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a b s t r a c t

After the Fukushima Daiichi accident, there has been an increasing preference for passive safety features
in the nuclear power industry. Some passive safety systems require limited active components to trigger
subsequent passive operation. Under very serious accident conditions, passive safety features could be
rendered inoperable or damaged. This study evaluates (i) the performance and effectiveness of the
passive safety features of iPOWER (innovative Power Reactor), and (ii) whether a severe accident con-
dition could be reached if the passive safety systems are damaged, namely the case of heat exchanger
tube rupture. Analysis results show that the reactor coolant system remains in the hot shutdown con-
dition without operator actions or electricity for over 72 h when the passive auxiliary feedwater systems
(PAFSs) are operable without damage. However, heat exchanger tube rupture in the PAFS leads to core
damage after about 18 h. Such results demonstrate that, to enhance the safety of iPOWER, maintaining
the integrity of the PAFS is critical, and therefore additional protections for PAFS are necessary. To
improve the reliability of iPOWER, additional battery sets are necessary for the passive safety systems
using limited active components for accident mitigation under such extreme circumstances.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Passive safety features in the nuclear power industry have been
getting increased attention following the Fukushima Daiichi acci-
dent, in order to prevent such accidents caused by natural disasters
such as earthquakes or tsunamis. Many nuclear power plants
(NPPs) have complemented their active safety systemswith various
passive safety features. For example, the APR þ has adopted a
passive auxiliary feedwater system (PAFS) that replaces the con-
ventional active auxiliary feedwater system (AFWS) [1], while the
HPR1000 has integrated a passive containment cooling system
(PCCS) and a PAFS as backup systems for the active safety systems
[2]. The safety of advanced NPPs using both active and passive
safety features has been improved, more than existing NPPs with

only active safety features. However, advanced NPPs still have
limitations to mitigate accidents for long periods under an
extended loss of AC power, like in the Fukushima accident, because
their active safety features need electricity to operate. Accordingly,
the iPOWER (innovative Power Reactor) with passive safety con-
cepts was proposed in order to significantly improve safety and
overcome the limitations of the APRþ, and is currently under
development in South Korea [3]. iPOWER incorporates such passive
safety features as a passive emergency cooling system (PECCS),
PCCS, and PAFS.

Passive safety features are mainly operated by driving forces
such as natural circulation and gravity. However, some of these
features require the limited use of active components to trigger
subsequent passive operation. According to IAEA technical reports,
passive systems with such limited active components are classified
as Category D, which refers to systems with “passive execution/
active initiation” [4]; correspondingly, the PECCS and PAFS of the
iPOWER have been classified as Category D because their actuation
valves are powered by batteries. Once activated by these active
components, these passive safety systems operate by natural
forces; nevertheless, operation of Class D passive safety systems
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cannot be guaranteed under conditions like the Fukushima acci-
dent on account of the electrically operated active components.
Therefore, a performance evaluation is required to meet iPOWER’s
design targets to prevent radiation release under all accident con-
ditions, and to ensure the safety of iPOWER compared to existing
NPPs.

This study focuses on the performance and effectiveness of the
passive safety features of iPOWER under Fukushima-like accident
conditions, as well as the possibility that an accident could progress
into a severe accident when the passive safety systems are
damaged, considered here as heat exchanger (HX) tube ruptures
under extreme conditions. From the analysis results, suggestions
are given regarding the passive safety features to improve the
safety of iPOWER.

2. Overview of the passive core cooling system in an iPOWER
NPP

The main design feature of iPOWER is that it is a passive reactor
that replaces all active safety systems with passive safety systems.
The main passive safety features of iPOWER are the PECCS for
emergency core cooling, the PAFS for secondary cooling and re-
sidual heat removal, and the PCCS for containment cooling.
Following an accident, progression is divided into short- and long-
term phases in consideration of the systems utilized for mitigation
and accident consequences. In the short-term phase, it is evaluated
whether the passive core cooling systems like the PECCS and PAFS
couldmitigate the accident andmeet the safety criteria. In the long-
term phase, severe accidents such as core melting, containment
damage, and radiation release are evaluated. This study focuses on
the PECCS and PAFS for the evaluation of the performance and
effectiveness of the passive safety features in the short-term phase,
and not the PCCS which works for containment cooling in the long-
term phase.

