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INTRODUCTION

Visitors to Fukushima Daiichi quickly recognize that something is very different when
they enter the guarded and controlled evacuation zone 20 kilometers (12 miles) from the
site. The roads are empty, with the exception of cars and trucks traveling to and from the
site; and most people seen within the zone are wearing anticontamination clothing and
paper masks or respirators.

In the buses carrying visitors to the plant, there is little conversation—just silent
reflection as the rural countryside passes by the window. Previously pristine villages and
rice paddies are abandoned and overgrown. Earthquake and tsunami damage to homes,
commercial buildings, and other structures has not been repaired. The bus must slow
occasionally because of earthquake damage to the roads, which were hastily repaired.
Undamaged homes are empty and are beginning to show signs of neglect; and
commercial properties, with their inventories still intact, sit just as they did on March 11,
2011.

In the Fukushima Prefecture, about 1,000 residents lost their lives during the earthquake
and tsunamis, including two operators performing their duties at Fukushima Daiichi
Unit 4 who were trapped when flood waters partially filled plant buildings. Itis
estimated that more than 140,000 residents of the prefecture were displaced from their
homes because of the nuclear accident that followed.

At Fukushima Daiichi, conditions have improved significantly since the March 11 event.
Much of the debris from buildings, equipment, and vehicles that was left following the
tsunami and explosions has been removed, and a large temporary wall has been
constructed to help protect against future tsunamis. In contrast, the wreckage of pumps,
cranes, buildings, and large equipment that remains is a stark reminder of the power of
the tsunamis that struck the site.

“For nuclear professionals, it is not possible to visit the Fukushima Daiichi site without
coming away with a renewed commitment to ensuring nuclear safety.” John Conway,
Senior Vice President, Energy Supply, Pacific Gas & Electric Company

Conditions were different early on March 11, 2011. Three of Fukushima Daiichi’s six
boiling water reactors were operating at full power; the others were shut down for
maintenance and refueling. About 10 kilometers away, the four Fukushima Daini units
were also operating at full power. The plants were in good condition, with well-
maintained equipment and well-organized work spaces, even under outage conditions.
No one expected or was prepared for the massive earthquakes and the tsunamis that
would occur before the day ended.

Over the years, nuclear plant operators around the world have focused on continuously
improving plant safety by ensuring compliance with regulations, operating plants within
their design bases, and making safety improvements based on worldwide operating
experience and best practices, including addressing lessons learned from core-damaging
events at Three Mile Island Nuclear Station and Chernobyl Nuclear Power Plant.
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Organizations have also worked to improve plant programs, processes, and personnel
performance.

Improved performance resulted in a high level of confidence in the ability to protect the
core and the health and safety of the public given any of the anticipated accident
scenarios. However, the Fukushima Daiichi and Daini events reveal the need to also be
prepared for the unexpected—including circumstances that go beyond the design basis.
No matter how well plants are operated and maintained, there is always the potential for
unexpected and high-consequence situations. On reflection, it is evident that Tokyo
Electric Power Company (TEPCO) and the broader commercial nuclear industry were
not prepared to respond to maintain critical safety functions or to implement effective
emergency response procedures and accident management strategies under the extreme
conditions encountered at Fukushima Daiichi.

This is an addendum to INPO 11-005, Special Report on the Nuclear Accident at the
Fukushima Daiichi Nuclear Power Station. The document provides lessons learned that
nuclear power plant operating organizations should consider in conjunction with action
plans already established as a result of the Fukushima event. The addendum does not
address regulatory or governmental factors that may have contributed to the event or to
difficulties in response to the emergency. Those aspects are well described in other
reports, including those developed by the government of Japan, the International Atomic
Energy Agency, and TEPCO.

The Institute of Nuclear Power Operations (INPO) developed this report separate and
apart from the Institute’s normal processes, with no expectation of confidentiality. Its
purpose is to share information about the Fukushima Daiichi accident broadly within the
nuclear power industry to help inform actions to increase the margin of nuclear safety.
The report has been provided to a number of organizations outside of INPO’s
membership, including the World Association of Nuclear Operators (WANO), the U.S.
Nuclear Regulatory Commission, the U.S. Department of Energy, and the Nuclear
Energy Institute. This broad distribution of lessons learned reflects the unique nature of
this report, and the report is not covered by INPO’s policies for the control and
distribution of confidential information.

The lessons learned and supporting details resulted from an INPO review of the
Fukushima Daiichi event and a similar, less consequential event at the Fukushima Daini
site in March 2011. The review was conducted by a nine-person team that included
individuals with extensive commercial nuclear power experience from INPO, the U.S.
nuclear utility industry, and WANO. The team reviewed updated reports, including those
provided by TEPCO and the Japanese government. Team members also conducted
reviews at TEPCO headquarters and at the Fukushima Daiichi and Daini stations that
included interviews with corporate and station personnel who supported the emergency
response and performed critical tasks during the first days of the event.

This independent review was conducted at TEPCO’s request, and TEPCO management
cooperated in the review by making key individuals available for interviews, arranging
for visits to the plant sites, and encouraging the team to identify organizational and other
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lessons that can be shared with the nuclear industry and the public. TEPCO management
reviewed this addendum for accuracy but did not influence the team’s conclusions
regarding the lessons learned for the industry.

