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A B S T R A C T

The safe removal, transportation, and long-term storage of fuel debris in the decommissioning of Fukushima
Daiichi is the biggest challenge facing Japan. In the nuclear power field, passive autocatalytic recombiners
(PARs) have become established as a technology to prevent hydrogen explosions inside the containment vessel.
To utilize PAR as a measure to reduce the concentration of hydrogen generated in the fuel debris storage canister,
which is currently an issue, it is required to perform in a sealed environment with high doses of radiation, low
temperature, and high humidity, and there are many challenges different from conventional PAR. A honeycomb-
shaped catalyst based on automotive catalyst technology has been newly designed as a PAR, and research has
been conducted to solve unique problems such as high dose radiation, low temperature, high humidity, coex-
istence of hydrogen and low oxygen, and catalyst poisons. This paper summarizes the challenges of hydrogen
generation in a sealed container, the results of research, and a guide to how to use the PAR for fuel debris storage
canisters.

1. Introduction

First of all, the authors would like to take this opportunity to express
their sincere gratitude for the tremendous supports and heartwarming
messages sent from all over the world immediately after the Great East
Japan Earthquake that occurred in March 2011. The earthquake and
subsequent tsunami caused insufficient reactor cooling at the Fukushima
Daiichi Nuclear Power Station (1F), resulting in a catastrophe including
hydrogen explosions and the release of radioactivity into the environ-
ment [1–6]. Since then, Japan has continued to address post-disaster
treatment as a national issue, such as decontaminating radioactive
waste and preventing the spread of contaminated water.

As of today, the major remaining issues are the post-processing of
contaminated water and highly radioactive fuel debris [7]. Multiple
radionuclides are removed from the contaminated water by Advanced
Liquid Processing System (ALPS) [8], but water containing tritium has

been treated and released into the ocean since August 2023. This
contaminated water is constantly being generated when rainwater and
groundwater come into contact with the fuel debris remaining at the
bottom of the reactor where the accident occurred. The only funda-
mental solution is to remove the fuel debris from the reactor. The esti-
mated amount of approximately 880 tons of fuel debris existing at
Fukushima Daiichi has been announced to be divided into 70–100 kg
portions, to be sealed in about 10,000 fuel debris storage canisters, and
to be stored on the site of the Fukushima Daiichi Nuclear Power Station
for 30–50 years [9].

A major issue here is that the high dose of radiation contained in the
fuel debris causes the water to decompose, generating hydrogen (H2)
and oxygen (O2) inside the storage canister. According to calculations by
Tokyo Electric Power Company Holdings, Inc. (TEPCO), the maximum
amount of hydrogen generated within the canister is estimated to be 1.1
L h− 1.
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2. Decommissioning projects for Fukushima Daiichi

At the time of the earthquake, Units 1 to 3 of the Fukushima Daiichi
Nuclear Power Station were in operation, and fuel was stored in the
reactor cores. The emergency power supply was lost due to the tsunami
that followed the earthquake, making it impossible to cool the reactor
cores, and the fuel overheated and melted. This cooled, solidified,
molten nuclear fuel is called “fuel debris."

On the other hand, “contaminated water” is water that contains high
concentrations of radioactive materials. In Units 1 to 3, not only the fuel
debris cooling water but also the groundwater and rainwater that flows
into the damaged Reactor Pressure Vessel (RPV) and the Primary
Containment Vessel (PCV) are exposed to high concentrations of
radioactive materials, and “contaminated water” continues to be
generated even now. The “contaminated water” is being treated/puri-
fied to reduce the concentrations of radioactive substances using mul-
tiple types of equipment such as Advanced Liquid Processing System
(ALPS). After risks have been sufficiently reduced in this manner, it is
stored in tanks on 1F site as “treated water”. However, it is also true that
“treated water” has exceeded the capacity of the storage tanks and has
already begun to be diluted and discharged into the sea from August
2023 [10,11]. In order to prevent any further “contaminated water”
from being produced, it is essential to remove the fuel debris from the
reactor that suffered the accident. Removing fuel debris is currently the
biggest challenge Japan is facing in decommissioning.

