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			FOREWORD

			By Yukiya Amano

			Director General

			This report presents an assessment of the causes and consequences of the accident at the Fukushima Daiichi nuclear power plant in Japan, which began on 11 March 2011. Caused by a huge tsunami that followed a massive earthquake, it was the worst accident at a nuclear power plant since the Chernobyl disaster in 1986.

			The report considers human, organizational and technical factors, and aims to provide an understanding of what happened, and why, so that the necessary lessons learned can be acted upon by governments, regulators and nuclear power plant operators throughout the world. Measures taken in response to the accident, both in Japan and internationally, are also examined.

			The immense human impact of the Fukushima Daiichi accident should not be forgotten. More than 100 000 people were evacuated because of the release of radionuclides to the environment. At the time of writing, in 2015, many of them were still unable to return to their homes.

			I visited the Fukushima Daiichi plant a few months after the accident and saw for myself the powerful and destructive impact of the tsunami. It was a shocking and sobering experience.

			But I was deeply impressed by the courage and dedication of those workers and managers who remained at their posts after the tsunami struck and who struggled, in appalling conditions, to bring the stricken reactors under control. They had to improvise a response in circumstances for which they had not been trained, often lacking appropriate equipment. They deserve our respect and admiration.

			A major factor that contributed to the accident was the widespread assumption in Japan that its nuclear power plants were so safe that an accident of this magnitude was simply unthinkable. This assumption was accepted by nuclear power plant operators and was not challenged by regulators or by the Government. As a result, Japan was not sufficiently prepared for a severe nuclear accident in March 2011.

			The Fukushima Daiichi accident exposed certain weaknesses in Japan’s regulatory framework. Responsibilities were divided among a number of bodies, and it was not always clear where authority lay.

			There were also certain weaknesses in plant design, in emergency preparedness and response arrangements and in planning for the management of a severe accident. There was an assumption that there would never be a loss of all electrical power at a nuclear power plant for more than a short period. The possibility of several reactors at the same facility suffering a crisis at the same time was not considered. And insufficient provision was made for the possibility of a nuclear accident occurring at the same time as a major natural disaster.

			Since the accident, Japan has reformed its regulatory system to better meet international standards. It gave regulators clearer responsibilities and greater authority. The new regulatory framework will be reviewed by international experts through an IAEA Integrated Regulatory Review Service mission. Emergency preparedness and response arrangements have also been strengthened.

			Other countries responded to the accident with measures that included carrying out ‘stress tests’ to reassess the design of nuclear power plants against site specific extreme natural hazards, installing additional backup sources of electrical power and supplies of water, and strengthening the protection of plants against extreme external events.

			Although nuclear safety remains the responsibility of each individual country, nuclear accidents can transcend national borders. The Fukushima Daiichi accident underlined the vital importance of effective international cooperation. The IAEA is where most of that cooperation takes place. Our Member States adopted the IAEA Action Plan on Nuclear Safety a few months after the accident and have been implementing its far-reaching provisions to improve global nuclear safety.

			The IAEA, which provided technical support and expertise to Japan after the accident and shared information about the unfolding crisis with the world, has reviewed and improved its own arrangements for responding to a nuclear emergency. Our role during a nuclear emergency has been expanded to include providing analysis of its potential consequences and presenting possible scenarios on how a crisis could develop.

			IAEA safety standards embody an international consensus on what constitutes a high level of safety. They were reviewed after the accident by the Commission on Safety Standards. A few amendments were proposed and adopted. I encourage all countries to fully implement IAEA safety standards.

			IAEA peer reviews have a key role to play in global nuclear safety, enabling countries to benefit from the independent insights of leading international experts, based on the common reference frame of the IAEA safety standards. They address issues such as operational safety at nuclear power plants, the effectiveness of nuclear regulators and the design of nuclear power plant sites against specific hazards. We have strengthened our peer review programme since the accident and will continue to do so.

			I am confident that the legacy of the Fukushima Daiichi accident will be a sharper focus on nuclear safety everywhere. I have seen improvements in safety measures and procedures in every nuclear power plant that I have visited. There is widespread recognition that everything humanly possible must be done to ensure that no such accident ever happens again. This is all the more essential as global use of nuclear power is likely to continue to grow in the coming decades.

			There can be no grounds for complacency about nuclear safety in any country. Some of the factors that contributed to the Fukushima Daiichi accident were not unique to Japan. Continuous questioning and openness to learning from experience are key to safety culture and are essential for everyone involved in nuclear power. Safety must always come first.

			I express my gratitude to the experts from many countries and international organizations who contributed to this report, and to my colleagues at the IAEA who drafted and reviewed it. I hope that the report, and the accompanying technical volumes, will prove valuable to all countries that use, or plan to use, nuclear power in their continuous efforts to improve safety.
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			THE FUKUSHIMA DAIICHI ACCIDENT

			EXECUTIVE SUMMARY

			The Great East Japan Earthquake occurred on 11 March 2011. It was caused by a sudden release of energy at the interface where the Pacific tectonic plate forces its way under the North American tectonic plate. A section of the Earth’s crust, estimated to be about 500 km in length and 200 km wide, was ruptured, causing a massive earthquake with a magnitude of 9.0 and a tsunami which struck a wide area of coastal Japan, including the north-eastern coast, where several waves reached heights of more than ten metres. The earthquake and tsunami caused great loss of life and widespread devastation in Japan. More than 15 000 people were killed, over 6000 were injured and, at the time of writing of this report1, around 2500 people were still reported to be missing. Considerable damage was caused to buildings and infrastructure, particularly along Japan’s north-eastern coast.

