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The Fukushima accident reveals the vulnerability of existing active nuclear power plant (NPP) design
against prolonged loss of external electricity events. The passive safety system is considered an attractive
alternative to cope with this kind of disaster. Also, the passive safety system enhances both the safety and
the economics of NPPs. The adoption of a passive safety system reduces the number of active components and can minimize the construction cost of NPPs. In this paper, reﬂecting on the experience during
the development of the APRþ design in Korea, we propose the concept of an innovative Power Reactor
(iPower), which is a kind of passive NPP, to enhance safety in a revolutionary manner. The ultimate goal
of iPower is to conﬁrm the feasibility of practically eliminating radioactive material release to the
environment in all accident conditions. The representative safety grade passive system includes a passive
emergency core cooling system, a passive containment cooling system, and a passive auxiliary feedwater
system. Preliminary analysis results show that these concepts are feasible with respect to preventing
and/or mitigating the consequences of design base accidents and severe accidents.
© 2017 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/).

Keywords:
iPower
PAFS
Passive Safety System
PCCS
PECCS

1. Introduction
The Fukushima accident, which occurred in March 2011,
changed the paradigm of nuclear power plants (NPPs). Prior to the
Fukushima accident, to take the initiative in the international
market, NPP vendors had tried to develop more economic NPPs
based on reasonably achievable safety levels and standardization of
design. The typical example of this trend was the increasing of the
reactor power level. As is well known, NPPs with higher electric
capacity show better economics compared to conventional NPPs
because of economies of scale. AREVA in France developed an EPR
with 1,650 MWe capacity from the N4 reactor, which had a capacity
of 1,475 MWe [1]. KHNP developed the APRþ with 1,500 MWe
capacity from the APR1400, which had a capacity of 1,400 MWe
[2,3]. After the Fukushima accident; however, this trend has obviously changed. Major countries including Korea, the United States,
the European Union, and Japan have been performing postFukushima improvements to NPPs as short-term countermeasures to enhance the safety of NPPs. However, some countries such
as China and Russia have been developing passive safety systems as
long-term and ultimate countermeasures.
The Fukushima accident can be classiﬁed as an accident in
which all AC power in the NPP is lost for a long period, a so-called
extended loss of AC power (ELAP). Most current NPPs use active
* Corresponding author.
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components, i.e., pumps, to perform their safety functions. For
example, the APR1400 has safety injection pumps, shutdown
cooling pumps, auxiliary feedwater pumps, and containment spray
pumps [4]. NPPs that use active components to prevent and/or
mitigate accident consequences are called active NPPs. APR1400,
APWR, EPR, and almost all of the operating NPPs belong to this
category. According to post-Fukushima improvements, active NPPs
should use external portable pumps for primary and/or secondary
cooling under ELAP conditions [5]. However, some advanced NPPs
do not rely on active components to prevent and/or mitigate accident consequences. They use passive safety systems that perform
their safety functions without external electric power. We call this
type of plant a passive NPP. AP1000 and ESBWR (Economic
Simpliﬁed Boiling Water Reactor) belong to this category [6,7].
A passive safety system is considered an attractive alternative by
many designers and researchers because it can enhance both the
safety and the economics of NPPs. Safety enhancement by passive
safety system is self-explanatory. The adoption of a passive safety
system reduces the number of active components, valves, cables,
and so on. This reduction of the construction equipment and
components minimize the construction cost of the NPP. However,
the passive safety system has several disadvantages, as follows [8]:
(1) the passive system shows relatively low efﬁciency because of
the low driving head; (2) it is difﬁcult to prove the general performance of the passive system because of its strong dependency
on system design conﬁguration; (3) enhancement of performance
is difﬁcult because natural forces are difﬁcult to control; and (4) the
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passive system has potential unknown phenomena, such as ﬂow
instabilities.
For these reasons, some advanced NPPs use both active and
passive safety systems. This type of plant is called a hybrid NPP. For
example, APRþ uses active safety systems such as a safety injection
system, shutdown cooling system (SCS), and containment spray
system, as well as passive safety systems such as a passive ﬂuidic
device, passive autocatalytic ignitor, and passive auxiliary feedwater system (PAFS). In APRþ, the active auxiliary feedwater system is replaced with the PAFS [9]. VVER1200 and Hualong use
passive containment cooling system (PCCS) and PAFS as backups for
the active safety systems [10,11]. Although hybrid NPPs show better
safety performance compared to active NPPs, they cannot be an
ultimate solution against Fukushima-type accidents because they
still require electricity to perform safety functions. Therefore, in
this paper, we propose the concept of an innovative Power Reactor
(iPower), to enhance the safety in a revolutionary fashion that reﬂects the experiences of the development of the APRþ design. The
ultimate goal of iPower is to practically eliminate the possibility of
radioactive material release to the environment in all accident
conditions, including natural disaster-induced accidents such as
the Fukushima accident.
In Section 2, the top-tier requirements for the iPower design are
described. In Section 3, the design concepts, system description,
and operating strategy during accident for major passive safety
systems are described. Then, to examine the feasibility of each
system, performance analyses of individual passive safety systems
will be described in Section 4.