2.1. National projects of decommissioning and contaminated water
management

R&D on retrieval, transportation, and long-term storage of radioac-
tive fuel debris has been undertaken by the International Research
Institute for Nuclear Decommissioning (IRID) with the support of the
Agency for Natural Resources and Energy (ANRE), in the Ministry of
Economy, Trade and Industry, of the Japanese government as part of
“the decommissioning and contaminated water control project” since
2014 [12,13]. Due to circumstances such as “the radiation dose at the
site being relatively low and early access to the inside of the reactor
containment vessel being possible,” Unit 2 has been positioned as the
first unit for fuel debris removal, and work has been proceeding. How-
ever, they are facing numerous obstacles related to high radiation levels,
and test sampling of approximately 3 g of fuel debris, which was origi-
nally scheduled to begin in 2021, has been delayed by more than three
years.

Approximately 880 tons of fuel debris existing at Fukushima Daiichi
will be removed from the reactor, and divided into 70–100 kg portions,
packed into storage canisters, and transported to a storage area on the
site. Plans have been announced to store as many as 10,000 fuel debris
storage canisters for a long period of 30–50 years on the site, and then
transport them to final processing facilities. Amajor issue here is that the
high dose of radiation contained in the fuel debris causes the water to
decompose, generating H2 and O2 inside the storage canister. This na-
tional project has set the management standard value for H2 concen-
tration inside the storage canister at 4.0% or less by volume, and is
exploring promising methods to reduce it. IRID has also presented ideas
such as drying the fuel debris in advance and fully opening the venti-
lation valve of the storage canister, and the technical policy is updated
each time decommissioning technology development progresses. Thus,
the fuel debris removal work in the decommissioning project at
Fukushima Daiichi is understood to be a difficult challenge never before
experienced by mankind.

2.2. Hydrogen generation in fuel debris canisters

In the governmental decommissioning project, it is reported that fuel
debris will be packed in a mesh unit canister and then stacked in two
layers in a storage canister for transportation and long-term storage. It is

also reported that the inner diameter of the fuel debris storage canister
should be as small as 220 mm to maintain sub-criticality. On the other
hand, there are no particular restrictions on the height, with the internal
dimension reported to be 840 mm, so the internal volume is about 32 L
(Fig. 1) [13]. The packed bed of the catalyst is considered to have a
diameter of 200 mm and a height of about 10 mm (314 cm3). It is also
equipped with ventilation, and the inner diameter of the coupler is re-
ported to be 25.4 mm. Approximately 880 tons of fuel debris will be
divided into canisters of 70–100 kg each and transported to a storage
area on the site. Up to 10,000 fuel debris canisters will be stored on the
site for a long period of time, from 30 to 50 years.

The major issue here is that the high dose of radiation contained in
the fuel debris will cause the water to decompose, generating H2 and O2
inside the storage canister. According to an estimate by Tokyo Electric
Power Company Holdings (TEPCO), the amount of hydrogen generated
inside one storage canister is a maximum of 0.011 L h− 1 per 1 kg of fuel
debris. When100 kg of fuel debris is filled in one storage canister, a
maximum of 1.1 L h− 1 of H2 and 0.55 L h− 1 of O2 will be generated, the
density of the fuel debris is estimated to be about 6.0 g cm3, the filled
volumewill be 16.7 L (volume ratio 62%), the void in the canister will be
15.3 L (volume ratio 48%), and it is calculated that it will take 39min for
the H2 concentration to exceed the control value of 4%. In order to
remove moisture by pre-drying the fuel debris to reduce the H2 con-
centration to 4% or less, the calculated moisture content in 100 kg of
fuel debris will be 0.49g (water content 4.9 ppm) or less.

Similarly, when one storage canister is filled with 70 kg of fuel
debris, a maximum of 0.77 L h− 1 of hydrogen and 0.385 L h− 1 of oxygen
will be generated, the fuel debris volume will be 11.7 L (volume ratio
36%), the void space in the canister will be 20.3 L (volume ratio 64%),
and it is calculated that it will take 68 min for the H2 concentration to
exceed the control value of 4% by volume. Pre-drying of the fuel debris
requires that the moisture content in 70 kg of fuel debris be kept below
0.65 g (9.3 ppm in debris), which is a large deviation from the drying
target value of 0.1% set by the national project.