			At the Fukushima Daiichi nuclear power plant, operated by the Tokyo Electric Power Company (TEPCO), the earthquake caused damage to the electric power supply lines to the site, and the tsunami caused substantial destruction of the operational and safety infrastructure on the site. The combined effect led to the loss of off-site and on-site electrical power. This resulted in the loss of the cooling function at the three operating reactor units2 as well as at the spent fuel pools. The four other nuclear power plants3 along the coast were also affected to different degrees by the earthquake and tsunami. However, all operating reactor units at these plants were safely shut down.

			Despite the efforts of the operators at the Fukushima Daiichi nuclear power plant to maintain control, the reactor cores in Units 1–3 overheated, the nuclear fuel melted and the three containment vessels were breached. Hydrogen was released from the reactor pressure vessels, leading to explosions inside the reactor buildings in Units 1, 3 and 4 that damaged structures and equipment and injured personnel. Radionuclides were released from the plant to the atmosphere and were deposited on land and on the ocean. There were also direct releases into the sea.

			People within a radius of 20 km of the site and in other designated areas were evacuated, and those within a radius of 20–30 km were instructed to shelter before later being advised to voluntarily evacuate. Restrictions were placed on the distribution and consumption of food and the consumption of drinking water. At the time of writing, many people were still living outside the areas from which they were evacuated.

			Following stabilization of the conditions of the reactors at the Fukushima Daiichi nuclear power plant4, work to prepare for their eventual decommissioning began. Efforts towards the recovery of the areas affected by the accident, including remediation and the revitalization of communities and infrastructure, began in 2011.

			In the immediate aftermath of the accident, the IAEA discharged its emergency response role. It activated its Incident and Emergency System, coordinated the inter-agency response and initiated a series of briefings with Member States and the media.

			The Director General visited Japan immediately and the IAEA dispatched several missions to Japan, including an international fact finding mission and peer review missions on decommissioning and remediation.

			The IAEA organized an International Ministerial Conference on Nuclear Safety in June 2011, which resulted in a Ministerial Declaration on Nuclear Safety. This declaration outlined a number of measures to further improve nuclear safety, emergency preparedness and radiation protection of people and the environment worldwide. It also expressed the firm commitment of IAEA Member States to ensure that these measures were taken.

			The Ministerial Declaration also requested the Director General to prepare a draft IAEA Action Plan on Nuclear Safety (the Action Plan)5, in consultation with Member States. The Action Plan, which defined a programme of work to strengthen the global nuclear safety framework, was unanimously endorsed by the 55th IAEA General Conference in 2011.

			The IAEA also undertook cooperative activities in Fukushima through a memorandum of cooperation between the IAEA and Fukushima Prefecture. This provided the basis for cooperation on radiation monitoring and remediation, human health, and emergency preparedness and response.

			The IAEA also facilitated and organized a number of international conferences and meetings of its Member States and the Contracting Parties to the Convention on Nuclear Safety. Many of these activities took place under the Action Plan.

			Since the accident at the Fukushima Daiichi nuclear power plant, there have been many analyses of its causes and consequences, as well as detailed considerations of its implications for nuclear safety, by IAEA Member States and international organizations and by States party to international nuclear safety instruments, in particular the Convention on Nuclear Safety. An extraordinary meeting of the Contracting Parties to the Convention on Nuclear Safety was held in August 2012 to review and discuss the initial analyses of the accident and the effectiveness of the Convention.

			The Contracting Parties to the Convention on Nuclear Safety, at the 6th Review Meeting in March–April 2014, reported on the implementation of safety upgrades, including: the introduction of additional means to withstand prolonged loss of power and cooling; the enhancement of power systems to improve reliability; the re-evaluation of site specific external natural hazards and multi-unit events; the improvements of on-site and off-site emergency control centres to ensure protection from extreme external events and radiation hazards; the strengthening of measures to preserve containment integrity; and the improvement of severe accident management provisions and guidelines.

			In February 2015, the Contracting Parties to the Convention on Nuclear Safety, at a Diplomatic Conference convened by the IAEA Director General, adopted the Vienna Declaration on Nuclear Safety, which includes principles for the implementation of the third objective of the Convention, which is to prevent accidents with radiological consequences and to mitigate such consequences should they occur.

			THE REPORT ON THE FUKUSHIMA DAIICHI ACCIDENT

			At the IAEA General Conference in September 2012, the Director General announced that the IAEA would prepare a report on the Fukushima Daiichi accident. He later stated that this would be “an authoritative, factual and balanced assessment, addressing the causes and consequences of the accident, as well as lessons learned”.

			The report on the Fukushima Daiichi accident is the result of an extensive international collaborative effort involving five working groups with about 180 experts from 42 Member States (with and without nuclear power programmes) and several international bodies. This ensured a broad representation of experience and knowledge. An International Technical Advisory Group provided advice on technical and scientific issues. A Core Group, comprising IAEA senior level management, was established to give direction and to facilitate the coordination and review of the report. Additional internal and external review mechanisms were also instituted.

			This Report by the Director General consists of an Executive Summary and a Summary Report. It draws on five detailed technical volumes prepared by international experts and on the contributions of the many experts and international bodies involved. The report provides a description of the accident and its causes, evolution and consequences, based on the evaluation of data and information from a large number of sources available up to March 2015, including the results of the work carried out in implementing the Action Plan, and it highlights the main observations and lessons. Significant amounts of data were provided by the Government of Japan and other organizations in Japan.

			NUCLEAR SAFETY CONSIDERATIONS

			Vulnerability of the plant to external events

			The earthquake on 11 March 2011 caused vibratory ground motions, which shook the plant structures, systems and components. It was followed by a series of tsunami waves, one of which inundated the site. Both the recorded ground motions and the heights of the tsunami waves significantly exceeded the assumptions of hazards that had been made when the plant was originally designed. The earthquake and the associated tsunami impacted on multiple units at the Fukushima Daiichi nuclear power plant.