During the review, the team developed the utmost respect for the professionalism,
courage, dedication, and personal ownership displayed by the managers and workers
involved in responding to the events at Fukushima Daiichi and Daini. In this
unanticipated, complex, and highly stressful situation, individuals demonstrated great
personal commitment, resilience, and ingenuity as they attempted to restore critical safety
functions following the tsunami. These actions were taken in spite of widespread
devastation and loss of life caused by the earthquakes and tsunamis; uncertainties
regarding the fate of family members; and challenges such as adverse weather conditions,
lack of rest, and shortages of food and water.

The facts and conclusions in this report are reflective of information and insights
developed through investigations over the 15 months since the accident. The information
developed through hindsight should not be taken out of context and used to imply that the
outcome of the Fukushima Daiichi event could have been completely prevented had
operators and emergency response personnel acted differently. The intent of the report is
not to find fault with the actions taken, but instead to identify how to reduce the potential
for such events and to be better prepared to respond if faced with similar circumstances in
the future.

The lessons learned are believed to have broad applicability to all nuclear operating
organizations. In many instances, the practices and level of preparation for a severe
accident at Fukushima Daiichi and Daini prior to the March 2011 tsunamis were similar
to those found at many other nuclear stations around the world. Reviews already
conducted in various countries have identified the need for improvement in several of the
areas discussed in the report. However, this report contains new lessons learned that may
not have been fully considered in the actions already taken. Therefore, it would be
appropriate for operating organizations to review the report thoroughly and consider how
the lessons learned can be used to further strengthen the barriers against a significant
event.

At the time of this event review, TEPCO had not yet completed its final investigation,
and the government of Japan had convened an independent investigatory committee that
was continuing its event assessment. The results of those investigations may provide
additional insights and lessons learned that can be used to further enhance nuclear safety.
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EXECUTIVE SUMMARY

In April 2012, the Institute of Nuclear Power Operations, with participation by the World
Association of Nuclear Operators, conducted an independent event review of the nuclear
accident at the Fukushima Daiichi Nuclear Power Station that resulted from the Great
East Japan Earthquake and Tsunami on March 11, 2011. The review was conducted at
the request of Tokyo Electric Power Company (TEPCO) for the purpose of identifying
and sharing operational and organizational lessons with other nuclear operating
companies.

This report is an addendum to INPO 11-005, Special Report on the Nuclear Accident at
the Fukushima Daiichi Nuclear Power Station, and information from the Special Report
served as the foundation for the review team’s activities. The concurrent event at the
Fukushima Daini Nuclear Power Station was also reviewed as a source of operating
lessons during the preparation of this addendum.

The following positive elements were critical to TEPCO’s response during the event:

e The seismically isolated emergency response centers at the Fukushima Daiichi
and Daini nuclear power stations filled a vital need in protecting emergency
response personnel and ensuring access to the site could be maintained during the
accident.

e Emergency response personnel took innovative and resourceful actions to
reestablish critical safety functions and plant monitoring capability. Actions to
restore power and heat removal capability at the Fukushima Daini Nuclear Power
Station were particularly noteworthy.

e The response of TEPCO employees during and following the event reflected high
levels of professionalism, courage, dedication, and personal ownership.

The following are considered the most significant operational lessons from the event:

e When periodic reviews or new information indicates the potential for conditions
that could significantly reduce safety margins or exceed current design
assumptions, a timely, formal, and comprehensive assessment of the potential for
substantial consequences should be conducted. An independent, cross-functional
safety review with a plant walkdown should be considered to fully understand the
nuclear safety implications. If the consequences could include the potential for
common-mode failures of important safety systems, compensatory actions or
countermeasures must be established without delay.

e Emergency and accident response strategies and implementing actions must give
highest priority to maintaining core cooling. Emergency response centers must
maintain continuous awareness of the status of core cooling; changes to the
method of core cooling must be made deliberately and with a clear strategy to
establish an alternate cooling method; and, when there is reason to question the
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quality or validity of core cooling information, deliberate actions must be taken
immediately to ensure a method of cooling is established.

Plans must address the immediate emergency response needs for human
resources, equipment, and facilities in the first few hours of an event, as well as
the need for a long-duration response capability. In addition, plans should address
how to engage the domestic and international nuclear industry to obtain needed
support and assistance during an event.

Training and periodic drills must be sufficiently challenging and realistic to
prepare operating crews and emergency response personnel to cope with and
respond to situations that may occur during a multi-unit nuclear accident,
including a nuclear accident resulting from a natural disaster.

Because the specific sequence of initiation events for beyond-design-basis events
is unknown, emergency response strategies must be robust and provide multiple
methods to establish and maintain critical safety functions using a defense-in-
depth approach.

Optimum accident management strategies and associated implementing
procedures (such as emergency operating procedures and accident management
guidelines) should be developed through communications, engagement, and
exchange of information among nuclear power plant operating organizations and
reactor vendors. Decisions to deviate from these strategies and procedures should
be made only after rigorous technical and independent safety reviews that
consider the basis of the original standard and potential unintended consequences.