When storing the fuel debris for a long period of time in the facility, it
is expected that various hydrogen explosion prevention measures will be
taken throughout the building. However, the fuel debris must be
transported from the reactor building to the storage site on open roads,

Fig. 1. Fuel debris storage canister design [13]. Dimensions and annotations
added to IRID publications.
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which is expected to take 7 days. At least 130 L of hydrogen will be
generated per fuel debris canister, so technology that can reduce the
hydrogen concentration inside the canister is essential. There is a strong
demand for the development of technology that can prevent both
hydrogen explosions and the dispersion of radioactive materials during
the transportation of as many as 10,000 fuel debris canisters.

2.3. Voluntary international collaborative research on passive
autocatalytic recombiner (PAR)

“No matter how small the scale, a hydrogen explosion must never
happen again at Fukushima.” With this pledge in mind, immediately
after the accident in 2011, researchers from across the boundaries of
industry, government, academia, and both Japan and overseas,
including the Japan Atomic Energy Agency, Daihatsu Motor, Kwansei
Gakuin University, and Germany’s Jülich Research Center, have come
together voluntarily to develop technology to prevent hydrogen explo-
sions. The research has been carried out with independent research
funding, separate from any large-scale national projects.

The research group has been working collaboratively on the research
and development of catalysts for controlling automotive emissions, and
has achieved significant practical results, including the mass production
of the “Intelligent Catalysts” [14–18]. In particular, catalyst develop-
ment based on fundamental scientific analysis using the SPring-8 syn-
chrotron radiation facility has attracted attention [19–22]. This time,
contrary to previous projects, the motivation of this independent
research group is to use the catalyst technology they developed to
improve nuclear safety. In this way, the authors hope to contribute to
nuclear safety and the reconstruction of Fukushima from a different
perspective than national projects.

One promising countermeasure that can prevent hydrogen explo-
sions and confine radioactive materials at the same time is the “Passive
Autocatalytic Recombiner (PAR)." PAR prevents explosions by con-
verting generated H2 and O2 back into water through a catalytic reac-
tion. PAR was originally developed to remove hydrogen from
containment vessels and prevent hydrogen explosions in the event of a
severe accident at a nuclear power plant [23–27]. The recombiner is
called a ‘passive’ and ‘autocatalytic’ because it activates spontaneously
as soon as H2 concentrations rise and does not require external energy to
operate. It is called a ‘recombiner’ because H2 and O2 will be ‘recom-
bined’ to form water (H2O).

There are records that the use of PAR was previously considered in
the decommissioning of the Three Mile Island Nuclear Power Plant Unit
2 (TMI-2) in Pennsylvania, USA [28]. When PAR is used in a sealed
closed container such as a fuel debris canister, it is required to have
unique characteristics such as long-term high-dose radiation resistance
and the ability to operate in low temperature and high humidity envi-
ronments. It has already been reported that honeycomb-type precious
metal catalysts used in automobile catalysts can maintain high activity
in low-temperature, high-humidity environments even after exposure to
high doses of radiation [29]. In order to reduce the H2 concentration in a
long tall cylinder such as the fuel debris canister in this study, it is
particularly important to use the heat generated by the hydrogen
oxidation reaction to create a flow of gas passing through the catalyst by
natural convection [30–32]. This paper aims to provide an overview of
14 years of collaborative research on the safety of hydrogen generated in
enclosed spaces and sealed canisters, and to provide a comprehensive
guideline on the advantages and limitations of PAR, as well as how to
use it effectively.

3. Experimental

The experimental program was performed in the REKO-T catalytic
reactor at Kwansei Gakuin University, Japan and in the REKO-4 facility
at Research Center Juelich, Germany, accompanying CFD simulations in
order to visualize the hydrogen distribution and flow field inside the fuel

debris canister were performed using Ansys Fluent.

3.1. Prototype of a real-scale visualized transparent storage canister

A visualized transparent catalytic reactor, with an inner diameter of
230 mm and a height of 840 mm, was prototyped to simulate an actual
fuel debris storage canister and named REKO-T (Rekombinator-Trans-
parent). Inside REKO-T, four mesh cages with a diameter of 200 mm and
a height of 200 mm were installed to simulate unit cans, and 2500
hollow resin spheres with a diameter of 20 mm (625 spheres packed in
four layers) to simulate fuel debris were also installed. In addition, four
thermal conductivity detector (TCD) type hydrogen sensors (H sensors)
for measuring H2 concentration, three humidity sensors for measuring
relative humidity, and the number of K-type thermocouples (TC) for
measuring catalyst temperature and gas temperature are increased as
needed. Two types of lids were prepared: one with a hole in the center
and a ventilation pipe with an inner diameter of 30 mm and a height of
140 mm, and another without a hole, so that the effect of opening and
closing the ventilation pipe could be compared. A catalytic combustion
type hydrogen sensor was also equipped directly above the ventilation
pipe (Fig. 2).