			The seismic hazard and tsunami waves considered in the original design were evaluated mainly on the basis of historical seismic records and evidence of recent tsunamis in Japan. This original evaluation did not sufficiently consider tectonic-geological criteria, and no re-evaluation using such criteria was conducted.

			Prior to the earthquake, the Japan Trench was categorized as a subduction zone with a frequent occurrence of magnitude 8 class earthquakes; an earthquake of magnitude 9.0 off the coast of Fukushima Prefecture was not considered to be credible by Japanese scientists. However, similar or higher magnitudes had been registered in different areas in similar tectonic environments in the past few decades.

			There were no indications that the main safety features of the plant were affected by the vibratory ground motions generated by the earthquake on 11 March 2011. This was due to the conservative approach to earthquake design and construction of nuclear power plants in Japan, resulting in a plant that was provided with sufficient safety margins. However, the original design considerations did not provide comparable safety margins for extreme external flooding events, such as tsunamis.

			The vulnerability of the Fukushima Daiichi nuclear power plant to external hazards had not been reassessed in a systematic and comprehensive manner during its lifetime. At the time of the accident, there were no regulatory requirements in Japan for such reassessments, and relevant domestic and international operating experience was not adequately considered in the existing regulations and guidelines. The regulatory guidelines in Japan on methods for dealing with the effects of events associated with earthquakes, such as tsunamis, were generic and brief, and did not provide specific criteria or detailed guidance.

			Before the accident, the operator had conducted some reassessments of extreme tsunami flood levels, using a consensus based methodology developed in Japan in 2002, which had resulted in values higher than the original design basis estimates. Based on the results, some compensatory measures were taken, but they proved to be insufficient at the time of the accident.

			In addition, a number of trial calculations were performed by the operator before the accident, using wave source models or methodologies that went beyond the consensus based methodology. Thus, a trial calculation using the source model proposed by the Japanese Headquarters for Earthquake Research Promotion in 2002, which used the latest information and took a different approach in its scenarios, envisaged a substantially larger tsunami than that provided for in the original design and in estimates made in previous reassessments. At the time of the accident, further evaluations were being conducted, but in the meantime, no additional compensatory measures were implemented. The estimated values were similar to the flood levels recorded in March 2011.

			Worldwide operating experience has shown instances where natural hazards have exceeded the design basis for a nuclear power plant. In particular, the experience from some of these events demonstrated the vulnerability of safety systems to flooding.

			— The assessment of natural hazards needs to be sufficiently conservative. The consideration of mainly historical data in the establishment of the design basis of nuclear power plants is not sufficient to characterize the risks of extreme natural hazards. Even when comprehensive data are available, due to the relatively short observation periods, large uncertainties remain in the prediction of natural hazards.

			— The safety of nuclear power plants needs to be re-evaluated on a periodic basis to consider advances in knowledge, and necessary corrective actions or compensatory measures need to be implemented promptly.

			— The assessment of natural hazards needs to consider the potential for their occurrence in combination, either simultaneously or sequentially, and their combined effects on a nuclear power plant. The assessment of natural hazards also needs to consider their effects on multiple units at a nuclear power plant.

			— Operating experience programmes need to include experience from both national and international sources. Safety improvements identified through operating experience programmes need to be implemented promptly. The use of operating experience needs to be evaluated periodically and independently.

			Application of the defence in depth concept

			Defence in depth is a concept that has been applied to ensure the safety of nuclear installations since the start of nuclear power development. Its objective is to compensate for potential human and equipment failures by means of several levels of protection. Defence is provided by multiple and independent means at each level of protection.

			The design of the Fukushima Daiichi nuclear power plant provided equipment and systems for the first three levels of defence in depth: (1) equipment intended to provide reliable normal operation; (2) equipment intended to return the plant to a safe state after an abnormal event; and (3) safety systems intended to manage accident conditions. The design bases were derived using a range of postulated hazards; however, external hazards such as tsunamis were not fully addressed. Consequently, the flooding resulting from the tsunami simultaneously challenged the first three protective levels of defence in depth, resulting in common cause failures of equipment and systems at each of the three levels.

			The common cause failures of multiple safety systems resulted in plant conditions that were not envisaged in the design. Consequently, the means of protection intended to provide the fourth level of defence in depth, that is, prevention of the progression of severe accidents and mitigation of their consequences, were not available to restore the reactor cooling and to maintain the integrity of the containment. The complete loss of power, the lack of information on relevant safety parameters due to the unavailability of the necessary instruments, the loss of control devices and the insufficiency of operating procedures made it impossible to arrest the progression of the accident and to limit its consequences.

			The failure to provide sufficient means of protection at each level of defence in depth resulted in severe reactor damage in Units 1, 2 and 3 and in significant radioactive releases from these units.

			— The defence in depth concept remains valid, but implementation of the concept needs to be strengthened at all levels by adequate independence, redundancy, diversity and protection against internal and external hazards. There is a need to focus not only on accident prevention, but also on improving mitigation measures.

			— Instrumentation and control systems that are necessary during beyond design basis accidents need to remain operable in order to monitor essential plant safety parameters and to facilitate plant operations.

			Assessment of the failure to fulfil fundamental safety functions

			The three fundamental safety functions important for ensuring safety are: the control of reactivity in the nuclear fuel; the removal of heat from the reactor core and spent fuel pool; and the confinement of radioactive material. Following the earthquake, the first fundamental safety function — control of reactivity — was fulfilled in all six units at the Fukushima Daiichi nuclear power plant.