Reactor vessel support column should be removed. (4) Reactor
vessel and RCS should be located as low as possible in the
containment. (5) Mid-loop operation should be eliminated through
adjustment of the SG elevation to an area higher than that in the
current design. (6) The height difference between the main loop of
the RCS and the in-containment refueling water storage tank
(IRWST) should be greater than 10 m. (7) Double concrete
containment is adopted. The primary containment is a prestressed
steel lined concrete containment; the secondary containment is
reinforced concrete containment.

2. Top-tier requirements

The major differences between iPower and the current NPPs are
that all the safety systems are replaced with passive systems. So, in
this paper, the design concepts of the passive safety systems and
related general arrangements are described and then summarized
in Table 1.

As stated earlier, the design target of iPower is to practically
eliminate radioactive material release to the environment under all
accident conditions including natural disaster-induced accidents
such as the Fukushima accident. In this section, basic requirements
to meet this target are described [12].
2.1. General requirements
The general requirements for this design are as follows: (1) the
rated power is 1,250 MWe. This value could be changed according
to thermal margin and the capacity of the passive systems, especially the PCCS; (2) the design lifetime of the major components
such as the reactor vessel is 80 years; and (3) the safety function in
design bases accident should be performed by the passive safety
system only.
2.2. Safety requirements
The iPower design speciﬁes the following safety requirements:
(1) the operator action time should be a minimum 72 h by conservative evaluation and 1 week by realistic evaluation; (2) the core
damage frequency for full power internal events should be less
than 1.0Ee7/RY; (3) large radioactive material release through the
containment should be practically eliminated; and (4) unfavorable
exposure time during an ATWS accident should be practically
eliminated.
2.3. Reactor coolant system and building arrangement
requirements
(1) Reactor coolant system (RCS) has a two-loop conﬁguration,
which means two steam generators (SGs) and four reactor coolant
pumps, identical to the systems in place in the APR1400 and APRþ.
(2) Top-mounted in-core instrument (ICI) should be adopted. (3)

2.4. Safety system requirements
Safety systems should not require external power to perform
their own functions; these systems include the containment cooling system, the emergency core cooling system, the SCS, the
containment ﬁltered venting system, the severe accident mitigation system and the spent fuel pooling cooling system.
No safety grade active systems should exist. Therefore, safety
grade emergency diesel generators are not required.
Nonsafety grade active systems could be adopted to back up the
passive safety systems as necessary, especially the passive emergency core cooling system (PECCS).
Required operator action should be minimized during accident
conditions. If required, potential operator errors should be automatically detected and remedied.
3. Design concepts

3.1. RCS and the containment arrangements
The conceptual arrangements of the RCS and the containment
are developed based on the requirements in Section 2.3 [12]. Fig. 1
compares the general arrangements of the APRþ and iPower. The
advantages of the iPower general arrangement are as follows: (1)
top-mounted ICI has been adopted to prevent ICI penetration failure in severe accident; (2) IRWST is located at the operating ﬂoor
level to enhance the gravity feed capability to reactor cavity in
Table 1
Comparison of system and function between APRþ and iPower.
System or function

