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A B S T R A C T

One of the key functions of the safety systems is the removal of decay heat during an accidental sequence. 
Conventional VVER reactor designs have safety systems capable of removing residual heat in an emergency 
scenario, but these systems will be challenged to operate under station blackout conditions. As a result, some of 
the Gen III/Gen III + VVER designs incorporate passive safety systems capable of maintaining the decay heat 
removal in the event of a total loss of AC power. The present study focuses on the analysis of the air-cooled 
Passive Heat Removal System (PHRS) incorporated in some Gen III/Gen III + designs such as the VVER- 
1000/V412, the VVER-1200/V392M, V509, V523 or the VVER-TOI. For this purpose, a PHRS model has been 
developed in the TRACE system code, which has been incorporated into a model of a VVER-1000/V320 reactor 
which also includes another Gen III/Gen III + VVER reactors common feature; the Second Stage Hydro
accumulators (HA-2), subsystem of the Emergency Core Cooling System. Subsequently, a Station Blackout (SBO), 
a SBO along with an SBLOCA and a SBO along with an LBLOCA sequences have been analyzed with the air- 
cooled PHRS operating. The results show that in some scenarios, the PHRS performance is critical to lead the 
sequence to a safe state by transporting the decay heat to the atmosphere heat sink for at least 24 h.
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High Pressure Injection System (HPIS)
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International Atomic Energy Agency (IAEA)
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Karlsruhe Institute of Technology (KIT)
Large Break Loss of Coolant Accident (LBLOCA)
Loss Of Offsite Power (LOOP)
Low Pressure Injection System (LPIS)
Light Water Reactor (LWR)
Medium Break Loss of Coolant Accident (MBLOCA)
Main Feed Water (MFW)
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Pressure Water Reactor (PWR)
Reactor Coolant Pump (RCP)
Reactor Coolant System (RCS)
Reactor Pressure Vessel (RPV)
Small Break Loss of Coolant Accident (SBLOCA)
Station Blackout (SBO)
Success Criteria (SC)
Steam Generator (SG)
Thermal-Hydraulic (TH)
Turbine Trip (TT)
Steam Line (SL)
Small Modular Reactor (SMR)
Sodium Fast Reactors (SFR)

1. Introduction

According to the International Atomic Energy Agency (IAEA), Pas
sive Safety Systems (PSS) are defined 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). Depending on the safety function they 
fulfil, the PSSs can be divided into three groups: Emergency Core 
Cooling Systems (ECCS), Passive Heat Removal Systems (PHRS) and 
Containment Cooling and Control Pressure, see Table 1 and (Bryk et al., 
2019; Buchholz et al., 2015; Heung Chang et al., 2013; IAEA, 2019, 

2016; Kaliatka, 2017).
The previous experience of the Universidad Politécnica de Madrid 

(UPM) with system codes such as TRACE regarding the PSSs is related to 
the following reactor designs and experimental facilities. 

• MOTEL facility (natural circulation, helical-coil Steam Generators 
(SG), H2020 McSafer project) (Martinez-Gonzalez et al., 2024; San
chez-Espinoza et al., 2021),

• ACME facility (PHRS, CMT, ACC, IRWST), which is part of the NEA 
ISP-51 project,

• Sirio facility (PHRS, H2020 PIACE Project) (De Grandis et al., 2019),
• Plant model: NuScale (1D, 3D models, ECCS and PHRS, H2020 

McSafer project) (Redondo-Valero et al., 2022),
• Plant model: AP1000 (full plant model, PHRS, CMT, ACC, IRWST, 

PCS) (Queral et al., 2015, 2017),
• Plant model: VVER-1000 and VVER-1200 (air-cooled PHRS and HA- 

2),
• Plant model: CAREM-like (PHRS, 1D and 3D models),

The PHRS is a key factor of many Generation III/III + reactors, but it 
is not present in Generation II reactors, and therefore, the purpose of this 
paper is to present a detailed discussion of the safety margin provided by 
an air-cooled PHRS and the Second Stage Hydroaccumulators (HA-2) in 
a full plant model of a VVER-1000/V320 reactor. The HA-2 component 
is already described and analyzed extensively in (Elena Redondo-Valero 
et al., 2023), so in the present study the air-cooled PHRS is described in 
detail and its performance is discussed along with the HA-2.The selected 
PHRS design to be studied is the air-cooled PHRS present in some Gen 
III/Gen III + VVERs, such as the VVER-1000/V412, the 
VVER-1200/V392M/V509/V523 and the VVER-TOI. Previous studies 
have developed isolated Thermal-Hydraulic (TH) models of this 
air-cooled PHRS, see (Ayhan and Sokmen, 2016a, 2016b; Khubchandani 
et al., 2013a). Additionally, there are several references on experimental 
facilities for air-cooled PHRS, see (Berkovich et al., 2006; Elkin et al., 
2018; Kopytov et al., 2009, 2011; Morozov et al., 2014; Morozov and 
Sakhipgareev, 2017; Shlepkin et al., 2020a, 2020b). However, only a 
few references analyze in detail the effect of the air-cooled PHRS in SBO 
sequences, both with and without LOCA, see (IAEA, 2012; ROSATOM, 
2022).

The present work has been conducted in the framework of the “In
tegrated Safety Analysis of Modular and Evolutive Reactors” (ISAS
MORE) project. Within this project, accidental sequences (SBLOCA, 
MBLOCA, LBLOCA, SBO, …) have been analyzed using the TRACE code, 

Table 1 
Passive Safety Systems classified by safety functions (Bryk et al., 2019; Buchholz 
et al., 2015; Heung Chang et al., 2013; IAEA, 2019, 2016; Kaliatka, 2017).

Emergency Core Cooling 
Systems

Accumulators
Make-up Tanks
Elevated Gravity Drain Tanks (inside/outside 
containment)
Recirculation valves or direct vessel injection connected 
to a RPV cavity

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 loop, having one HX 
inside the RPV and one HX in a water 
pool

Containment Cooling and 
Control Pressure

Suppression Pool
Containment Condenser (cooled by water or air)
Condensation on Containment inner wall

Table 2 
PHRS designs comparison.