From the center of the bottom of the visualization reactor REKO-T,
N2 was introduced to carry out nitrogen replacement for 2 h. Then H2
and O2 were injected, and the time change in H2 concentration at each
position was measured. As shown in Table 1, the injection amount was
increased every hour from Step 1, and in Step 4, 20.0 mL⋅m-1 of
hydrogen, equivalent to the expected maximum hydrogen generation
rate of 1.1 L⋅h-1, and 10.0 mL⋅m-1 of oxygen were injected at the same
time.

3.2. Monolithic catalyst for REKO-T

The catalyst used here is an intelligent catalyst for automotive
emissions control, with a diameter of 25 mm, height of 10 mm, volume
of 4.9 cm3, and cell of config. #30 (4.4 cell⋅cm− 2). Only one piece of the
catalyst was used. The amount of precious metals contained in one test
piece was Pt:Pd:Rh = 2.45:1.47:1.96 mg. Comparative flow improve-
ment tests were conducted using one catalyst strip cut into two halves
and four quarters (Fig. 3).

3.3. Hydrogen fluid calculation inside fuel debris canister

In order to visualize the distribution of H2 concentration and flow
rate inside the fuel debris canister, a fluid calculation was performed
using the finite element method with Ansys Fluent [33]. The boundary
conditions are as follows. The dimensions of the canister were the same
as the real fuel debris storage canister, with an inner diameter of 220
mm and an internal height of 840 mm, and an open ventilation pipe with
an inner diameter of 25.4 mm and a height of 140 mm was installed in
the center of the top. The calculation was performed in an empty storage
canister with no obstacles such as fuel debris. H2 and O2 were injected at
flow rates of 20 mL m− 1 and 10 mL m− 1, respectively, from the center of
the bottom of the canister, which was 10 mm in diameter and 30 mm in
height, for 0 to 3600 s.

Furthermore, in order to improve the ventilation effect, the change in
H2 concentration distribution when the open ventilation pipe was
changed to a thicker and shorter one with an inner diameter of 40 mm
and a height of 25 mm was also calculated for 0 to 7200 s.

3.4. Natural convection and reactivation test using REKO-4

To investigate the performance in an environment without gas flow,
such as a fuel debris canister, experiments were conducted at the Jülich
Research Center in Germany. The facility is called REKO-4, and is a
reaction vessel with an internal volume of 5450 L. Experiments were
conducted by placing three catalysts, each with a diameter of 65mm and
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a volume of 33 mL, inside the vessel. The catalyst volume ratio is 1/
50,000 of the vessel. The purpose of this experiment is to provide nu-
merical data such as the natural convection velocity and hydrogen
conversion amount required for thermal flow analysis by measuring the
thermal convection generated by the heat of the catalytic reaction in an
environment that is not affected by walls.

The natural convection velocity was measured using honeycomb
catalysts with various catalyst materials and configurations. At the
beginning of the research, measurements were made using a stainless
steel chimney with an inner diameter of 100 mm and a height of 300
mm. Currently, natural convection is created without a chimney by
devising the honeycomb configuration.

Furthermore, past experiments have revealed problems with reac-
tivation. After placing a catalyst inside REKO-4 and injecting hydrogen
to a concentration of 6% by volume, the reactor was left overnight with
all valves closed. The H2 concentration in the reactor dropped to less
than 1.0% by volume, the ambient temperature dropped to room tem-
perature, and the relative humidity reached 100%. Under such low
temperature and high humidity conditions, reactivation did not occur
even when hydrogen was again injected up to a concentration of 6% by
volume.