APRþ

iPower

Emergency core cooling
High pressure injection
Medium pressure injection

SIS
HPSI
SIT

PECCS
HSIT
SIT

Low pressure injection
Secondary cooling
Containment integrity
Residual heat removal
Gravity feed head
ICI location

SC
PAFS
CS
PAFS/SC
~1 m
Bottom
mounted
Up to cold leg

IRWST, ADV
PAFS
PCCS
PAFS
>10 m
Top mounted

Cavity ﬂooding

Remark
Gravity driven
Pressure
difference
driven
Gravity driven

above cold leg

ADV, automatic depressurization valve; CS, containment spray; HPSI, high pressure
safety injection; HSIT, hybrid safety injection tank; ICI, in-core instrument; IRWST,
in-containment refueling water storage tank; PAFS, passive auxiliary feedwater
system; PCCS, passive containment cooling system; PECCS, passive emergency core
cooling system; SC, shutdown cooling; SIS, safety injection system; SIT, safety injection tank.
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Fig. 1. RCS and containment arrangements of iPower. RCS, reactor coolant system.

severe accident; (3) to economize the cavity ﬂooding water source
and ensure the submergence of reactor vessel in severe accident,
reactor vessel elevation is lower than APRþ; and (4) total
containment height is reduced as much as RCS is lowered.
3.2. Passive emergency core cooling system
The major safety function of the ECCS system is to provide
cooling water to the RCS to maintain core inventory in a wide range
of RCS pressure conditions including station blackout, small break
loss-of-coolant accident (LOCA) for high pressure scenario and
large break LOCA for low pressure scenario [13,14]. Therefore, the
major functions of the ECCS system are divided into three different
injection modes based on the RCS pressure conditions of high
pressure injection, medium pressure injection, and low pressure
injection. In high pressure injection mode, there are two design
options available. Option 1: Increase the nitrogen gas pressure in
the safety injection tank (SIT), which is compatible with the high
pressure safety injection pump shutoff head. Option 2: Install
connection provision between SIT and RCS to equalize the pressure
and enable gravity feed from SIT to RCS.
In Option 1, SIT cannot deliver coolant water when RCS pressure
is higher than the SIT pressure. Also, SIT nitrogen gas pressure
decreases as injection initiates. So, the RCS pressure needs to be
sufﬁciently decreased to maintain stable high pressure injection. In
Option 2, the applicable connections are the pressurizer or the cold
leg. In the pressurizer connection case, when the existing pressurizer automatic depressurization valve (ADV) actuates for rapid
depressurization function, more complicated interaction in terms
of pressure between pressurizer and core is expected. So, the cold
leg to SIT connection is adopted as a ﬁnal design option.
The conﬁguration of the iPower PECCS is composed of two
hybrid safety injection tanks (HSITs), two conventional SITs, four
ADVs, and related piping, as shown in Fig. 2. In this design concept,
there are no active components in the PECCS except for the four

ADVs and the two actuation valves of the HSITs. Using DC powered
by batteries, these valves open only once to actuate PECCS. This
kind of system is classiﬁed as a passive system Category D according to the deﬁnitions of passive systems by the International
Atomic Energy Agency [15].
The hydraulic conditions of the HSITs and SITs are the same as
those of the conventional SITs installed in APRþ [2]. Two HSITs and
two SITs are connected to the direct vessel injection nozzle located
in the reactor vessel upper downcomer. The two HSITs have additional connection pipes between the cold legs and the top of the
HSITs; these lines are isolated during normal operation. Seventyﬁve percent of the volume of the HSITs/SITs is ﬁlled with water;
to allow injection of water during an LOCA, the remaining space is
ﬁlled with nitrogen gas pressurized to 4.0 MPa. ADVs #1e#3 are
attached to the top of the pressurizer for rapid depressurization of
the RCS; ADV #4 is installed at both the hot legs to further
depressurize the RCS. ADVs #1e#3 discharge steam from the top of
the pressurizer to spargers located in the IRWST. ADV #4 discharges
steam from the hot legs to the containment atmosphere to decrease
the RCS pressure below the hydrostatic head of the IRWST for
gravity feed.
PECCS performs its safety function in three different injection
modes, described as follows (the actuation set points are summarized in Table 2).
Mode 1 (high pressure injection, 4 MPa < RCS
pressure < 10 MPa): This function is initiated through the automatic opening of the actuation valve between HSIT and the cold leg
at the set point of about 10 MPa. HSIT pressure, which is initially
pressurized at 4 MPa, is equalized to the RCS pressure by the
opening of the actuation valve. Then, the water in HSIT is injected
into the reactor vessel upper downcomer by the gravity head in
high pressure condition in RCS.
Mode 2 (medium pressure injection, 0.2 MPa < RCS
pressure < 4 MPa): When RCS pressure decreases below 4 MPa
owing to the effect of high pressure injection, SIT automatically
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Fig. 2. Simpliﬁed diagram of the PECCS. IRWST, in-containment refueling water storage tank; PECCS, passive emergency core cooling system; S/G, steam generator; SIT, safety
injection tank.
Table 2
PECCS actuation valve design parameters.
Components

