Figure 5-56 Damage Domain for SBLOCA with HPIS failure and maximum RCS cooling 
via the SGs (3 loops PWR-W) 
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Figure 5-57 Available time for SBLOCA with HPIS failure and RCS cooling (3 loops 
PWR-W) 

5.2.8. Comparison of VVER-1000/V320 and Westinghouse PWR 

strategies in SBLOCA sequences with HPIS or HPSI failure 

A comparison of the results previously obtained with the model for the 

TRACEV5P5 code of a VVER-1000/V320 reactor with those of a model of a 3 loops 

PWR-W is shown below. To be consistent, the DD for the controlled SGs 

depressurization at a 55 K/h RCS cooling rate in 3 loops PWR-W has been 

compared with that for the controlled SGs depressurization at 60 K/h RCS cooling 

rate in VVER-1000/V320 reactor. On the other hand, the DD for the SGs 

depressurization at maximum RCS cooling rate for the 3 loops PWR-W has been 

compared with that for the VVER-1000/V320 reactor. The following can be drawn: 

 Controlled SGs depressurization: While for the 3 loops PWR-W the DD limit 

reaches 2 inches, for the VVER-1000/V320 reactor it reaches 2.25 inches. 

However, the DD is larger in the 3 loops PWR-W up to 1.75 inches, see  

Figure 5-58. 

 SGs fast depressurization: While for the 3 loops PWR-W the DD reaches 2 

inches, for the VVER-1000/V320 reactor it reaches 2.25 inches. For smaller 

break sizes and for those larger than 1.75 inches the DD is greater for the 

VVER-1000/V320 reactor, but for break sizes between 1.25 and 1.75 inches 

the DD is greater for the 3 loops PWR-W, see Figure 5-59. 

In addition to the comparison of DDs, the available times for both PWR designs 

have also been compared, for the controlled SGs depressurization strategy, see 



 
Safety analyses considering conventional safety systems 

229 

 

Figure 5-60, and for the SGs depressurization at maximum RCS rate, see Figure 

5-61.  Moreover, the minimum available time for each strategy is shown in Table 

5-11. The following main conclusions can be drawn from the results obtained: 

 The strategy with the highest available time for the whole range of break 

sizes is the controlled SGs depressurization at an RCS cooling rate of 60/55 

K/h for both designs.  

 The second one is the corresponding to the fast SGs depressurization. 

 

Table 5-11 Minimum available time in 3 loops PWR-W and VVER-1000/V320 

PWR design Strategy 

Minimum 

Available 

Time (s) 

VVER-

1000/V320 

Controlled SG depressurization at 60 K/h 2900 

Fast SG depressurization (ICC = 350 oC) 1352 

Fast SG depressurization (ICC = 650 oC) 190 

3 loops PWR-

W 

Controlled SG depressurization at 55 K/h 900 

Fast SG depressurization (ICC = 650 oC) 460 

 

 

Figure 5-58 Damage Domain for SBLOCA with HPIS failure and controlled SGs 
depressurization in 3 loops PWR-W and VVER-1000/V320 
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Figure 5-59 Damage Domain for SBLOCA with HPIS failure and maximum RCS cooling 
rate in3 loops PWR-W and VVER-1000/V320 

 

Figure 5-60 Available times for SBLOCA with HPIS failure controlled SGs 
depressurization in 3 loops PWR-W and VVER-1000/V320 
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Figure 5-61 Available times for SBLOCA with HPIS failure and fast cooling in 3 loops 
PWR-W and VVER-1000/V320 

5.2.9. Conclusions regarding the management strategies for SBLOCA 

sequences with HPIS failure 

In Section 5.2, different management strategies to ensure core cooling in SBLOCA 

sequences with HPIS failure in both VVER-1000/V320 reactor and Westinghouse 

PWR have been reviewed and analyzed. The main conclusions obtained by means 

of the ISA methodology are as follows: 

 In the VVER-1000/V320 reactor, if the SC are considered for the HA-1 and 

LPIS trains, there are break sizes with no available time for the controlled 

SGs depressurization at an RCS cooling rate of 30 K/h. However, the 

controlled SGs depressurization at an RCS cooling rate of 60 K/h strategy 

provides a longer available time. 

 The sensitivity analysis performed on the DD of the controlled SGs 

depressurization at 30 K/h strategy in VVER-1000/V320 has shown that if 

the HA-1 and the LPIS trains are fully available, the DD limits are smaller, 

so that there can be enough available time over the whole range of break 

sizes. However, if a 20 % power uprate is performed, the DD limits are 

larger, so that the range of break sizes without available time increases. 
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 The sensitivity analysis performed on the DD of the controlled SGs 

depressurization at 60 K/h strategy has shown that if a 20 % power uprate 

is performed in a VVER-1000/V320 reactor, this management strategy may 

not be enough to avoid CD. 

 In the VVER-1000/V320 reactor, the available time for the controlled SGs 

depressurization at an RCS cooling rate of 30 K/h is significantly modified 

if this is performed in combination with the opening of an EGRS valve. 

When the opening EGRS valve diameter is approximately 1.7 inches, there 

is enough available time for the entire range of break sizes, whereas for the 

smaller diameters, there is no available time for some break sizes. The 

success of this strategy then depends on the EGRS valve sizes of each NPP. 

 The available time for controlled SGs depressurization at an RCS cooling 

rate of 55 K/h in the 3 loops PWR-W is large enough for the MCR crew. 

 In the VVER-1000/V320 reactor, the fast SGs depressurization provides an 

adequate available time if it is considered that the ICC condition is reached 

when the CET temperature exceeds 350 oC (623 K) instead of 650 oC (923 

K). 

 In the PWR-W, when ICC conditions are reached, i.e., the CET temperature 

exceeds 650 oC (923 K), the maximum RCS cooling rate depressurization 

strategy allows to avoid core damage with enough available time. 

It is emphasized that a thorough review of ETs, EOPs and the public references 

related to SBLOCA with HPIS failure sequences, has been carried out, combined 

with the application of the ISA methodology. This comprehensive approach has 

allowed the identification of the available times for the MCR crew under different 

management strategies for both designs VVER-1000/V320 and PWR-W. 
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Chapter 6.  

Safety analyses 

considering passive safety 

systems 
 

Chapter 6 focuses on safety analyses assessing the performance of two PSSs: the 

HA-2, from the VVER-1200/V392M design, and the air-cooled PHRS, from the 

VVER-1000/V412 design (KKNPP). Both analyses deal with LOCA sequences 

under SBO conditions, with the first analysis evaluating the impact of the HA-2 

system and the second the combined impact of the air-cooled PHRS and HA-2 

systems. 

6.1. Safety margins improvement by means of the HA-2 in VVER-

1000 reactors 

The aim of the Section 6.1. is to analyse the impact of the HA-2 on the events of a 

LOCA sequence, with and without SBO. For this purpose, the VVER-1000/V320 

model for TRACEV5P5 code has been modified to include the HA-2 system, see 

Section 3.4.  

The first motivation for the present research lies in the limited public information 

available on the HA-2 PSS, which is included in Gen-III/III+ VVER reactors and 

not present in any western design. Only a few severe accident analyses related 

with HA-2 PSS have been found in the literature, see (IAEA, 2017; Lityshev et al., 

2013; Thi Hoa and Chi Thanh, 2015), which consider its performance during a 

LBLOCA along with SBO, but no detailed analyses have been performed with 

system codes.  The second main motivation of this research is to evaluate the 

impact on MBLOCA and LBLOCA SC of the HA-2 PSS implementation and look 

for possible "relaxations" of the number of trains required to adequately cope with 

the transient. 
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The Section 6.1. is organized as follows: First, Section 6.1.1 analyses the impact of 

the HA-2 on LOCA along with SBO sequences. Subsequently, Section 6.1.2 

discusses how the implementation of the HA-2 can relax the ECCS SC in 

MBLOCA/LBLOCA sequences without SBO. Finally, the conclusions drawn from 

this research are set out in Section 6.1.3. 

6.1.1. Impact of the HA-2 system in LOCA along with SBO sequences 

The Design Basis Accident (DBA) for which the HA-2 PSS has been mainly 

designed is the LOCA along with SBO (Asmolov et al., 2017; Turkish Atomic 

Energy Authority, 2018). According to (ROSATOM, 2022), the HA-2 PSS, with the 

availability of 3 out of 4 trains, and the operation of the PHRS are able to avoid 

the CD during 24 h, furthermore reference, (Agrawal et al., 2006), reports that the 

HA-2 PSS has the capacity to remove all the decay heat with the availability of 3 

out of 4 trains for 8 h without the PHRS operation.   

Considering this information, this Section 6.1.1 focuses on the analysis concerning 

the impact of the HA-2 PSS in LOCA sequences along with SBO for a VVER-1000 

reactor. First an analytical study, verified later by TH simulations, is carried out 

to evaluate the HA-2 PSS capability to remove the decay heat over 24 h. The HA-

1 SC to ensure core cooling during the initial phase of the accidental sequence are 

then analyzed. 

6.1.1.1. Analysis of the HA-2 capacity to perform its safety function. 

In order to verify the ability of the HA-2 PSS to perform its long-term safety 

function, once the HA-1 inventory has discharged and it is the only ECCS 

available, the maximum theoretical energy that the system would be able to 

remove has been calculated for the DEGB LBLOCA along with SBO sequence, 

since it is the most limiting break size.  The calculation has been performed 

considering the complete vaporization of the HA-2 mass flow rate, i.e. G, for 2 out 

of 4 trains, 3 out of 4 trains and 4 out of 4 trains available.  

𝑄௩௔௣ = 𝐺 (ℎ௢௨௧ − ℎ௜௡) = 𝐺 ( ℎ௩,௢௨௧
௦௔௧ − ℎ௟,௜௡)  

Since the objective is to know the maximum capacity of the system to remove heat, 

the enthalpy of the water in HA-2 (ℎ௟,௜௡= 1.26E+05 J/kg) has been selected 

assuming that the tanks are at environmental temperature (303.15 K) while the 

steam coming out of the break has been considered to be saturated at atmospheric 

pressure (ℎ௩,௢௨௧
௦௔௧  = 2.68E+06 J/kg).  The HA-2 mass flow rate for each of the four 
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stages has been established according to the available trains, see Table 6-1. The 

analytical calculations, see Figure 6-1, show that:   

 If 2 out of 4 trains are considered, the HA-2 PSS alone cannot remove the 

decay heat from the last three stages.  