Emergency response strategies for extreme external events should consider the
traumatic human impact of such events on individual responders and leaders and
provide for appropriate training, assistance, and contingency plans.

Nuclear operating organizations should consider the safety culture implications of
the Fukushima Daiichi event, focusing on strengthening the application of safety
culture principles associated with questioning attitude, decision-making, the
special and unique aspects of the nuclear technology, and organizational learning.
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EVENT SUMMARIES

Fukushima Daiichi

Fukushima Daiichi consists of six boiling water reactors (BWRs). Unit1isa BWR 3
reactor, units 2 through 5 are BWR model 4, and Unit 6 isa BWR 5. Units 1 through 5
have Mark | containments, and Unit 6 has a Mark Il containment. Units 1, 2, and 3 were
operating at full power and units 4, 5, and 6 were out of service for refueling or
maintenance early in the afternoon on March 11, 2011 when a magnitude 9.0 earthquake
occurred 112 miles (180 kilometers) off Japan’s east coast. All the operating units
automatically scrammed on seismic reactor protection system trips. The earthquake
damaged breakers and distribution towers, causing a loss of all off-site electrical power
sources to the site. The available emergency diesel generators automatically started and
provided AC power to emergency systems. Three minutes after the earthquake, the Japan
Meteorological Association issued a major tsunami warning, indicating the potential for a
tsunami at least 3 meters high. Workers were notified of the warning, and operators were
instructed to report to the control rooms while non-essential personnel were evacuated to
higher ground.

Forty-one minutes after the earthquake, the first of a series of seven tsunamis arrived at
the site. The maximum tsunami height impacting the site was estimated to be 46 to 49
feet (14 to 15 meters). This exceeded the design basis tsunami height of 18.7 feet (6.1
meters) and was above the site grade levels of 32.8 feet (10 meters) at units 1-4. All AC
power for units 1-5 was lost when emergency diesel generators and switchgear rooms
were flooded. The seawater intake structure was severely damaged and was rendered
nonfunctional. All DC power was lost on units 1, 2, and 4, while some DC power from
batteries remained available on Unit 3 because some of those battery banks were not
flooded. One air-cooled emergency diesel generator continued to function and supplied
electrical power to Unit 6, and later to Unit 5, to maintain cooling to the reactors and
spent fuel pools.

With no core cooling to remove decay heat, core damage began on Unit 1 on the day of
the event. Steam-driven injection pumps were used to provide cooling water to the
reactors on units 2 and 3, but these pumps eventually stopped working. As a result of
inadequate core cooling, fuel damage also occurred in units 2 and 3. After debris caused
by the tsunami was removed, fire engines were moved into position and connected to
plant systems to restore water injection. Connection points had been installed previously
to support fire protection procedures, but the plant staff had difficulty locating them
initially because of the debris and because drawings had not been updated to show their
locations.

During the event, containment pressure remained high for an extended time, contributing
to hydrogen leakage from the primary containment vessel and inhibiting injection of
water to the reactors using low-pressure sources.
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It is believed that hydrogen generated from the damaged fuel in the reactors accumulated
in the reactor buildings—either during venting operations or from other leaks—and
ignited, producing explosions in the Unit 1 and Unit 3 reactor buildings and significantly
complicating the response. The hydrogen generated in Unit 3 likely migrated into the
Unit 4 reactor building, resulting in a subsequent explosion and damage. The loss of
primary and secondary containment integrity resulted in ground-level releases of
radioactive material. Following the explosion in Unit 4 and the abnormal indications on
Unit 2 on the fourth day of the event, the site superintendent directed that all non-
essential personnel temporarily evacuate for their safety, leaving approximately 70
people on site to manage the event.

The Fukushima Daiichi event was rated as a level 7 event on the International Nuclear
and Radiological Event (INES) scale. The Nuclear Safety Commission of Japan
estimated approximately 17 million curies (6.3 E17 Becquerels (Bq)) of iodine-131
equivalent radioactive material was released into the air and 0.127 million curies (4.7 E15
Bq) into the sea between March 11 and April 5. The 1986 accident at Unit 4 of the
Chernobyl nuclear power plant was the only other nuclear accident to have a level 7
INES rating. According to the International Atomic Energy Agency, the Chernobyl
accident resulted in approximately 378.4 million curies (14 E18 Bq) of radioactive
material being released into the environment.!

Fukushima Daini

Fukushima Daini consists of four BWR 5 reactors with Mark Il containments. All four
units were operating at full power on March 11, 2011 when an earthquake measuring
magnitude 9.0 occurred 115 miles (185 kilometers) from the plant. The units
automatically scrammed on seismic reactor protection system trips. All but one of the
off-site power sources was lost. Shortly after the earthquake, the Japan Meteorological
Association issued a major tsunami warning, indicating the potential for a tsunami at least
3 meters high. As at Fukushima Daiichi, operators were called to the control rooms, and
non-essential workers were evacuated to higher ground.