Flow path

Opening set point

Remark

HSIT valve
ADV #1
ADV #2
ADV #3
ADV #4

Cold leg / HSIT
Pressurizer / IRWST
Pressurizer / IRWST
Pressurizer / IRWST
Hot leg / Containment

RCS P < 10 MPa
HSIT low level
ADV #1 þ time delay
ADV #2 þ time delay
HSIT low level

1 for each HSIT (total 2 ea)
For sequential operation
1 for each hot leg
(total 2 ea)

ADV, automatic depressurization valve; HSIT, hybrid safety injection tank; IRWST, in-containment refueling water storage tank; PECCS, passive emergency core cooling
system; RCS, reactor coolant system.

actuates to further cool the core. However, if RCS pressure does not
decrease to 4 MPa prior to HSIT coolant inventory depletion, there
are no additional means to cool the core. To prevent this situation,
three ADVs at the top of the pressurizer are sequentially opened by
HSIT low level signal.
Mode 3 (low pressure injection, RCS pressure < 0.2 MPa): When
RCS pressure is lower than 0.2 MPa, the water in IRWST is injected
into the reactor vessel by gravity for long-term cooling. If required,
the ADV #4 installed at the hot leg is opened to reduce RCS pressure
to a value lower than 0.2 MPa.
3.3. Passive containment cooling system
The containment is the last barrier to protect the public from
radioactive material release to the environment [13]. Therefore,
highly reliable containment cooling systems (CCSs) have been
widely developed and used. The CCSs are classiﬁed into the
following three categories. (1) Active CCS and active backup systems: APR1400, APWR, APRþ, etc. (2) Active CCS and passive
backup systems: HPR1000, VVER-1200. (3) PCCS: AP1000, ESBWR,
iPower.
AP1000 PCCS cools the steel containment outside wall using
spray driven by gravity head. This concept is not applicable to
iPower, which has concrete containment, because the conductivity
of a concrete is very low compared to that of steel. The NPPs with
concrete containment have to use a heat exchanger to cool the
containment. There are two design options available depending on
the location of the heat exchanger, as follows. Option 1: installation

of heat exchangers outside of the containment (Fig. 3A). Option 2:
installation of heat exchangers inside the containment (Fig. 3B).
Under Option 1, when the containment pressure is increased,
the steam and air mixture in the containment ﬂows through the
heat exchanger tube side by natural circulation. Steam is condensed
in the heat exchanger tube side. Because of the condensation inside
the tube, static pressure decreases and differential pressure gives a
driving force to ﬂow steam and air mixture continuously. However,
the cooling performance gradually degrades because of noncondensable accumulation inside the tube. So, this option must have a
separated compartment to capture air. The BWR, such as ESBWR,
with small containment volume, uses this type of PCCS. Most
pressurized water reactor (PWRs) with large concrete containment,
including VVER-1200, HPR1000, and also iPower, adopt Option 2. In
iPower, the heat exchangers are located inside the containment and
the condenser tank is located outside the containment. Comparisons of the two options are summarized in Table 3.
Figs. 4 and 5 provide a conceptual schematic diagram of the
PCCS adopted in iPower. Vertical-type heat exchangers are installed
inside the containment wall. A passive containment cooling tank
(PCCT) is located at the top of the auxiliary building. The tanks and
the heat exchangers are connected using pipes that penetrate the
containment. There are two normal open and fail open isolation
valves on the pipes that penetrate the containment. The function of
these valves is to isolate the heat exchangers for maintenance. This
means that the PCCS of iPower has no active components for
initiation of operation. The preliminary design parameters of the
PCCS heat exchangers are shown in Table 4. As for initial heat
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Fig. 3. Conceptual containment cooling methods using a heat exchanger. HX, heat exchanger; PCCS, passive containment cooling system; PCCT, passive containment cooling tank.

