
THE FUKUSHIMA NUCLEAR POWER INCIDENT1 - a Case of a Boiling Water Reactor 
 
On 11 March 2011, the tsunami waves generated by the Great East Japan Earthquake 
off the Pacific coast of Japan overwhelmed the tsunami barriers of Fukushima Daiichi 
nuclear power plant (NPP) site. They flooded the primary and backup power systems and 
equipment, as well as the ultimate heat sink systems and structures, of all six units on the 
site. Compounding the off-site power loss that occurred before the tsunami due to the 
earthquake damage to the transmission system, the flooding caused the loss of on-site 
power sources (and/or on-site power distribution systems). Units 1–5 of the Fukushima 
Daiichi NPP experienced extended station blackout (SBO) events, which exceeded nine 
days in Units 1 and 2, and 14 days in Units 3 and 4. 
The nuclear units were unable to cope with the extended loss of electrical power and 
plant heat removal, and the reactors of Units 1, 2 and 3 suffered damage as the fuel 
overheated and melted. The reactor pressure vessels (RPVs) that enclose the reactor 
cores were eventually breached in those units, and radioactive material escaped from the 
reactors. The radioactive material confined in the primary containment vessels (PCVs) 
was further released directly to the environment either in a controlled manner, i.e. by 
venting of the reactors’ PCVs, or in an uncontrolled manner upon damage and failure of 
the confinement structures. The radioactive releases resulted in radiological exposure of 
the workers at the site and the public residing in the surrounding communities and caused 
radiological contamination of the environment in those areas. In order to reduce radiation 
exposures, people within a radius of 20 km of the site, as well as other specified areas, 
were evacuated, and restrictions were placed on the distribution and consumption of food 
and drinking water. Although no loss of life has been attributed to the radiological 
releases, the accident caused social and economic impacts, especially in Japan. At the 
time of writing, people who were evacuated continue to live outside the evacuated areas 
or are allowed to return to their homes with limitations, and post-accident management 
efforts towards the recovery of the affected surrounding areas are ongoing. Following the 
stabilization of the conditions of the affected reactors, activities to prepare these reactors 
for their eventual decommissioning have also been initiated. These matters are discussed 
in detail in the subsequent five (5) volumes. 
 
Initiating event: The earthquake 
The Great East Japan Earthquake occurred in the subduction zone off the north-east 
coast of Japan where the Pacific tectonic plate forces its way under the North American 
tectonic plate. It was caused by a sudden release of energy, as a section of the Earth’s 
crust at the interface of these plates was ruptured and impacted an area in the fault zone 
estimated to be about 500 km long and 200 km wide. The main shock, with a magnitude 
of M 9.0 [10], lasted for more than two minutes, with several significant pulses and 
aftershocks. The ground motion caused extensive damage to the infrastructure including 
the power transmission and transportation systems in Japan. Following the earthquake, 
local, regional and national ‘general earthquake’ emergency response organizations were 
activated to assess and coordinate the earthquake damage assessment and recovery. 
An ERC at TEPCO Headquarters in Tokyo was established for coordinating, overseeing 
and managing the response to the 
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earthquake damage at all of the company’s assets and the recovery from electric outages 
in the service area. 
 
Plant status at the time of the earthquake 
The Fukushima Daiichi NPP, which comprises six units [12] with boiling water reactors 
(BWRs), was located 180 km from the epicentre. When the earthquake occurred, the 
three reactors of Units 1, 2 and 3 were in normal operation at rated power, while Units 4, 
5 and 6 were in various stages of periodic planned refuelling and inspection outage, as 
follows: 

 Unit 1 was generating 460 MW electricity. 
 Unit 2 was generating 784 MW electricity. 
 Unit 3 was generating 784 MW electricity. 
 Unit 4 had its fuel off-loaded from the reactor core to the fuel storage pool, the spent 

fuel pool (SFP), and no fuel assemblies were in the RPV, the vessel that houses the 
reactor. Both the SFP and RPV were filled with water. 

 Unit 5 had fuel assemblies loaded in the reactor core. The fuel had relatively low decay 
heat due to the period elapsed since power operations. The RPV was filled completely 
with water and isolated (bottled up) and was being pressurized by a pump in preparation 
for the RPV pressure (leak) test. Its confinement structure, the PCV, was open, with its 
lid removed. 