The PAFS replaces the conventional AFWS and functions to cool
the primary side by secondary cooling and remove decay heat by
natural driving forces [5]. The PAFS was developed and applied for
the APRþ, and iPOWER has adopted it for secondary cooling and
residual heat removal; a conceptual design of the PAFS is given in
Fig. 1. The design of the PAFSs in APRþ and iPOWER is similar, but
the roles of PAFS in iPOWER have expanded to remove decay heat
until the reactor coolant system (RCS) temperature reaches hot
standby and hot shutdown modes. The PAFS comprises two inde-
pendent divisions, each consisting of two passive condensation
heat exchangers (PCHXs), one passive condensation cooling tank
(PCCT), check valves, isolation valves, condensate return line and

steam supply line piping, and instrumentation and control (I&C)
systems. The isolation valves are fail-open valves that are normally
powered by a battery (Class 1E DC) for operation, but following an
accident in which all power is lost, they automatically open in 30 s.
For this reason, the PAFS is classified as a Category D system. PAFS
operates by the PCHXs condensing steam on the tube side and
transferring heat to the PCCT. The condensed water then returns to
downstream of the steam generator (SG) economizer via a
condensate return line by gravity.

The PECCS makes up and cools down the core during accidents
[6]; its conceptual design is given in Fig. 2. The PECCS removes core
residual heat through the safety injection and depressurization of
the RCS. The safety injection system is composed of two hybrid
safety-injection tanks (HSITs), two conventional safety-injection
tanks (SITs), an in-containment refueling water storage tank
(IRWST), actuation valves and related piping. The depressurization
system consists of four automatic depressurization valves (ADVs).
The set points of the PECCS actuation valves for operation are listed
in Table 1. The PECCS is also classified as Category D because the
actuation valves are opened only once using DC powered by
batteries.

3. Analysis method

3.1. Test case and scenarios

In order to analyze an accident similar to the Fukushima con-
ditions, the following assumptions were made. A total loss of DC
and AC power occurs due to flooding caused by a tsunami, and all
backup power becomes unavailable for an extended period. Such
power loss causes all monitoring and operational signals in the I&C
systems to not work. Valves operated by electrical power cannot
work either, but the fail-open valves work automatically. At this
time, the PAFS isolation valves open automatically, and the safety
valves of the pressurizer (PZR) and SGs only open to prevent over-
pressure of the primary and secondary systems.

In the case of the AP1000, which is another passive reactor
similar to iPOWER, an analysis was performed to investigate the
effectiveness of its passive core cooling systems (PXS) under
Fukushima-like accident conditions [7]. The passive safety injection
system and the passive residual heat removal system (PRHR) of the
AP1000 are also classified as Category D because the actuation
valves are powered by batteries for operation during an accident.
Analysis results showed that the AP1000 couldmaintain a safe state
owing to coolant injection by the core makeup tank and heat

Fig. 1. Conceptual design of PAFS. Fig. 2. Conceptual design of PECCS.
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removal by the PRHR when the PRHR heat exchanger are undam-
aged. However, when the PRHR heat exchanger is damaged during
the accident, the accident could lead to a severe condition within
five hours [8].

The test cases and scenarios in this present work are considered
according to the above assumptions and evaluation cases of the
AP1000. Two cases are determined depending on whether the
PCHX tubes of the PAFS are damaged or undamaged under
Fukushima-like accident conditions. In damaged PAFS case, the one
tube of the PCHX assumed to be double-ended ruptured. The inner
diameter of one tube is 44.8 mm and the break location is the
bottom part of PCHX bundles.

3.2. Description of accident

3.2.1. Accident with intact PAFS
As the accident occurs, when the PAFSs are undamaged, control

rods drop into the core because of the total loss of power of the
reactor protection systems, and the reactor coolant pumps (RCPs)
trip. The PAFS isolation valves open automatically, and the PCCS
fail-open isolation valves remain open when the accident occurs.
Residual heat of the RCS is mainly removed by secondary cooling by
the PAFS. The actuation valves of the PECCS HSITs do not operate for
high-pressure injection due to the loss of power; however, cooling
water could inject to the RCS when RCS pressure drops below the
pressurized gas pressure, which is 4 MPa like the SITs. The RCS
could maintain the hot shutdown condition up to 72 h by the decay
heat removal of the PAFS under Fukushima-like accident conditions
when the two PAFSs are available without damage. The safety
valves of the SGs and the PZR open to protect the systems when the
RCS pressure reaches its opening set point for over-pressure pro-
tection. While the pressure inside the reactor building increases
due to the release of primary coolant from the PZR, the PCCS
operates automatically as PCCS fail-open isolation valves remain
open under Fukushima-like accident conditions and keeps the
containment building in a safe state. The cooling performance of
iPOWER PCCS was analyzed during a large break LOCA and the
containment pressure and temperature decreased continuously
when the accident occurs [9]. The containment integrity is ensured
by the PCCS cooling and the radioactive materials are not released
into the environment.