 If 3 of the 4 trains are considered, the HA-2 PSS alone is only enough to cool 

the reactor during the first three injection stages, i.e. 8 hours. Which agrees 

with (Agrawal et al., 2006).  

 If 4 out of 4 trains are considered, it is enough to cool the core during the 

four stages (24 h) since the decay heat power is lower than the power 

removed by the four trains in all of them. Therefore, the actuation of the 

PHRS is not needed in this case. 

It is important to notice that a positive energy balance, between the energy that 

the HA-2 is able to remove and the energy released in the core, is only a necessary 

condition but not a sufficient condition for the success of the sequence, since other 

phenomena such as RCS inventory distribution must be considered, and then TH 

simulations are needed in order to verify these conclusions. Therefore, a large 

number of LOCA diameters along with SBO sequences have been simulated with 

the VVER-1000/V320 model for TRACEV5P5 code. The simulations have been 

performed considering the full availability of the HA-1, for both cases assuming 

the operation of 3 out of 4 trains and 4 out of 4 trains of the HA-2 PSS. 

The simulation results agree with those obtained analytically and with (Agrawal 

et al., 2006), showing that the performance of the HA-2 PSS with four trains is 

enough to maintain core cooling with the PCT below 1477 K for 24 hours, see 

Figure 6-2 and Figure 6-3, and that if 3 out of 4 trains are available, the core cooling 

is assured only for the first 8 h, see Figure 6-4 and Figure 6-5.  

The evolution of the events for the DEGB and 3 inches LOCA along with SBO 

sequence is shown in Table 6-2 (for both 3 out of 4 HA-2 and 4 out of 4 HA-2 

configurations). The onset of injection for both HA-1 and HA-2 PSS is earlier for 

the DEGB LOCA than for the 3 inches LOCA, because the depressurization of the 

RCS in 3 inches LOCA is slower. However, for both break sizes with the 4 out of 4 

HA-2 PSS configuration, the PCT does not exceed 1477 K, while with 3 out of 4 

HA-2 it does, being about 25000 s earlier for the DEGB LOCA. Finally, it can be 

observed that for the successful sequences, the HA-2 fourth injection stage ends 24 

hours after its start. 
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It is worth noting that in the simulations there are no effective interactions found 

between the HA-1 and the HA-2 systems, i.e. there is no mass flow rate HA-1 

reduction because HA-2 injection. For medium break sizes (less than 6 inches) 

there is a short period when both systems are injecting simultaneously but there 

is no reduction in the HA-1 mass flow rate. For larger break sizes (more than 6 

inches) the HA-1 are isolated before the HA-2 injection, see rows 6 and 7 in Table 

6-2. The reason for this is that the HA-1 injects until its isolation valves close, 

when the HA-1 pressure reaches almost 0.8 MPa, and the HA-2 begins injection 

between 0.78 and 0.3 MPa (for 6 inches onwards), due to the delay in the HA-2 

actuation signal. As a result, both systems do not overlap. 

Table 6-1 HA-2 mass flow rates for different configurations 

 Stage 1 Stage 2 Stage 3 Stage 4 

Time (s) 100 – 4000 
4001 – 

10000 

10001 – 

30000 

30001 – 

86400 

Total Mass 

Flow (kg/s) 

4 out of 4 

trains 

40 20 13.2 7.12 

Total Mass 

Flow (kg/s) 

3 out of 4 

trains 

30 15 9.9 5.34 

Total Mass 

Flow (kg/s) 

2 out of 4 

trains 

20 10 6.6 3.56 

 

Note that the HA-2 design considered in the doctoral thesis is from the VVER-1200 

design reactors, with a thermal power of 3200 MWth. However, this study has been 

carried out on a VVER-1000/V320 model with a thermal power of 3000 MWth. To 

account for this difference, additional simulations have been performed in which 

the capacity of the HA-2 PSS has been rescaled by reducing the mass flow rate at 

each stage by 6.25% (VVER-1000 and VVER-1200 thermal difference). The 



 
Safety analyses considering passive safety systems 

237 

 

conclusions obtained from these simulations are the same as those obtained by 

considering the 100% mass flow at each stage of the HA-2 PSS. 

 

Figure 6-1 Maximum heat removal capacity of the HA-2 system vs decay heat in a DEGB 
LOCA along with SBO sequence 

 

Figure 6-2 PCT, LOCA + SBO sequences in the short term (4 out of 4 HA-2 trains) 
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Figure 6-3  PCT, LOCA + SBO sequences in the long term (4 out of 4 HA-2 trains) 

 

    

Figure 6-4 PCT, LOCA + SBO sequences in the short term (3 out of 4 HA-2 trains) 
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Figure 6-5 PCT, LOCA + SBO sequences in the long term (3 out of 4 HA-2 trains) 

Table 6-2 DEGB LBLOCA and MBLOCA (3 inches) along with SBO sequences events 

Event 

3 inches 
3 /4 HA-2/ 
4 /4 HA-2  

(s) 

DEGB 
3/4 HA-2/ 
4/4 HA-2 

(s) 

DEGB LBLOCA along with SBO  0 0 

CRAs fully inserted 5 4 

HA-1 injection 1470 10 

HA-2 setpoint (RCS Pressure < 1.5 MPa) 1935 25 

1st stage HA-2 (RCS Pressure < 1.5 MPa + 

delay) 
2035 125 

HA-1 injection ends 2250/ 
2295 75 

2nd stage HA-2 injection begins 5935 4025 

3rd stage HA-2 injection begins 11935 10325 

4th stage HA-2 injection begins  31939 30325 

PCT > 1477 K 69803/- 43867/- 

HA-2 injection ends  -/88335 -/86525 
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6.1.1.2. PSA level 1 HA-1 success criteria with HA-2 fully availability 

Previously analytical calculations and TH simulations lead to the conclusion, that 

the full availability of the HA-2 PSS is necessary to ensure the core cooling for 24 

hours in LOCA along with SBO sequence, where the only available ECCS are the 

HA-1 and the HA-2 and there are no human actions. In the following, the HA-1 SC 

in these sequences has been examined. This analysis has been done in two steps: 

 The break size range for which the HA-2 performance is guaranteed prior to 

reaching CD has been searched. 

 The minimum HA-1 configuration to prevent the second core peak 

temperature of the LOCA sequence from exceeding 1477 K has been found 

for the range of break sizes previously obtained. 

As mentioned in the introduction, the HA-2 setpoint is 1.5 MPa, lower than the 

pressure setpoint of the LPIS (2.55 MPa), which means that to come into operation 

it will need that the pressure in the RCS dropped considerably. Therefore, HA-2 

starts injecting straight away without the need of another safety system actuation 

in the case of MB/LBLOCAs, however in the case of a SBLOCA, a previous 

depressurization of the RCS is necessary since the pressure remains stagnant well 

above 1.5 MPa making it impossible for HA-2 PSS to start operating on time. 

Therefore, a wide range (from 2 inches to DEGB) of the LOCA along with SBO 

sequences, without the actuation of the HA-2 PSS, has been simulated in order to 

know from what break size the RCS pressure would allow the injection of HA-2 

before the CD has been reached, without considering any depressurization action. 

The results show that from 3 inches break onwards the HA-2 is able to inject water 

before the CD occurs, see Table 6-3. 

Next, a sensitivity analysis has been performed, by simulating the LOCA along 

with SBO sequence with the HA-2 full availability from 3 inches to DEGB, to find 

out the HA-1 SC, see Figure 6 6 and Figure 6 7. The results show that the HA-1 

SC to 3 inches is 2 out of 4 trains, for larger MBLOCA breaks it relaxes, becoming 

unnecessary the HA-1 injection from 6 to 8 inches, however for LBLOCA the 

minimum HA-1 configuration increases again, becoming even 4 out of 4 from 30 

inches onwards, see Figure 6 8.   

 

 



 
Safety analyses considering passive safety systems 

241 

 

Table 6-3 Times for HA-2 start operating, PCT = 1477 K and margin time, LOCA along 
with SBO 

LOCA size 

(inches) 

Time HA-2 can start 

injecting (s) 

Time PCT = 

1477 K (s) 
Time margin (s) 

2 8705 5361 Not available (<0) 

3 5847 7088 1241 

4 1375 5661 4286 

6 650 2640 1990 

8 405 2245 1840 

12 230 1610 1380 

20 150 705 555 

25 135 245 210 

30 126 196 70 

DEGB (47) 120 190 70 

 

 

Figure 6-6 PCT, MB/LBLOCA along with SBO with the minimum HA-1 configuration 
required (HA-2 fully available)  
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Figure 6-7 RCS pressure, MB/LBLOCA along with SBO with the minimum HA-1 
configuration required (HA-2 fully available) 

 

 

Figure 6-8 Number of HA-1 trains required to avoid core damage in LOCA along with 
SBO sequences with the HA-2 system performance 

 



 
Safety analyses considering passive safety systems 

243 

 

6.1.2.  HA-2 impact in MBLOCA and LBLOCA success criteria 

After the study of the impact of the HA-2 PSS in LOCA along with SBO sequences, 

the focus is now on the analyse how the ECCS SC in MB/LBLOCA sequences, 

without SBO, can be relaxed if the performance of the HA-2 system is considered. 

The SC analysis is performed into two steps. First the SC without considering HA-

2 are presented (Section 6.1.2.1), then the new SC considering HA-2 actuation are 

obtained (Section 6.1.2.2). 

Above all, it should be mentioned that in this analysis, a sequence is defined by 

concatenating the letter that identifies its headers written in upper or lower case 

so, if it is uppercase, it represents success while if it is in lower case it represents 

failure of the system. A or a represent the HA-1, H or h represent the HPIS and L 

or l represent the LPIS.  In addition, the number of operating trains out of the total 

is written before the letter if the system is available. For instance, the sequence 

̎1/3H-a-l ̎ denotes a sequence in which one HPIS train is available and the HA-1 

and the LPIS systems have failed. 