 Unit 6, which was under the cold shutdown state of the outage, also had fuel assemblies 
with relatively low decay heat loaded in the reactor core, and the RPV was filled with 
water to a prescribed height, sufficiently covering the reactor core. The main steam 
isolation valves (MSIVs) that, when closed, disconnect the RPV from rest of the power 
plant, were open, and the RPV was nearly at atmospheric pressure and ambient 
temperature. There were approximately 6400 personnel at the site, among whom 
approximately 2400 TEPCO and contractor employees (750 TEPCO, 1650 contractors) 
were working in the controlled area. The majority (approximately 2000) of those were 
carrying out activities in support of the periodic planned re-fueling and inspection outages. 
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Earthquake response and loss of off-site power 
The operating reactors of Units 1–3 were shut down automatically when sensors at the 
plant detected the ground motion and triggered reactor protection systems in accordance 
with the design. As the ground motion exceeded the value that was set to activate the 
reactor seismic protection, the insertion of control rods (blades) was automatically 
initiated, which stopped the nuclear reaction. After shutdown, the nuclear fuel continued 
to generate heat (decay heat). To prevent the nuclear fuel from overheating, this heat had 
to be removed by cooling systems that were mainly run or controlled by electrical power. 
However, the earthquake caused damage to on-site switchyard equipment, off-site 
substation equipment and the power lines supplying off-site AC power to the plant, 
leading to the loss of all off-site electrical power for every unit at the Fukushima Daiichi 
NPP site. This is referred to as a loss of off-site power (LOOP) event and was within the 
design basis of the Fukushima Daiichi NPP. 
 
Plant response to loss of off-site power 
In response to the LOOP, the on-site replacement power facilities — emergency diesel 
generators (EDGs) — which were designed for such LOOP situations, automatically 
started in order to restore AC power in all six units.4 The EDGs restored AC power to the 
emergency busses and to the direct current (DC) power battery chargers, as designed. 
As a result of the power interruption, the reactors of Units 1–3 were automatically isolated 
from their turbine systems by the closure of all MSIVs. This resulted in increases in the 
temperature and pressure of the reactors due to the decay heat. The cooling of these 
reactors after the reactor shutdown and isolation from their turbine systems was 
accomplished by means of the following design and operational provisions for heat 
removal at high reactor pressure: 

 In Unit 1, as the reactor pressure increased, both loops of the isolation condenser (IC) 
system started automatically and continued to cool the reactor. The operation of both IC 
loops lowered the reactor pressure and temperature so rapidly that the operators 
manually stopped them, in accordance with procedures, in order to prevent thermal stress 
on the RPV that would be caused by the excessive cooling rate5. Afterwards, only one of 
the loops was used by the operators to control the reactor pressure in a range prescribed 
by the procedures. 

 In Unit 2, the operators manually activated the reactor core isolation cooling (RCIC) 
system in accordance with procedure. However, the RCIC automatically stopped almost 
immediately, since the reactor water level was higher than the pre-set water level point 
for RCIC operation. Increasing reactor vessel pressure eventually activated a safety relief 
valve (SRV), which wasdesigned to protect the RPV from overpressurization by 
discharging steam into the water (suppression) pool in the suppression chamber (SC), or 
commonly referred as torus, section of the PCV. This resulted in a decrease in the reactor 
water levels. In response, the operators manually activated the RCIC system in 
accordance with procedures. 

 In Unit 3, the reactor pressure increase first activated an SRV automatically, and the 
operators then manually activated the RCIC, in accordance with their procedure, upon 



decreasing reactor water level. In Units 5 and 6, the decay heat from the fuel assemblies, 
which were loaded in the cores inside the RPVs, also had to be removed: 

 In Unit 5, the reactor pressure, which was kept at an elevated level by the use of a 
pump for pressure testing at the time of the earthquake, initially dropped when the pump 
stopped as it lost power as a result of the LOOP. The pressure started to rise in the water 
filled RPV, as a result of the decay heat, but, unlike in Units 2 and 3, it remained for some 
time well below the levels that would activate the SRVs. 

 In Unit 6, the decay heat was also low, and the reactor was near atmospheric pressure 
and ambient temperature. Therefore, the increase in reactor pressure and temperature 
and the decrease of the reactor water level was slow, with less need for immediate heat 
removal after the LOOP. The heat had to be removed not only from the reactor cores but 
also from the following systems and structures: 

 In Unit 4, where the fuel assemblies had recently been moved from core to the spent 
fuel pool (SFP), the equipment for cooling and refilling of spent fuel pool water8 stopped 
working as a result of the LOOP. The Unit 4 SFP, containing more than 1300 spent fuel 
assemblies, had the largest amount of decay heat to be removed among the SFPs of all 
the units. 

