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a b s t r a c t

The Fukushima accident is characterized by the fact that three reactors at the same site experienced
reactor vessel failure and the accident resulted in significant radiological release to the environment,
which was about 1/10 of the Chernobyl releases. The safe removal of fuel debris in the reactor vessel and
Primary Containment Vessel (PCV) and treatment of huge amount of contaminated water are the major
issues for the decommissioning in coming decades. Discussions on the new researches efforts being
carried out in the area of investigation of the end state of fuel debris and Boling Water reactor (BWR)
specific core melt progression, development of technologies for the mitigation of radiological releases to
comply with the strengthened safety requirement set after the Fukushima accident are discussed.
© 2020 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

The accident at the Fukushima Daiich Nuclear Power Plant
(FDNPP) in 2011 is characterized by the fact that melting of core
fuels, reactor vessel failure, and significant amount of radiological
releases to the environment [1e3] occurred in three units at the
same site. After several years of effort, investigations in the Primary
Containment Vessel (PCV) were initiated but still there is no direct
information on the locations of reactor vessel breach and distri-
bution of fuel debris in the Reactor Pressure Vessel (RPV) and PCV
due to high radiation, which limited access to the plants [3]. This
paper investigates current understanding of accident progressions
and radiological consequences in the FDNPP accident and safety
issues related to the decontamination and decommissioning of
damaged reactors. In addition, challenges for the development of
mitigation technologies for the severe accident are forecasted.
2. The Fukushima accident

2.1. Characteristics of severe accident progression

The consequences of the Fukushima accident on the environ-
mental contamination and on the health of people near the
by Elsevier Korea LLC. This is an
Fukushima Daiich nuclear power plant, and the technical diffi-
culties and resources required for the decommissioning of the
damaged reactors are of interest for both public and the pro-
fessionals in the nuclear community. To gain insight for the safety
of the nuclear power plant, it was necessary to reconstruct plau-
sible accident scenarios in the FDNPP. The processes of construc-
tion of plausible scenario include investigations on the operation of
safety system, core damage progression, reactor vessel failure,
discharge ofmolten corematerials into the floor of PCV, interaction
between the molten core material and concrete, failure of reactor
building, and radiological release to the environment.

The complexity of plant responses and severe accident phe-
nomena required an international collaboration for a thorough
understanding of accident consequences. Initial effort was initi-
ated by IAEA and a report was published in year 2015 [1]. Subse-
quently, there has been an OECD/NEA project of BSAF (Benchmark
Study of the Accident at the Fukushima Daiichi Nuclear Power
Plant) [4,5] for better understanding of accident progressions in
the FDNPP accident. As estimations of exact initial and boundary
conditions of accident in unit 1, 2, and 3 of FDNPP were not
possible that it was in particular due to the very limited number of
measurement points following station blackout, the efforts were
in forensic nature that the analyses were targeted for a recon-
struction of probable scenarios.

This paper analyzed accident progression in FDNPP unit 1 using
MELCOR [6] computer code, which incorporated the state of the art
knowledge on the severe accident phenomena. Detailed discussions
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Fig. 2. RPV, Dry Well (D/W), and Suppression Chamber (S/C) pressures for FDNPP unit
1.
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on the analysis models including plant node-flow-path network,
core models, and major assumptions employed can be found in Kim
et al. [7]. It was of interest that whether MELCOR code can reproduce
the accident progression experienced by the FDNPP if initial and
boundary conditions were properly given.

Fig. 1 shows a comparison of calculated reactor pressure vessel
(RPV) pressure during a day andmeasured plant data for the FDNPP
unit 1. The time zero was taken as the time of station black out
coincident with the reactor trip. It is noted that investigations by
Tokyo Electric Power Company (TEPCO) on the measurement un-
certainties for the RPV pressure, dry well (D/W) pressure, and
suppression chamber (S/C) pressure suggested that D/W pressure
measurement is most reliable [8]. The measurement data on the
RPV pressure shows a sudden decrease in the pressure between 5
and 6 h after the event initiation. The sudden decrease in the
pressure could be caused either by a rupture of main steam-line
due hot steam coming from the damage core or reactor vessel
breach due to relocation of high temperature melt to the lower
head [2,3,8]. In our MELCOR analysis, both main steam line rupture
and reactor vessel breech occurred. After the RPV vessel failure, the
RPV pressure and dry well pressure should become equal. The
measurement data at 12 h confirmed this fact. Fig. 1 indicates that
the RPV pressure and D/W pressure predicted by the MELCOR code
was able to follow the trends of accident progression represented
by the measurement data during a day. After 10 h RPV pressure and
D/Wpressurewas the same because of the breach in RPV. The cause
of sudden D/W pressure increase at about 10 h has not been clearly
understood yet, which could be due to an excessive hydrogen
generation [4,5].