Reactor design Reactor Thermal Power 
(MW)

Number of PHRS trains (HXs/ 
train)

Maximum Heat removal per train 
(MW)

Connected to Heat sink IAEA PSS 
category

AP1000 3000 1 (1 HX/train) 60 RCS Water 
pool

D

BWR/3 1400 1 - 2 (1–2 HX/train) 40 RPV Water 
pool

D

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

D

ESBWR 4500 4 (2 HX/train) 33 RPV Water 
pool

D

HPR-1000 (CGN, 
CNNC)

3000 3 (N/A) 20 SGs Secondary 
side

Water 
pool

D

NuScale 160 2 (1 HX/train) 4 SGs Secondary 
side

Water 
pool

D

VVER-1000/V412 3000 4 (3 HX/train) 20 SGs Secondary 
side

Air flow D

VVER-1200/V392M 3200 4 (2 HX/train) 30 SGs Secondary 
side

Air flow D

VVER-1200/V491 3200 4 (16 HX/train) 30 SGs Secondary 
side

Water 
pool

D

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

B
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focusing on the conventional safety systems of Gen II VVER reactors, see 
(E Redondo-Valero et al., 2023; Redondo-Valero et al., 2024). This in
cludes the verification of the Probabilistic Safety Analysis (PSA) level 1 
Event Trees (ET) and the proposal of new ones.

The paper is structured as follows: first, an overview of all passive 
heat removal systems is given in Section 2. Section 3 then discusses the 
air-cooled PHRS design selected for analysis and its modeling for the 
TRACE code; Section 4 shows how the air-cooled PHRS has been 
incorporated into a plant model for a VVER-1000/V320 reactor. 
Thereafter, Sections 5, 6 and 7 present the SBO sequence and the 
SBLOCA/LBLOCA along with SBO sequences respectively simulated 
with the VVER-1000/V320 plant model incorporating the air-cooled 
PHRS and the HA-2. The ETs for the Loss Of Offsite Power (LOOP), 
SBLOCA and LBLOCA sequences is then developed in Section 8, 
considering the performance of the HA-2 and the air-cooled PHRS. 
Finally, the conclusions are presented in Section 9.

2. Overview of 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/Gen III + LWR designs. The PHRSs can be divided into 
two groups, those that are connected to the secondary side of the SGs 
and those that are connected to the Reactor Coolant System, (RCS) or the 
Reactor Pressure Vessel (RPV), see Table 2. That PSSs can also be 
distinguished according to the heat sink: a large pool of water 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/Gen III + Pressurized 
Water Reactors (PWR) designs, both small and large, with some ex
ceptions such as the Westinghouse AP1000 and the CAREM reactors. 
In this PHRS configuration, the decay heat is removed via a two- 
phase natural circulation loops connecting elevated Heat Ex
changers (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 oper
ation, the steam energy from the SGs is transferred to the water 
pool, which heats up and evaporates. This design is found in the 
following large reactors: 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 struc
tures. It is also found in small reactors; ACP-100, SMART, 
RITM-200 (Ekariansyah et al., 2021) and in NuScale, where the 
tube bundle is located in the external pool where the NuScale 
power modules are inserted, (NuScale Power LCC, 2020).

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) the 
other VVER-1200 such us V392M (Galiev et al., 2017), V509 and 
V523. The HXs are housed in a shell between the two containments 
and are connected to air ducts through which the air flow passes.

• PHRS in the RCS or RPV: The PHRS attached to the RCS or the RPV 
can be found in the AP1000 and the CAREM PWRs (Bajorek, 2007), 
and in Boiling Water Reactors (BWR) such as the ESBWR, the 
BWRX-300 (Rassame et al., 2017) or the conceptual design KERENA 
(IAEA, 2011). 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 water pool: The HX, which is placed in a water pool, is 

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 BWRs, 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 other hand, it should be noted that 
not only the Gen III/Gen III + reactors such as the BWRX-300 and 
the ESBWR have this PSS, but also the Gen II BWR/3 (Dolganov, 
2024). However, this design in the Gen II 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/Gen III + LWRs.

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).

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, the human initiation and the human in
teractions, see (Burgazzi, 2012; IAEA, 2009). 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, see Table 3.

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 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. 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 

Table 3 
Passive Safety Systems IAEA categories (Burgazzi, 2012; IAEA, 2009).

Category Criteria Examples

Moving 
fluids

Moving 
parts

Signal 
input

External 
power

Human 
initiation

Human 
interaction

A No No No No No No Cooling radiation, concrete building
B Yes No No No No No Cooling based on natural circulation
C Yes Yes No No No No Accumulators, check valves
D Yes Yes Yes No/Yes No No Passive heat removal systems, elevated gravity drain 

tanks
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atmosphere. Moreover, the ALMR, PFBR, BN-500, Phenix and Astrid 
SFRs have air-cooled PHRS, and the Astrid SFR has water-cooled PHRS 
in 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).

3. Air-cooled PHRS TRACE modeling

The PHRS TH model developed at the UPM corresponds to the air- 
cooled PHRS present in the VVER-1000/V412, see (Agrawal et al., 
2006). This choice was made for two reasons. 

1. In addition to simulating SBO sequences, the aim was also to simu
late LOCA sequences with SBO, and the Gen III/Gen III + VVER re
actors with a long-term passive ECCS, the HA-2, are those which 
incorporate the air-cooled PHRS.

2. Among the VVER plants with air-cooled PHRS, the one for which the 
most public information is available is the VVER-100/V412, 
commissioned at the Kudankulam Nuclear Power Plant (NPP).

Next, the air-cooled PHRS considered in this study is explained. 
Subsequently, the model of the air-cooled PHRS for the TRACE system 
code developed at UPM is presented in Section 3.2.