Previous studies have also shown that the hydrogen oxidation

reactivity of PAR used in a closed environment is significantly affected
by the cell density of the honeycomb catalyst. Therefore, in this study,
various catalysts were fabricated based on the honeycomb support of
configuration #30 (4.4 cells⋅cm− 2), including #7 and #3, which were
further cut and processed. Here, the honeycomb cell density is
conventionally referred to in the automotive industry as “cells per
square inch”, and has the structure shown in Table 2.

Pt/Al2O3 catalysts, containing 4% platinum by mass relative to the
alumina, were prepared by coating on the honeycomb (config. #3) with
a diameter of 65 mm and a height of 10 mm. The hydrogen conversion
velocity of these Pt/Al2O3 catalysts (config. #3) was also measured.
Furthermore, catalysts were prepared in which the bottom 2 mm of the
10 mm height of Pt/Al2O3 catalysts (config. #3) were immersed in sil-
icone oil (Shin-Etsu Chemical: KF-96), dried and heat-treated to form a
water-repellent layer. These two types of Pt/Al2O3 (config. #3) catalysts
were left overnight in a closed environment with an H2 concentration of
6% in REKO-4 to recombine the H2 and O2, and then reactivation tests
were conducted in room temperature, high humidity environment.

4. Results and discussion

The results of experiments using the REKO-T catalytic reactor, a full-
scale visualization of the fuel debris canister, were in good agreement
with the results of the CFD simulation. A new challenge, reactivation
experiments in a low-temperature, high-humidity environment, was
carried out at the REKO-4 facility, and a clue to the solution was found.
The details are described below in order.

4.1. Ventilation effect without catalysts

To clarify the effect of the catalyst, the change in H2 concentration
without the catalyst was measured as a baseline with the ventilation
fully open, according to the schedule shown in Table 1. The ventilation
at the zenith was installed in the hope that the light and highly diffusible
H2 would escape efficiently, but the H2 concentration continued to rise,
so the injection of H2 and O2 was stopped 70 min after the start of the
test. Furthermore, it was observed that the H2 concentration did not
decrease significantly even 5 h after the H2 supply was stopped (Fig. 4).

In the experiment, a phenomenon was observed in which the
ventilation effect was almost completely eliminated. To verify the val-
idity of the experimental results, a fluid analysis was performed on the
change in H2 concentration inside the fuel debris canister with the
ventilation open using the numerical software Ansys Fluent. The H2

Fig. 2. REKO-T: A visualized transparent catalytic reactor simulating a fuel debris storage canister.

Table 1
Hydrogen oxygen injection schedule.

Step 1 Step 2 Step 3 Step 4

Time/m 0–60 60–120 120–180 180–240
Injection rate 25% 50% 75% 100%
H2/mL m− 1 5.0 10.0 15.0 20.0
O2/mL m− 1 2.5 5.0 7.5 10.0

Fig. 3. Intelligent catalysts for REKO-T.

H. Tanaka et al.
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concentrations (molar fractions) after 100 s, 1200 s, 2400 s, and 3600 s
are shown (Fig. 5).

What became clear was that hydrogen has good diffusivity, so once it
is emitted it forms a uniform mixture inside the canister, and the
increased pressure of the total gas mixture is released through the
ventilation. Looking inside the ventilation pipe after 3600 s, a steep
concentration gradient was observed inside the pipe, which had an inner
diameter of 25.4 mm and a length of 140 mm. Next, the ventilation was

changed to a wider and shorter diameter of 45 mm and a length of 25
mm, and the results of the same calculation are shown in Fig. 6. An
improvement was seen in the H2 concentration distribution after 3600 s,
but after 7200 s it had increased to a concentration of over 0.7%, and it
can be seen that the H2 concentration continues to increase.

4.2. Hydrogen recombination verification by catalyst arrangement in
visualization REKO-T

The Technical Strategic Plan 2024 (Japanese version) published by
the Nuclear Damage Compensation and Decommissioning Facilitation
Corporation (NDF) [34] also reiterates the importance of maintaining
subcriticality, containment functions, and measures to prevent
hydrogen generation in decommissioning the Fukushima Daiichi Nu-
clear Power Station. To explore the possibility of reducing the H2 con-
centration while closing the ventilation in the fuel debris storage
canister, the performance and arrangement of the catalyst, a main
component of PAR, was examined using REKO-T.