			The second fundamental safety function — removing heat from the reactor core and the spent fuel pool — could not be maintained because the operators were deprived of almost all means of control over the reactors of Units 1, 2 and 3 and the spent fuel pools as a result of the loss of most of the AC and DC electrical systems. The loss of the second fundamental safety function was, in part, due to the failure to implement alternative water injection because of delays in depressurizing the reactor pressure vessels. Loss of cooling led to overheating and melting of the fuel in the reactors.

			The confinement function was lost as a result of the loss of AC and DC power, which rendered the cooling systems unavailable and made it difficult for the operators to use the containment venting system. Venting of the containment was necessary to relieve pressure and prevent its failure. The operators were able to vent Units 1 and 3 to reduce the pressure in the primary containment vessels. However, this resulted in radioactive releases to the environment. Even though the containment vents for Units 1 and 3 were opened, the primary containment vessels for Units 1 and 3 eventually failed. Containment venting for Unit 2 was not successful, and the containment failed, resulting in radioactive releases.

			— Robust and reliable cooling systems that can function for both design basis and beyond design basis conditions need to be provided for the removal of residual heat.

			— There is a need to ensure a reliable confinement function for beyond design basis accidents to prevent significant release of radioactive material to the environment.

			Assessment of beyond design basis accidents and accident management

			Safety analyses conducted during the licensing process of the Fukushima Daiichi nuclear power plant, and during its operation, did not fully address the possibility of a complex sequence of events that could lead to severe reactor core damage. In particular, the safety analyses failed to identify the vulnerability of the plant to flooding and weaknesses in operating procedures and accident management guidelines. The probabilistic safety assessments did not address the possibility of internal flooding, and the assumptions regarding human performance for accident management were optimistic. Furthermore, the regulatory body had imposed only limited requirements for operators to consider the possibility of severe accidents.

			The operators were not fully prepared for the multi-unit loss of power and the loss of cooling caused by the tsunami. Although TEPCO had developed severe accident management guidelines, they did not cover this unlikely combination of events. Operators had therefore not received appropriate training and had not taken part in relevant severe accident exercises, and the equipment available to them was not adequate in the degraded plant conditions.

			In September 2012, the Nuclear Regulation Authority (NRA) was established. The NRA formulated new regulations for nuclear power plants to protect the people and the environment, which came into force in 2013. These regulations strengthened countermeasures to prevent simultaneous loss of all safety functions due to common causes, including re-evaluation of the impact of external events such as earthquakes and tsunamis. New countermeasures for severe accident response against core damage, containment vessel damage and a diffusion of radioactive material were also introduced.

			— Comprehensive probabilistic and deterministic safety analyses need to be performed to confirm the capability of a plant to withstand applicable beyond design basis accidents and to provide a high degree of confidence in the robustness of the plant design.

			— Accident management provisions need to be comprehensive, well designed and up to date. They need to be derived on the basis of a comprehensive set of initiating events and plant conditions and also need to provide for accidents that affect several units at a multi-unit plant.

			— Training, exercises and drills need to include postulated severe accident conditions to ensure that operators are as well prepared as possible. They need to include the simulated use of actual equipment that would be deployed in the management of a severe accident.

			Assessment of regulatory effectiveness

			The regulation of nuclear safety in Japan at the time of the accident was performed by a number of organizations with different roles and responsibilities and complex inter-relationships. It was not fully clear which organizations had the responsibility and authority to issue binding instructions on how to respond to safety issues without delay.

			The regulatory inspection programme was rigidly structured, which reduced the regulatory body’s ability to verify safety at the proper times and to identify potential new safety issues.

			The regulations, guidelines and procedures in place at the time of the accident were not fully in line with international practice in some key areas, most notably in relation to periodic safety reviews, re-evaluation of hazards, severe accident management and safety culture.

			— In order to ensure effective regulatory oversight of the safety of nuclear installations, it is essential that the regulatory body is independent and possesses legal authority, technical competence and a strong safety culture.

			Assessment of human and organizational factors

			Before the accident, there was a basic assumption in Japan that the design of nuclear power plants and the safety measures that had been put in place were sufficiently robust to withstand external events of low probability and high consequences.

			Because of the basic assumption that nuclear power plants in Japan were safe, there was a tendency for organizations and their staff not to challenge the level of safety. The reinforced basic assumption among the stakeholders about the robustness of the technical design of nuclear power plants resulted in a situation where safety improvements were not introduced promptly.

			The accident at the Fukushima Daiichi nuclear power plant showed that, in order to better identify plant vulnerabilities, it is necessary to take an integrated approach that takes account of the complex interactions between people, organizations and technology.

			— In order to promote and strengthen safety culture, individuals and organizations need to continuously challenge or re-examine the prevailing assumptions about nuclear safety and the implications of decisions and actions that could affect nuclear safety.

			— A systemic approach to safety needs to consider the interactions between human, organizational and technical factors. This approach needs to be taken through the entire life cycle of nuclear installations.

			EMERGENCY PREPAREDNESS AND RESPONSE

			Initial response in Japan to the accident

			At the time of the accident, separate arrangements were in place to respond to nuclear emergencies and natural disasters at the national and local levels. There were no coordinated arrangements for responding to a nuclear emergency and a natural disaster occurring simultaneously.

			The arrangements to respond to nuclear emergencies envisaged that, following the detection of relevant adverse conditions at a nuclear power plant (e.g. loss of all AC power supplies for more than five minutes or loss of all capabilities to cool the reactor), a notification would be sent from the plant to local and national governments. The national Government would then assess the situation and determine whether it was to be categorized as a ‘nuclear emergency’6. If the situation was categorized as a nuclear emergency, a declaration to that effect would be issued at the national level, and decisions about necessary protective actions would be taken on the basis of dose projections.

			Based on a report from the Fukushima Daiichi nuclear power plant, the Prime Minister declared a nuclear emergency on the evening of 11 March and issued orders for protective actions for the public. The response at the national level was led by the Prime Minister and senior officials at the Prime Minister’s Office in Tokyo.