Table 3
Comparison of PCCS conﬁguration.
System or
function

CTMT outside HX

CTMT inside HX

Working ﬂuid
- Tube side
- Shell side
Flow direction
Noncondensable
gas effect

Air/steam mixture
Water pool

Single phase water/two-phase
air/steam mixture

downward
Performance degradation
due to air accumulation
inside the tube
No additional volume
required in CTMT

upward
Performance degradation due
to air accumulation outside
the tube
Relatively high driving head
in two phase ﬂow
Prompt initial actuation
Large additional volume
required in CTMT

Advantage

Disadvantage

Delayed initial actuation
Possibility of CTMT bypass
in normal operation

CTMT, containment; HX, heat exchanger; PCCS, passive containment cooling
system.

exchanger sizing, the heat transfer rate is assumed to be 22.5 kW/
m2 [16]. The validity of this assumption for heat transfer rate is
scheduled to be veriﬁed based on full-height single and multitube
performance experiments.
3.4. Passive auxiliary feedwater system
The PAFS replaces the conventional active auxiliary feedwater
system for secondary cooling via SG coolant injection, as shown in
Fig. 6. The PAFS was already developed and adopted in APRþ based
on experimental validation of its cooling performance [17e19]. The
PAFS is also adopted in iPower, and its design and function are
nearly identical to those of APRþ. One difference is that the safe
shutdown function using PAFS is extended for wider operating
conditions. The safe shutdown condition is deﬁned as a state in
which the reactor coolant temperature is maintained at a sufﬁciently low temperature by effective decay heat removal. Safe
shutdown condition should be maintained only by safety-related
systems. The APRþ decay heat removal function after the reactor
trip is performed by two different systems, the PAFS and the active
SCS. After reactor trip and when the coolant average temperature is
still in higher than 176.7 C (hot standby mode), the decay heat is
removed by PAFS. It is switched to the SCS when the coolant
average temperature is lower than 176.7 C (hot shutdown mode).
However, in iPower, the PAFS is used for both hot standby and hot
shutdown modes. Furthermore, safety grade active SCS is removed
to implement the top-tier requirement that the safety function
should be performed only by a passive safety system. To maintain

operability in normal operation of cooling function in cold shutdown, coolant temperature is lower than 100.0 C, and refueling
operation is performed by nonsafety grade SCS.
4. Conceptual performance evaluation
In this section, to examine the feasibility of these two systems,
performance analyses of PECCS and PCCS are brieﬂy described.
4.1. Passive emergency core cooling system
The performance of PECCS is analyzed using the RELAP5/
MOD3.3 computer code. Fig. 7 shows the noding diagram of PECCS.
The conﬁguration of RCS is based on a typical two-loop system
which has two hot legs, four cold legs, and two SGs. Two hybrid
SITs, two SITs, ﬂow path from ADVs #1 to #3 to IRWST, and ﬂow
path from ADV #4 to containment atmosphere are reﬂected. IRWST
and containment atmosphere are assumed to be at atmospheric
pressure as a boundary condition.
With respect to PECCS performance, sufﬁcient depressurization
and adequate cooling of the core are the primary concerns of the
system design aspects. In preliminary analyses of the large break
LOCA case, rapid depressurization of the core leads to sufﬁcient
water injection via IRWST gravity feed. So, in this analysis, based on
break spectrum analyses, small break LOCA with a 0.0022 m2 (2inch pipe break) break in the cold leg is chosen as the most
representative case. The major sequence of events of small break
LOCA is summarized in Table 5.
As shown in Fig. 8, RCS pressure decreases below HSIT injection
set point at 110 s. Then, two HSIT actuation valves open automatically and pressure in HSIT equalizes to RCS. HSIT water is supplied
to reactor vessel through DVI nozzle owing to the gravity head in
HSIT. Then, RCS pressure stabilizes with SG secondary pressure.
Heat removal by SG secondary spring-loaded main steam safety
valve cyclic operation leads to pressure chattering of both primary
and secondary pressures, as shown in Fig. 8. During this period,
break ﬂow is partly compensated for by HSIT injection. This situation obtains until 3,730 s prior to HSIT inventory decrease to ADV
#1 actuation set point, generated by HSIT low level signal. ADVs 1,
2, and 3 open sequentially. The RCS pressure decreases rapidly, and
the two SITs start to inject through the DVI nozzle. The HSIT and SIT
inventories deplete at 3,860 s and 4,180 s, respectively, as shown in
Fig. 9. Prior to this, the ADV #4 signal is initiated, generating low
pressure injection mode. As shown in Fig. 10, core and downcomer
collapse levels rapidly decrease because of the break ﬂow through
ADV #4 at 3,860 s, but recover because of the large SIT ﬂow. After
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Table 4
Preliminary design parameters of the iPower PCCS.
Parameters