Thirty-six minutes after the earthquake, the first of a series of tsunamis arrived at the site.
The maximum flood height was estimated to be 23 feet (7 meters) on the seaward side of
the plant and 49 feet (15 meters) in the area of the main buildings. This exceeded the
design basis tsunami height of 17.1 feet (5.2 meters) and was above the grade level of
13.1 feet (4 meters) on the seaward side of the plant and 39.4 feet (12 meters) at the main
buildings.

Two emergency diesel generators (EDGSs), three seawater pumps, and two residual heat
removal (RHR) pumps on Unit 3 remained operable, as did one EDG on Unit 4 and high
pressure core spray pumps on both units. However, other EDGs and seawater pumps
were rendered inoperable by the tsunami. In addition, flooding disabled switchgear
associated with several safety-related pumps. Unlike Fukushima Daiichi, Daini did not

! Chernobyl’s Legacy: Health, Environmental and Socio-Economic Impacts. The Chernobyl Forum 2003-2005
Second Revision.
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lose all off-site AC power or DC power, and control room instrumentation and controls
were generally not affected.

Initially, reactor core isolation cooling systems actuated and provided core cooling for all
units. Later, all four reactors were depressurized and alternate coolant injection was
established using the makeup water condensate (MUWC) system as directed by the
emergency operating procedures and accident management guidelines. For Unit 1, this
required manual repositioning of motor-operated valves that had lost power following the
tsunami. The following day, core cooling for the Unit 4 reactor was switched from
MUWC to the high-pressure core spray (HPCS) system. Thereafter, the Unit 4 reactor
level was controlled by the starting and stopping of the HPCS system.

Residual heat removal for Unit 3 was operable and was used for core and containment
cooling. However, containment temperatures and pressures began to rise in units 1, 2,
and 4 because no means of cooling was available. Operators initiated drywell and
suppression pool spray using makeup water pumps several times to help reduce
pressures. Preparations were also made to vent containments if design limits were
reached.

New seawater pump motors and a large quantity of temporary cable were urgently
needed to restore cooling capability. The corporate support organization recognized the
urgency of restoring cooling. Personnel located replacement seawater pump motors and
a source of suitable cable and other needed materials. Even though transportation was
difficult, with some roads damaged by the earthquake, arrangements were made for the
motors and cable to be transported to the site by helicopter and truck the day following
the tsunami. About 200 workers installed new motors and 5.6 miles (9,000 meters) of
temporary cable over the next 36 hours.

In the early hours of March 14, before the criteria for venting primary containment were
reached, RHR cooling was restored to Unit 1, and containment pressure began to lower.
Cooling to the other units followed, and RHR for all units was in service by 15:42 Japan
Standard Time on March 14. Cold shutdown was achieved on all four reactors on
March 15.
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LESSONS LEARNED

Prepare for the Unexpected

Lesson Learned: When periodic reviews or new information indicates the potential
for conditions that could significantly reduce safety margins or exceed current
design assumptions, a timely, formal, and comprehensive assessment of the potential
for substantial consequences should be conducted. An independent, cross-
functional safety review with a plant walkdown should also be conducted to fully
understand the nuclear safety implications. If the consequences could include
common-mode failures of important safety systems, compensatory actions or
countermeasures must be established without delay.

During the life of the Daiichi site, TEPCO personnel reevaluated design-basis
assumptions for tsunami height at least five times; and actions were taken on two
occasions to prepare for increasingly large tsunamis. The initial design basis was set at
sea level plus 3.1 meters (M) based on a tsunami caused by a 1960 Chilean earthquake.
This was the largest documented tsunami that had occurred on the Fukushima coast, and
using the tsunami as the design basis was consistent with the standard assessment
methodology in place at the time. The licensing basis was never formally changed,
although assumptions for tsunami height were increased to sea level plus 5.7M in 2002
and then increased again to sea level plus 6.1M in 2009 to address uncertainties in the
calculated values based on improved assessment methods developed by the seismic and
tsunami experts associated with the Japan Society of Civil Engineers (JSCE). The JSCE
is the recognized authority for specifying seismic and tsunami design criteria, and its
instructions are followed by all Japanese nuclear organizations. In response, seawater
pump elevation was raised in 2002 and again in 2009 to prevent these pumps from being
flooded during the newly postulated tsunami.

TEPCO engineers and managers were satisfied that the JSCE methods produced
conservative results and that modifications to the seawater pump elevations provided
sufficient margin against any potential tsunamis. However, additional information on the
potential for earthquakes and tsunamis from two different sources was subsequently
considered. One source was a study of the AD 869 Jogan earthquake and tsunami, and
the other was a statement by the Headquarters for Earthquake Research Promotion
(HERP) that a magnitude 8.2 earthquake could occur anywhere along the Japanese
Trench off the country’s east coast.