Comparison of RPV pressure and D/W pressure predicted by
MELCOR analysis with measurement data during a week is shown
in Fig. 2. Predictions by the MELCOR analysis follow the pressure
measurements qualitatively. As the timing and size of breaches in
the D/W and S/C is uncertain, the MELCOR predictions cannot
follow the measurement exactly. Therefore, the analysis had to be
in forensic nature.

An evaluation of the status of molten core was made by an
imaging system by using cosmic rays of muon [3,9]. Fig. 3 shows the
status of molten core for unit 1 [9]. White area in the picture is
empty region while black area is the region occupied with struc-
ture. It was estimated that reactor core was nearly empty that most
Fig. 1. RPV pressure for FDNPP unit 1.
of molten core was discharged outside the reactor vessel and
relocated in the pedestal floor of PCV. MELCOR prediction in this
study is consistent with the results of muon imaging system for the
location of damaged fuel out of the reactor vessel. By combining the
results of computer code predictions and measurement data such
as muon imaging, TEPCO was able to estimate the status of reactor
vessel, fuel debris and PCV. Fig. 4 shows a conceptual picture of
current state of unit 2 [10]. This information has been used for the
decommissioning and decontamination of FDNPP.
2.2. Radiological release Characteristics

The atmospheric releases from three units represented by the
gamma dose rate measured at the site are illustrated in Fig. 5 [11].
The peaks in dose rate are closely related to the timing of core
damage and subsequent release of fission product from different
unit. The initial peaks were releases from the unit 1, and last peaks
are releases from unit 2, and peaks in betweenwere due to releases
from the unit 3 [1,4]. It is of interest the releases from unit 2 was
highest among three units. The radiological releases to the land and
ocean and subsequent environmental contamination and food
consumption are of interest for the public safety.

Atmospheric radiological releases for the FDNPP are compared
with those of Chernobyl in Table 1 [12]. It is shown that the releases
from the FDNPP is much smaller than those of Chernobyl except the
noble gases [1,12]. Most of the atmospheric releases were contrib-
uted by the volatile radionuclides such as Cs and I and noble gases,
while contributions from the low volatile radionuclides was
minimal.

The opening of the vent valves by the operator to reduce the PCV
pressure resulted in an atmospheric release through the stack. In
addition, the leakages in the head flange of PCV due to hot gases
and breach of reactor building due to hydrogen explosion also
resulted in an uncontrolled atmospheric release [1]. The atmo-
spheric release pathways are illustrated in Fig. 6.

FDNPP accident is unique in terms of release to the water. Some
species including Cs, I, Sr, and actinides were released to the water
which was injected into the reactor core in more than 100 tons/day
to remove the decay heat since 2011 [1]. Conceptual picture of
release pathways to the contaminated water is shown in Fig. 7. The



Fig. 3. Status of Molten Core for unit 1 and 3[9, By courtesy of TEPCO].

Fig. 4. End state of FDNPP unit 2 [10, By courtesy of TEPCO].
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contaminated water generated from the FDNPP has been treated
for removing radionuclides. Part of the treated water has been fed
back to the plant and part of the treated water has been stored at
the site due to an increase in the amount of contaminated water by
the underground water inflow. Therefore, huge amount of treated
water had been stored at the site. It is noted that treated water
stored at the site contained radionuclides other than Cs because
only Cs was removed by KURION during the initial phase of the
accident before multi-radionuclide removal system of ALPS
[1,13,14] was fully functional. It was reported that some of the



Fig. 5. Dose rates measured at the Fukushima Daiichi [11, By courtesy of TEPCO and IAE].

Table 1
Atmospheric Radiological Releases (unit in PBq).