An intelligent catalyst for automobiles with a diameter of 25 mm,
height of 10 mm, and cell #30 (4.4 cell cm-2) was used to search for the
arrangement that would most efficiently reduce the H2 concentration in
the simulated storage canister. From the center of the bottom of the
visualization reactor REKO-T, the amount of H2 and O2 injected was
increased every hour from Step 1 to 4 as shown in Table 1, and the
change in H2 concentration over time at each position was measured.
Please note that in the REKO-T experiment described here, a lid without
a ventilation tube was used to verify the possibility of achieving both
containment function and hydrogen concentration reduction, and the
effect of the catalyst alone was extracted.

Table 2
Catalyst configurations.

Config. Code #100 #30 #7 #3

Cell density/cell cm− 2 15.5 4.4 1.1 0.5
Cell (hole) size/cm 0.25 0.45 0.91 1.43
Cell configuration

100 cell inch− 2 30 cell inch− 2
4-Cell holes of #30 9-Cell holes of #30

Fig. 4. Hydrogen ventilation effect.

Fig. 5. Fluid analysis on H2 concentration inside the fuel debris canister.

H. Tanaka et al.
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(1) Arrangement #1: Catalyst Placement at Center Top

The catalyst was installed at the top of the fuel debris storage
canister, directly above the center of the unit canister, and the temper-
ature was measured at four points: the center of the catalyst bed, the rim
of the bed, and about 5 mm above and below the center of the catalyst.
The H2 concentration was also measured at four points: the upper rim,
middle rim, middle center, and bottom rim of the storage canister. Ac-
cording to the experimental procedure, 5.0 mL m− 1 H2 and 2.5 mL m− 1

O2 were injected for the first 60 min of the test. The amount of each

injection was then doubled, and the H2 concentration in the can
increased, but there was no increase in the catalyst temperature, indi-
cating that PAR does not work with this arrangement (Fig. 7).

(2) Arrangement #2: Two halves catalysts, at rim opposite

A catalyst with a diameter of 25mm and a height of 10mmwas cut in
the middle and arranged facing each other in the gap between the upper
inner wall of the storage canister and the unit canister. H2 and O2 were
injected according to the schedule in Table 1, and the temperature inside

Fig. 6. Fluid analysis on H2 concentration with wider and shorter ventilation.

Fig. 7. Catalyst configuration and arrangement #1: Center Top.

H. Tanaka et al.
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the catalyst bed rose immediately after the start of the test, but the in-
crease in H2 concentration was suppressed and stable, indicating that
the catalyst was effective. The H2 concentration gradually began to rise
from Step 3, and when the test proceeded to Step 4, which corresponds
to the published maximum predicted H2 generation value 180 min after
the start of the test, H2 concentration began to rise, so the test was
terminated. The temperature difference between the two catalysts was
more than 45 ◦C, and it is considered that the reaction was uneven
(Fig. 8-a).

(3) Arrangement #3: Two halves catalysts, at angle of 90◦

This time, the catalyst divided into two was arranged at a right angle
of 90◦, and the temperature inside the catalyst bed rose, the increase in

H2 concentration was suppressed, and it was found that the catalyst was
effective. The H2 concentration was higher in Steps 1, 2, and 3 than in
the opposing arrangement of #2, but the concentration remained con-
stant in each step. However, H2 concentration began to rise when
moving to Step 4, so the test was terminated. It is estimated that the
temperature difference between the two catalysts was more than 20 ◦C,
causing uneven gas flow (Fig. 8-b).

(4) Arrangement #4: Two halves catalysts, at one sided

The two halves catalysts were arranged side by side on one side. Even
at the maximum injection rate in Step 4, H2 concentration was stable at
about 1.5%, and the temperature of both catalysts rose uniformly, so it is
considered that a good tumble flow was formed inside the storage

Fig. 8. Catalyst configurations and arrangements #2, #3, #4 and #5.

H. Tanaka et al.
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canister. The result provided important knowledge that it is effective to
create strong natural convection by devising the catalyst arrangement
(Fig. 8-c).

(5) Arrangement #5: Four quarters in diamond

Finally, the catalyst was divided into four and arranged in a diamond
shape. The H2 concentration was kept to the lowest in Steps 1, 2, 3, and
4, and even in Step 4, which corresponds to the maximum predicted H2
generation, H2 concentration was stable at 1.5%. However, the tem-
perature difference between the four catalysts was large, and it can be
said that there is room for improvement in the gas flow inside the can
(Fig. 8-d).