In 2008, TEPCO engineers used a recently published study regarding the Jogan
earthquake to calculate a new postulated tsunami height of 9 meters for the Daiichi and
Daini sites. TEPCO calculations used the location and parameters described in the Jogan
report and assumed a magnitude 8.4 earthquake. The wave source models in the study
were based on deposit surveys in the Sendai and Ishinomaki Plains; however, the location
and scale of the tsunami source had not been verified. Calculation results were provided
to the Nuclear and Industrial Safety Agency (NISA) in September 2009 and in March
2011. In addition, TEPCO and other electric utilities requested that JSCE review the
suitability of the wave source model for the Jogan tsunami.
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The validity of the Jogan study assumptions was not known. To further understand the
potential for a large tsunami, TEPCO performed core borings at five locations near the
Daiichi and Daini sites in 2009 and 2010. The five locations were selected in areas with
coastlines most susceptible to tsunamis. Geological data obtained from three of these
sites did not reveal deposits that originated from a tsunami. At one site, deposits
indicated a 0.5M tsunami from the Jogan earthquake, and deposits at the final site showed
that a 3M to 4M tsunami had occurred. Thus, no historical evidence of a very large (plus
10M) tsunami was found near the plant sites.

In 2008, TEPCO also investigated the potential for large tsunamis based on previously
published statements by HERP regarding the potential for a large earthquake anywhere
along the Japan Trench, including off the Fukushima coast. This statement was not
followed up with more specific guidance, and JSCE did not modify its standards to
reflect this potential. Additionally, neither the Center for Disaster Management Council
nor the Fukushima Prefecture had factored this input into calculations of the potential for
large earthquakes and tsunamis that needed to be addressed in emergency planning.

Because HERP did not identify the tsunami source and because there were no previously
recorded earthquakes off the Fukushima coast to use as a model for the calculations,?
engineers postulated a wave source model with characteristics similar to the 1896
magnitude 8.3 Meiji-Sanriku-oki Earthquake. This earthquake occurred off the coast of
the Iwate Prefecture, causing a tsunami of 38 meters (125 feet) that killed more than
27,000 people. Calculations using these assumptions resulted in a maximum tsunami
height of sea level plus 15.7M at the Daiichi site.

These analysis results were shared with senior managers at TEPCO headquarters and
with site management in late 2008 and early 2009. During the discussions, it was
recognized that a tsunami as large as this would render seawater pumps inoperable.
Other consequences, such as the potential for flooding of site buildings causing a
common-mode loss of AC and DC power, were not considered when the need for
mitigating actions was determined because of low confidence in the calculation results
based on the hypothetical nature of the assumptions.

Senior managers directed that actions be taken to determine the validity of the trial
calculations. The calculation approach was shared with JSCE in 2009, and that
organization was asked to review the appropriateness of the wave source models and
whether it would be appropriate to revise the standards. These questions were still under
review by JSCE at the time of the March 2011 event.

TEPCO formed a countermeasures group in 2010 to determine possible actions to protect
Daiichi from a large tsunami if JSCE established source models that produced similar
calculation results. This group had not completed its work at the time of the March 2011
earthquake, but the recommendations that were under development focused on a

% The team found no facts to support reports of “tsunami stones” being located near the Daiichi or Daini sites. (The
past maximum tsunami heights are said to have been marked with stones as a warning to future residents.) Some
tsunami stones have been found in northeastern Japan in areas with indented coastlines where large tsunamis have
occurred.

10
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combination of methods to protect the seawater pumps from a very large tsunami.
Interviews indicated that an in-depth safety analysis with plant walkdowns had not been
conducted to fully understand the nuclear safety implications and that countermeasures to
reduce the potential for the flooding of plant structures were not being considered.

The March 11, 2011 earthquake off the Fukushima coast was magnitude 9.0. The
earthquake was larger in magnitude, involved more fault lines and source area, and was
in a different location than had been assumed in any previous calculation or assessment.
Approximately 41 minutes after the earthquake, a series of tsunamis struck the Daiichi
site, with the tsunami height of approximately 15M (45 feet). The waves destroyed the
seawater pumps, damaged external tanks and other facilities, and flooded the reactor and
turbine buildings through ground-level doorways and ventilation louvers. Safety-related
equipment—including emergency diesel generators, batteries, and switchgear— flooded,
resulting in a complete loss of AC and DC power (Unit 3 retained limited DC power) and
the ultimate heat sink. For TEPCO and the nuclear industry, the unexpected had
occurred. Neither was fully prepared for the impact of this beyond-design-basis event.

Lesson Learned: Plant design features and operating procedures alone cannot
completely mitigate the risk posed by a beyond-design-basis event. Additional
preparations must be made to respond if such an event were to occur.

Over the years, TEPCO had implemented several changes to improve the ability to
mitigate the risks of a core-damaging event. Examples are installing air-cooled diesel
generators, modifying the plants to allow cross-connection of electrical buses and cooling
water systems, adding fire engines for fire protection, and constructing seismically
isolated buildings for use during emergency response. Many of these improvements were
vital to the response efforts following the tsunami; however, they were not sufficient to
prevent or fully mitigate the consequences of the event.

The strategies, equipment, and training required for a response to a beyond-design-basis
event were not in place to build an additional layer of defense-in-depth in the face of a
prolonged loss of AC and DC power. Many lessons learned in this report describe areas
in which preparations for the unexpected should be considered. Examples are design and
procedure changes to allow operators to perform vital actions when normal power and
other services are not available; and sufficient staffing, facilities, procedures, and training
to support emergency response activities if an event were to occur.