Radionuclides FDNPP Chernobyl

Release Initial Inventory Release Initial Inventory

Noble gas 133Xe 6000e12000 12100 6500 7300
85Kr 6.4e32.6 83.7 33 33

Volatile FPs 137Cs 7e20 700 ~85 290
131I 100e400 6020 ~1760 3100

Low volatile FPs 90Sr 3.3 x 10�3 e 0.14 522 ~10 200
106Ru 2.1 x 10�6 2240 >73 2000
140Ba 1.1e20 11200 240 5300

Others 144Ce 0.011 5920 ~50 3300
238Pu 2.4 x 10�6 e 1.9 x 10�5 14.7 0.015 1.00
241Pu 3.3 x 10�7 e 1.2 x 10�3 819 ~2.6 170

Fig. 6. Release pathways to the atmosphere.
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Fig. 7. Release pathways to the contaminated water.
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contaminated water was leaked into the ocean resulting in an issue
of fish consumption [13,14]. The conceptual picture for the gener-
ation and treatment of contaminated water is shown in Fig. 8.
2.3. Status of decommissioning effort

TEPCO continues to report the summary of status of decom-
missioning efforts and management of contaminated water [13,14].
Major works for the decommissioning includes removal of fuel
Fig. 8. Treatment and measures for contamin
from the spent fuel pool, fuel debris retrieval, and dismantling the
facilities. Removal of fuel from the spent fuel pool from unit 4 was
completed in year 2014 and removal of fuels in other units started
in early 2019. However, removal of fuel had not started until the
end of year 2019. It is expected that the decommissioning would
continue in 30e40 more years.

As part of fuel debris retrieval effort, capturing the status inside
the PCV and examining the retrieval method is ongoing. Due to
high radiation in the plant, only limited access to the PCV was
ated water [15], By courtesy of TEPCO].
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possible only in year 2018. The access to the PCV at different units
was different due to different designs and different water levels in
the PCV. Fig. 9 shows an illustration of the access to unit 2 PCV [16].
Still it was not possible to determine the locations of reactor vessel
failure and fuel debris.

To minimize the risk from the contaminated water, three mea-
sures are taken, which includes elimination contamination sources,
isolation of water from contamination, and prevention of leakage of
contaminated water as shown in Fig. 8. The total amount of
contaminated stored at the site as of 2019 ismore than 1million tons
in 975 tanks [14]. The activities of radionuclides in the tanks reported
by TEPCO indicated that in some tanks the concentration of radio-
activity of radionuclides such as 90Sr, 129I, 3H, 106Ru, was higher than
the regulatory limit [14]. So, proper treatment of the huge amount of
contaminated water stored at the site before disposal became an
issue.
3. Challenges for the severe accident mitigation

3.1. Core damage progression and vessel failure

In the TMI accident, there was no reactor vessel failure [17,18].
However, in the FDNPP accident, molten core materials relocated to
the lower plenum of the reactor vessel and finally resulted in a
failure of the reactor vessel due to an interaction of high temper-
ature molten core material with the reactor vessel lower head
structure hours and days after the loss of safety systems [1e3,8]. In
all three units of FDNPP, it is estimated that the reactor vessels are
breached and that substantial amount of molten core materials is
released out of the reactor vessel and relocated to the floor of the
primary containment vessel (PCV) [1e5,8].

The knowledge on the end state of fuel debris in the reactor
vessel and in the PCV is essential not only for the understanding of
phenomenology of core damage progression but also for the
development of proper strategies for the handling of fuel debris
during the decommissioning of the FDNPP. The thermodynamic
equilibrium plays an important role for determining the various
phases of the system of molten core materials, including U, Zr, O, Fe
and control rod materials.

However, this aspect was not properly modeled in the severe
accident analysis codes such as MELCOR and MAAP [19]. Therefore,
Fig. 9. Access to the unit 2 PCV
current knowledge on the core damage progression including
vessel failure provided by the system level codes has to be
increased further for the proper practice of the severe accident
management strategies and for the development of strategies for
handling of fuel debris for the decommissioning.