6.1.2.1. MBLOCA and LBLOCA success criteria without considering HA-2 

In Section 5.1, a verification of the SC of ETs for MB/LBLOCA sequences described 

in (Skalozubov et al., 2010) was carried out. A large number of simulations were 

then performed to analyse all possible ECCS configurations that allow avoiding 

CD for break sizes from 2 inches to DEGB, see Table 6-4. 

As shown in Table 6-4, 1 out of 3 HPIS trains is enough for success over the entire 

MBLOCA range. However, 1 out of 3 LPIS trains is enough to succeed only between 

3 to 8 inches, with all the HA-1 and the LPIS trains needed for 2 inches. In the 

LBLOCA range it is remarkable that from 8 to 12 inches, the availability of 1 out 

of 3 HPIS or LPIS trains is enough for success. However, as the size of the break 

increases, the need for more than one ECCS trains or even the joint performance 

of trains from different ECCSs becomes necessary. 
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Table 6-4 MBLOCA and LBLOCA success criteria with standard ECCS 
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6.1.2.2. MBLOCA and LBLOCA success criteria considering HA-2 actuation 

In order to simplify this analysis, it has been reviewed in which sequences the 

actuation of the HA-2 allows to relax the SC for any of the other ECCSs. Therefore, 

only those sequences in Table 6-4 that require more than one train of the LPIS, 

HPIS or/and HA-1 have been selected, see second column of the Table 6-5. Having 

identified the sequences that have the potential to relax some SC, the time at 

which the HA-2 setpoint is reached, i.e. 100 s after the RCS pressure drops below 

1.5 MPa, was obtained. The time margin to avoid CD was then calculated by 

subtracting the HA-2 start operating time from the time at which the PCT 

exceeded 1477 K, see Table 6-5. 

Following this analysis, it has been obtained that the sequences in which HA-2 

PSS can avoid CD are 20 inches LBLOCA (1/3H-a-l), 25 inches LBLOCA (1/3H-

1/4A-l), DEGB LBLOCA (1/3H-1/4A-l) and DEGB LBLOCA (h-1/4A-1/3L). Two 

sequences have been identified in which the time at which the HA-2 PSS can 

actuate and the time when the CD is reached differed only by 1 s. Therefore, it is 

considered that in them the HA-2 PSS would not actuate in time to prevent the 

core temperature from exceeding 1477 K, these sequences are 30 inches LBLOCA 

(h-a-1/3L) and DEGB LBLOCA (h-a-1/3L), see fifth column of Table 6-5. 

In order to verify that the four sequences, with the possibility of the HA-2 PSS 

having an impact on their SC, are successful, they have been simulated with the 

model. The results of the simulations show that three of the four sequences are 

indeed successful.  

 In 25 inches LBLOCA (1/3H-1/4A-l) sequence, it can be observed as the HA-

2 system is able to reduce the maximum PCT from 1787 K to 1074, see 

Figure 6-9. 

 In DEGB LBLOCA (1/3H-1/4A-l) sequence without the HA-2 actuation the 

PCT exceeds 1477 K, on the other hand the code stops the simulation when 

the PCT reaches 2018 K and then the long term evolution cannot be 

analyzed. The actuation of the HA-2 PSS allows to reduce the PCT to a 

maximum value of 1350 K, see Figure 6-10. 

 In the DEGB LBLOCA (h-a-1/3L) sequence HA-2 system is able to reduce 

the PCT from 1594 K to 1149 K see Figure 6-11.  

As some of the cases have a low time margin of a few seconds, it would be possible 

to perform a BEPU analysis to confirm the probability of success. However, this 
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quantification time is not a requirement for PSA; hence is not performed in this 

analysis. On the other hand, increasing the HA-2 PSS setpoint could potentially 

allow an earlier injection of the HA-2 PSS and prevent the CD in a few more LOCA 

sequences. Nevertheless, it appears that this modification could not have a 

significant impact on the CD frequency. Consequently, no setpoint modification is 

proposed. 

Finally, Table 6-6 shows the final MB/LBLOCA SC when the performance of the 

HA-2 PSS is considered. In white background are those sequences in which the SC 

has not been change, i.e. they are the ones in Table 6-4. In colour background (see 

electronic version) are those in which the SC have changed, in green the new SC 

in sequences with an active ECCS, either HPIS or LPIS, and in yellow are the SC 

for the sequences without active ECCS. 

Table 6-5 Times for HA-2 start operating, PCT = 1477 K and margin time, LOCA 
sequences 

LOCA 

(inches) 
Sequence 

Time HA-2 

injection (s)                             

Time PCT = 

1477 K (s) 

Time margin (s) 

2 
h-4/4A-2/3L ~ 15000 10368 Not available 

h-3/4A-3/3L ~ 13000 7176 Not available 

20 1/3H-a-l 490 495 5  

25 
2/3H-a-l 435 430 Not available 

1/3H-1/4A-l 445 465 10  

30 

3/3H-a-l 426 405 Not available 

h-a-1/3L 426 427 
1 (not enough 

time) 

DEGB 

(47) 

3/3H-a-l 421 389 Not available 

1/3H-1/4A-l 420 459 39  

1/3H-a-1/3L 421 403 Not available 

h-1/4A-1/3L 462 470 8  

h-a-1/3L 434 435 
1 (not enough 

time) 
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Figure 6-9 PCT, 1/3H-1/4A-l LBLOCA (25 inches) 

 

Figure 6-10 PCT, 1/3H-1/4A-l DEGB LBLOCA 

 

Figure 6-11 PCT, h-1/4A-1/3L DEGB LBLOCA 
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Table 6-6 New success criteria for MB/LBLOCA sequences considering the HA-2 
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6.1.3. Conclusions regarding the impact of the HA-2 

A large number of TRACEV5P5 simulations of different LOCA sequences for the 

VVER-1000/V320 reactor have been carried out to study the impact on the accident 

progression of the HA-2. Based on the performed investigations, following 

conclusions can be drawn:  

 The TRACEV5P5 code is robust for a wide range of VVER LOCAs with 

various combinations of the availability of safety systems.   

 In LOCA along with SBO sequences, from 3 inches to DEGB, with the full 

availability of the HA-1 PSS, 4 out of 4 HA-2 trains are enough to avoid CD 

for 24 h without the need for any other safety system. 

 In LOCA along with SBO sequences, from 3 inches to DEGB, with the full 

availability of the HA-1 PSS, 3 out of 4 HA-2 trains are able to cool the core 

for 8 h, thereafter PHRS intervention or active ECCS recovery would be 

required. 

 The HA-1 SC in case of LOCAs ranging from 3 inches to DEGB along with 

SBO sequences were identified thanks to the systematic studies performed 

with TRACEV5P5 assuming full availability of the HA-2 PSS. 

 If the actuation of the HA-2 is considered, the TRACEV5P5 analysis of some 

MB/LBLOCA sequences have shown that it is possible to relax the combined 

SC of the LPIS, HPIS and HA-1. 

 In the sequences analyzed, no negative interactions were found between 

HA-2 and the other injection systems. 

 The main uncertainties in this kind of analysis are related to flow resistance 

and RCS liquid levels. BEPU analyses should be considered if they want to 

be taken into account. 
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6.2. Safety margins improvement by means of the air-cooled 

PHRS and the HA-2 in VVER-1000 reactors 

Section 6.2 presents a detailed discussion of the safety margin provided by the air-

cooled PHRS together with the HA-2 in the full plant model of the VVER-

1000/V320 reactor developed through the PhD thesis. The selected air-cooled 

PHRS design to be studied has been the air-cooled PHRS present in the VVER-

1000/V412, which has been described in detail in Section 2.2.4. 

Previous studies have developed isolated models of this air-cooled PHRS, see 

(Ayhan and Sokmen, 2016a, 2016b; Khubchandani et al., 2013a). However, only a 

few references analyse in detail the effect of the air-cooled PHRS in SBO 

sequences, both with and without LOCA, see (IAEA, 2012; ROSATOM, 2022).  In 

the present analysis, a SBO, an SBLOCA and an LBLOCA along with SBO 

sequences have been analyzed with the PHRS operating in the SGs. 

Section 6.2 is organized as follows: Sections 6.2.1, 6.2.2, and 6.2.3 present 

simulations of the SBO sequence and the SBLOCA/LBLOCA along with SBO 

sequences, respectively, using the VVER-1000/V320 plant model with the PHRS 

integrated. Lastly, Section 6.2.4 provides the main conclusion related the impact 

of the PHRS along with the HA-2. 

6.2.1. Performance of the PHRS during an SBO sequence 

The aim is to analyze the behavior of the air-cooled PHRS when operating in SG 

pressure maintenance mode during an SBO sequence. It should be noted that this 

sequence is analyzed only for the VVER-1000/V392 design in (IAEA, 2012), both 

considering and not considering the air-cooled PHRS performance, and for the 

VVER-1200 in (ROSATOM, 2022).  

In the present work, the sequence has been analyzed taking into account the air-

cooled PHRS SC of 3 out of 4 trains, i.e., the trains connected to SGs 1, 3, and 4 are 

available, while SG 2 is unavailable. In addition, this analysis does not consider 

the potential leakages of the RCS inventory through the MCPs. It is important to 

note that a large number of operating NPPs, both Gen-II and Gen-III/III+, have 

passive thermal shutdown seals (or hydrodynamic seals) on the MCPs to prevent 

leakage of the RCS inventory through the MCPs in the SBO sequence. 

Furthermore, the SBO sequence with MCPs leakages is covered by the SBLOCA 

with SBO analysis. 
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Following, the SBO sequence is first analyzed considering the availability of the 

air-cooled PHRS. Subsequently, it is analyzed how long it would take for the 

sequence to reach CD if the PHRS operation is not considered.  

6.2.1.1. SBO sequence with PHRS available 

The SBO sequence starts after 300 seconds of SS. At that instant there is a total 

loss of AC power, failure to start of the EDGs, reactor SCRAM, MCPs trip, loss of 

the CVCS, MFW pumps trip, TT and loss of the condenser. The evolution of the 

main events during this sequence is shown in Table 6-7.  