3.2.2. Accident with damaged PAFS
The PCHX of the PAFS consists of hundreds of thin U-type tubes.

If these tubes are broken during a major earthquake like the
Fukushima accident, the loss of secondary system inventory
through the breaks could reduce the cooling performance of the
PAFS residual heat removal.

The PAFS of the iPOWER and the PRHR of the AP1000 play
similar roles to remove residual heat from the core, but they have
different characteristics in terms of primary and secondary system
inventory when the HX tubes are broken [10].

The PAFSs cool the primary side by secondary cooling since the

PAFS is a closed loop connected to the secondary side as it operates.
The radioactive materials could not be released from damaged tube
of PAFS due to the characteristic of the PAFS which is separated
from the primary pressure boundary and connected the secondary
side. But the AP1000 PRHR connects to the primary pressure
boundary by an inlet line from one RCS hot leg and the outlet line
from the PRHR heat exchanger to the RCS cold leg has two parallel.
Thus, the PRHR tube rupture causes the loss of primary system
inventory, similar to a small break LOCA and the radioactive ma-
terials could be discharged into IRWST. In the AP1000, PXS safety
injection and automatic depressurization system (ADS) depres-
surization are vital for mitigating the LOCA [11]. However, ADS
valves and IRWST squib valves do not open due to the prolonged
loss of power under Fukushima-like accident conditions. The core is
overheating continuously and is damaged in a short time. The
PECCS actuation valves and the ADVs in iPOWER also do not open
under such accident conditions, but the RCS behavior is different
from that of AP1000 because the core decay heat in the iPOWER
could be removed efficiently by the secondary cooling system,
PAFS. The secondary cooling system can keep the RCS in a safe
condition for an extended period of time evenwhen the decay heat
removal system is broken and only one train of the PAFS is available
under extreme conditions. After PAFS cooling, the pressure inside
the reactor building could increase due to the release of coolant
from the PZR. However the PCCS operate automatically and the
containment building can be safely maintained by PCCS cooling.

3.3. Analysis model

The performance of the PAFS and PECCS is analyzed using the
best estimate thermal-hydraulic code, RELA5/MOD 3.3. Fig. 3 shows
the preliminary nodding diagram for the analysis of the PAFS and
PECCS. The RCS configuration, PAFS and PECCS design are based on
the typical two-loop system of the 1500 MWe. APR þ because the
conceptual design of the iPOWER is being processed at 1250 MWe,
although this value could change. The RCS is modeled with two hot
legs, four cold legs, two SGs, four RCPs, and one PZR. TwoHSITs, two
SITs, one IRWST, and four ADVs are modeled for the PECCS, and
eight PCHXs, two PCCTs, and connected piping and valves are
modeled for the PAFS. In this model, the inventory of PCCT is
670,000 gallon per tank and the condition of cooling water in PCCT
is 40 �C at 1 bar for conservative evaluation. Since this reactor is
under conceptual design development, the design and capacity of
PAFS now refer to the APRþ and the design could be changed as the
research progresses. The huge water tank and isolation valves are
modeled for the IRWST, and the containment atmosphere is

Table 1
Set points of the PECCS actuation valves for operation.

Components Opening set points

Injection system HSIT RCS pressure <10 MPa
SIT RCS pressure <4 MPa
IRWST RCS pressure <0.2 MPa

Depressurization system ADV #1 HSIT low level
ADV #2 Time delay after ADV #1 open
ADV #3 Time delay after ADV #2 open
ADV #4 HSIT low level and hot-leg low level

Fig. 3. PAFS and PECCS nodalization.
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modeled at the boundary condition of atmospheric pressure. All
essential control and protection systems are otherwise applied.

4. Calculation results and analysis

According to the assumptions that all power is lost by major
flooding from a tsunami and the PCHX tubes of the PAFS are
damaged by an earthquake similar to Fukushima conditions, test
cases were calculated using RELAP5/MOD3.3 code.