3.1. Description of the air-cooled PHRS

The PHRS incorporated in the VVER-1000/V412 consists of four 
trains, one per SG, see Fig. 1. Each of the PHRS trains contains 3 HXs, 
which are located in an elevated position, right where the containment 
dome begins, (Khubchandani et al., 2013a). It is important to note that 
in the VVER-1200/V392M, V509, V523 and the VVER-TOI, the 
air-cooled PHRS also consists of four trains, but each has two HXs 
instead of three, (Galiev et al., 2017). 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, 

Fig. 1. VVER with air-cooled PHRS.

Fig. 2. PHRS heat exchanger, regulator and air gates.
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upstream and downstream of the HXs, there are air gates with the ca
pacity to isolate the HXs from the atmosphere, (Agrawal et al., 2006). 
These air gates have only two positions, closed and open, with no in
termediate 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. This regulator is equipped with two actu
ators, a passive actuator and an active actuator which is powered by the 
safety class 1 emergency power system (battery powered) (Polunichev 
et al., 2007).

Each HX contains a steam collector and a condensate collector; the 
steam collector is located above the condensate collector, see Fig. 2. On 
the one hand, the steam collector is connected to the condensate col
lector by a total of 630 horizontal U-shaped tubes with a slight slope, 
(Chaudhary et al., 2017). On the other hand, the steam collectors and 
condensate collectors are connected to the SGs thought the steam lines 
and the condensate lines. The geometric data of the different 

components of the PHRS are given in Table 4 (Ahmed Pirouzmand and 
Shahabinejad, 2021; IAEA, 2009; Khubchandani et al., 2013a; 
Chaudhary et al., 2017; Bharat Heavy Electricals Limited, n.d.; ROSA
TOM, 2023; Sri Krishna College of Engineering and Technology 
(SKCET), 2019).

The air-cooled PHRS is designed to remove decay heat for extended 

Table 4 
Air-cooled PHRS geometric data.

Parameter 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., 
2009, 2011)

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)

Fig. 3. PHRS power vs. SGs pressure curve in both operating models.

Fig. 4. Air-cooled PHRS (one train) isolate TH model for TRACE code.

Fig. 5. PHRS power per train vs. SGs pressure (TRACE model).
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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., SGs pressure above 8.44 MPa.

The electromagnetic actuators of the air gates take 30 s to de- 
energized, 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 

Fig. 6. VVER-1000 RCS including HA-2 system (TRACE model).

Fig. 7. VVER-1000 Secondary System including the air-cooled PHRS (TRACE model).
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begin to close, reducing the power that the PHRS can dissipate 
compared to the power it could remove if the regulators flaps were 
fully open, see the red line in Fig. 3.

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 Hot Legs 
(HL) is below 8 ◦C, (ROSATOM, 2022), the control that regulates the 
regulator flaps position is inhibited, forcing them to remain fully 
open. In this model, the air-cooled PHRS behavior is characterized by 
a power vs. SG pressure curve, see Fig. 3.

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 interven
tion. In addition, if necessary, the active actuator can also be operated by 
the operator to switch to the 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).

On the other hand, it is important to note that the Gen III/III + de
signs of VVER reactors incorporating the air-cooled PHRS do not have 
passive containment cooling safety systems. Passive containment cool
ing safety systems are found in the Gen III/III + designs of VVER reactors 
incorporating the water-cooled PHRS, such as the VVER-1200/V529, 
the VVER-1200/V527 and the VVER-1200/V491 (Queral et al., 2021).

3.2. PHRS model for the TRACE code

As a first step, an isolated model of the air-cooled PHRS has been 
developed for the TRACE system code. As the four PHRS trains are 
symmetrical, only one of them has been developed with boundary 
conditions in the steam line inlet and the condensate line outlet and the 
atmospheric air inlet and outlet. The geometric data, the actuation sig
nals and the operating modes included in the TH model are those shown 
in Section 3.1. The TH model includes the air ducts from the air inlet to 
the outlet, the U-tube of the HXs, the steam lines and the condensate 
lines, see Fig. 4. 

• 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: 

Fig. 8. Second Stage Hydroaccumulators (HA-2) mass flow rate (per HA- 
2 train).

Table 5 
Steady State parameters of the VVER-1000/V320 reactor TRACE model.

Parameter Reference NPP TRACEV5P5

Core power [MW] 3010 3010
Lower plenum pressure [MPa] 15.84 15.86
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 loop mass flowrate [kg/s] 4456 4457
SG outlet pressure [MPa] 6.27 6.27
MFW mass flowrate [kg/s] 409 408
MFW temperature [K] 493 493
SG level [m] 2.50 2.50

Table 6 
Main events in the SBO sequence [with PHRS].

Event Time (s)

SBO (SCRAM, MFW pump and RCPs trip, TT, loss of the condenser, CVCS) 300
BRU-A opening (SL pressure >7.25 MPa) 310
Air gates opening (SBO + 30 s delay) 330
PHRS full capacity (90 s opening) 420
BRU-A closed (SL pressure <6.67 MPa) 490
PHRS regulator starts to close (PSG = 6.05 MPa) 1465
End simulation (24 h) 86400

Fig. 9. RCS and SGs pressure (left) and PHRS 1 vs. SG 1 power (right); SBO sequence.
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o Air duct between the upper air gates and the atmosphere.
o Air duct between the upper air gates 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 

Fig. 10. PHRS Regulators area fraction (left) and PHRS air duct mass flow rate per train (right); SBO sequence.

Fig. 11. PHRS steam lines mass flow rate (left) and PHRS outlet bundle tubes void fraction (right); SBO sequence.

Fig. 12. PHRS steam lines and condensate lines temperature (left) and HLs and outlet SGs temperatures (right); SBO sequence.
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chosen as the tubes diameter for the TH 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 outer surface is linked to the first 
cell of the PIPE modeling the air duct between the regulator and the 
lower air gates. This HEAT STRUCTURE follows the nodalization of 
the PIPE representing the PHRS tube bundle, consisting of eight cells 
with a one-to-one connection.