The above five types of experiments showed that it is possible to
optimize the catalyst arrangement and create a strong tumble flow by
natural convection due to the H2 oxidation reaction. It is effective to
place the catalyst in the gap between the storage canister and the unit
canister, rather than in the center. The cross-sectional area of the
intelligent catalyst used in this study is small at 4.9 cm2 and 4.9 cm3, and
the precious metal content is small at 5.9 mg. The catalyst itself is
lightweight and easy to handle. This honeycomb-shaped intelligent
catalyst has already been experimentally confirmed and reported to
have good durability against high doses of radiation [29].

The passive autocatalytic recombiner, developed by applying auto-
motive catalyst technology, has shown the possibility of reducing H2
concentrations while trapping both solid and gaseous substances con-
taining radioactive materials during the seven-day transportation pro-
cess, which is considered the most difficult of the technically challenging
processes of fuel debris retrieval, transportation, and long-term storage
in the Fukushima Daiichi decommissioning project.

4.3. Natural convection and H2 conversion velocities measurements using
REKO-4

It has already been reported that honeycomb-shaped PARs that use
automotive catalyst technology have demonstrated good H2 concen-
tration reduction performance, and that this performance can be further
improved by designing the shape, such as the density and thickness of
the catalyst cells. This time, prototypes #7 and #3 were produced by
further processing the config. #30 catalyst, as shown in Table 2.

Fig. 9 shows the natural convection velocity at a hydrogen concen-
tration of 4% by volume, which has been determined using REKO-4. The
solid markers indicate that a 300 mm high chimney is used, and the
hollow markers indicate that no chimney is used. The water-repellent
catalyst has a silicone coating on the bottom 2 mm of its 10 mm high,
and is indicated by a red diamond marker and lettering. It can be seen

that the presence or absence of water-repellent treatment does not affect
the natural convection velocity. Even without a chimney, the natural
convection velocity can be increased by decreasing the cell density and
increasing the cell pore size, which is a very important experimental fact
for applications in limited spaces such as fuel debris canisters.

Fig. 10 shows the hydrogen conversion rate per square centimeter of
cross-sectional area for the Pt(4.0)/Al2O3 (config. #3) catalyst, which
supports 4% platinum by mass on alumina. It can be seen that the
hydrogen conversion is linearly affected by the concentration. The
hydrogen conversion of the Pt(4.0)/Al2O3 catalyst of configuration #3
was 1.28 L h− 1 cm− 2 at an H2 concentration of 4% by volume, and 0.59

Fig. 8. (continued).

Fig. 9. Improvement of natural convection velocity by catalyst configuration.

Fig. 10. Effect of concentration on hydrogen conversion per catalyst cross-
sectional area.
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L h− 1 cm− 2 at 2% by volume. The intelligent catalyst of #30, which was
not machined, was 0.94 L h− 1 cm− 2 at an H2 concentration of 4% by
volume. The height of these catalysts is 1 cm, and no chimney is
required. The maximum amount of hydrogen generated inside the fuel
debris storage canister has been reported to be 1.1 L h− 1, so it is thought
that a small catalyst with a cross-sectional area of about 1 cm2 will be
able to achieve the required hydrogen conversion efficiency. Taking into
account a safety margin, it became clear that simply installing several
catalysts with a diameter of about 1 inch (cross-sectional area of 5.0
cm2) so that the gap between the inner wall of the fuel debris storage
canister and the unit canister can be effectively used for gas convection
can be expected to have a significant effect in reducing hydrogen con-
centration. Particular emphasis is placed on the importance of the
catalyst configuration and its installation arrangement within the
canister.

4.4. Reactivation test using REKO-4

From the results so far, it has become clear that a small catalyst can
fully demonstrate its performance as a PAR for hydrogen safety. How-
ever, while examining various failure modes, it has become clear that in
a closed, sealed environment, problems arise when hydrogen generation
is discontinuous and intermittent, rather than when hydrogen is
generated at a high concentration and high speed. Specifically, in an
experiment with REKO-4, when the hydrogen supply to the pressure
vessel in which the catalyst was installed was stopped and the vessel was
left overnight, the hydrogen concentration fell below 1% and the reac-
tion temporarily stopped. At this time, the inside of the pressure vessel
became a high humidity, room temperature environment, and a problem
emerged in which the catalyst would be difficult to reactivate if
hydrogen was supplied again in a wet state. To address this issue, the
results of a reactivation test in REKO-4 using Pt/Al2O3 (config. #3)
catalyst, which is a further processed version of #30 catalyst, are shown
in Fig. 11.