Values

Tube type
Outer diameter/thickness
Tube length
Number of tubes in one bundle
Number of bundles in one train
Number of trains
Assumed heat removal rate
Header outer diameter
PCCT volume

Vertical
31.8/3.05 mm
5,000e6,000 mm
42  6
8
4
22.5 kW/m2
762 mm
5,950 m3

PCCS, passive containment cooling system; PCCT, passive containment cooling
tank.

condensed in various passive heat structures located inside the
containment, but it eventually saturates. From a long-term point of
view, most of the condensation occurs in the PCCS heat exchanger
tube surface, located in the annulus region of the upper containment. IRWST is located just below the PCCS heat exchanger. Most of
the droplets fall down to the IRWST and are used for long-term core
cooling.
4.2. Passive containment cooling system

Fig. 4. Schematic diagram of the PCCS of iPower. IRWST, in-containment refueling
water storage tank; PCCS, passive containment cooling system; PCCT, passive
containment cooling tank.

SIT depletion, core and downcomer levels decrease continuously.
However, after about 4,370 s, the core pressure decreases below
0.2 MPa and IRWST injection initiates. Fig. 11 shows the cladding
temperatures of the hottest channel at 20 points along axially. The
cladding temperature stays at the saturation temperature of the
RCS pressure until high pressure injection mode and temperature
decreases to subcooled condition after SIT injection. Up to 5,000 s,
HSIT and SIT keep the core temperature below the safety limit. So,
the PECCS is capable of depressurizing the RCS below the pressure
for IRWST injection and the peak cladding temperature is not
higher than the safety limit during depressurization.
Recirculation of IRWST water is required for long-term cooling
operation. After a small break LOCA, steam from the break is

The performance of the PCCS is analyzed using the GOTHIC
version 8.0 computer code [21]. GOTHIC performs containment
thermalehydraulic analysis by solving the mass, energy, and momentum conservation equations for multicomponent, multiphase
ﬂow. The nodalization of the containment is shown in Fig. 12. In this
analysis, the containment is modeled as a single volume, the socalled lumped-parameter model. Therefore, the convection of the
gas phase is not directly simulated. However, the convective heat
transfer of the gas phase is calculated by activating the convection
option among the PCCS heat structure surface options [20,21]. It is
assumed that forced convection prevails at the beginning of the
accident, but natural convection will be dominant because of weak
break ﬂow during the long-term cooling phase. Therefore, only the
natural convection option is used because natural convection will
be dominant in the whole calculation. In this case, the thickness of
the gas mixture boundary layer on the surface of the heat
exchanger is considered, but velocity is not. The heat transfer coefﬁcient of natural convection is calculated using the embedded
correlation for a ﬂat vertical surface of the GOTHIC code. The correlation is:



Hnc ¼ ðk=lÞMax 0:59Ra0:25 ; 0:13Ra1=3

(1)

And overall convective heat transfer can be calculated from:

Qconv ¼ lt lm Hnc ðTb  Ti Þ

(2)

where Hnc, the convective heat transfer coefﬁcient; lt, userspeciﬁed multiplier; and lm, multiplier that accounts for the thinning of the boundary layer on the heat exchanger surface.