• Steam lines and Condensate lines: both lines have been modeled 
using PIPE components, with each PIPE divided into six cells.

In the TRACE model, the air gates are controlled by two signals 
which cause them to open: SBO conditions and SG pressure above 8.44 
MPa. The opening of the air gates allows the air to pass through the air 
ducts, which leads the PHRS to start operation. On the other hand, the 
area of the regulator is determined by a control that maintains the SG 
pressure between 5.35 MPa and 6.05 MPa, as follows. 

• 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.

In addition, an HLs subcooling signal has also been implemented on 
the TH model, which forces the regulators to remain fully open, over
riding the regulator area control. In this way it is possible to switch from 
SG pressure maintenance mode to RCS cool-down mode.

To verify the performance of the air-cooled PHRS model developed 
at the UPM, the power that a train can remove at different pressures was 
determined. The results obtained were then compared with the results 
from the FSAR code for an isolated PHRS model of the Kudankulam NPP 
(Khubchandani et al., 2013a). In order to have a comprehensive view of 
the behavior of the PHRS under different outdoor conditions, the PHRS 
power vs. pressure curves have been obtained for various air tempera
tures: 10 ◦C, 20 ◦C, 30 ◦C and 40 ◦C, see Fig. 5.

Fig. 13. RCS mass flow rate (left) and Peak Cladding Temperature (right); SBO sequence.

Fig. 14. Heat removal capacity of the PHRS vs. decay heat (SBO sequence).

Fig. 15. PCT (left) and RCS pressure (right); SBO sequence with HA-2 and PHRS, with HA-2 and without PHRS, without PHRS and with HA-2.
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Each curve has been obtained for a total of nine pressure values, from 
8 MPa to 0.1 MPa. It is noteworthy that the TRACE model curves are 
very close to the Kudankulam curves from 8 MPa to 1 MPa. The value for 
atmospheric pressure at Kudankulam NPP 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 ◦C at the Novovoronezh NPP, which is about 
3.75 MW per train, see Fig. 5.

4. VVER-1000/V320 with PSSs model

The PHRS model, previously presented in Section 3, has been 
implemented in a TH model for the TRACEV5P5 code (NRC, 2017) of a 
VVER-1000/V320 reactor, see Figs. 6 and 7. The nodalization of the full 
plant model was built based on a VVER-1000/V320 RELAP5 model, 
(Sanchez-Espinoza and Bottcher, 2006), and has been applied for 
MB/LBLOCA and SBLOCA analyses in previous studies, see (Elena 
Redondo-Valero et al., 2023; E Redondo-Valero et al., 2023; Redon
do-Valero et al., 2024).

The TRACE model of the VVER-1000 reactor also includes the HA-2 
system, a passive low-pressure ECCS connected downstream to the First 
Stage Hydroaccumulator (HA-1) discharge lines and upstream to the 
Cold Legs (CL). The HA-2 system consists of four trains of 33 % capacity 
each and two 120 m3 tanks which inject borated water into the RCS in 
four stages, see Fig. 8 and (ROSATOM, 2022), when the RCS pressure is 
below 1.5 MPa. The HA-2 actuation signal has a delay of 100 s. A mass 
flow rate boundary condition has been used to model each of the four 
trains (i.e. the injection mass-flow rate from both tanks of each train). 
This approach was taken because of the lack of sufficient information in 
public references to accurately model the system using TH components.

In the TH model, the line connecting the top of the HA-2 to the CLs 
has been modeled. This line opens when the HA-2 set-point is reached, 
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 of the CLs inventory.

Fig. 16. Break mass flow rate (left) and Break mass flow rate (y-axis zoomed in) (right); SBLOCA (2 inches) along with SBO sequence.

Table 7 
Main events in the SBLOCA (2 inches) along with SBO sequence (with PHRS and 
HA-2).

Event Time 
(s)

SBLOCA along with SBO (SCRAM, MFW pumps and RCPs trip, TT, loss of 
the condenser, CVCS off)

300

BRU-A opening (SL pressure >7.25 MPa) 310
Air gates opening (SBO + 30 s delay) 330
PHRS full capacity (90 s opening) 420
Signal for PHRS in cooldown mode (Tsat –THL < 8 ◦C) 485
BRU-A closed (SL pressure <6.67 MPa) 540
HA-1 injection begins (RCS pressure <6 MPa) 2275
MSIV close (SG pressure <4.69 MPa) 2460
HA-2 injection set point (RCS pressure <1.5 MPa) 5640
First stage HA-2 injection begins (HA-2 set-point + 100 s) 5740
HA-1 injection ends (HA-1 empty) 7211
Second stage HA-2 injection begins (HA-2 set-point + 4000 s) 9640
Third stage HA-2 injection begins (HA-2 set-point + 10000 s) 15640
Fourth stage HA-2 injection begins (HA-2 set-point + 30000 s) 35640
End simulation (24 h) 86700

Fig. 17. RCS and SGs pressure (left) and RCS and SGs pressure (y-axis zoomed in) (right); SBLOCA (2 inches) along with SBO sequence.
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Moreover, the full plant TH model encompasses actuation signals for 
the active ECCS, the Steam Dump Valves to the Containment (BRU-A), 
the steam lines safety valves, the Main Steam Isolation Valve (MSIV) 
(also known as BZOK valves), the Steam Dump Valves to the Condenser 
(BRU-K), the Steam Dump Valves to the Atmosphere (BRU-SN), the 
pressurizer (PZR) heaters, spray and safety valves, the Emergency Boron 
Injection System (EBIS), and the HA-1 isolation valves. Additionally, the 
model includes signals for the SCRAM, the Reactor Coolant Pump (RCP) 
trip, the Turbine Trip (TT), the Main Feedwater (MFW) pumps trip, and 
the Emergency Feedwater (EFW) pumps startup.