Studies on the thermodynamic equilibrium of UeZreO [20] and
UeZreOeFe [21] system investigated the presence of various
phases at given pressure and temperature. These studies indicated
the presence of miscibility gap and formation of eutectics. The re-
sults of these studies are incorporated in the NUCLEA thermo-
chemical database and minimization of the Gibbs energy [22]. The
phase distribution and morphology of molten corium pool was of
interest in the aspect of the severe accident management strategy
of in vessel retention of molten core in the reactor vessel. The for-
mation of two immiscible liquids of corium was of concern, as the
metal rich liquid floated on top of the oxide rich liquid could cause a
failure of the reactor vessel due to focusing of heat flux from the
metal layer [23].

Recently, there was a report on the morphology of molten
corium at FDNPP specific corium composition [24]. The experi-
ments were performed by using a cold crucible [25] where a
mixture of UO2, ZrO2, Zr, Stainless steel, and B4C was used. The
target composition was taken from the representative composition
of core materials during the melt progression representative of
FDNPP unit 1.

The solidified corium ingot obtained from the experiment
named as FK-1 was in two-layered configuration with top crust on
the upper part of the cold crucible as can be seen from Fig. 10. For
these corium layers, a chemical analysis by ICP-AES was performed.
Samples 4 and 5 were taken from the upper layer, and remainders
are taken from the lower layer. The results are shown in Table 2.
Since weight percent of oxygen cannot be obtained by ICP-AES
analysis, we just assumed that remainder is oxygen. It is shown
that the upper layer was rich in metal and lower layer was mainly
oxide. Boron was concentrated only in the metal rich layer.

Here, an analysis on the thermodynamic equilibrium phase
distribution of corium layers using the compositions of coriummelt
in the experiment was performed that phase distribution and
atomic compositions were calculated by using NUCLEA [22].

Calculated equilibrium phase distributions at 2900 K are
compared with the experimental results in Fig. 11. From 2900 K,
[16, By courtesy of TEPCO].



Fig. 10. Solidified melt in stratified layers (Sample positions are indicated).

Table 2
Results of ICP-AES analyses of samples.

Sample No. Zr U O Ni Fe Cr C B

1 26.7 54.4 (15.3) 0.30 2.20 0.65 0.098 0.25
2 25.7 55.6 (15.8) 0.25 1.93 0.51 0.032 0.20
3 (bottom) 56.2 20.6 (22.5) 0.04 0.40 0.12 0.080 0.07
4 27.5 37.8 (13.0) 1.67 14.2 3.30 0.396 2.19
5 19.2 16.9 (7.8) 4.83 39.1 8.46 0.514 3.26
6 (upper crust) 34.5 46.3 (17.5) 0.11 1.14 0.23 0.060 0.08
7 (side) 34.5 44.2 (17.2) 0.32 2.90 0.73 NA 0.20
8 (side) 34.3 45.4 (18.0) 0.19 1.57 0.32 0.067 0.11
9 (side) 21.8 61.3 (16.0) 0.06 0.55 0.16 0.068 0.05
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immiscible two liquids phases were found. This is consistent with
the experimental findings that there were two separate corium
layers. The x-axis shows that amount of un-melted UO2 in the
upper crust to consider the uncertainties of melt composition. It is
noted that the amount of un-melted UO2 did not make much dif-
ference for the phase distribution.

In Fig. 11 “olayer” is the weight of oxide rich layer and “mlayer”
is the weight of metal rich layer of the ingot obtained from the
experiment. “MLIQUID” is the mass of metal rich liquid at equilib-
rium, “OLIQUID” is themass of oxide rich liquid, “Gas” is themass of
gas phase calculated by the NUCLEA. The amount of phase distri-
bution in each layer found in the experiment matched with the
NUCLEA predictions within 10% difference. It was observed that
even at 2800 K, which is well above the measured temperature of
the melt at about 2500 K in the melting experiment, solid phase of
FCC_C1 was found in NUCLEA calculations. This fact suggests that
improvements in the NUCLEA models might be necessary.

By using NUCLEA, we were able to calculate the atomic composi-
tion of each phase. Here, we compared the result of thermodynamic
calculation in the casewith no un-meltedUO2with the results of ICP-
AES analysis of the samples taken from the solidified corium layers
obtained from the experiment.