			The consequences of the earthquake and tsunami, and increased radiation levels, made the on-site response extremely difficult. The loss of AC and DC electrical power, the presence of a huge amount of rubble that hindered on-site response measures, aftershocks, alerts of further tsunamis and increased radiation levels meant that many mitigatory actions could not be carried out in a timely manner. The national Government was involved in decisions concerning mitigatory action on the site.

			The activation of the emergency Off-site Centre, located 5 km from the Fukushima Daiichi nuclear power plant, was difficult because of extensive infrastructure damage caused by the earthquake and tsunami. Within a few days, it became necessary to evacuate the Off-site Centre due to adverse radiological conditions.

			— In preparing for the response to a possible nuclear emergency, it is necessary to consider emergencies that could involve severe damage to nuclear fuel in the reactor core or to spent fuel on the site, including those involving several units at a multi-unit plant possibly occurring at the same time as a natural disaster.

			— The emergency management system for response to a nuclear emergency needs to include clearly defined roles and responsibilities for the operating organization and for local and national authorities. The system, including the interactions between the operating organization and the authorities, needs to be regularly tested in exercises.

			Protecting emergency workers

			At the time of the accident, the national legislation and guidance in Japan addressed measures to be taken for the protection of emergency workers, but only in general terms and not in sufficient detail.

			Many emergency workers from different professions were needed to support the emergency response. Emergency workers came from various organizations and public services. However, there were no arrangements in place to integrate into the response those emergency workers who had not been designated prior to the accident.

			Implementation of the arrangements for ensuring the protection of workers against radiation exposure was severely affected by the extreme conditions at the site. In order to maintain an acceptable level of protection for on-site emergency workers, a range of impromptu measures was implemented. The dose limit for emergency workers undertaking specific tasks was temporarily increased to allow the necessary mitigatory actions to continue. Medical management of emergency workers was also severely affected, and major efforts were required to meet the needs of on-site emergency workers.

			Members of the public, referred to as ‘helpers’, volunteered to assist in the off-site emergency response. National authorities issued guidance on the type of activities that helpers could carry out and on measures to be taken for their protection.

			— Emergency workers need to be designated, assigned clearly specified duties, regardless of which organization they work for, be given adequate training and be properly protected during an emergency. Arrangements need to be in place to integrate into the response those emergency workers who had not been designated prior to the emergency, and helpers who volunteer to assist in the emergency response.

			Protecting the public

			National emergency arrangements at the time of the accident envisaged that decisions on protective actions would be based on estimates of the projected dose to the public that would be calculated when a decision was necessary, using a dose projection model — the System for Prediction of Environmental Emergency Dose Information (SPEEDI). The arrangements did not envisage that decisions on urgent protective actions for the public would be based on predefined specific plant conditions. However, in response to the accident, the initial decisions on protective actions were made on the basis of plant conditions. Estimates of the source term could not be provided as an input to SPEEDI owing to the loss of on-site power.

			The arrangements prior to the accident included criteria for sheltering, evacuation and iodine thyroid blocking in terms of projected dose, but not in terms of measurable quantities. There were no criteria for relocation.

			Protective actions for the public implemented during the accident included: evacuation; sheltering; iodine thyroid blocking (through the administration of stable iodine); restrictions on the consumption of food and drinking water; relocation; and the provision of information.

			The evacuation of people from the vicinity of the Fukushima Daiichi nuclear power plant began in the evening of 11 March 2011, with the evacuation zone gradually extended from a radius of 2 km of the plant to 3 km and then to 10 km. By the evening of 12 March, it had been extended to 20 km. Similarly, the area in which people were ordered to shelter was extended from within 3–10 km of the plant shortly after the accident to within 20–30 km by 15 March. In the area within a 20–30 km radius of the nuclear power plant, the public was ordered to shelter until 25 March, when the national Government recommended voluntary evacuation. Administration of stable iodine for iodine thyroid blocking was not implemented uniformly, primarily due to the lack of detailed arrangements.

			There were difficulties in evacuation due to the damage caused by the earthquake and tsunami and the resulting communication and transportation problems. There were also significant difficulties encountered when evacuating patients from hospitals and nursing homes within the 20 km evacuation zone.

			On 22 April, the existing 20 km evacuation zone was established as a ‘Restricted Area’, with controlled re-entry. A ‘Deliberate Evacuation Area’ was also established beyond the ‘Restricted Area’ in locations where the specific dose criteria for relocation might be exceeded.

			Once radionuclides were detected in the environment, arrangements were made regarding protective actions in the agricultural area and restrictions on the consumption and distribution of food and consumption of drinking water. In addition, a certification system for food and other products intended for export was established.

			Several channels were used to keep the public informed and to respond to people’s concerns during the emergency, including television, radio, the Internet and telephone hotlines. Feedback from the public received via hotlines and counselling services identified the need for easily understandable information and supporting material.

			— Arrangements need to be in place to allow decisions to be made on the implementation of predetermined, urgent protective actions for the public, based on predefined plant conditions.

			— Arrangements need to be in place to enable urgent protective actions to be extended or modified in response to developing plant conditions or monitoring results. Arrangements are also needed to enable early protective actions to be initiated on the basis of monitoring results.

			— Arrangements need to be in place to ensure that protective actions and other response actions in a nuclear emergency do more good than harm. A comprehensive approach to decision making needs to be in place to ensure that this balance is achieved.

			— Arrangements need to be in place to assist decision makers, the public and others (e.g. medical staff) to gain an understanding of radiological health hazards in a nuclear emergency in order to make informed decisions on protective actions. Arrangements also need to be in place to address public concerns locally, nationally and internationally.