Therefore, the final TH model used in this study includes a total of 
441 TH components, 460 signal variables, 335 control blocks, and 313 
trips. The full plant TH model has been validated under steady-state 
conditions using data from a VVER-1000/V320 NPP, see (Kolev et al., 
2006). The values obtained are close to the reference plant data, see 
Table 5.

5. Performance of the PHRS during an SBO sequence

The aim of this section is to analyze the behavior of the air-cooled 

Fig. 18. HA-1 mass flow rate (left) and core collapsed liquid level (right); SBLOCA (2 inches) along with SBO sequence.

Fig. 19. HA-2 mass flow rate (left) and HA-2-CLs line mass flow rate (right); SBLOCA (2 inches) along with SBO sequence.

Fig. 20. PHRS 1 vs. SG 1 power (left) and PHRS air duct mass flow rate per train (right); SBLOCA (2 inches) along with SBO sequence.
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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 Success Criterion (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 RCPs. 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 
RCPs to prevent leakage of the RCS inventory through the RCPs in the 
SBO sequence. Furthermore, the SBO sequence with RCPs leakages is 
covered by the SBLOCA with SBO analysis as shown in Section 6.

In Section 5.1, the SBO sequence is first analyzed taking into account 
the availability of the air-cooled PHRS. Subsequently, in Section 5.2, it is 
analyzed how long it would take for the sequence to reach Core Damage 

Fig. 21. PHRS steam lines and condensate lines temperature (left) and PHRS steam lines mass flow rate (right); SBLOCA (2 inches) along with SBO sequence.

Fig. 22. PHRS outlet bundle tubes void fraction (left) and HLs and outlet SGs temperatures (right); SBLOCA (2 inches) along with SBO sequence.

Fig. 23. RCS mass flow rate (left) and Peak Cladding Temperature (right); SBLOCA (2 inches) along with SBO sequence.
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(CD) if the PHRS operation is not considered.

5.1. SBO sequence with PHRS available

The SBO sequence starts after 300 s of steady state. At that instant 
there is a total loss of AC power, failure to start of the Emergency Diesel 
Generators (EDG), reactor SCRAM, RCPs 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.

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 set point 
of the steam line relief valves, BRU-A, see Fig. 9 (left). Within 30 s 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 s later, see Fig. 9 (right). 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 Fig. 10 (left).

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 h, Fig. 10 (right). 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 h per train of the air-cooled PHRS, see Fig. 9
(right). 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 the two 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 h of the sequence, see Fig. 11 (left). Furthermore, it can also be 
observed that the void fraction at the outlet of the PHRS tubes is 90 %, 
see Fig. 11 (right), causing a mixture of steam and saturated liquid at a 
temperature of 540 K to return to the SGs, Fig. 12 (left).

Moreover, SGs inventory, which is at saturation, has a lower tem
perature than the liquid in the HLs, see Fig. 12 (right). This cooling leads 
natural circulation in the RCS of about 125 kg/s for each of the three 
loops with the available PHRS. In loop 2, where the PHRS is not oper
ational, there is a gradual loss of natural circulation, Fig. 13 (left).

Fig. 24. Heat removal capacity of the HA-2 and PHRS vs. decay heat in the 
SBLOCA (2inches) along with SBO sequence.

Fig. 25. PCT (left) and RCS pressure (right); SBLOCA (2 inches) sequence with HA-2 and PHRS, with HA-2 and without PHRS, without PHRS and with HA-2.

Fig. 26. Break mass flow rate (left) and Break mass flow rate (x-axis zoomed in) (right); DEGB LBLOCA along with SBO sequence.
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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 removed by the SGs, 
due to the air-cooled PHRS performance, becomes equivalent to the core 
thermal power, Fig. 14. This ensures that the Peak Cladding Tempera
ture (PCT) in the core does not increase during the first 24 h of the 
sequence, see Fig. 13 (right).

5.2. SBO sequence with PHRS unavailability

The aim of this section is to analyze 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 set point of the PZR relief valves, 
Fig. 15 (right). 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, Fig. 15 (left).

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 h. 
After this time, if the air-cooled PHRS is not available, the SBO sequence 
reaches CD.

6. Performance of the PHRS and HA-2 in SBLOCA along with SBO 
sequences

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 VVER- 
1200 designs (ROSATOM, 2022). In addition, three SBLOCA experi
ments 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 

Fig. 27. Break vs. HA-2 mass flow rate (y-axis zoomed in) (left) and break vs. HA-2 mass flow rate (x-axis and y-axis zoomed in) (right); DEGB LBLOCA along with 
SBO sequence.

Table 8 
Main events in the DEGB LBLOCA along with SBO sequence [with PHRS and HA- 
2].

Event Time 
(s)

LBLOCA along with SBO (SCRAM, MFW pumps and RCPs trip, TT, loss of 
the condenser, CVCS off).

300

Signal for PHRS in cooldown mode (Tsat –THL < 8 ◦C) 305
HA-1 injection begins (RCS pressure <6 MPa) 315
HA-2 injection set-point (RCS pressure <1.5 MPa) 325
Air gates opening (SBO + 30 s delay) 330
HA-1 injection ends (HA-1 empty) 420
PHRS full capacity (90 s opening) 420
First stage HA-2 injection begins (HA-2 set-point + 100 s) 425
MSIV close (SG pressure <4.69 MPa) 495
Second stage HA-2 injection begins (HA-2 set-point + 4000 s) 4325
Third stage HA-2 injection begins (HA-2 set-point + 10000 s) 10325
Fourth stage HA-2 injection begins (HA-2 set-point + 30000 s) 30325
End simulation (24 h) 86400

Fig. 28. RCS and SGs pressure (left) and RCS and SGs pressure (y-axis zoomed in) (right); DEGB LBLOCA along with SBO sequence.
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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) stabilized 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 on the containment, a second case was simulated with 
a containment pressure of 0.2 MPa, finding that the impact of this dif
ference 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 ◦C). 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
• Air-cooled PHRS: 3 out of 4 trains

Therefore, in Section 6.1. the SBLOCA sequence under SBO condi
tions is first analyzed, considering the performance of the air-cooled 

Fig. 29. HA-1 mass flow rate (left) and HA-1 mass flow rate (x-axis zoomed in) (right); DEGB LBLOCA along with SBO sequence.