Fig. 12 shows that compositions of samples taken in the metal
rich region have wide variations in the amount of Fe, Zr, and U
compared to the compositions calculated by NUCLEA. Also, it is
noted that metal rich samples have more oxide than the results of
thermodynamic calculation.

Fig. 13 shows a comparison of measured compositions of sam-
ples taken in the oxide rich region and the composition of oxide
rich liquid equilibrium phase predicted by NUCLEA. Compositions
of samples 1 and 2, which are taken at the inner region, match quite
well with the results of thermodynamic calculation. Samples 3, 7, 8,
9 which were taken at the boundaries of the oxide rich layer show
wide variations. There are two factor to be considered. During the
melting period, boundary was maintained at lower temperature
than the inner region. And boundary regionwas rich in ZrO2 due to
either coating of ZrO2 powder or ZrO2 powder layer at the bottom.

The process of core melt progression would be not in thermal



Fig. 11. Solidified melt in stratified layers.

Fig. 12. Metal rich phase compositions of FK-1.

Fig. 13. Oxide rich phase compositions of FK-1.
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equilibrium. However, the agreement between the NUCLEA pre-
dictions and the results of FK-1 experiment clearly indicate that
thermodynamic equilibrium phases play an important role in
governing the core damage progression and morphology of corium
pools and/or debris in the reactor vessel. The presence of immis-
cible liquid pools in the reactor has to be properly considered for
the prediction of core damage progression including the reactor
vessel failure. The current models in the severe accident codes such
as MAAP and MELCOR need to be improved to consider this aspect.

To carry out the retrieval of fuel debris in the RPV and PCV, it is
necessary to know the chemical composition and physical
morphology and property as it is important in terms of developing
cutting tools for the fuel debris and management of criticality
during the process of fuel debris retrieval [26].
3.2. Radiological releases

There are measurements of dose rate at the site and depositions
of radionuclides in the terrestrial region. The dose rates measured
at the site are shown in Fig. 5. The prediction of deposition of ra-
dionuclides inevitably accompany uncertainties including effect of
weather (wind direction and effect of rain), geography, and source
terms for the nuclear power plant.

Radiological releases depend not only on the fuel damage
progress but also on subsequent plant responses such as reactor
vessel failure, failure of the reactor building but also on the physical
and chemical behavior of radionuclides. Various models for
behavior of radionuclides coupled with system response are
modeled properly in the computer codes such as MELCOR and
MAAP. It includes themodels for the release from the damaged fuel,
transport of radionuclides in the form of aerosol and vapor in the
reactor coolant system and containment, retention of radionuclides
in the pool, and chemical reactions between species including
fission products, and atoms in the fuel and concrete.

In this paper, we will discuss the source term predicted by
MELCOR calculation for the FDNPP accident. The results of source
term for five volatile classes calculated from the simulation of ac-
cident progression for unit 1, 2, and 3 of FDNPP are shown in
Figs. 14e16. The releases were presented as a fraction of initial in-
ventory. As radio-nuclides are grouped into 16 classes in the
MELCOR analysis, for example, class 2 includes Cs, Rb, Li, Na, K, Fr,
and Cu. By adding these source terms, we can estimate the total
Fig. 14. Cumulative Release of Radionuclides to atmosphere for unit 1.



Fig. 15. Cumulative Release of Radionuclides to atmosphere for unit 2.

Fig. 16. Cumulative Release of Radionuclides to atmosphere for unit 3.

Fig. 17. Radioactive release rate to the atmosphere.
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source term from the site, which were released to the atmospheric
dispersion to the land sea.

Unit 1 was responsible for the first release and unit 2 was
responsible for the latest release. It is shown that nobble gas was
released almost completely. The amount of release of Te and I was
about 10e20% and Cs was few % of initial inventory in the fuels.
These results are consistent with the estimated release from the
measured data listed in Table 1. Total amount of major releases
calculated by the MELCOR are in the same order as the estimations
from the measurements.