 In the SFPs of the individual units and in the common SFP9, all of which lost cooling 
and refilling capabilities upon the LOOP, the temperatures of the pool water started to 
increase due to decay heat. 

 Since the normal containment cooling system stopped as a result of the LOOP, 
operators (in Units 1 and 2) also manually initiated emergency containment cooling 
systems to remove the residual heat discharged and dissipated from the RPV to ensure 
control of the confinement function. In response to the earthquake and the LOOP, the 
operators activated the ‘event based’ abnormal operating procedures (AOPs) for a 
‘Natural Event’ and a ‘Turbine and Electrical Incident’ in all three main control rooms 
(MCRs) 10 in keeping with post-earthquake and post-LOOP instructions, respectively. In 
line with the procedures, post-earthquake inspection and off-site power restoration 
activities were initiated. However, their implementation was continuously interrupted by 
the on-going aftershocks. An earthquake emergency response team was activated at the 
on-site emergency response centre (ERC) located within the seismically isolated 
building11. The Site Superintendent, as the designated on-site emergency manager, was 
responsible for directing the site response and for coordination with on-site and off-site 
organizations. Under the Site Superintendent’s command, three shift superintendents, 
who were the licensed operators in each of the three common MCRs, were responsible 
for directing the actions of the shift teams in their units. Therefore, the units at the 
Fukushima Daiichi NPP responded to the initiating event — the earthquake 
and the concurrent loss of off-site power — as intended by the designers and as stipulated 
in the operating procedures. 
 
Tsunami and station blackout 
In addition to causing strong ground motion and infrastructure damage, the earthquake 
displaced a massive amount of water, giving rise to a series of large tsunami waves. 
When these tsunami waves reached the coast, they had a devastating effect over a wide 
area.  



main earthquake shock, the Japan Meteorological Agency (JMA) issued tsunami 
warnings [14], initially forecasting a wave of 3–4 m high for Japan’s east coast, on which 
the Fukushima Daiichi NPP site was located. This forecast was updated at 15:14 to 6 m 
and later, at 15:31, to 10 m. Upon this tsunami warning, an announcement was made 
from the MCRs via the PA system to the personnel to evacuate from the lower site 
elevations to higher positions. The tsunami waves started reaching the Fukushima Daiichi 
NPP site about 40 minutes after the earthquake, at 15:27. The site was protected from 
the first wave, which had a 4–5 m runup height, by the tsunami barrier seawalls, the 
breakwater, that were designed to protect against a maximum tsunami height of 5.5 m 
[15]. However, about 10 minutes after the first wave (between 15:36 and15:37), the 
second and largest tsunami wave, with a run-up height of  –15 m, reached the plant. The 
wave overwhelmed the seawalls and inundated the site. It engulfed all structures and 
equipmentlocated at the seafront, as well as the main buildings (including the reactor, 
turbine and service buildings) at higher elevations, causing the following sequence of 
events: 
 

 The wave flooded and damaged the unhoused seawater pumps and motors of all six 
units at the seawater intake locations on the shoreline, resulting in loss of ultimate heat 
sink events for all units. This meant that essential plant systems and components, 
including the water cooled EDGs14, could not be cooled to ensure their continuous 
operation. 

 The wave flooded and damaged the dry cask storage building located near the 
seashore between the Units 1–4 and Units 5–6 complexes. There were no significant 
impacts on the casks and the fuel stored in them, as was later confirmed [17]. 

 Water entered and flooded buildings, including all the reactor and turbine buildings, the 
common spent fuel storage building and diesel generator building. It damaged the 
buildings and the electrical and mechanical equipment inside at ground level and on the 
lower floors. The damaged equipment included the EDGs or their associated power 
connections, power distribution panels and switchgear equipment, which resulted in the 
loss of emergency AC power. Only one of the air cooled EDGs — that of Unit 6 — was 
unaffected by the flooding15. It remained in operation, continuing to supply emergency 
AC power to the Unit 6 safety systems and allowing cooling of the reactor. 
As a result of these events, Units 1–5 lost all AC power, a situation referred to as a station 
blackout (SBO). Only Unit 6, with its one remaining air cooled EDG supplying emergency 
AC power, did not. A ‘specific event’, as defined in the regulations16 [18] associated with 
the Act on Special Measures Concerning Nuclear Emergency Preparedness (hereafter 
referred to as Nuclear Emergency Act)17 [19] based on a ‘station blackout’18, was 
declared by the Site Superintendent, who was the head of the onsite ERC of the operating 
organization, TEPCO. Consequently, the relevant off-site agencies were informed, in 
accordance with the requirements of the Nuclear Emergency Act, within five minutes of 
the loss of all AC power, i.e. an SBO. 
The Fukushima Daiichi NPP units, similar to other plants of the same age, had design 
provisions to withstand an SBO for eight hours, with response procedures for operators. 
19 In Units 1–5, the event based emergency operating procedures (EOPs) for ‘loss of 
all AC power’ [20] were initiated. As the emergency shifted from an earthquake situation 
to a nuclear situation, the ERC at TEPCO Headquarters and the Nuclear Emergency 