4.1. Test case 1: when the PCHX tubes of PAFSs are not damaged

Calculations in the first test case were performed considering
that both PAFSs are available and undamaged in the given accident
conditions. The major sequences of events of the accident when the
PCHX tubes of the PAFS are undamaged are listed in Table 2. As
mentioned above, reactor control rods drop into the core following
the accident because of the total loss of power and RCP trips. The
actuation valves of the PAFS open automatically after 30 s of delay
time. Fig. 4 shows the pressure behavior of the PZR and SGs. The
pressure and temperature of the primary and secondary systems
decrease continuously because the residual heat of the RCS is
mainly removed by secondary cooling of the PAFS, as shown in
Figs. 5 and 6.

When RCS pressure reaches the injection set points of the HSITs
(10 MPa), cooling water from the HSITs cannot inject to the RCS
because the HSIT actuation valves cannot operate without power.
When RCS pressure reaches the injection pressure of the SITs
(4 MPa), cooling water from both HSITs and SITs can inject to the
RCS. The amount of coolant injected from the HSITs and SITs
compensates for the amount of RCS coolant condensed by PAFS
cooling, and the remaining coolant of the HSITs and SITs is injected
to the RCS after the RCS coolant is discharged following PZR safety
valve opening. The RCS can be maintained in a hot shutdown state
for over 72 h without any operator actions or electrical sources. The
PCCT water level increases temporarily due to the volume expan-
sion of the PCCT pool as the cooling water temperature initially
increase. When the PCCT water reached a saturated state, the PCCT
water level partially decrease as the cooling by PAFS like Fig. 7 [12].
The different mitigation time between PAFS 1 and 2 (410 s) could
occur due to the influence of heat transfer during phase transition
calculation and the results are not significantly affected in whole
accident progression [13]. As the PCHX tubes begin to be uncovered
from the cooling water in the PCCT, the pressure and temperature
of the SGs increase because cooling by PAFS is not sufficient. As the
SG safety valves open due to high pressure, SG inventory reduces
and completely dries out in about 129.6 h. RCS pressure reaches the
opening set points of the PZR safety valves within 130.7 h, so the
core inventory starts to decrease from 132.1 h, as shown in Fig. 6.

Table 2
Main sequences of test case 1.

Sequence of event Time

second hour

Accident initiation 0.0
Reactor trip 0.0
RCP trip 0.0
PAFS actuation 30
HSIT and SIT actuation 7650 2.1
PCHX tubes completely uncovered 111.6 (PAFS 1)

111.7 (PAFS2)
SG safety valves open 123.3
PZR safety valves open 130.7
Calculation terminated 134.9

Fig. 4. Pressure behavior of pressurizer and steam generators in test case 1.

Fig. 5. Core residual heat and PAFS heat transfer power in test case 1.

Fig. 6. Mass flow rate of PAFS channel in test case 1.
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Fig. 7 shows the core outlet temperature, where the residual heat
cannot be removed as liquid temperature reaches the saturation
temperature (see Fig. 8, Fig. 9).

In this case, the top tier requirement of iPOWER is met in that
the RCS can be maintained in the safety condition for over 72 h
without any operator action or electrical sources. However, if no
action is taken following this time period, core damage will occur.

4.2. Test case 2: when one PCHX tube of the PAFS is damaged

Calculations in the second test case were performed considering
that only one PAFS is operable with one broken PCHX tube under
the given accident conditions. Fig. 10 shows the pressure behavior
of the PZR and SGs in this case. As in the first test case, the reactor
and the RCPs trip following the accident, the control rods drop into
the core, and the PAFS isolation valves open automatically after
30 s. Before the PAFS operates, the SG safety valves briefly open due
to over-pressure of the secondary side, but they do not open after
PAFS initiation. .As the PAFS operates, high-temperature and high-
pressure steam from the SG of the affected PAFS discharges rapidly
into the PCCT through the break site like Fig. 11. The discharged
steam causes the phase change between steam and water repeat-
edly and the mixtures of water and steam inject and discharge
repeatedly through the broken PCHX tube. The affected PAFS
cannot remove core residual heat sufficiently, as shown in Fig. 12.
The break flow fluctuation affects the pressure and temperature of
the SG and heat removal performance is reduced. In unavailable
loop, PAFS 2, a small amount of decay heat is removed until the SG 2
would be dry out. Since the decay heat removed by PAFS 1 is much
larger than the decay heat removed by PAFS 2, the PAFS 2 power is
not significant in Fig. 12. The SG in the affected PAFS dries out at
11,232 s (about 3.1 h) due to the PCHX tube rupture. The pressures
of the RCS and the intact SG increase to the set point of the SG safety
valve opening, which is reached at 15,865 s (about 4.4 h). After the
intact SG is depleted at 24,700 s (about 6.9 h) following safety valve
opening, RCS pressure increases and reaches the set point of the
PZR safety valve opening at 39,230 s (about 10.9 h). The PZR safety
valves then open to prevent RCS over-pressure, and the core water
level begins to decrease (Fig. 13). At 41,000 s (about 11.4 h), the core
outlet temperature reaches the saturation temperature (Fig. 14),
and saturated steam fills the upper plenum as residual heat cannot
be sufficiently removed. Fig. 15 shows the cladding temperature of
the hottest channel at 20 axial points. The peak cladding