At the beginning of the sequence, the SGs pressure starts to rise, but the condenser 

relief valves, BRU-K, do not open as the condenser is lost. Therefore, the SGs 

pressure continues to rise until it reaches the setpoint of the steam line relief 

valves, BRU-A, see Figure 6-12 and Figure 6-13. Within 30 seconds of the AC power 

loss signal, the air gates begin to open, both upstream and downstream of the 

PHRS HXs. The three available PHRS trains are at 100% capacity 90 seconds 

later. Due to the action of the PHRS, the pressure in the SGs starts to decrease, 

which causes the BRU-A valves to close. At 1465 s, the pressure in the SGs drops 

below 6.05 MPa, causing the air-cooled PHRS regulator to begin closing (by means 

of the passive actuator), see Figure 6-15. 

By gradually closing the regulators, the air flow in the air ducts is passively 

regulated. It is observed that the air flow per air-cooled PHRS train is about 200 

kg/s at the beginning of the sequence, decreasing to around 30 kg/s after 24 hours, 

as shown in Figure 6-16. This air flow at 303.15 K allows the extraction of a power 

between 25 MW at the beginning of the sequence and 5 MW after 24 hours per 

train of the air-cooled PHRS, see Figure 6-14.  Note also that the heat removed 

from the RCS by the SGs is less than that removed by the PHRS tubes at the 

beginning of the sequence, but in the long term both become equal. 

In the steam and the condensate lines of the air-cooled PHRS, it is possible to 

observe how the heat transfer between the secondary side of the SGs and the air 

establishes a natural circulation of about 4 kg/s after 24 hours of the sequence, 

Figure 6-17.Futhermore, it can also be observed that the void fraction at the outlet 

of the PHRS tubes is 90%, see Figure 6-18, causing a mixture of steam and 

saturated liquid at a temperature of 540 K to return to the SGs, see Figure 6-19. 

Moreover, SGs inventory, which is at saturation, has a lower temperature than the 

liquid in the HLs, see Figure 6-20.  This cooling leads natural circulation in the 
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RCS of about 125 kg/s for each of the three loops with the available PHRS. In loop 

2, where the PHRS is not operational, there is a gradual loss of natural circulation, 

see Figure 6-21. The integral of the mass flow rate of the four CLs is shown in 

Figure 6-22. 

It can thus be concluded that the performance of 3 out of 4 air-cooled PHRS trains 

enables the control of pressure in both the RCS and the SGs without the need for 

human actions or the intervention of any other safety system. It is noteworthy that 

the decay heat removal by the SGs, due to the air-cooled PHRS performance, 

becomes equivalent to the core thermal power, see Figure 6-24. This ensures that 

the PCT in the core does not increase during the first 24 hours of the sequence, see 

Figure 6-23.   

Table 6-7 Main events in the SBO sequence [with PHRS] 

Time (s) Event 

300 
SBO (SCRAM, MFW and MCPs trip, TT, loss of the 

condenser, CVCS) 

310 BRU-A opening (SL pressure > 7.25 MPa) 

330 Air gates opening (SBO + 30 s delay) 

420 PHRS full capacity (90 s opening) 

499 BRU-A closed (SL pressure < 6.67 MPa) 

1465 PHRS regulators start to close (PSG = 6.05 MPa) 

86400 End simulation (24 hours) 
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Figure 6-12 RCS and SGs pressure, SBO sequence 

 

Figure 6-13 RCS and SGs pressure, SBO sequence (from 0 s to 6000 s) 
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Figure 6-14 PHRS 1 vs. SG1 power, SBO sequence  

            

Figure 6-15 PHRS regulators are fraction, SBO sequence 
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Figure 6-16 PHRS air duct mass flow rate per train, SBO sequence 

 

Figure 6-17 PHRS steam lines mass flow rate, SBO sequence 
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Figure 6-18 PHRS outlet bundle tubes void fraction, SBO sequence 

 

Figure 6-19 PHRS steam lines and condensate lines temperature, SBO sequence 
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Figure 6-20 HLs and outlet SGs temperature, SBO sequence 

 

Figure 6-21 RCS mass flow rate, SBO sequence (enlarged) 
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Figure 6-22 RCS mass flow rate integral, SBO sequence 

    

Figure 6-23 PCT, SBO sequence 
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Figure 6-24 Heat removal capacity of the PHRS vs decay heat in the SBLOCA along with 
SBO sequence 

6.2.1.2. SBO sequence with PHRS unavailability 

The aim of this section is to analize how the SBO sequence evolves without the air-

cooled PHRS performance, in order to know how long it would take for the sequence 

to find the CD if the PSS is not taken into account.  

The results show that when the PHRS is not available, the SGs act as a cold source 

as long as they have some inventory. Once they are empty, the capacity to remove 

the decay heat through the SGs is lost, so the RCS pressure increases until it 

reaches the setpoint of the PZR relief valves, Figure 6-26. From this point on, the 

RCS inventory starts to be lost, leading to core uncovering at around 15000 s and 

finally to the CD a few minutes later, Figure 6-25. 

In summary, it can be observed that without the PHRS performance, the inventory 

of the SGs and subsequently the PZR relief capacity are able to maintain the core 

temperature below 1477 K for at least 4 hours. After this time, if air-cooled PHRS 

is not available, the SBO sequence reaches CD.   
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Figure 6-25 PCT, SBO sequence with HA-2 and PHRS, with HA-2 and without PHRS, 
without PHRS and with HA-2 

  

Figure 6-26 RCS pressure, SBO sequence with HA-2 and PHRS, with HA-2 and without 
PHRS, without PHRS and with HA-2 
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6.2.2. Performance of the PHRS and HA-2 in SBLOCA along with SBO 

sequence 

The aim of this section is to determine the performance of the air-cooled PHRS in 

RCS cool-down mode during an SBLOCA sequence under SBO conditions. Similar 

sequences have been analyzed for the VVER-1200 designs, (ROSATOM, 2022). In 

addition, three SBLOCA experiments with SBO were performed in the PSB 

experimental facility with a VVER-TOI configuration, see (Elkin et al., 2018).  

In order to determine the containment pressure in this sequence, the available 

literature was consulted and only one reference was found where the containment 

pressure in a LOCA due to a PZR surge line break under SBO conditions (no 

containment sprays available) stabilizes at around 0.14 MPa (ROSATOM, 2022). 

Therefore, in the present analysis, for a significantly smaller break, the selected 

boundary condition for the containment pressure was 0.1 MPa. Subsequently, to 

verify the impact of a higher pressure in the containment, a second case was 

simulated with a containment pressure of 0.2 MPa, finding that the impact of this 

difference was negligible. 

The SBLOCA break diameter is 2 inches and it is located in the CL1. The external 

atmospheric temperature chosen for this analysis is 303.15 K (30 oC). In addition, 

the SC considered for the PSS involved in the SBLOCA sequence are as follows:  

 HA-1: 2 out of 4 trains 

 HA-2: 3 out of 4 trains 

 PHRS: 3 out of 4 trains 

Therefore, the SBLOCA sequence under SBO conditions is first analyzed, 

considering the performance of the air-cooled PHRS in addition to the HA-2 PSS. 

Then the SBLOCA along with SBO sequence is analyzed without considering the 

actuation of one PSS (HA-2 or PHRS), in order to confirm the necessity of their 

actuation for the success of the sequence.  

6.2.2.1. SBLOCA along with SBO sequence with PHRS and HA-2 available 

In this analysis, the SBLOCA is coincident with the SBO at 300 s, see Figure 6-27 

and Figure 6-28. At that instant there is a total loss of AC power, with no 

availability of the EDGs, which causes the SCRAM, the loss of the CVCS, MCPs 

trip, MFW pumps trip, TT and loss of the condenser. The evolution of the main 

events is shown in Table 6-8. 
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At the beginning of the transient the PHRS air gates begins to open 30 s after the 

SBO, and they take about 90 s to fully open. Moreover, simultaneously with SBO 

the SGs pressure starts to increase until it reaches the setpoint of the BRU-A 

valves at 310 s. At 485 s the subcooling signal (Tsat –THL < 8 oC) occurs, causing the 

air-cooled PHRS to switch from the SG pressure maintenance mode to the RCS 

cool-down mode. The total opening of the air duct regulators causes a gradual 

decrease in the SGs pressure, see Figure 6-29 and Figure 6-30. When the pressure 

in the SL reaches 4.69 MPa, the MSIV isolation signal is generated. 

In the RCS side, the PHRS operation allows it to cool-down through the SGs, see 

Figure 6-31, resulting in an RCS pressure drop that reaches the HA-1 setpoint at 

2275 s, see Figure 6-32 and Figure 6-33. The injection of the HA-1, which empties 

at 7211 s, causes an increase in the core collapsed liquid level, see Figure 6-34 and 

Figure 6-35. The HA-2 pressure setpoint is reached at 5640 s, but they do not start 

injecting until 100 s later due to a delay in the signal. The second stage of the HA-

2 injection starts at 9640 s, the third stage at 15640 s and finally the fourth stage 

at 35640 s, see Figure 6-36. On the other hand, due to the emptying of the HA-2, 

there is inventory from the CLs sucked up by the HA-2 upstream, see Figure 6-37.    

In the air ducts, it is observed that the air flow is about 200 kg/s per train at the 

beginning of the sequence and decreases to about 125 kg/s after 24 hours, as shown 

in Figure 6-38. This decrease in the air flow is due to a cooling of the inventory 

passing through the PHRS tubes, see Figure 6-39. The temperature difference 

between the air which is at 303.15 K and the SG secondary side inventory which 

is in saturation at 374.15 K results in a natural circulation in the SLs and the 

condensate lines of the PHRS of 1.92 kg/s after 24 hours of the sequence, see Figure 

6-40. It can also be observed that the void fraction at the outlet of the PHRS tubes 

is about 93 %, see Figure 6-41, causing a mixture of steam and saturated liquid to 

return to the SGs. 