			Transition from the emergency phase to the recovery phase and analysis of the response

			Specific policies, guidelines, criteria and arrangements for the transition from the emergency phase to the recovery phase were not developed until after the Fukushima Daiichi accident. In developing these arrangements, the Japanese authorities applied the latest recommendations of the International Commission on Radiological Protection (ICRP).

			Analyses of the accident and of the emergency response were performed and presented in the form of reports, including those issued by the Government of Japan, the operating organization (TEPCO), and two investigation committees created by the Government and the Parliament, respectively.

			After the accident, national emergency preparedness and response arrangements in Japan were, in many cases, revised to take account of the findings of these analyses and of relevant IAEA safety standards in the area of emergency preparedness and response.

			— Arrangements need to be developed at the preparedness stage for termination of protective actions and other response actions, and for transition to the recovery phase.

			— Timely analysis of an emergency and the response to it, drawing lessons and identifying possible improvements, enhances emergency arrangements.

			Response within the international framework for emergency preparedness and response

			An extensive international framework for emergency preparedness and response was in place at the time of the accident, comprising international legal instruments, IAEA safety standards and operational arrangements.7

			At the time of the accident, the IAEA had four roles in the response to a nuclear or radiological emergency: (1) notification and exchange of official information through officially designated contact points; (2) provision of timely, clear and understandable information; (3) provision and facilitation of international assistance on request; and (4) coordination of the inter-agency response.

			The international response to the accident involved many States and a number of international organizations.

			The IAEA liaised with the official contact point in Japan, shared information on the emergency as it developed, and kept States, relevant international organizations and the public informed. Communication with the official contact point in Japan in the early phase of the emergency response was difficult. The IAEA Director General’s visit to Japan, and the subsequent deployment of liaison officers to Tokyo, improved communication between the IAEA and the contact point. The IAEA also sent expert missions to Japan and coordinated the inter-agency response.

			Different States8 either took or recommended different protective actions for their nationals in Japan in response to the accident. These differences were generally not well explained to the public and occasionally caused confusion and concern.

			Relevant organizations participating in the Inter-Agency Committee on Radiological and Nuclear Emergencies regularly exchanged information. Joint press releases were also issued.

			— The implementation of international arrangements for notification and assistance needs to be strengthened.

			— There is a need to improve consultation and sharing of information among States on protective actions and other response actions.

			RADIOLOGICAL CONSEQUENCES

			Radioactivity in the environment

			The accident resulted in the release of radionuclides to the environment. Assessments of the releases have been performed by many organizations using different models. Most of the atmospheric releases were blown eastward by the prevailing winds, depositing onto and dispersing within the North Pacific Ocean. Uncertainties in estimations of the amount and composition of the radioactive substances were difficult to resolve for reasons that included the lack of monitored data on the deposition of the atmospheric releases on the ocean.

			Changes in the wind direction meant that a relatively small part of the atmospheric releases were deposited on land, mostly in a north-westerly direction from the Fukushima Daiichi nuclear power plant. The presence and activity of radionuclides deposited in the terrestrial environment were monitored and characterized. The measured activity of radionuclides decreases over time due to physical decay, environmental transport processes and cleanup activities.

			In addition to radionuclides entering the ocean from the atmospheric deposition, there were liquid releases and discharges from the Fukushima Daiichi nuclear power plant directly into the sea at the site. The precise movement of radionuclides in the ocean is difficult to assess by measurements alone, but a number of oceanic transport models have been used to estimate the oceanic dispersion.

			Radionuclides such as iodine-131, caesium-134 and caesium-137 were released and found in drinking water, food and some non-edible items. Restrictions to prevent the consumption of these products were established by the Japanese authorities in response to the accident.

			— In case of an accidental release of radioactive substances to the environment, the prompt quantification and characterization of the amount and composition of the release is needed. For significant releases, a comprehensive and coordinated programme of long term environmental monitoring is necessary to determine the nature and extent of the radiological impact on the environment at the local, regional and global levels.

			Protecting people against radiation exposure

			Following the accident, the Japanese authorities applied conservative reference levels of dose included in the recent ICRP recommendations9. The application of some of the protective measures and actions proved to be difficult for the implementing authorities and very demanding for the people affected.

			There were some differences between the national and international criteria and guidance for controlling drinking water, food and non-edible consumer products in the longer term aftermath of the accident, once the emergency phase had passed.

			— Relevant international bodies need to develop explanations of the principles and criteria for radiation protection that are understandable for non-specialists in order to make their application clearer for decision makers and the public. As some protracted protection measures were disruptive for the affected people, a better communication strategy is needed to convey the justification for such measures and actions to all stakeholders, including the public.

			— Conservative decisions related to specific activity and activity concentrations in consumer products and deposition activity led to extended restrictions and associated difficulties. In a prolonged exposure situation, consistency among international standards, and between international and national standards, is beneficial, particularly those associated with drinking water, food, non-edible consumer products and deposition activity on land.

			Radiation exposure

			In the short term, the most significant contributors to the exposure of the public were: (1) external exposure from radionuclides in the plume and deposited on the ground; and (2) internal exposure of the thyroid gland, due to the intake of iodine-131, and internal exposure of other organs and tissues, mainly due to the intake of caesium-134 and caesium-137. In the long term, the most important contributor to the exposure of the public will be external radiation from the deposited caesium-137.

			The early assessments of radiation doses used environmental monitoring and dose estimation models, resulting in some overestimations. For the estimates in this report, personal monitoring data provided by the local authorities were also included to provide more robust information on the actual individual doses incurred and their distribution. These estimates indicate that the effective doses incurred by members of the public were low and generally comparable with the range of effective doses incurred due to global levels of natural background radiation.