Fig. 5. Conceptual arrangement of the PCCS. PCCS, passive containment cooling system.
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Fig. 6. Schematic diagram of the PAFS. FW, feedwater; LO, locked open; MS, main steam; PAFS, passive auxiliary feedwater system.

Fig. 7. Node diagram for preliminary analysis of PECCS. ADV, automatic depressurization valve; PECCS, passive emergency core cooling system; RCP, reactor coolant pump; S/G,
steam generator; TDV, time dependent volume.
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Table 5
Major sequence of events of small break LOCA.
Time (sec)

Event

0.0
110
110e3,700

Cold leg small break LOCA
HSIT injection start
RCS pressure plateau
SG MSSV actuate repeatedly
ADVs #1e#3 actuate sequentially
SIT injection start
HSIT inventory empties
ADV #4 actuate
SIT inventory empties
IRWST injection start
End of calc.

3,730e
3,850
3,860
4,180
4,370
5,000

Remark
Mode 1 start

To initiate mode 2
Mode 2 start
To initiate mode 3

Mode 3 start

ADV, automatic depressurization valve; HSIT, hybrid safety injection tank; IRWST,
in-containment refueling water storage tank; LOCA, loss-of-coolant accident; MSSV,
main steam safety valve; RCS, reactor coolant system; SG, steam generator; SIT,
safety injection tank.

Fig. 10. Collapsed water level in reactor vessel during small break LOCA. HX, heat
exchanger; IRWST, in-containment refueling water storage tank; LOCA, loss-of-coolant
accident.

Fig. 8. Typical pressure behavior during small break LOCA. LOCA, loss-of-coolant accident; S/G, steam generator; SIT, safety injection tank.

Fig. 11. Cladding temperature during small break LOCA. LOCA, loss-of-coolant
accident.

Fig. 9. Water levels of HSIT and SIT during small break LOCA. ADV, automatic
depressurization valve; HSIT, hybrid safety injection tank; LOCA, loss-of-coolant accident; SIT, safety injection tank.

The PCCS and PCCT are modeled as a hydraulic volume; connected piping is modeled as a junction. The PCCS heat structure is
modeled to reﬂect the total surface area and thickness of the tubes,
as shown in Table 4. Initial conditions are summarized in Table 6,
and the initiating event is a large break LOCA.

Figs. 13 and 14 provide a comparison of the containment pressure and the temperature transient response under the PCCS case
and the conventional active containment spray (ACS) case. Overall,
the PCCS case initially shows much higher cooling performance.
However, the ACS shows continuous depressurization performance, especially in the long term. These are typical characteristics
of passive and active systems.
In the ACS case, the containment pressure and temperature
increased rapidly following the break and reached the containment
isolation signal for pressure at 5 s; the ﬁrst peak occurred at 26 s.
ACS actuation started at 114 s after the accident. According to the
mass and energy discharge rate variation, containment pressure
and temperature decreased and increased again following the ﬁrst
peak. Containment pressure and temperature reached maximum
peak at approximately 1,700 s. Thereafter, the containment pressure and temperature decreased gradually. In the PCCS case, after
the ﬁrst peak, the containment pressure and temperature
decreased because of the effect of PCCS and the passive heat sinks
until 4,000 s, except for the small second pressure peak. Thereafter,
the containment pressure gradually increased to 300 kPa and
decreased again. The trend of the containment temperature
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Fig. 12. GOTHIC nodalization scheme for containment. PCCS, passive containment cooling system.

Table 6
Initial and boundary conditions for PCCS analysis.
System/component

Parameter

Value

Containment

Pressure
Temperature
Relative humidity
Pressure
Temperature
Relative humidity
Pressure
Temperature
Coolant inventory
Bottom elevation
Water level

116.5 kPa
53.4  C
5%
116.5 kPa
49.0  C
100%
97.8 kPa
49.0  C
5,950 m3
55 m
8.5 m

IRWST

PCCT

IRWST, in-containment refueling water storage tank; PCCS, passive containment
cooling system; PCCT, passive containment cooling tank.