Moreover, in the 3 loops with PHRS available, the saturated SG inventory is at a 

lower pressure than the RCS, which is also in saturation conditions, so there is a 

temperature difference of approximately 10 K between the two, see Figure 6-42, 

which leads to 25 kg/s of natural circulation induced mass flow rate in the RCS, 

see Figure 6-43. The integral of the mass flow rate from the CL 1, CL 3 and CL 4 

is show in Figure 6-44. It can be noted that there is no natural circulation in the 

loop 2 because the PHRS is not available. Finally, no CD occurs during the first 24 

hours of the SBLOCA along with SBO sequence, see Figure 6-45.  
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During LOCA sequences, two CSF have to be fulfilled, the decay heat removal and 

the RCS coolant supply. In this analysis, the performance of the PHRS together 

with that of the HA-2 has been verified to provide both CSF. On the one hand, the 

PHRS removes the residual heat from the RCS and simultaneously cools and 

depressurizes it. On the other hand, the HA-2 ensures the replenishment of the 

inventory lost through the break, which also involves a certain power removal 

capacity. 

This can be seen as the combined power removed by the SGs due to the PHRS 

performance and the HA-2, exceeds the core decay heat for most of the transient 

duration expect for a period around 5000 s, see Figure 6-46 (blue line). However, 

simulations have shown that the RCS has enough inventory that the PCT is not 

affected.  

The HA-2 power has been obtained by assuming that the mass flow rate (G) from 

the HA-2 tanks which enters the RCS at ambient temperature is completely 

evaporated, in a form similar to that calculated in Section 6.1.1.1. In addition, it 

has been considered the reduction in the mass flow rate by 6.25% (thermal power 

difference between VVER-1200 and VVER-1000 reactors). 

𝑄௩௔௣ = 𝐺 (ℎ௢௨௧ − ℎ௜௡) = 𝐺 ( ℎ௩,௢௨௧
௦௔௧ − ℎ௟,௜௡) 

Despite these conservative restrictions, it can be observed that the power removal 

potential by the HA-2 and the air-cooled PHRS exceeds the decay heat. This 

explains why the sequence does not reach the CD within the first 24 hours after 

the accidental sequence. 

Identical sequences have been simulated (2 inches SBLOCA along with SBO) 

considering that the containment remains slightly pressurized at values between 

0.1 MPa and 0.2 MPa. It has been found that both the PHRS and the HA-2 continue 

to perform their functions in a similar manner, ensuring that core uncovering does 

not occurs and therefore the PCT does not increases over 24 hours. 
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Table 6-8 Main events in the SBLOCA (2 inches) under SBO conditions [with PHRS and 
HA-2] 

Time (s) Event 

300 
SBLOCA along with SBO (SCRAM, MFW pumps and MCPs 

trip, TT, loss of the condenser, CVCS off) 

310 BRU-A opening (SL pressure > 7.25 MPa) 

330 Air gates opening (SBO + 30 s delay) 

420 PHRS full capacity (90 s opening) 

485 Signal for PHRS in cool-down mode (Tsat –THL < 8 oC) 

540 BRU-A closed (SL pressure < 6.67 MPa) 

2275 HA-1 injection begins (RCS pressure < 6 MPa) 

2460 MSIV close (SG pressure < 4.69 MPa) 

5640 HA-2 injection setpoint (RCS pressure < 1.5 MPa) 

5740 First stage HA-2 injection begins (HA-2 setpoint + 100 s) 

7211 HA-1 injection ends (HA-1 empty) 

9640 Second stage HA-2 injection begins (HA-2 setpoint + 4000 s) 

15640 Third stage HA-2 injection begins (HA-2 setpoint + 10000 s) 

35640 Fourth stage HA-2 injection begins (HA-2 setpoint + 30000 s) 

86700 End simulation (24 hours) 
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Figure 6-27 Break vs. HA-2 mass flow rate, SBLOCA (2 inches) along with SBO 
sequence 

 

Figure 6-28 Break vs. HA-2 mass flow rate, SBLOCA (2 inches) along with SBO 
sequence (enlarged) 
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Figure 6-29 RCS and SGs pressure, SBLOCA (2 inches) along with SBO sequence 

      

Figure 6-30 RCS and SGs pressure, SBLOCA (2 inches) along with SBO sequence 
(enlarged) 
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Figure 6-31 PHRS 1 vs. SG1 power, SBLOCA (2 inches) along with SBO sequence 

         

Figure 6-32 HA-1 mass flow rate, SBLOCA (2 inches) along with SBO sequence 
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Figure 6-33 HA-1 mass flow rate, SBLOCA (2 inches) along with SBO sequence (from 0 s 
to 8000 s) 

 

Figure 6-34 Collapsed liquid level, SBLOCA (2 inches) along with SBO sequence  
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Figure 6-35 Collapsed liquid level, SBLOCA (2 inches) along with SBO sequence (from 0 
s to 10000 s) 

 

Figure 6-36 HA-2 mass flow rate per train, SBLOCA (2 inches) along with SBO sequence 



 
Elena Redondo Valero 

270 

 

 

Figure 6-37 HA-2-CLs line mass flow rate per loop, SBLOCA (2 inches) along with SBO 
sequence 

 

Figure 6-38 PHRS air duct mass flow rate, SBLOCA (2 inches) along with SBO sequence 
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Figure 6-39 PHRS steam lines and condensate lines temperature, SBLOCA (2 inches) 
along with SBO sequence 

 

Figure 6-40 PHRS steam lines mass flow rate, SBLOCA (2 inches) along with SBO 
sequence 
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Figure 6-41 PHRS outlet bundle tubes void fractions, SBLOCA (2 inches) along with 
SBO sequence 

 

Figure 6-42 HLs and outlet SGs temperatures, SBLOCA (2 inches) along with SBO 
sequence 
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Figure 6-43 RCS mass flow rate, SBLOCA (2 inches) along with SBO sequence 
(enlarged)  

 

Figure 6-44 CL1, CL3 and CL4 mass flow rate integral, SBLOCA (2 inches) along with 
SBO sequence 
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Figure 6-45 PCT, SBLOCA (2 inches) along with SBO sequence 

 

Figure 6-46 Heat removal capacity of the HA-2 and PHRS vs. decay heat in the SBLOCA 
(2 inches) along with SBO sequence 
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The video mask of the VVER-1000/V320 model for the TRACEv5p5 system code, 

presented in Section 3.4, has been used to generate a video showing the evolution 

of the void fraction during the SBLOCA sequence with SBO. The Figure 6-47 shows 

the void fraction at three transient times:   

 The initial void fraction at the beginning of the sequence (t = 0s). 

 The void fraction at the moment when the core collapsed liquid level 

reaches its lowest point (t = 6250 s) It can be seen that at this point the core 

begins to refill from both the bottom and the top. This is due to the fact that 

HA-2 and HA-1 are connected to both DC and UP. At this stage of the 

sequence, it can also be observed that the axial core temperature remains 

well below the CD temperature. 

 The void fractions at the end of the sequence (t = 86400 s), where it can be 

seen that the core is completely covered. 
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Figure 6-47 SNAP video for VVER-1000/V320 TRACEV5P5 model. SBLOCA (2 inches) 
along with SBO, 24-hour sequence 
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6.2.2.2. SBLOCA along with SBO sequence; without PHRS or HA-2 availability 

The aim is to find out how the SBLOCA sequence evolves without the performance 

of the PSSs in order to determine whether any CSF are not fulfilled. Therefore, 

both cases are studied, the sequence without consider the air-cooled PHRS 

actuation and the sequence without consider the HA-2 actuation. 

If only the HA-2 is available and not the air-cooled PHRS, the CD occurs at about 

5000 s, see Figure 6-48. This is because the air-cooled PHRS is needed to cool the 

RCS and thus depressurize it to reach the HA-2 pressure setpoint, see Figure 6-49. 

Therefore, no PSS are fulfilling the heat removal and the RCS coolant 

replenishment CSF. This was found in a previous Section 6.1. When considering 

the availability of the PHRS and not the HA-2, the CD also occurs. The reason for 

this is that although the PHRS is able to remove much of the decay heat, there is 

no PSS to replenish the RCS inventory, so that the core uncovering takes place at 

around 40000 s, see Figure 6-48.  

In summary, it has been shown that for the SBLOCA sequence with SBO to be 

successful, it is necessary for the HA-2 and the PHRS to operate together, since if 

they perform separately, the two CSF in this sequence are not fully achieved.  

 

Figure 6-48 PCT, SBLOCA (2 inches) sequence with HA-2 and PHRS, with HA-2 and 
without PHRS, without HA-2 and with PHRS 
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Figure 6-49 RCS pressure, SBLOCA (2 inches) sequence with HA-2 and PHRS, with HA-
2 and without PHRS, without HA-2 and with PHRS 

6.2.3. Performance of the PHRS and HA-2 in LBLOCA along with SBO 

sequences 

The aim is to determine the performance of the PHRS in RCS cool-down mode in a 

DEGB LBLOCA sequence under SBO conditions. It is noteworthy that there is a 

high interest in this sequence, as it has been analyzed in (IAEA, 2012; ROSATOM, 

2022) for Gen-III/III+ VVER designs. 

In order to determine the containment pressure in this sequence, the available 

literature was consulted and was found that the containment in a LBLOCA 

remains pressurized in the long term, with values between 0.15 and 0.25 MPa 

(Lebezov et al., 2024; ROSATOM, 2022), due to the large RCS inventory discharged 

through the break. Therefore, in the present analysis, the containment is 

considered to be pressurized at 0.2 MPa.  

The LBLOCA chosen corresponds to a DEGB, with an equivalent break diameter 

of 47 inches, located in the CL 1. The atmospheric temperature chosen for this 

analysis is 303.15 K (30 oC). In addition, the SC considered for the PSS involved in 

the LBLOCA sequence are those of the design criteria: 
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 HA-1: 2 out of 4 trains 

 HA-2: 3 out of 4 trains 

 PHRS: 3 out of 4 trains 

To this end, this sequence is first analyses considering the performance of the air-

cooled PHRS in addition to the HA-2. It is then analyzed in without considering 

the actuation of the PSS. 

6.2.3.1. LBLOCA along with SBO sequence with PHRS and HA-2 available 

The LBLOCA starts 300 seconds from the beginning of the simulation, see Figure 

6-50 and Figure 6-51. At that instant there is a total loss of AC power, without 

starting the EDGs, which causes SCRAM, MCPs trip, loss of the CVCS, MFW 

pumps trip, TT and loss of the condenser. The evolution of the main events is 

shown in Table 6-9. 