			In the aftermath of a nuclear accident involving releases of iodine-131 and its intake by children, the uptake and subsequent doses to their thyroid glands are a particular concern. Following the Fukushima Daiichi accident, the reported thyroid equivalent doses of children were low because their intake of iodine-131 was limited, partly due to restrictions placed on drinking water and food, including leafy vegetables and fresh milk. There are uncertainties concerning the iodine intakes immediately following the accident due to the scarcity of reliable personal radiation monitoring data for this period.

			By December 2011, around 23 000 emergency workers had been involved in the emergency operations. The effective doses incurred by most of them were below the occupational dose limits in Japan. Of this number, 174 exceeded the original criterion for emergency workers and 6 emergency workers exceeded the temporarily revised effective dose criterion in an emergency established by the Japanese authority. Some shortcomings occurred in the implementation of occupational radiation protection requirements, including during the early monitoring and recording of radiation doses of emergency workers, in the availability and use of some protective equipment and in associated training.

			— Personal radiation monitoring of representative groups of members of the public provides invaluable information for reliable estimates of radiation doses and needs to be used together with environmental measurements and appropriate dose estimation models for assessing public dose.

			— While dairy products were not the main pathway for the ingestion of radioiodine in Japan, it is clear that the most important method of limiting thyroid doses, especially to children, is to restrict the consumption of fresh milk from grazing cows.

			— A robust system is necessary for monitoring and recording occupational radiation doses, via all relevant pathways, particularly those due to internal exposure that may be incurred by workers during severe accident management activities. It is essential that suitable and sufficient personal protective equipment be available for limiting the exposure of workers during emergency response activities and that workers be sufficiently trained in its use.

			Health effects

			No early radiation induced health effects were observed among workers or members of the public that could be attributed to the accident.

			The latency time for late radiation health effects can be decades, and therefore it is not possible to discount the potential occurrence of such effects among an exposed population by observations a few years after exposure. However, given the low levels of doses reported among members of the public, the conclusions of this report are in agreement with those of the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) to the United Nations General Assembly.10 UNSCEAR found that “no discernible increased incidence of radiation-related health effects are expected among exposed members of the public and their descendants” (which was reported within the context of the health implications related to “levels and effects of radiation exposure due to the nuclear accident after the 2011 great east-Japan earthquake and tsunami”).11 Among the group of workers who received effective doses of 100 mSv or more, UNSCEAR concluded that “an increased risk of cancer would be expected in the future. However, any increased incidence of cancer in this group is expected to be indiscernible because of the difficulty of confirming such a small incidence against the normal statistical fluctuations in cancer incidence.”12

			The Fukushima Health Management Survey was implemented to monitor the health of the affected population of Fukushima Prefecture. This survey is aimed at the early detection and treatment of diseases, as well as prevention of lifestyle related diseases. At the time of writing, an intensive screening of children’s thyroid glands is taking place as part of the survey. Highly sensitive equipment is being used, which has detected asymptomatic thyroid abnormalities among a significant number of surveyed children (which would not have been detectable by clinical means). The abnormalities identified in the survey are unlikely to be associated with radiation exposure from the accident and most probably denote the natural occurrence of thyroid abnormalities in children of this age. The incidence of thyroid cancer in children is the most likely health effect after an accident involving significant releases of radioiodine. Because the reported thyroid doses attributable to the accident were generally low, an increase in childhood thyroid cancer attributable to the accident is unlikely. However, uncertainties remained concerning the thyroid equivalent doses incurred by children immediately after the accident.

			Prenatal radiation effects have not been observed and are not expected to occur, given that the reported doses are well below the threshold at which these effects may take place. Unwanted terminations of pregnancy attributable to the radiological situation have not been reported. Concerning the possibility of parents’ exposures resulting in hereditary effects in their descendants, UNSCEAR concluded that, in general, “although demonstrated in animal studies, an increase in the incidence of hereditary effects in human populations cannot at present be attributed to radiation exposure”.13

			Some psychological conditions were reported among the population affected by the nuclear accident. Since a number of these people had suffered the combined impacts of a major earthquake and a devastating tsunami as well as the accident, it is difficult to assess to what extent these effects could be attributed to the nuclear accident alone. The Fukushima Health Management Survey’s Mental Health and Lifestyle Survey shows associated psychological problems in some vulnerable groups of the affected population, such as increases in anxiety and post-traumatic stress disorders. UNSCEAR estimated that “The most important health effect [from the accident] is on mental and social well-being, related to the enormous impact of the earthquake, tsunami and nuclear accident, and the fear and stigma related to the perceived risk of exposure to ionizing radiation.”14

			— The risks of radiation exposure and the attribution of health effects to radiation need to be clearly presented to stakeholders, making it unambiguous that any increases in the occurrence of health effects in populations are not attributable to exposure to radiation if levels of exposure are similar to the global average background levels of radiation.

			— After a nuclear accident, health surveys are very important and useful, but should not be interpreted as epidemiological studies. The results of such health surveys are intended to provide information to support medical assistance to the affected population.

			— There is a need for radiological protection guidance to address the psychological consequences to members of the affected populations in the aftermath of radiological accidents. A Task Group of the ICRP has recommended that “strategies for mitigating the serious psychological consequences arising from radiological accidents be sought”.15

			— Factual information on radiation effects needs to be communicated in an understandable and timely manner to individuals in affected areas in order to enhance their understanding of protection strategies, to alleviate their concerns and support their own protection initiatives.

			Radiological consequences for non-human biota

			No observations of direct radiation induced effects in plants and animals have been reported, although limited observational studies were conducted in the period immediately after the accident. There are limitations in the available methodologies for assessing radiological consequences, but, based on previous experience and the levels of radionuclides present in the environment, it is unlikely that there would be any major radiological consequences for biota populations or ecosystems as a consequence of the accident.