Lesson Learned: Corporate enterprise risk management processes should consider
the risks associated with low-probability, high-consequence events that could lead to
core damage and spread radioactive contamination outside the plant.

TEPCO’s enterprise risk management process is similar to that used by many large
corporations. Various threats are identified within the organization, are categorized

based on the likelihood of occurrence and consequences, and are reviewed twice annually
by a committee of key managers. While threats to generating and transmission facilities
are included on the risk matrix, the focus is on the potential for the loss of generation
capability, the disruption of electrical service, and the cost of equipment repairs. Some of

11
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the other risks that are considered to have low probability or low consequences are
assumed to be sufficiently addressed by the processes and controls used within each
division, even though they are not included in the risk management matrix.

The Nuclear Division did not add the threat of a nuclear accident caused by a large
tsunami to the risk matrix because of the uncertainty over the assumptions and
methodology. Furthermore, it was assumed that plant design features would mitigate this
risk.

Based on lessons learned from the Fukushima Daiichi and Daini events, it is now
recognized that low-probability, high-consequence threats need additional attention. For
example, if questions regarding the adequacy of defenses against an environmental threat
were to arise, TEPCO executives expect managers to include this information in their
input to the risk management committee so that additional corporate executive attention
can be given to monitoring how the risks are being mitigated.

Operational Response

Core Cooling

Lesson Learned: Ensure that, as the highest priority, core cooling status is clearly
understood and that changes are controlled to ensure continuity of core cooling is
maintained. If core cooling is uncertain, direct and timely action should be taken to
establish conditions such that core cooling can be ensured.

One of the key differences between nuclear power and other forms of electric power
generation is the need for continuous cooling after the reactor is shut down. It is
imperative that core cooling be maintained under all conditions. Operators and
emergency response decision-makers must have absolute certainty regarding the status of
core cooling. For this reason, many organizations maintain a status board in each control
room and emergency response center (ERC) to track the statuses of systems in use to
provide core cooling and to show which systems are available as a defense-in-depth.
This level of tracking and control was not provided during response to the Fukushima
Daiichi event.

At Fukushima Daiichi, misunderstandings regarding the status and control of core
cooling systems may have adversely affected decision-making and prioritization during
the first few days of the event. A number of factors contributed to the
misunderstandings, including lack of control room indications, lack of training on the
isolation condenser system, an adverse work environment, the need to deal with
emergencies at multiple units simultaneously, and that communications between the
control room and the site ERC were restricted to two hotlines.

Fukushima Daiichi Unit 1

After the tsunami, the status of Unit 1 core cooling was not clearly communicated to all
stakeholders, and the operational condition was not verified adequately. Prior to the
tsunami, the isolation condensers (ICs) automatically initiated on increasing pressure in
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the reactor pressure vessel. Operators appropriately followed normal operating
procedures and cycled the ICs in and out of service to prevent exceeding cooldown rate
limitations. By design, the AC and DC motor-operated valves in the IC system could not
be used for throttling flow because of seal-in control circuitry that only allowed them to
be fully open or closed. At the time AC and DC power was lost, strip chart recordings
examined as part of the event investigation show that the ICs were out of service;
however, in the confusion that followed the loss of control room lighting, the discovery
that the buildings were flooding, and the loss of control room indications, the operating
crew was not sure of the system status.

Control room indications that would have allowed the status to be determined were
unavailable. Initial actions included taking steps to restore reactor water level and
containment pressure indications using temporary batteries and generators. Operators
were also dispatched from the control room to verify IC status locally, but the lack of
proper radiation protection equipment and personnel safety concerns caused by
insufficient lighting, debris, and ongoing aftershocks prevented them from reaching the
ICs. The IC exhaust pipes are not visible from the main control room, and operators
requested that ERC assistance in determining the IC status. ERC personnel reported that
steam was coming from the IC exhaust. (However, later information indicates that the
ICs may not have actually been in service at this time.)

Containment isolation valves in the IC inlet and outlet lines are designed to close in the
event of a steam line break. The design is such that an isolation signal is generated if DC
control power is lost. Depending on the relative timing of AC and DC power losses, it is
possible that some of the motor-operated valves that were open initially received isolation
signals and may have at least partially closed following the tsunami.

About three hours after the loss of power, valve position indications for motor-operated
valves in one train of the IC system illuminated briefly, and operators recognized that the
valves indicated closed. An operator opened the valves in an attempt to place the IC in
service. Operators saw steam coming from the IC exhaust, and the site and corporate
ERCs were informed that the IC was operating. However, after a short time, steam was
no longer visible. It remains unknown if the IC system was actually returned to service
or if this was residual steam from earlier operation. Operators became concerned that
condenser water level could be low and that there was a potential for tube rupture and
radiological release. Therefore, they closed valves to isolate the system. Once the IC
was secured, no method was available to remove decay heat from the reactor, and reactor
water level remained unknown. By this point, TEPCO analyses conducted after the event
indicate the fuel was likely exposed and core damage was occurring.