Due to the large size of the break, the RCS depressurizes rapidly and reaches 

atmospheric pressure within a few seconds, see Figure 6-53 and Figure 6-54. The 

HA-1 therefore injects within 15 s of the beginning of the sequence, Figure 6-56 

and Figure 6-57, and the HA-2 setpoint is reached 10 s later, which causes the 

increase in the core collapsed liquid level, see Figure 6-58 and Figure 6-59. The 

second stage of the HA-2 injection starts at 4325 s, the third stage at 10325 s and 

finally the fourth stage at 30325 s, see Figure 6-60. On the other hand, due to the 

emptying of the HA-2, there is a small inventory from the CLs sucked up by the 

HA-2 upstream, see Figure 6-61.    

The air-cooled PHRS actuation is generated by the SBO conditions. Although the 

air gates take 30 s to open, the SG pressure drops from the beginning of the 

sequence because the RCS cools the SGs by its abrupt pressure decrease. The 

subcooling signal (Tsat –THL < 8 oC) is reached within 5 seconds, which means that 

the air duct dampers do not close at any time during the sequence. The signal for 

the MSIV closure occurs at 495 seconds. Subsequently, as a result of the PHRS 

performance, the SGs pressure drops below the RCS pressure at 3500 s. From this 

moment, the SGs start to cool-down the RCS, see Figure 6-55. 

In the air ducts, it is observed that the air flow is about 200 kg/s per train at the 

beginning of the sequence and decreases to about 125 kg/s after 24 hours, as shown 

in Figure 6-62. This decrease in the air flow is due to a cooling of the inventory 

passing through the PHRS tubes, Figure 6-63. The temperature difference between 
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the air which is at 303.15 K and the SG inventory which is in saturation results in 

a natural circulation in the PHRS SLs of about 2.26 kg/s after 24 hours of the 

sequence, see Figure 6-64. It can also be observed that a void fraction of 92.8 % at 

the outlet of the PHRS tubes, see Figure 6-65, causing a mixture of steam and 

saturated liquid to return to the SGs. 

Besides, the saturated SG inventory is at a lower pressure than the RCS, which is 

also in saturation conditions, so there is a temperature difference between the two, 

see Figure 6-66, which leads to a slight natural circulation in the RCS loops 3 and 

4, see  Figure 6-67. The integral of the mass flow rate for the CL 3 and CL 4 is 

shown in Figure 6-68. Note that the no mass flow rate from the CL1 enters into 

the RPV as it is loosed through the break. 

As shown in Figure 6-52, at approximately 700 seconds, the mass flow rate due to 

the break becomes less than the injected mass flow rate from the three HA-2 trains 

available. From this point the second peak of the PCT begins to decrease, without 

reaching 1477 K, which marks the start of the reflooding phase.  Finally, it can be 

concluded that no CD occurs during the first 24 hours of the SBLOCA along with 

SBO sequence, see Figure 6-69 and Figure 6-70. 

The need to fulfil two CSFs in LOCA sequences has already been mentioned: decay 

heat removal and RCS coolant supply. As in the SBLOCA sequence, it has been 

verified that in the LBLOCA sequence with SBO conditions, the combined 

performance of the HA-2 and the PHRS ensures both CSFs for at least 24 hours.  

The joined power removal potential by the SG3 and SG4 (SG1 is not considered 

because of the DEGB), due to the PHRS performance, and the HA-2 is shown 

together with the core decay heat in Figure 6-71 (blue line). As for the SBLOCA 

under SBO conditions sequence, it has considered a reduction in the mass flow rate 

in the four stages of the HA-2 by 6.25%.  

Again, it has been obtained that the power removal potential of the HA-2 and the 

air-cooled PHRS exceeds the decay heat. This explains why the sequence does not 

reach the CD within the first 24 hours after the accidental sequence. 

The HA-2 power has been obtained by assuming that the mass flow rate (G) from 

the HA-2 tanks which enters the RCS at ambient temperature is completely 

evaporated, in a form similar to that calculated in previous Section and in Section 

6.1.1.1. 

𝑄௩௔௣ = 𝐺 (ℎ௢௨௧ − ℎ௜௡) = 𝐺 ( ℎ௩,௢௨௧
௦௔௧ − ℎ௟,௜௡) 
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Table 6-9 Main events in the DEGB LBLOCA under SBO conditions [with PHRS and 
HA-2] 

Time (s) Event 

300 
LBLOCA along with SBO (SCRAM, MFW pumps trip, MCPs 

trip, TT, loss of the condenser, CVCS off) 

305 Signal for PHRS in cool-down mode (Tsat –THL < 8 oC) 

315 HA-1 injection begins (RCS pressure < 6 MPa) 

325 HA-2 injection setpoint (RCS pressure < 1.5 MPa) 

330 Air gates opening (SBO + 30 s delay) 

365 HA-1 injection ends (HA-1 empty) 

420 PHRS full capacity (90 s opening) 

425 First stage HA-2 injection begins (HA-2 setpoint + 100 s) 

495 MSIV close (SG pressure < 4.69 MPa) 

4325 Second stage HA-2 injection begins (HA-2 setpoint + 4000 s) 

10325 Third stage HA-2 injection begins (HA-2 setpoint + 10000 s) 

30325 Fourth stage HA-2 injection begins (HA-2 setpoint + 30000 s) 

86400 End simulation (24 hours) 
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Figure 6-50 Break mass flow rate, DEGB LBLOCA along with SBO sequence (from 0 s to 
10000) 

 

       

Figure 6-51 Break vs. HA-2 mass flow rate, DEGB LBLOCA along with SBO sequence 
(enlarged) 
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Figure 6-52 Break vs. HA-2 mass flow rate, DEGB LBLOCA along with SBO sequence 
(from 0 s to 3000 s) (enlarged) 

 

 

Figure 6-53 RCS and SGs pressure, DEGB LBLOCA along with SBO sequence 
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Figure 6-54 RCS and SGs pressure, DEGB LBLOCA along with SBO sequence 
(enlarged) 

 

Figure 6-55 PHRS 1 vs. SG1 power, DEGB LBLOCA along with SBO sequence 
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Figure 6-56 HA-1 mass flow rate, DEGB LBLOCA along with SBO sequence 

   

Figure 6-57 HA-1 mass flow rate, DEGB LBLOCA along with SBO sequence (from 0 s to 
1000 s) 
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Figure 6-58 Collapsed liquid level, DEGB LBLOCA along with SBO sequence 

 

Figure 6-59 Collapsed liquid level, DEGB LBLOCA along with SBO sequence (from 0 s to 
10000 s) 
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Figure 6-60 HA-2 mass flow rate per train, DEGB LBLOCA along with SBO sequence 

 

Figure 6-61 HA-2-CLs line mass flow rate per loop, DEGB LBLOCA along with SBO 
sequence 
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Figure 6-62 PHRS air duct mass flow rate per train, DEGB LBLOCA along with SBO 
sequence 

 

Figure 6-63 PHRS steam lines and condensate lines temperature, DEGB LBLOCA along 
with SBO sequence 
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Figure 6-64 PHRS steam lines mass flow rate, DEGB LBLOCA along with SBO sequence 

 

Figure 6-65 PHRS outlet bundle tubes void fraction, DEGB LBLOCA along with SBO 
sequence 
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Figure 6-66 HLs and outlet SGs temperature, DEGB LBLOCA along with SBO sequence 

 

Figure 6-67 RCS mass flow rate, DEGB LBLOCA along with SBO sequence (enlarged) 
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Figure 6-68 CL3 and CL4 mass flow rate integral, DEGB LBLOCA along with SBO 
sequence 

 

 

Figure 6-69 PCT, DEGB LBLOCA along with SBO sequence 
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Figure 6-70 PCT, DEGB LBLOCA along with SBO sequence (from 0 s to 3000 s) 

 

 

Figure 6-71 Heat removal capacity of the HA-2 and PHRS vs decay heat in the DEGB 
LBLOCA along with SBO sequence 
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Similar to the SBLOCA sequence with SBO, a video has also been generated using 

the SNAP tools for the LBLOCA sequence with SBO to examine the evolution of 

the void fraction. The void fraction at four different times of the transient is shown 

in the Figure 6-72: 

 The void fraction at the beginning of the sequence (t = 0s).  

 The void fraction at the end of the refill phase, when the DC is already filled 

with water from the passive ECCS (t = 805 s). At this point the core is 

uncovered as the axial core temperature is high, note that the void fraction 

is very high. 

 The void fraction in the reflood phase (t = 1080 s). At this point the core void 

fraction is smaller, particularly in the lower part. In addition, the axial 

temperature of the core has decreased and is now well below the CD 

temperature. 

 The void fraction at 24 hours into the sequence (t = 86400 s). It can be seen 

that the HA-2 inventory continues to enter the core through both the DC 

and the UP, resulting in a further reduction in the void fraction. 
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Figure 6-72 SNAP video for VVER-1000/V320 TRACEV5P5 model. DEGB LBLOCA 
along with SBO, 24-hour sequence 
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6.2.3.2. LBLOCA along with SBO sequence; without PHRS or HA-2 availability 

In this section, both cases are studied, the LBLOCA with SBO sequence without 

considering the air-cooled PHRS actuation and without considering the HA-2 

actuation. The aim is to know when the CD is reached if one of the two CSFs, the 

heat removal and the RCS coolant supply, is not fulfilled.  

If only 3 out of 4 HA-2 trains (HA-2 SC) are considered, and not the air-cooled 

PHRS, it is found that the air-cooled PHRS is not necessary for the HA-2 to start 

injecting water into the RCS, as the break is sufficient to allow the RCS pressure 

to reaches atmospheric values in a few minutes, see Figure 6-74. During the first 

three stages of HA-2 injection, the heat removed by this PSS is greater than the 

core decay heat, see Figure 6-71 (red line), but in the fourth stage of injection, the 

thermal power of the core becomes greater. The result is that from 40000 s 

onwards, the core is uncovered and subsequently the CD is reached, see Figure 

6-73. This was found in a previous Section 6.1, where it was also obtained that if 4 

out of 4 HA-2 trains are considered instead of the SC number of trains, the HA-2 

removal power is enough to avoid the CD for 24 hours. 