Fig. 30. Core collapsed liquid level (left) and core collapsed liquid level (x-axis zoomed in) (right); DEGB LBLOCA along with SBO sequence.

Fig. 31. HA-2 mass flow rate (left) and HA-2-CLs line mass flow rate (right); DEGB LBLOCA along with SBO sequence.
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PHRS in addition to the HA-2 PSS. Then, in Section 6.2, 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.

6.1. SBLOCA along with SBO sequence with PHRS and HA-2 available

In this analysis, the SBLOCA is coincident with the SBO at 300 s, 
Fig. 16. At that instant there is a total loss of AC power, with no avail
ability of the EDGs, which causes the SCRAM, the loss of the CVCS, RCPs 

trip, MFW pumps trip, TT and loss of the condenser. The evolution of the 
main events is shown in Table 7.

At the beginning of the transient the PHRS air gates begin 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 set point of the BRU-A valves at 310 s. At 485 s, the sub
cooling signal (Tsat –THL < 8 ◦C) 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 Fig. 17. When the pressure in the steam 

Fig. 32. PHRS 1 vs. SG 1 power (left) and PHRS air duct mass flow rate per train (right); DEGB LBLOCA along with SBO sequence.

Fig. 33. PHRS steam lines and condensate lines temperature (left) and PHRS steam lines mass flow rate (right); DEGB LBLOCA along with SBO sequence.

Fig. 34. PHRS outlet bundle tubes void fraction (left) and HLs and outlet SGs temperatures (right); DEGB LBLOCA along with SBO sequence.
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lines 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 Fig. 20 (left), resulting in an RCS pressure drop that reaches 
the HA-1 set-point at 2275 s. The injection of the HA-1, which empties at 
7211 s, causes an increase in the core collapsed liquid level, see Fig. 18. 
The HA-2 pressure set-point 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 Fig. 19 (left). 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 Fig. 19 (right).

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 h, as shown in Fig. 20 (right). This decrease in the air flow is due 
to a cooling of the inventory passing through the PHRS tubes, see Fig. 21
(left). 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 steam lines and the condensate 
lines of the PHRS of 1.92 kg/s after 24 h of the sequence, see Fig. 21
(right). It can also be observed that the void fraction at the outlet of the 
PHRS tubes is about 93 %, see Fig. 22 (left), causing a mixture of steam 
and saturated liquid to return to the SGs.

Moreover, in the 3 loops with PHRS available, the saturated SG in
ventory 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 Fig. 22 right, which leads to 25 kg/s of natural 
circulation induced mass flow rate in the RCS, see Fig. 23 left. 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 h of the 
SBLOCA along with SBO sequence, see Fig. 23 (right).

During LOCA sequences, two important safety functions 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 critical safety functions. 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 in
volves 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 except for a time period around 5000, see 
Fig. 24 (blue line). However, simulations have shown that the RCS has 
enough inventory that the PCT is not affected.

The power that the HA-2 PSS can dissipate 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 (Elena Redondo-Valero et al., 2023). 

Qvap =G (hout − hin)=G
(

hsat
v,out − hl,in

)

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 HA-2 continue to perform their functions in a similar manner, 

Fig. 35. RCS mass flow rate (left) and Peak Cladding Temperature (right); DEGB LBLOCA along with SBO sequence.

Fig. 36. Peak Cladding Temperature (x-axis zoomed in); DEGB LBLOCA along 
with SBO sequence.

Fig. 37. Heat removal capacity of the HA-2 and PHRS vs. decay heat in the 
DEGB LBLOCA along with SBO sequence.

E. Redondo-Valero et al.                                                                                                                                                                                                                      Progress in Nuclear Energy 187 (2025) 105825 

17 



ensuring that core uncovering does not occur and therefore the PCT does 
increases over 24 h.

6.2. SBLOCA along with SBO sequence; without PHRS or HA-2 
availability

The aim of this subsection is to find out how the SBLOCA sequence 
evolves without the performance of the PSSs in order to determine 
whether any safety critical functions are not fulfilled. Therefore, both 
cases are studied, the sequence without consider the PHRS actuation and 
the sequence without consider the HA-2 actuation.

If only the HA-2 is available and not the PHRS, the CD occurs at about 
5000 s, see Fig. 25 (left). This is because the PHRS is needed to cool the 

RCS and thus depressurize it to reach the HA-2 pressure set-point, see 
Fig. 25 (right). Therefore, no PSSs are fulfilling the heat removal and the 
RCS coolant replenishment critical safety function. This was found in a 
previous analysis, see (Elena Redondo-Valero et al., 2023).

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 
Fig. 25 (left).

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 safety-critical 
functions in this sequence are not fully achieved.

Fig. 38. PCT (left) and RCS pressure (right); DEGB LBLOCA sequence with HA-2 and PHRS, with HA-2 and without PHRS, without PHRS and with HA-2.

Fig. 39. Standard loop event Tree for VVERN-1000/V320.
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7. Performance of the PHRS and HA-2 in LBLOCA along with SBO 
sequences

The aim of this section is to determine the performance of the PHRS 
in RCS cool-down mode in a Double Ended Guillotine Break (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/Gen III + VVER designs.

In order to determine the containment pressure in this sequence, the 
available literature was consulted and was found that the containment 

Fig. 40. Standard SBLOCA event Tree for VVER-1000/V320.

Fig. 41. Standard LBLOCA event Tree for VVER-1000/V320.
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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 CL1. The atmospheric tem
perature chosen for this analysis is 303.15 K (30 ◦C). In addition, the 
success criteria considered for the PSS involved in the LBLOCA sequence 
are those of the design criteria. 