During the first few hours following the tsunami, some personnel in the site and
corporate ERCs assumed one of the 1Cs was in operation and cooling the core. After
control room operators closed isolation valves to remove the ICs from service as
discussed above, this information was communicated to the operations desk in the site
ERC. However, personnel did not clearly understand that the ICs were not in service;
therefore, this was not communicated to senior managers in the site and corporate ERCs.
Preparations were under way to augment core cooling using a diesel-driven fire pump.
However, based on the incorrect assumption that the ICs were providing cooling, site
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ERC personnel were more concerned with actions to provide core cooling for Unit 2
because the operating status of the Unit 2 reactor core isolation cooling system could not
be verified. In fact, urgent attention was most needed for Unit 1.

Fukushima Daiichi Unit 2

Prior to the tsunami, reactor core isolation cooling (RCIC) was in operation on Unit 2;
however, after the tsunami, operators were unsure of the status of RCIC and did not have
indication of reactor water level. Adverse conditions in the field, including flooding,
prevented operators from locally verifying the condition of RCIC. A few hours later,
operators were able to check reactor pressure and RCIC pump discharge pressure on an
instrument rack in the reactor building and verified that RCIC was in operation. Over the
following day, conditions continued to degrade and the failure of RCIC was anticipated.

Efforts to prepare for depressurization and the use of low-pressure injection were under
way, but aftershocks and evacuations hindered the ability of personnel to perform
continuous fieldwork. In addition, a strategy had to be developed for depressurizing the
reactor with a loss of AC and DC power. The hydrogen explosion in the Unit 3 reactor
building damaged much of the equipment staged to vent the suppression chamber and to
inject water with fire engines. About two hours after the explosion, reactor water level
indications showed that RCIC was no longer operating and core injection was lost. At
that time, workers had not completed installation of a new water injection line, and work
to open a safety relief valve (SRV) and depressurize the reactor had not yet begun.

Fukushima Daiichi Unit 3

After the earthquake and tsunami, both high pressure coolant injection (HPCI) and RCIC
were available for injection. Initially, RCIC was placed in service and remained in
service until the following day, when the system unexpectedly shut down. One hour after
the loss of RCIC injection, HPCI automatically initiated on low-low reactor water level.

HPCI remained in operation for several hours and was effective in reducing reactor
pressure vessel (RPV) pressure and providing core cooling. Plans to use diesel fire
pumps for injection after HPCI was shut down were discussed and agreed to by site ERC
and control room personnel. However, the transition from HPCI to the diesel-driven fire
pump was delayed because the fire system pressure was only about half of its normal
value, indicating a problem somewhere in the system. With this degraded performance,
fire system pressure was not high enough to inject water into the reactor vessel. Later,
operations personnel decided to secure the HPCI system over a concern that the HPCI
pump would be damaged because it was operating in the cavitation/vibration risk region,
the turbine was slowing, and pump discharge pressure was essentially the same as the
RPV pressure. The actions to secure the pump were consistent with operator training and
procedures, and the pump may not have been providing any appreciable flow into the
RPV. However, it is important to consider using a run-to-failure approach for safety
system equipment if the equipment is needed to maintain a critical safety function (such
as decay heat removal) under accident conditions.
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At the time, reactor pressure was low but DC power was failing. This concern and the
resulting decision to secure HPCI were discussed in the main control room and within the
operations functional group in the site ERC. However, key decision-makers within the
site ERC were not involved in these discussions and did not have an opportunity to
provide input on how to best secure the pump and transition to low-pressure injection.

The ability to depressurize and inject using a low-pressure source was not verified before
HPCI was secured. Operators believed they would be able to open the SRVs and
depressurize the unit shortly after securing HPCI because the lamps for the SRVs were
initially lit. However, it was later realized that SRVs could not be opened because of the
loss of DC power. When HPCI was secured, reactor pressure quickly rose because the
heat removal function of the system was lost, and injection with low-pressure systems
was not possible.

Fukushima Daini

As stated earlier, tsunami damage at Fukushima Daini was less severe. AC and DC
power were available, and plant parameters could be monitored in the control room and
in the ERC. Nevertheless, damage to seawater pumps prevented heat removal from three
of the four primary containment vessels, and timely action was needed to restore the heat
removal capability.

Lesson Learned: Early in the response to an event, clear strategies for core cooling
and recovery actions should be developed and communicated to control room and
ERC personnel. In addition, leaders should establish clear priorities and provide
direction and oversight to enable the strategy to be implemented effectively. After
the tsunami, several actions by station and corporate personnel were effective in
maintaining core cooling and establishing heat removal capability. These actions are
summarized below.

e Senior site managers decided on a strategy that included depressurizing the
reactors and providing core cooling using AC-powered makeup pumps. This
strategy was clearly communicated to control room and ERC personnel.

e Some senior leaders had in-depth knowledge of the electrical distribution system,
and these leaders worked with others to develop plans for replacing seawater
pump motors and installing temporary cable to power the pumps from electrical
distribution panels in other buildings not affected by the tsunami.

e The headquarters ERC took action to locate needed temporary generators,
replacement seawater pump motors, and electrical cable and have these materials
transported to the site quickly following the tsunami.

¢ Ongoing management monitoring and direction were provided to organize the
workforce and supervise field activities.
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e The station staff and contractor personnel worked under difficult conditions to
complete installation of the motors and cabling and restored heat removal
capability before pressures reached the point that required containment venting.