On the other hand, if only 3 out of 4 trains (PHRS SC) of the PHRS are available, 

CD is reached within a few seconds after the beginning of the accidental sequence, 

see Figure 6-73, since the inventory of the HA-1 is not sufficient to prevent the core 

uncovering. 

To conclude, it has been shown that for the LBLOCA sequence under SBO 

conditions the combined actuation of the HA-2 and the PHRS, considering the 

design criteria of both, is necessary to ensure core cooling for at least 24 hours. 
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Figure 6-73 PCT, DEGB LBLOCA sequence with HA-2 and PHRS, with HA-2 and 
without PHRS, without HA-2 and with PHRS 

 

Figure 6-74 RCS pressure, DEGB LBLOCA sequence with HA-2 and PHRS, with HA-2 
and without PHRS, without HA-2 and with PHRS 
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6.2.4. Verification of the PHRS operating modes in the sequences 

analyzed  

The purpose of Section 6.2.4 is to confirm that the characteristic curves of the air-

cooled PHRS operating modes (SG pressure maintenance mode and RCS cool-down 

mode), as shown in Figure 2-73 of Section 2.2.4, are met in the three scenarios 

analyzed in Section 6.2: an SBO, an SBLOCA and an LBLOCA under SBO 

conditions. To do this, the power removed by the air-cooled PHRS has been plotted 

against the SGs pressure, see Figure 6-75. 

In the LOCA sequences, the air-cooled PHRS power vs. SG pressure curve follows 

a very similar behaviour to that of the curve calculated for the isolated PHRS 

model in Section 3.5, see Figure 3-19. This is because in the LOCA scenarios the 

air-cooled PHRS operates in RCS cool-down mode, so the regulators flaps are open 

throughout the sequence, and therefore the HXs remove the maximum power 

which they can for each pressure value.  

On the other hand, in the SBO sequence, it is observed that once the SGs pressure 

reaches 6.08 MPa, without having reached the set point of the 8 oC subcooling 

signal in the HLs, there is a change in the trend of the air-cooled PHRS power vs. 

SGs pressure curve. This is because the regulators start to gradually close in order 

to reduce the air mass flow through the HXs. As a result, the power that the HXs 

are able to remove at different pressure points in the SGs starts to decrease.  

Thus, when the SGs pressure reaches values close to 5.35 MPa in the SBO 

sequence, the power removed by the air-cooled PHRS is similar to the power 

removed in the LOCA sequences when the pressure is close to atmospheric values. 

Finally, it is important to note that the air-cooled PHRS power vs. SGs pressure 

curves from the isolated PHRS, see Figure 3-19 model, were obtained through 

steady states, i.e. the PHRS power values were obtained for eight different 

pressure values, which were then plotted together to form the curves. However, 

the curves in Figure 6-75 are from the simulation of the three transients analyzed. 

This explains why irregular behaviour is observed for some pressure values in the 

three curves.  
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Figure 6-75 PHRS power vs. SGs pressure curves in the analyzed SBO and SB/LBLOCA 
under SBO conditions sequences 

6.2.5. Conclusions regarding the impact of the air-cooled PHRS 

A detailed analysis of the impact of the air-cooled PHRS and the HA-2 PSSs 

performance on SBO sequences, with and without a simultaneous LOCA has been 

performed. The following conclusions have been reached: 

 The simulations of the SBO sequence show that the performance of the air-

cooled PHRS, considering its design criteria, in SGs pressure maintenance 

mode, allows cooling the core for 24 hours, preventing the RCS from boiling. 

 The simulation of the SBLOCA sequence show that the performance of air-

cooled PHRS, considering its design criteria, in RCS cool-down mode allows 

the RCS pressure to decrease, reaching the HA-2 setpoint in time to avoid 

core uncovering. 

 The simulation of the LBLOCA sequence show that the performance of the 

air-cooled PHRS, considering its design criteria, in RCS cool-down mode, 

allows to keep the RCS cooled for 24 hours, while operating the HA-2 with 

its design criteria. 

In summary, the results show that the safety margins are significantly increased 

as the alternatives to prevent CD in the analyzed sequence, are diversified, thus 

reducing the conditional probability of damage. 
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6.3. Proposal of new Event Trees considering the HA-2 and the air-

cooled PHRS 

The LBLOCA ET has been reviewed in detail, the SC have been verified, and new 

ETs have been proposed in Section 5.1. Subsequently, in Section 5.2, the SBLOCA 

ETs have been considered, with particular interest in the sequences where there 

is no HPIS and the SGs have to be depressurised. On the other hand, in Section 

6.1, a detailed study has been carried out on the influence of the HA-2 in LOCA 

sequences with SBO conditions, in order to determine the safety margin obtained 

with its performance. Finally, Section 6.2 has provided a comprehensive 

understanding of the PHRS impact on SBO sequences and LOCA sequences 

considering the HA-2 performance.   

On the basis of all these analyses, the aim of the Section 6.3 is to determine how 

LOOP, SBLOCA and LBLOCA ETs, which were presented in Section 2.3, see 

Figure 2-77, Figure 2-78 and Figure 2-80, would be if new headers incorporating 

the HA-2 and the air-cooled PHRS performance are introduced.  

Two new headers, HA-2 and PHRS, have been included in the proposed new ET. 

The former refers to the injection of the HA-2 and the latter refers to the 

availability of the air-cooled PHRS. Note that in the LOOP ET the PHRS header 

is related to the performance of this system in pressure maintenance mode, 

whereas in the SBLOCA and LBLOCA ETs it is related to the performance of the 

system in RCS cool-down mode. The SC for both the HA-2 and the PHRS headers 

is 3 out of 4 trains for the three proposed ETs. The remaining headers are described 

in Section 2.3., see Table 2-22. In addition, Table 6-10 provides a summary of the 

SC for all headers included in the proposed ETs. 
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Table 6-10 Success Criteria for the new Event Trees proposed 

Header LOOP ET SBLOCA ET LBLOCA ET 

S 

Forming a signal of SCRAM and the 

activation of the reactor control and 

protection system 

- 

EDG 1 out of 3 EDG - - 

H - 1 out of 3 trains 
2 out of 3 

trains 

EF 

1 out of 3 EFW pumps  

+ 

1 out of 4 BRU-A or 

BRU-K valves  

(SG pressure 

maintenance mode) 

1 out of 3 EFW 

pumps or 1 out of 2 

AFW pumps  

+ 

1 out of 4 BRU-A 

or BRU-K valves  

(SG pressure 

maintenance mode) 

- 

D - 

1 out of 3 EFW 

pumps or 1 out of 2 

AFW pumps 

+ 

1 out of 4 BRU-A or 

BRU-K valves  

(human action) 

(RCS cool-down 

mode) 

- 

PHRS 

3 out of 4 trains 

(SGs pressure 

maintenance mode) 

3 out of 4 trains 

(RCS cool-down 

mode) 

3 out of 4 

trains 

(RCS cool-

down mode) 

A - 2 out of 4 trains 
2 out of 4 

trains 

L - 1 out of 3 trains 
1 out of 3 

trains 

HA-2 - 3 out of 4 trains 
3 out of 4 

trains 

R-EX Recovery of 1 safety but - - 
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For the LOOP sequence to be successful, it is necessary to cool the RCS through 

the SGs. This can be achieved in two ways: either by using the EDGs to start the 

EFW pumps or by having the air-cooled PHRS available in SG pressure 

maintenance mode. If the EFW pumps or the PHRS are not available, it is 

imperative that the external power is restored to avoid the CD.  

Based on this and the various simulations and analyses carried out during the PhD 

thesis, a new LOOP ET has been proposed. The new proposed ET for the LOOP 

accident is shown in Figure 6-76, the headers included in the new proposed ET and 

their SC are shown in Table 6-10. 

In the LOOP ET, sequence 1 involves the successful of the S, the EDG and the EF 

headers. This sequence is similar to the SCRAM sequence analyzed in Section 4.1, 

where it has been confirmed that a success end state is reached. In sequences 2 

and 4, instead of the EF header being successful, the PHRS header is successful, 

with or without the EDG header also being successful. As analyzed in Section 6.2, 

these sequences also reach a success end state.  

On the other hand, sequences 3 and 6 lead to the CD end state, as they both involve 

the failure of headers related to the cooling of the SGs. In sequence 3, neither the 

EF nor the PHRS headers are successful. In sequence 6, both the EDG and R-EX 

headers fail, resulting in no EFW/AFW pumps injection to the SGs, and the PHRS 

header also fails. Scenarios without EFW/AFW and PHRS have been analyzed in 

Section 4.3 and confirmed to result in a CD end state. 

In contrast, sequence 5 includes the failure of the EDG, EF and PHRS headers, 

but with a successful R-EX header. This sequence leads to a GT sequence, see 

Figure 2-76. Finally, if the S header fails, there is an immediate transition to the 

ATWS ET, which was not analyzed in this PhD thesis. 

Furthermore, this work does not consider MCPs leakages during the SBO 

conditions. However, if they were to be considered, it should be noted that in 

sequence 4 of the LOOP ET there would be a transfer to the SBLOCA ET as the 

EDG header is not successful and therefore there are no CVCS pumps injection 

water to the RCPs seals. 
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Figure 6-76 LOOP ET including the PHRS 
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In SBLOCA sequences without HPIS actuation, it is necessary to cool and 

depressurize the RCS, in order to reach the setpoint of the low pressure ECCS. In 

VVER-1000/V320 reactors, the cooling and depressurization of the RCS is achieved 

by the joint actuation of the EFW/AFW and the BRU-A valves, with the drawback 

that AC power is required. In some Gen-III/III+ VVERs, in a scenario where AC 

power is not available, this action of cooling and depressurizing the SGs is 

performed by the air-cooled PHRS.  Once the RCS has been depressurized, the 

action of replenishing the inventory in the RCS is carried out by the LPIS if AC 

power is available. In the Gen-III/III+ VVER reactors with air-cooled PHRS, the 

low pressure inventory replenishment action is performed by the HA-2 if the LPIS 

is not available.  