• 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 analyzed in Section 7.1. considering 
the performance of the air-cooled PHRS in addition to the HA-2. In the 
subsequent section (Section 7.2), the analysis is conducted without 
taking into account the actuation of the PSSs.

7.1. LBLOCA along with SBO sequence with PHRS and HA-2 available

The LBLOCA starts 300 s from the beginning of the simulation, see 
Figs. 26 and 27. At that instant there is a total loss of AC power, without 
starting the EDGs, which causes SCRAM, RCPs trip, loss of the CVCS, 
MFW pumps trip, TT and loss of the condenser. The evolution of events is 

shown in Table 8.
Due to the large size of the break, the RCS depressurizes rapidly and 

reaches atmospheric pressure within a few seconds, Fig. 28. The HA-1 
therefore injects within 15 s of the beginning of the sequence, see 
Fig. 29, and the HA-2 set point is reached 10 s later, which causes the 
increase in the core collapsed liquid level, see Fig. 30. 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 Fig. 31 (left). 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 Fig. 31 (right).

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 ◦C) is reached 
within 5 s, 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 
s. 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 Fig. 32 (left).

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 h, as shown in Fig. 32 (right). This decrease in the air flow is due 
to a cooling of the inventory passing through the PHRS tubes, Fig. 33
(left). The temperature difference between the air which is at 303.15 K 
and the SG inventory which is in saturation results in a natural circu
lation in the PHRS steam lines of about 2.26 kg/s after 24 h of the 
sequence, see Fig. 33 (right). It can also be observed that a void fraction 
of 92.8 % at the outlet of the PHRS tubes, see Fig. 34 (left), 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 Fig. 34 (right), which leads to a slight 
natural circulation in the 3 RCS loops with the PHRS available, see 
Fig. 35 (left).

As shown in Fig. 27, at approximately 700 s, 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 h of the LBLOCA along with SBO sequence, see Fig. 35 (right) 
and Fig. 36.

The need to fulfil two critical safety functions 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 critical safety functions for at least 24 h. 
The joined power removed 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 Fig. 37 (blue line). The 
power dissipation of the HA-2 PSS has been calculated as in the previous 
Section 6.1.

7.2. 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 PHRS actuation and without consid
ering the HA-2 actuation. The aim is to know when the CD is reached if 
one of the two critical safety functions, 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 
PHRS, it is found that the 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 Fig. 38
(right). During the first three stages of HA-2 injection, the heat removed 
by this PSS is greater than the core decay heat, see Fig. 37 (red line), but 

Table 9 
Headers for the LB/SBLOCA ET including the HA-2 and the PHRS.

Header Action or safety system related with

S ​
EDG Emergency Diesel Generators
H HPIS
EF EFW along with the BRU-A in SG pressure maintenance mode (LOOP) 

EFW or AFW along with the BRU-A in SG pressure maintenance mode 
(SBLOCA)

D EFW or AFW along with the BRU-A in RCS cool-down mode
PHRS PHRS in SGs pressure maintenance mode (LOOP) 

PHRS in RCS cool-down mode (SBLOCA and LBLOCA)
A HA-1
L LPIS
HA-2 HA-2
R-EX Recovery external power

Table 10 
Success criteria for the LB/SBLOCA ET including the HA-2 and the PHRS.

Header LOOP ET SBLOCA ET LBLOCA ET

S Actuation of the reactor 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 
valves (SG pressure 
maintenance mode)

1 out of 3 EFW pumps or 1 
out of 2 AFW pumps 
+ opening of 1 out of 4 
BRU-A valves (SG pressure 
maintenance mode)

–

D – 1 out of 3 EFW pumps or 1 
out of 2 AFW pumps 
+ opening and regulation 
of 1 out of 4 BRU-A valves 
(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 

bus
– –
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in the fourth stage of injection, the thermal power of the core becomes 
greater. The result is that from 40000 s onward, the core is uncovered 
and subsequently the CD is reached, see Fig. 38 (left). This was found in 
a previous analysis, where it was also obtained that if 4 out of 4 HA-2 
trains are considered instead of the success criteria number of trains, 
the HA-2 removal power is enough to avoid the CD during 24 h, see 
(Elena Redondo-Valero et al., 2023).

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 Fig. 38 (left), 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 com
bined actuation of the HA-2 and the PHRS, considering the design 
criteria of both, is necessary to ensure core cooling for at least 24 h.

8. LOOP, SBLOCA and LBLOCA ETs including the HA-2 and the 
PHRS passive safety systems

The LBLOCA ET for the VVER-1000/V320 was reviewed in detail, the 
SC were verified, and new ETs were proposed in (E Redondo-Valero 
et al., 2023). Subsequently, in (Redondo-Valero et al., 2024), the 
SBLOCA ET was analyzed, with particular interest in the sequences 
where there is no High Pressure Injection System (HPIS) and the SGs 
have to be depressurized. On the other hand, in (Elena Redondo-Valero 
et al., 2023), an extensive study was performed on the influence of the 
HA-2 in LOCA sequences with SBO conditions, in order to determine the 
safety margin obtained with their performance. Finally, the present 
work has provided a comprehensive understanding of the PHRS effect, 
along with the HA-2, on SBO and LOCA sequences.

On the basis of all these analyses, the aim of this section is to 
determine how the ETs for the LOOP, SBLOCA and LBLOCA would be if 

new headers incorporating the HA-2 and the PHRS performance are 
introduced. Therefore, the standard ETs for the LOOP, SBLOCA and 
LBLOCA sequences are presented in Section 8.1, followed by the new 
proposed ETs in Section 8.2.

8.1. LOOP, SBLOCA and LBLOCA standard ETs

The standard LOOP ET for the VVER-1000/V320 is based on that 
found in (Begun et al., 2000; Science Applications International Cor
poration SAIC, 1987), see Fig. 39. On the other hand, the SBLOCA and 
the LBLOCA ETs considered, see Figs. 40 and 41, come from previous 
studies carried out at the UPM (E Redondo-Valero et al., 2023; Redon
do-Valero et al., 2024) and are based on the ETs included in (Skalozubov 
et al., 2010).