Here, the amount of Pt supported was set to 4% by mass relative to
the alumina coat. Three of these Pt/Al2O3 (config. #3) catalysts with
large holes, each 65 mm in diameter and 10 mm in height, were placed
side by side (total volume of 99 cm3), and after increasing H2 concen-
tration to 6% by volume at room temperature, all valves were closed and
the reaction vessel was left for 20 h. At that time, H2 concentration in the
reaction vessel was 0.6% by volume, the temperature was 24.5 ◦C, and
the relative humidity was 99.9%. After that, hydrogen was injected at
room temperature and H2 concentration was increased in 0.5% by vol-
ume increments. At 5.5%, the temperature of each of the three catalysts
rose sharply and H2 concentration dropped all at once. By devising the
cell configuration of the catalyst, a clue was provided to solve the

problem of catalyst reactivation at room temperature and high humid-
ity, which had been an issue.

In addition, a similar reactivation test was also conducted on three
Pt/Al2O3 (configuration 3) catalysts of the same shape, each with a
water-repellent layer formed on the bottom (Fig. 12). Although there
was variation between the three catalysts, reactivation occurred from H2
concentration of 4%. However, since the reliability of the silicone
coating in a high-dose radiation environment has not been ensured, this
is only for reference.

5. Conclusion

In the decommissioning of the Fukushima Daiichi Nuclear Power
Plant, the safe retrieval, transportation, and long-term storage of fuel
debris are the biggest challenges Japan is facing. The greatest challenge
is balancing the containment of radioactive materials with the reduction
of the concentration of hydrogen generated, especially during the seven
days required for open road transportation. This paper summarizes the
challenges of hydrogen generation in sealed containers, research results,
and a guide to the use of PAR in fuel debris storage canisters. The
required characteristics of the PAR used here are completely different
from those of the PAR used in the reactor building, and there is a serious
problem that the water generated by hydrogen recombination has no
escape route and the catalyst is always covered with a water film.

Based on publicly available drawings of fuel debris storage canisters,
a full-scale transparent visualization canister was prototyped, and the
catalytic effect during hydrogen generation was demonstrated by
reproducing the actual usage environment. It was shown that the posi-
tion of the catalyst is important to generate a circulating flow in sealed
environment applications such as fuel debris storage canisters. The
ventilation problem was clarified by both theoretical flow calculations
and experiments.

A honeycomb catalyst was evaluated using large pressure vessel
REKO-4 at FZJ, and the natural convection velocity due to the catalytic
reaction was experimentally calculated. The catalyst configuration
required to process the maximum amount of hydrogen generated in the
storage canister was derived. It is expected that even a small catalyst
with a cross-sectional area of about 1 cm2 can maximize the conversion
of hydrogen generated inside the fuel debris storage canister. A solution
to the previously difficult issue of reactivation has also been
demonstrated.

The fuel debris retrieval operation has just begun, with the first
successful sampling taking place on November 7, 2024. The size of the
removed fuel debris is reported to be approximately 9 × 7 mm, the
weight was 0.693 g, and the dose rate (gamma rays) was approximately
8 mSv/h [35]. As the amount of fuel debris removed increases in the

Fig. 11. Reactivation test for Pt(4.0)/Al2O3 (config. #3) at REKO-4.
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future, technology to reduce the concentration of generated hydrogen
will become increasingly important. The “passive autocatalytic
recombiner,” developed by applying automotive catalyst technology, is
expected to contribute to reducing hydrogen concentrations in the
decommissioning of the Fukushima Daiichi Nuclear Power Station. The
results of this study emphasize that in order to effectively utilize this
safety technology, it is important to understand the phenomenon and
design the catalyst and installation method accordingly. Mutual coop-
eration among engineers involved in decommissioning work is highly
desirable to ensure safety.
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