4.2.2 Containment Venting

Lesson Learned: Emergency and accident procedures should provide guidance to
vent containment to maintain integrity, purge hydrogen, and support injection with
low-pressure systems. Procedures should also provide guidance for performing
venting under conditions such as loss of power and high radiation levels and high
temperatures in areas where vent valves are located.

In general, primary containment vessel (PCV) venting strategies used by Japanese
utilities since the 1980s are designed to delay venting as long as possible to avoid the
release of radioactive materials. In keeping with this strategy, vent lines include rupture
disks sized not to fail until containment pressure reaches the maximum operating value®.
If fuel damage has occurred, accident management guidelines indicate that venting is
warranted when pressure is expected to reach two times the maximum operating value,
there is no prospect for the recovery of containment spray, and the water injection
amount has not covered the torus vent line. Site superintendent permission is needed to
vent the containment.

For comparison, U.S. BWRs typically do not have rupture disks that would prevent early
venting, and emergency operating procedures require that venting be initiated before the
containment design pressure is reached. If fuel damage has occurred, procedure guidance
calls for earlier venting based on hydrogen concentration inside containment to reduce
the potential for explosions inside the PCV. The decision to initiate venting is made by
the shift manager, with consultation and advice from the site emergency response center.

For Japanese BWRs, procedure guidance to allow containment pressures to approach
twice the established pressure limit before venting was developed considering results of
containment integrity testing conducted by Sandia National Laboratories. (See
NUREG/CR-6906/SAND2006-2274P published in July 2006.) The testing, using scale
models, indicated that containment structures will not fail until pressures reach more than
twice the rated value. Japanese utilities and reactor vendors also performed detailed
calculations to verify that individual components could withstand similarly high pressures
without failing. However, the likelihood of increased hydrogen leakage during periods
with high containment pressure was not adequately addressed when the decision was
made to adopt the strategy of delayed venting.

The Fukushima Daiichi accident shows the importance of taking action to prevent
containment pressures from remaining high for prolonged periods. Leakage from the
primary containment vessel led to accumulation of hydrogen and other gases in the
secondary containments, causing explosions in units 1, 3, and 4. In addition, the
effectiveness of low-pressure injection under accident conditions may be reduced.
Therefore, procedure guidance should be in place to initiate venting earlier following a

® The maximum operating pressure is sometimes referred to in other countries as the containment design pressure.
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fuel-damaging accident; and implementing procedures and necessary equipment must be
in place to allow the actions to be taken even under unexpected conditions, such as the
loss of AC/DC power and compressed air.

During the Fukushima event, factors such as loss of power and tsunami damage
significantly hindered efforts to vent the containments. The site superintendent made the
decision to vent the Unit 1 primary containment vessel around midnight on March 11
when instrumentation was restored and containment pressure was recognized as being
high. Preparations to vent Unit 1 containment were begun; however, efforts required
personnel to consult piping and instrumentation drawings, accident management
procedures, and valve drawings to develop a procedure to operate the vent valves without
power. A plan to manually vent the PCV was developed, but high dose rates in the torus
room prevented operators from implementing this strategy. An approach to remotely
open the vent valves was developed and implemented. Approximately 24 hours after
event initiation, vent valves were opened and containment venting commenced. Prior to
venting, indicated containment pressure had reached 122 psia (0.84MPa abs),
approximately twice design pressure. The venting was closely followed by a hydrogen
explosion within the reactor building.

Similar to Unit 1, preparations were made to vent Unit 2 when reactor water level could
not be determined and the status of injection was unknown. These preparations included
personnel developing a manual venting plan and reviewing the vent valve locations.
Operators planned to manually open the vent valves while the dose in the area was low;
however, when the vent lineup was completed, indicated containment pressure was lower
than the pressure necessary to open the rupture disk and allow venting. As a result, the
rupture disk remained intact and venting did not occur. The Unit 2 PCV was never
vented successfully, even after containment pressure reached approximately 109 psia
(750 kPa abs), which exceeded the rupture disk setpoint. Drywell pressure decreased the
morning of March 15, indicating a probable breach of containment.

Preparations to vent Unit 3 were also made; however, initial attempts to vent the PCV
were unsuccessful because of insufficient air pressure to open the air-operated vent valve.
A temporary air cylinder was installed and the containment was vented several hours
later, but not before containment pressure reached 92.4 psia (0.637 MPa abs).

A fire engine was relied on to provide core cooling for Unit 1 in the early morning hours
of March 12 when pressure in the reactor and in containment equalized at approximately
122 psia (0.85 MPa abs). Similarly, fire engines were used beginning in the early
evening of March 14 to provide injection to the Unit 2 core after RCIC failed and the
reactor was vented to containment. Injection continued intermittently over the next 14
hours. Suppression chamber pressure was stable between 43 to 58 psia (0.3 to 0.4 MPa
abs) during this period, but drywell pressure continued to increase, reaching 106 psia
(0.73 MPa abs) by early morning.

TEPCO analyses indicate that the fire engines used at Fukushima Daiichi were capable of
delivering sufficient cooling water flow to the reactor vessels even though 