Fig. 13. Representative containment pressure responses. ACS, active containment
spray; PCCS, passive containment cooling system.

response is similar. Containment pressure and temperature
rebound occurs between 4,000 s and 21,000 s. The main reason for
this rebound is that the cooling capability of the PCCS continuously
decreased because the temperature difference between PCCT and
the containment ambient temperature decreased. This means that
the driving head for natural circulation decreased. This case shows
the different system characteristics of the passive system and the
active system. Because the water of the ACS is actively circulated by
pumps and is continuously cooled by the heat exchanger, the performance of ACS is not degraded. After 21,000 s, the PCCT water
reaches saturation temperature. Then, typical two-phase natural
circulation is observed and the cooling performance of PCCS
steadily improves. For the long-term cooling aspect, the PCCS can
effectively cool the containment within the design base pressure.

Fig. 14. Representative containment temperature responses. ACS, active containment
spray; PCCS, passive containment cooling system.
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Fig. 15. Comparison of schematic diagrams for PCCT. PCCT, passive containment cooling tank.

Also, no repressurization is observed and the overall trend is
comparable to that of the ACS cases.
5. Conclusions and further studies

Fig. 16. Containment pressure transient response (coupled PCCT case). PCCT, passive
containment cooling tank.

However, with respect to the operability in an emergency situation, stable and robust cooling performance is desirable for both
operator action and containment structural integrity aspects. So, to
remedy this transient, sensitivity studies for design modiﬁcation
are considered, as shown in Fig. 15. The objective of this design
modiﬁcation is to minimize the overall mixing in the PCCT inventory and maintain a stable temperature condition in the inlet
and discharge lines of the PCCS by isolating some parts of the PCCT
water volume and providing a small connection pipe to make up for
the evaporated inventory. Fig. 16 shows the sensitivity study results
for the different coolant volume ratios. The volume ratios of coolant
in each case are shown in Table 7.
In Case #1, the PCCT water temperature in the isolated volume
reaches saturation temperature relatively quickly. So, the cooling
performance in the early stage is degraded. However, in the long
term, steady and robust cooling performance can be maintained.

Table 7
Calculation cases for coupled PCCT.
Case no.

Coolant capacity ratio
(Tank 1:Tank 2)

Coolant capacity (m3)
Tank 1

Tank 2

1
2
3
4
5

1:9
2:8
3:7
4:6
5:5

595
1,190
1,785
2,380
2,975

5,355
4,760
4,165
3,570
2,975

PCCT, passive containment cooling tank.

To prevent and/or mitigate accident sequences without electric
power and to innovatively enhance the safety level of PWRs, conceptual designs of major passive safety systems and an integrated
general arrangement of an innovative safety PWR, the iPower, have
been developed. Major passive safety systems include PECCS for
core cooling function, PCCS for containment cooling function, and
PAFS for secondary system cooling function. Preliminary analysis
results show that these concepts are feasible with respect to preventing and/or mitigating the consequences of design base accidents and severe accidents.
Currently, the development of the PECCS and the PCCS is
ongoing. To verify the performance of each passive system, separate
effect tests and integral effect tests will be performed by 2019. The
conceptual design of iPower will be completed by 2019. After that,
basic and standard designs will be implemented.
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Nomenclature
ACS
ADV
ATWS
DVI
ECCS
ELAP
ESBWR
HSIT
HX
ICI
IRWST
LOCA
MSSV
NPPs
PAFS
PCCS
PCCT
PECCS
RCS
SCS

active containment spray
automatic depressurization valve
anticipated transient without scram
direct vessel injection
emergency core cooling system
extended loss of AC power
Economic Simpliﬁed Boiling Water Reactor
hybrid safety injection tank
heat exchanger
in core instrument
in-containment refueling water storage tank
loss-of-coolant accident
main steam safety valve
nuclear power plants
passive auxiliary feedwater system
passive containment cooling system
passive containment cooling tank
passive emergency core cooling system
reactor coolant system
shutdown cooling system
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SG
SIT
UET

steam generator
safety injection tank
unfavorable exposure time
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