Headquarters of the Ministry of Economy, Trade and Industry (METI) were activated in 
Tokyo, along with METI’s Local Emergency Headquarters at the Off-site Centre (OFC) 
in Okuma Town, located approximately 5 km away from the Fukushima Daiichi NPP 
site. 
 
Loss of DC power in Units 1, 2 and 4 
All units at the Fukushima Daiichi NPP were equipped with on-site DC sources as an 
emergency power supply in an SBO situation, but the flooding also affected this 
equipment in Units 1, 2 and 4, inundating the DC batteries, power panels or connections. 
Consequently, DC power was gradually lost in Units 1, 2 and 4 during the first 10–15 
minutes of the flooding, making it difficult to cope with the SBO. Due to the loss of all 
electrical (AC and DC) power, the operators of Units 1 and 2 could no longer 
monitor essential plant parameters, such as reactor pressure and reactor water level, or 
the status of key systems and components used for core cooling. As mentioned earlier, 
the heat removal capability for the SFPs in all units was already lost following the LOOP. 
The additional loss of DC power in Units 1, 2 and 4 meant that operators could no longer 
monitor the water temperature and levels in the SFPs of these units. In the absence of 
procedures addressing the loss of all (AC and DC) power, the operators of Units 1, 2and 
4 did not have specific instructions on how to deal with an SBO under these conditions. 
The operators and ERC staff started reviewing available options and establishing possible 
ways to restore power and thereby regain the ability to monitor and control the plant. 
 
Response in Units 3, 5 and 6 
Although Units 3 and 5 were experiencing SBO, DC power was available in these units, 
and Unit 6 maintained its AC power supplied by the on-site emergency source, the EDG. 
Power availability enabled the operators to observe the plant status as the MCR 
indications and controls were functioning. This allowed the operators to continue with their 
applicable procedures in response to the events: 

 In Unit 3, DC power was available from the DC batteries. The SRVs automatically 
opened and continued cycling to protect the RPV from over pressurization and, as a 
result, the reactor water level decreased. The operators manually restarted the RCIC 
system, controlling and monitoring the reactor water injection with the available DC 
power. They also shut off other non-critical equipment to maximize the availability of the 
DC batteries in order to extend the period of time for coping with the SBO in accordance 
with their event response EOP. 

 DC power was also available in Unit 5. The residual heat removal by a high pressure 
cooling systems — the RCIC or high pressure coolant injection (HPCI) — was not 
possible, since the reactor was not generating steam to drive dedicated turbines to run 
the pumps. The reactor had to be depressurized to enable coolant injection by low 
pressure injection systems, such as the makeup water condensate (MUWC) and residual 
heat removal (RHR) systems. However, depressurization using the SRVs was not 
possible, since the depressurization function of the SRVs (except for three SRVs with the 
highest opening pressure) was disabled. Alternative options, such as discharging water 
from the RCIC and HPCI lines, were tried unsuccessfully, and the RPV, which was 
pressurized and filled with water, continued to heat up and pressurize. 



 Unit 6 did not experience an SBO, since AC power was available from one operating 
EDG. Here, the efforts focused on maintaining fundamental safety functions21 in 
response to the LOOP event as prescribed in the AOPs. The reactor was at atmospheric 
pressure, making it possible to utilize the low pressure systems to inject cooling water; 
however, some of the necessary components ofthose systems were damaged by the 
flooding and required restoration in order to provide water to the reactor. It was decided 
to inject water into the reactor via the MUWC system until the RHR system could be 
restored, since the air cooled EDG was operating and supplying AC power to the MUWC 
pump. 
 