Based on these findings from the simulations and analyses carried out in the PhD 

thesis, a new ET for SBLOCA is proposed, see Figure 6-77. The headers included 

in the proposed ET and their SC are shown in Table 6-10. It should be noted that 

the headers related to the EBIS and with the EGRS, which are included in the ET 

of (Skalozubov et al., 2010), have not been considered, as it has been seen in Section 

5.2. that these headers have not a relevant interest for the SBLOCA if the SGs 

depressurization is performed at an RCS cooling rate of 60 K/h, see Figure 5-40. 

In the SBLOCA ET, the success end state is reached when the H header is 

successfully combined with either the EF header, sequence 1, or the PHRS header, 

sequence 2. The SBLOCA sequence with both HPIS and EFW systems available 

has been analyzed in Section 4.5, where it has been confirmed that this 

combination leads to a successful end state. Conversely, if neither the EFW nor the 

PHRS headers are successful, CD occurs. As assumed in (Skalozubov et al., 2010), 

the activation of the EFW system is required for the sequence to be successful. 

If the H header fails, the sequence may still succeed if either the D header or the 

PHRS header succeeds. In these cases, successful of the A header is also required 

along with either the L header, sequences 4 and 8, or the HA-2 header, sequences 

5 and 9. Sequence 4 has been analyzed in Section 5.2 and sequence 9 in Section 

6.2, both of which have been confirmed to reach a success end state. On the other 

hand, sequence 12, where neither the D nor the PHRS header is successful, results 

in a CD end state, as has been verified in Section 5.2 and 6.2.  It is also assumed 

that any sequence in which the A header fails does not lead to a successful end 

state, see (Skalozubov et al., 2010). Finally, in the SBLOCA ET, sequence 13 

includes the failure of the S header, which results in a transition to the ATWS ET. 
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Figure 6-77 SBLOCA ET including the HA-2 and the PHRS 
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In LBLOCA sequences, the action of cooling and depressurizing the RCS through 

the SGs is not necessary, even when the HPIS is not available.  Therefore, the 

classical LBLOCA ET of the VVER-1000/V320 does not include the headers 

corresponding to EFW (or the AFW) with the BRU-A in RCS cool-down mode (D), 

see Figure 2-80. Besides, in Gen-III/III+ VVER reactors with air-cooled PHRS and 

HA-2 PSSs, they do not require PHRS operation to depressurize the RCS and allow 

HA-2 operation in LBLOCA sequences without HPIS or/and LPIS unavailability. 

However, in the long term, the HA-2 are capable of removing decay heat for 24 

hours if all four trains are available, as has been observed in the analysis of the 

Section 6.1. But, when 3 out of 4 trains or less are available, the power removed by 

the HA-2 is less than the core power, so PHRS operation is required for the fourth 

injection stages. 

Based on these findings from the simulations and analyses carried out in the PhD 

thesis, a new ET for LBLOCA is proposed, see in Figure 6-78. The headers included 

in the new proposed ET and their SC are shown in Table 6-10. 

In Section 5.1, sequence 1 of the LBLOCA ET, where both the H and A headers are 

successful, has been analyzed and found to achieve a successful end state. 

Conversely, in Section 5.1 it has also been observed that the sequences where the 

A header fails, specifically sequences 2 and 9, do not achieve a successful end state 

when a 1 out of 3 SC is applied to the LPIS. In addition, this study also showed 

that when the only successful ECCS is the HA-1, as in sequence 8, the sequence 

reaches the CD end state. 

The failure of the H header can still result in a success end state if the L and A 

headers are successful, regardless of the availability of the PHRS, sequences 3, or 

not, sequence 6. It is important to note that sequence 6 has been analyzed in 

Section 5.1, where it was found that the sequence did not reach the CD. Therefore, 

it is assumed that sequence 3, which also takes into account the availability of the 

PHRS, reaches a successful end state.  

Furthermore, in Section 6.1 it has been found that sequence 7, where both HA-1 

and HA-2 are available, can only succeed if all 4 HA-2 trains are operational. 

However, sequence 4, where the PHRS is available, reaches a successful end state 

with a SC for HA-2 of 3 out of 4 trains. Also, the results performed in Section 6.2 

show that if the PHRS is available, but neither the HPIS, the LPIS nor the HA-2 

are available, as in sequence 5, the CD is reached. 
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Figure 6-78 LBLOCA ET including the HA-2 and the PHRS 
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It is noteworthy that in the three proposed ETs with the HA-2 and PHRS headers, 

there are sequences in which only the headers corresponding to the PSSs are 

successfully. However, in the standard ETs, the success of some headers related to 

the active safety systems is mandatory for the sequence to be successful. 
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Chapter 7.  

Summary and final remarks 
 

During the course of this doctoral thesis, a VVER-1000/V320 model has been 

developed, for the TRACEV5P5 system code, including human actions and two 

PSSs found in Gen-III/III+ VVER reactors, the HA-2 and the air-cooled PHRS.  

Using the developed TRACEV5P5 model, LBLOCA, MBLOCA and SBLOCA 

sequences have been analyzed first. These analyses have provided an in-depth 

understanding of the configurations, actuation signals and capabilities the 

conventional safety systems incorporated in VVER-1000/V320 reactors. In 

addition, they provided insights into the human actions implemented in these 

reactors to manage sequences where the automatic safety systems on their own 

are not enough to prevent CD. The main conclusions of this part of the study are 

as follows: 

 The SCs of the MBLOCA and LBLOCA ETs found in the references contain 

some conservatism. The simulations carried out have made it possible to 

verify that it is possible to carry out a re-evaluation of the SCs. 

 It is possible to consider a re-grouping of the MBLOCA and LBLOCA ETs, 

proposing other break sizes ranges and SCs that allow for a best-estimated 

approach. 

 EETs have been applied to LBLOCA sequences over 20 inches to DEGB, 

allowing different SCs to be considered for a single header of ETs.  

 The SBLOCA sequences, in case the HPIS is not available, require human 

actions in order to cool and depressurise the RCS to allow the injection of 

the HA-1 and LPIS. These management strategies consist of depressurising 

the RCS through the SGs at maximum RCS cooling or at a controlled RCS 

cooling rate (30 K/h and 60 K/h); or depressurising the RCS through the 

EGRS valves in the PZR. 

 Depending on the break size, there are management strategies with more 

available time to perform them than others, and there are even some break 

sizes in which certain strategies have no available time. Despite this, the 
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strategy that yields the best results is to depressurise the SGs at an RCS 

cooling rate of 60 K/h.  

 The available times for different management strategies considered for the 

VVER-1000/V320 reactors are very similar to those for Westinghouse PWR 

reactors. This is related to the fact that in the 1990s, VVER reactors adopted 

a Westinghouse EOPs-like approach.  

After understanding the response of the developed model for the TRACEV5P5 

code, including the safety systems and human actions considered in the Gen-II 

VVER-1000/V320 reactors, the impact of the PSSs has been studied.  This study 

has mainly focused on sequences under SBO conditions. The following main 

conclusions are drawn from these studies: 

 In LOCA sequences from 3 inches to DEGB, the RCS pressure decreases fast 

enough to reach the HA-2 pressure setpoint before CD occurs. However, for 

break sizes smaller than 2 inches, human actions or the actuation of a safety 

system is necessary to reduce the RCS pressure to reach the HA-2 pressure 

setpoint. 

 In LOCA sequences from 3 inches to DEGB, under SBO conditions, 4 out of 

4 available HA-2 trains are able to avoid the CD. However, 3 out of 4 HA-2 

trains are only able to cool the core for 8 hours, after that air-cooled PHRS 

intervention or active ECCS recovery would be required. This is due to the 

fact that, from this time onwards, the HA-2 power removal potential is less 

than the decay heat of the core. 

 If the actuation of the HA-2 is considered, the TRACEV5P5 analysis of some 

MB/LBLOCA sequences without SBO have shown that it is possible to relax 

the combined SCs of the LPIS, HPIS and HA-1 

 The air-cooled PHRS in the SG pressure maintenance mode during SBO 

sequences is capable of cooling the core for at least 24 hours, preventing the 

RCS from boiling.  

 On the one hand, 3 out of 4 air-cooled PHRS trains in RCS cool-down mode 

during the SBLOCA sequence under SBO conditions, allows the RCS 

pressure to decrease, reaching the HA-2 setpoint in time to replenish the 

core before CD is reached. On the other hand, the simulation of the LBLOCA 

sequence shows that the performance of the design criteria PHRS number 
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of trains, in RCS cool-down mode, allows to keep the RCS cooled for 24 hours, 

while the HA-2 is operated with its design criteria (3 out of 4 trains).  

 In the sequences analyzed, no negative interactions have found between the 

HA-2 and the air-cooled PHRS with the conventional safety systems.  

The knowledge gained from all these safety analyses, covering both the 

conventional and passive safety systems of the Gen-III/III+ VVER, has led to the 

proposal of new ETs for the SBLOCA, LBLOCA and LOOP sequences to be used 

in a hypothetical VVER-1000/V320 reactor incorporating the HA-2 and the air-

cooled PHRS systems. 

As a final conclusion of this doctoral thesis, it can be stated that this work has 

significantly contributed to the open literature, not only by providing safety 

analysis on the design of the VVER-1000/V320 reactor, but also by addressing the 

passive safety systems integrated in Gen-III/III+ VVER reactors. This is 

particularly important as there are very few public studies on Gen-II or Gen-

III/Gen-III+ VVER reactors. 

This study has enhanced the understanding of the VVER-1000/V320 reactors, one 

of the most built nuclear reactors in the world, with 25 units currently in operation. 

It is an important contribution to improving the nuclear safety assessment of new 

VVER reactors based on the well-established VVER-1000/V320 technology.  

Numerous countries, including Russia, China, India, Hungary, Slovakia, the Czech 

Republic, Bulgaria, Turkey, and Bangladesh, either operate VVER reactors or are 

integrating them into their energy strategies. The impact of this research extends 

beyond technical insights, highlighting the global significance of the VVER reactor 

designs. 
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