By adding these three releases, we were able to estimate the
total radioactivity release rate, which is shown in Fig. 17. This
should be consistent with the dose rate in Fig. 4. However, we can
see that detailed timing is different due to uncertain initial and
boundary conditions of the accident progression. Fig. 17 also in-
dicates that even after the major accident progression, there are
late radiological release. It is due to the re-vaporization and/or re-
volatilization of radionuclides deposited on the surfaces of nu-
clear power plant components, which is not properly modeled in
the current version of severe accident code like MELCOR andMAAP.
The radioactive decay was not considered in this calculation,
because radionuclide in each class represents a group of species.
3.2.1. Mitigation of radiological releases
New law on the safety of nuclear power plant was established

after the Fukushima accident in some countries including Japan and
Korea. The new law in Korea and Japan limits the cumulative fre-
quency of events with releases of 137Cs above 100 TBq should be
less than 10�6 per reactor year, which is applied to both new re-
actors and operating reactors. This amount of release is equivalent
to 0.1% of the releases form the FDNPP accident for the case of 137Cs.

To meet this requirement, containment filtered venting system
(CFVS) is planned to be installed to the existing reactors in some
countries [27]. A newly proposed CFVS system includes venturi
scrubber, metal fiber filer, cyclone, and zeolite filters [28]. The
system is designed to vent the containment while removing the
radionuclides before the pressure approaches the limit where the
containment can leak during the severe accident progression. A test
facility named ARIEL (Aerosol Retention & Iodine ELimination) [28]
was built at Korea Atomic Research Institute to evaluate the per-
formance of proposed FCVS in removing the nuclear aerosols,
elemental Iodine and organic Iodine, which is shown in Fig. 18. It is
a full height test facility with reduced flow area.

Also researches on the containment bypass scenarios such as
severe accident induced steam generator tube rupture and inter-
facing system LOCA (Loss of Coolant Accident) are begin carried out,
where the accident progression during the bypass events and effect
of mitigation actions by the operator are simulated by severe ac-
cident computer codes like MELCOR. It is intended to develop an
effective severe accident management strategy and a dedicated
system for the mitigation of radiological releases.

Now experimental campaign on the performance of steam
generator in retaining the radionuclides in the form of aerosols in
the dry and flooded steam generator. As part of this effort, devel-
opment of a PIRT (Phenomena Identification and Ranking Table) by
an international collaborative effort [29] was carried out for the
design of test facility and development of analytical tools to assess
the behavior of aerosols and vapors in the secondary side of a steam
generator. Experimental campaign is on-going and the results will
be available soon.



Fig. 18. Ariel test facility.
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4. Conclusions

By reviewing the results of recent investigations on the core
damage progression and radiological releases for the FDNPP acci-
dent, this paper addresses plausible accident scenarios and esti-
mations of radiological releases to the land and sea for the FDNPP
accident. It is estimated that all of the three units of FDNPP resulted
in a reactor vessel failure and molten corium was discharged into
the reactor cavity. The accident progressions and radiological re-
leases predicted by the current state of the art computer code
MELCOR was in good agreement with this estimation.

Only limited access to the PCV was possible starting from 2018
that direct evidence for the location and size of the reactor vessel
break is still unknown. The decommissioning efforts including the
removal of fuels in the spent fuel pool and fuel debris in the PCV
and reactor vessel of the FDNPP is reported to take another 30e40
years.

The knowledge on the end state of fuel debris in the reactor
vessel and in the PCV is essential not only for the understanding of
phenomenology of core damage progression but also for the
development of proper strategies for the handling of fuel debris
during the decommissioning of the FDNPP. The role of thermody-
namic phase equilibrium of molten corium was addressed in this
paper by referencing the results of recent experimental investiga-
tion and thermodynamic phase equilibrium analysis by NUCLEA. It
was shown that the molten corium at a typical FDNPP composition
would result in a stratification of metal rich corium and oxide rich
corium. Also, control rod material of B4C would mainly present in
the metallic phase. This point is important in terms of developing
cutting tools for the fuel debris and management of criticality
during the fuel debris retrieval process.

New regulation in Korea and Japan on the release of radionu-
clides strengthened after the Fukushima accident is represented by
the regulatory limit the accumulated frequency of the accident
having more than 100 TBq of 137Cs less than 10�6 per reactor year.
To meet this strict requirement on the radiological releases, new
safety measures had to be considered. This paper addresses various
efforts to strengthen the safety of nuclear power plant, which in-
cludes a development of containment filtered venting system and
development of a mitigation technology for the containment
bypass event such as severe accident induced steam generator tube
rupture.
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