Presumed severe accident conditions in Units 1 and 2 
As all electrical power was lost in Units 1 and 2, there were no indications available to the 
operators on the status of key systems and components to determine whether the safety 
systems were operating properly, or operating at all, in order to maintain the fundamental 
safety functions22 and SFP cooling in Units 1 and 2. Since the monitoring of the reactor 
water level status could not be recovered in the MCR and the status of water injection for 
core cooling remained undetermined, an emergency on the basis of the‘inability of water 
injection of the emergency core cooling system’, as defined in regulations [18], was 
declared for Units 1 and 2 within one hour of AC and DC power loss, in accordance with 
the Nuclear Emergency Act’s ‘degrading nuclear emergency conditions’ clause (Article 
15). Consequently, at 16:45, the on-site ERC reported to the off-site organizations, 
TEPCO Headquarters and relevant government authorities, that the nuclear emergency 
conditions for Units 1 and 2 existed.23 The Severe Accident Operating Procedures 
(SOPs) in the Unit 1 and 2 MCR and the severe Accident Management Guidelines 
(AMGs) in the on-site ERC were implemented, and the staff in the ERC and MCR began 
to establish a strategy for coping with the potential degradation of the fission product 
barriers. 
 
Establishing the severe accident management strategy 
Since the core cooling appeared to be compromised, the accident management strategy 
focused on injecting water into the reactors in order to prevent, or mitigate, potential 
damage to the nuclear fuel, in accordance with the AMGs and SOPs. Two options for 
injecting water into the reactors were identified: 

 The use of systems that could inject water directly into the reactors even at high 
pressures, such as the standby liquid control (SLC) system and the control rod drive 
(CRD) system, which required the restoration of AC power. 
 

 The use of alternative equipment, such as mobile fire engines and the stationary diesel 
driven fire pump (DDFP) that could inject water at low pressures, which required 
depressurization of the reactors and alignment of the fire protection (FP)24 lines to inject 
water into the core. The on-site ERC adopted a core cooling strategy that used the 
stationary DDFP and the fire engines via the fire protection system to inject water into the 
reactors, in addition to obtaining and connecting temporary AC power sources. Teams 
were dispatched to survey and assess the power equipment and the DDFP, to prepare 
the FP line arrangements and to dispatch the fire engines. This strategy 



considered not only Units 1 and 2, but all units, in anticipation of any further degradation 
of the fundamental safety function of core cooling in the other reactors. 
This accident response strategy was given the highest priority for Units 1 and 2 and was 
applicable to all other units with some variations. For example, in Unit 5, the accident 
management (AM) action was to restore AC power using the available interconnecting 
line25 to the operating EDG in Unit 6. 
 
Confirmation of Unit 1 core cooling loss 
Just before the tsunami struck, the Unit 1 IC was stopped by the operators in accordance 
with established operating procedures to control the reactor pressure. This was 
accomplished by closing the control valves (located outside the PCV and DC-operated, 
as shown in Box 1.1–2). About 2.5 hours after the loss of indications in the MCR, at 18:18 
on 11 March, some of the status lamps for those control valves were found to be 
functioning, confirming that the control valves were closed and implying that the IC was 
not operating. The operators attempted to start the IC by opening those 
valves from the MCR (i.e. remote-manually), expecting that the isolation valves, located 
inside the containment on each line of IC loops, were in the open position, since their 
status was unclear26. After opening the outside containment valves of one IC loop, 
release of steam was observed above the Unit 1 reactor building (RB), which was thought 
to be coming from the IC system and would have indicated that the IC was operational; 
however, this assumption was short lived, as the steam release stopped, raising concerns 
about the integrity of the IC system. Since the system was not operating as expected the 
valves that had just been opened were manually closed again to ensure that the IC was 
not operating. A team that was later dispatched to the RB confirmed that the IC was not 
operating, as indicated by the local readings of high reactor pressure. The ‘non-
operational’ status of the IC was communicated to the MCR and relayed to the ERC. 
Thus, the fundamental safety function of core cooling at Unit 1 was lost when the IC was 
stopped by the operators just before the tsunami, and the 
Unit 1 core heated up from that time onward. The team dispatched to the RB also 
confirmed that the DDFP was functioning and proceeded with establishing the core spray 
line-up for an alternative water injection via the FP system, as envisioned in the strategy. 
Additionally, local measurements (in the RB) at 20:07 indicated that the reactor was still 
near the operating pressure of 7 MPa (70 bar), which prevented water injection by 
alternative methods that would only be possible below 0.8 MPa (8 bar). 
 