Fig. 7. PCCT collapsed water level in test case 1.

Fig. 8. Collapsed water level in the reactor vessel in test case 1.

Fig. 9. Core outlet temperature in test case 1. Fig. 10. Pressure behavior of the pressurizer and steam generators in test case 2.
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temperature begins to increase after 655,500 s (about 18.2 h), and
eventually core damage occurs since it is impossible to sufficiently
remove residual heat. Fig. 16 shows a variation of the PCCT water
level. As the PCCT water temperature rises, the PCCT water volume
expands and the PCCT water level increases temporarily. The PCCT
water level partially decrease as the cooling by PAFS like Fig. 16
when the PCCT water reached a saturated state.

5. Conclusion

In this study, calculations were performed to analyze the per-
formance and the effectiveness of the passive safety features of the
iPOWER under major accident conditions like Fukushima. In addi-
tion, it was investigated whether the accident could become severe
if the passive safety systems are damaged by considering heat
exchanger tube rupture. Results indicated that if the PAFSs are not
damaged, core residual heat can be removed by the PAFS without
operator actions or electricity, and the RCS remains in the hot
shutdown condition for an extended period. However, a PCHX tube
rupture leads to core damage because the cooling performance of
the PAFS reduces, the RCS cannot depressurize following the failure
of ADV opening, and coolant cannot be injected by the IRWST. The

Fig. 11. Mass flow rate of PAFS channel in test case 2.

Fig. 12. Core residual heat and PAFS heat transfer power in test case 2.

Fig. 13. Collapsed water level in the reactor vessel in test case 2.

Fig. 14. Core outlet temperature in test case 2.

Fig. 15. Cladding temperatures of the hottest channel at 20 axial points in test case 2.
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opening failure of the HSIT operation valves was not significant
because the PCHX tube rupture does not cause the loss of primary
coolant, unlike the case of PRHR tube rupture in the AP1000. After
the PAFS cooling, even if the primary coolant from the PZR is
released into the containment, the containment integrity is
ensured by the PCCS cooling and the radioactive materials are not
released into the environment.

Some suggestions to improve the passive safety features of the
iPOWER are given from the analysis results. It can be seen that the
integrity of the PAFS is an essential factor; notably, the top tier
requirement of iPOWER was met as the analysis results showed
that the RCS could bemaintained in a safe shutdown state for over 4
days if the intact two PAFSs are available. However, following the
results of the damaged PAFS case, additional protections are
necessary to enhance the safety of iPOWER in extreme circum-
stances. In particular, RCS depressurization by ADV opening and
cooling water injection by the IRWST is required to completely
mitigate the accident after 72 h, because secondary cooling by PAFS
alone is not sufficient in currently developed designs. Therefore,
additional battery sets are necessary in extreme circumstances to
insure passive safety system operation using limited active com-
ponents, such as actuation and depressurization valves, to improve
the reliability of iPOWER.
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Nomenclature

ADS Automatic depressurization system
ADV Automatic depressurization valve
AFWS Auxiliary feedwater system
CMT Core makeup tank
HSIT Hybrid safety injection tank
IRWST In-containment refueling water storage tank
PAFS Passive auxiliary feedwater system
PCCS Passive containment cooling system
PCCT Passive condensation cooling tank
PCHX Passive condensation heat exchangers
PECCS Passive emergency cooling system
PRHR Passive residual heat removal
PSIS Passive safety injection system
PXS Passive core cooling systems
PZR Pressurizer
RCP Reactor coolant pump
RCS Reactor coolant system
SG Steam generator
SIT Safety injection tank
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