The description of the headers is given in Table 9. Note that all the 
headers correspond to the same functions for the LOOP, SBLOCA and 
LBLOCA ETs, with the exception of the EF header. This header includes 
the operation of the EFW and the BRU-A valves in the LOOP ET, but in 
the SBLOCA ET it includes the operation of the EFW or the Auxiliary 
Feed Water (AFW) together with the BRU-A valves. The SC for each 
header are given in Table 10.

This is especially noteworthy that the LOOP, the SBLOCA and the 
LBLOCA standard ETs do not include headers with safety systems 
capable of removing the residual heat or replenishing the RCS inventory 
in the long term in the event of a total loss of AC power. In the ETs, 
sequences reaching a successful end state are denoted by "S", while se
quences reaching core damage are denoted by "CD".

8.2. LOOP, SBLOCA and LBLOCA new proposed ETs

For the LOOP sequences to be successful, it is necessary to cool the 

Fig. 42. Loop event Tree including the PHRS
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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.

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 depres
surization 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 RCS 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 Low Pressure 
Injection System (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.

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 standard LBLOCA ET of the VVER-1000/V320 
does not incorporate the headers corresponding to EFW (or AFW) with 
the BRU-A in RCS cool-down mode (D). 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 h if all 
four trains are available, see (Elena Redondo-Valero et al., 2023). But, if 
3 out of 4 trains or less are available, the power removed by the HA-2 is 
less than the core power, so PHRS power is required for the fourth in
jection stage.

Based on the above, and on the results of the simulations carried out, 
an ET has been defined for the LOOP, SBLOCA and LBLOCA sequences of 
a VVER-1000/V320 reactor incorporating the air-cooled PHRS and HA-2 
PSSs, see Figs. 42–44. The headers included in the new proposed ETs are 
shown in Table 9, and the SC considered for the different headers can be 
seen in Table 10.

8.2.1. Proposed LOOP ET
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 (Redondo-Valero et al., 2021) where it was confirmed that a 
successful end state is reached. In sequences 2 and 4, instead of the EF 
headers being successful, the PHRS header is successful, with or without 
the EDG header also being successful. As analyzed in section 5.1, these 
sequences also reach a successful 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 
injection to the SGs, and the PHRS header also fails. Scenarios without 
EFW and PHRS were analyzed in section 5.2 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 
Generic Transient (GT) sequence which is very similar to sequence 1. 
Finally, if the S header fails, there is an immediate transition to the 
ATWS ET.

Furthermore, as previously discussed in section 5, this work does not 
consider RCPs 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 heater is not 

Fig. 43. Sbloca event Tree including the HA-2 and the PHRS
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successful and therefore there are no CVCS pumps injecting water to the 
RCPs seals.

8.2.2. Proposed SBLOCA ET
In the SBLOCA ET, the successful end state is reached when the H 

header is successfully combined with either the EF header, sequence 1, 
or the air-cooled PHRS header, sequence 2. Sequence 1 was analyzed in 
(Redondo-Valero et al., 2021). Conversely, if neither the EF 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, success 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 was analyzed in 
(Redondo-Valero et al., 2024) and sequence 9 in section 6.1, both of 
which have been confirmed to reach a successful end state. On the other 
hand, sequence 12, where neither the D nor the PHRS header is suc
cessful, results in a CD end state, as has been verified in section 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.

8.2.3. Proposed LBLOCA ET
In (E Redondo-Valero et al., 2023), sequence 1 of the LBLOCA ET, 

where both the H and A headers are successful, was analyzed and found 
to reach a successful end state. Conversely, in (E Redondo-Valero et al., 
2023) it was also 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 air- 
cooled PHRS, sequences 3, or not, sequence 6. It is important to note 
that sequence 6 was analyzed in (E Redondo-Valero et al., 2023), 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 air-cooled PHRS, reaches a successful end state.

Furthermore, in (Elena Redondo-Valero et al., 2023) it was 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, in section 7.1 it 
has been seen that 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 7.2 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.

It is noteworthy that in the three proposed ETs with the HA-2 and the 
PHRS headers, there are success sequences in which only the headers 
corresponding to the PSSs are successful. However, for the standard ETs, 
the success of some headers related to the active safety systems is 
mandatory for the sequence to be successful.

9. Conclusions

In this study, a comprehensive literature review of the air-cooled 
PHRS has been carried out to determine its dimensions and operating 
modes. An isolated air-cooled PHRS model has then been developed for 
the TRACE system code, which has been validated with Kudankulam 
NPP data. Then, this model has been integrated into a model of a VVER- 
1000/V320 reactor which also incorporates the HA-2 PSS.

Fig. 44. Lbloca event Tree including the HA-2 and the PHRS
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This has allowed 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. The following conclusions can be drawn 
from this work. 

• 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 h, 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 set- 
point 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 cooling 
mode, allows to keep the RCS cooled for 24 h, while operating the 
HA-2 with its design criteria.

The findings from these analyses, which include both passive safety 
systems (HA-2 and air-cooled PHRS) and previous analyses on the 
VVER-1000/V320 reactor with conventional safety systems realized by 
the UPM research group, have contributed to the proposal of new ETs for 
the SBLOCA, LBLOCA and LOOP sequences.

In summary, the results show that the safety margins are significantly 
increased as the alternatives to prevent core damage in the analyzed 
sequences are diversified, thus reducing the conditional probability of 
damage.

As a final conclusion, this paper makes a significant contribution to 
the open literature on two passive safety systems common of Generation 
III VVER reactors, the HA-2 and the air-cooled PHRS. It not only presents 
their layout and geometric parameters but also demonstrates their 
ability to manage SBO and LOCA along with SBO sequences without 
human intervention in a Generation II VVER-1000/V320 model using 
the TRACE system code.
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