Nuclear power in Japan 
Nuclear power generation has been an important energy source in Japan for decades. In 
response to the oil crisis of the 1970s, the Government of Japan implemented a policy of 
reducing dependency on imported oil by encouraging energy efficiency and the 
diversification of power sources supplied by privately owned independent regional electric 
power companies. As a result of this government policy, the contribution of nuclear power 
to the overall Japanese energy supply grew significantly until the time of the accident at 
the Fukushima Daiichi NPP. In 1973, the nuclear power generation was just 9.7 TWh, 
and its share in total commercial power generation was just 3%. Growth in nuclear power 
generation accelerated in the 1990s, backed by government policy and the efforts of the 
power companies, and reached a historical high of 332.2 TWh in 1998. During the mid-



2000s, nuclear power generation decreased because of the impacts of the extended 
periods of shutdown of a number of NPPs following the Niigata-Chuetsu-Oki earthquake 
in 2007. Even so, nuclear power generation in 2010 was 288.2 TWh, accounting for 29% 
of the total power generation in Japan. In the year before the accident, nuclear power had 
the largest share in total power generation in Japan, slightly more than natural gas fired 
power generation. These two sources of energy were followed by coal (25%), hydro (9%) 
and oil (6%). By March 2011, 54 nuclear power reactors were operating in Japan, 
producing a licensed total output of 49 GW. Thirty of those 54 reactors included boiling 
water reactor (BWR) technology. Three additional nuclear power reactors were under 
construction, and three were being decommissioned in the spring of 2011. To support the 
operation of the NPPs, Japan also developed a full spectrum of fuel cycle activities, 
comprising enrichment, conversion, fuel fabrication, reprocessing and radioactive waste 
management. 
 
Institute (JAERI), of the Japan Power Demonstration Reactor, which ran from 1963 to 
1976. Its construction and operation provided experience for the introduction of 
commercial light water reactors (LWRs) at the next stage. The first commercial BWR was 
constructed by the Japan Atomic Power Company (JAPC) in Tsuruga and started 
operation in March 1970. 
 
Following the construction of the BWR in Tsuruga, TEPCO started to construct the first 
unit of the Fukushima Daiichi NPP in 1967. Both JAPC’s Tsuruga and TEPCO’s 
Fukushima Daiichi Unit 1 were imported under a turnkey contract with General Electric 
(GE). The necessary technology was transferred to the Japanese reactor vendors 
Toshiba and Hitachi under a system licence contract. After that, Units 2– 5 of the 
Fukushima Daiichi NPP (designed as 780 MW(e) with a BWR/4 type) and Unit 6 (the first 
unit of 1100 MW(e) design in TEPCO) were also constructed under turnkey contracts with 
GE, GE/Toshiba, Hitachi or Toshiba. In parallel with Fukushima Daiichi Unit 6, Tokai Daini 
of JAPC was also constructed under contract with GE. From the second half of the 1990s, 
there was a slowing down in the development of technology, and factors such as ‘strong 
demands to reduce construction cost’ and ‘design changes based on external requests’, 
in addition to ‘project delays due to a protracted licensing and approval process’ created 
an environment in which there was no additional technological consideration for further 
improvements in the reviewed and approved designs as they were confirmed to be safe 
and it was believed that the safety level was well established [25]. However, certain 
measures, which resulted from learning from significant events and became regulatory 
requirements, were implemented. Examples of these design improvements by TEPCO 
under regulatory guidance included changing the structure of the RB to incorporate 
lessons learned from the Niigata-Chuetsu-Oki earthquake and changing the design of the 
Higashidori NPP to improve the seismic tolerance above and beyond the previously 
reviewed and approved levels. Efforts, such as the construction of a concentrated 
environment facility, i.e. seismically isolated building, the core shroud replacement, the 
augmentation of EDGs and the expansion of the SFP, were implemented mainly at the 
Fukushima Daiichi NPP. With the exception of the core shroud replacement 50 , these 
were single-item work projects. Efforts to address technical research issues included: the 
introduction of mixed oxide (MOX) fuel (first introduced at Fukushima Daiichi NPP Unit 3 



in 2010); the introduction of new designs with 1100+ MW(e) power (first operation at 
Kashiwazaki-Kariwa NPP Units 2 and 5 in May 2002); and long cycle operation (not yet 
introduced but intended for introduction at the Fukushima Daini NPP) [26]. 
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