			— During any emergency phase, the focus has to be on protecting people. Doses to the biota cannot be controlled and could be potentially significant on an individual basis. Knowledge of the impacts of radiation exposure on non-human biota needs to be strengthened by improving the assessment methodology and understanding of radiation induced effects on biota populations and ecosystems. Following a large release of radionuclides to the environment, an integrated perspective needs to be adopted to ensure sustainability of agriculture, forestry, fishery and tourism, and of the use of natural resources.

			POST-ACCIDENT RECOVERY

			Off-site remediation of areas affected by the accident

			The long term goal of post-accident recovery16 is to re-establish an acceptable basis for a fully functioning society in the affected areas. Consideration needs to be given to remediation17 of the areas affected by the accident in order to reduce radiation doses, consistent with adopted reference levels. In preparing for the return of evacuees, factors such as the restoration of infrastructure and the viability and sustainable economic activity of the community need to be considered.

			Prior to the Fukushima Daiichi accident, policies and strategies for post-accident remediation were not in place in Japan, and it became necessary to develop them in the period after the accident. The remediation policy was enacted by the Government of Japan in August 2011.18 It assigned responsibilities to the national and local governments, the operator and the public, and created the necessary institutional arrangements for the implementation of a coordinated work programme.

			A remediation strategy was developed and implementation began. The strategy specifies that priority areas for remediation are residential areas, including buildings and gardens, farmland, roads and infrastructure, with emphasis on the reduction of external exposures.

			External dose from radionuclides deposited on the ground and other surfaces is the main pathway of exposure. The remediation strategy is therefore focused on decontamination activities to reduce the levels of radiocaesium present in priority areas, thereby reducing the potential for such exposures. Internal doses continue to be controlled by restrictions on food, as well as through remediation activities on agricultural land.

			Following the accident, the authorities in Japan adopted a ‘reference level’ as a target level of dose for the overall remediation strategy. This level was consistent with the lower end of the range specified in international guidance. The application of a low reference level has the effect of increasing the quantity of contaminated materials generated in remediation activities, and thereby increasing the costs and the demands on limited resources. The experience obtained in Japan could be used in developing practical guidance on the application of international safety standards in post-accident recovery situations.

			Two categories of contaminated areas were defined on the basis of additional annual doses estimated in the autumn of 2011. The national Government was assigned responsibility for formulating and implementing remediation plans in the first area (the ‘Special Decontamination Area’) — within a radius of 20 km of the Fukushima Daiichi site and in areas where additional annual doses arising from contamination on the ground were projected to exceed 20 mSv in the first year after the accident. The municipalities were given responsibility for implementing remediation activities in the other area (the ‘Intensive Contamination Survey Area’), where the additional annual doses were projected to exceed 1 mSv but to remain below 20 mSv. Specific dose reduction goals were set, including a long term goal of achieving an additional annual dose of 1 mSv or less.

			— Pre-accident planning for post-accident recovery is necessary to improve decision making under pressure in the immediate post-accident situation. National strategies and measures for post-accident recovery need to be prepared in advance in order to enable an effective and appropriate overall recovery programme to be put in place in case of a nuclear accident. These strategies and measures need to include the establishment of a legal and regulatory framework; generic remediation strategies and criteria for residual radiation doses and contamination levels; a plan for stabilization and decommissioning of damaged nuclear facilities; and a generic strategy for managing large quantities of contaminated material and radioactive waste.

			— Remediation strategies need to take account of the effectiveness and feasibility of individual measures and the amount of contaminated material that will be generated in the remediation process.

			— As part of the remediation strategy, the implementation of rigorous testing and controls on food is necessary to prevent or minimize ingestion doses.

			— Further international guidance is needed on the practical application of safety standards for radiation protection in post-accident recovery situations.

			On-site stabilization and preparations for decommissioning

			A comprehensive, high level strategic plan for stabilization and decommissioning of the damaged nuclear power plant was developed jointly by TEPCO and the relevant Japanese Government agencies. The plan was first issued in December 2011 and subsequently revised to reflect the experience gained and an improved understanding of the conditions of the damaged nuclear power plant, as well as the magnitude of the future challenges. The strategic plan addresses the complex nature of on-site work and includes: the approach to ensure safety; measures towards decommissioning; systems and environments to facilitate the work; and research and development requirements.

			At the time of writing, safety functions had been re-established and structures, systems and components were in place to reliably maintain stable conditions. However, there was a continuing need for control of ingress of groundwater to the damaged and contaminated reactor buildings. The resulting contaminated water was being treated to remove radionuclides to the extent possible and was stored in more than 800 tanks. More sustainable solutions are needed, considering all options, including the possible resumption of controlled discharge to the sea. Final decision making will require engaging relevant stakeholders and consideration of socioeconomic conditions in the consultation process, as well as implementation of a comprehensive monitoring programme.

			Plans for the management of spent fuel and fuel debris were developed and removal of fuel from spent fuel pools began.19 A conceptual model of future activities for removing fuel debris was developed, which takes account of the many preliminary steps required, including visual confirmation of the configuration and composition of the debris. The high radiation dose levels in the damaged reactors meant that no such confirmation had been possible at the time of writing.

			Japanese authorities have estimated that the timescale for completing decommissioning activities is likely to be in the range of 30–40 years. Decisions regarding the final conditions of the plant and site will be the subject of further analysis and discussions.

			— Following an accident, a strategic plan for maintaining long term stable conditions and for the decommissioning of accident damaged facilities is essential for on-site recovery. The plan needs to be flexible and readily adaptable to changing conditions and new information.

			— Retrieving damaged fuel and characterizing and removing fuel debris necessitate solutions that are specific to the accident, and special methods and tools may need to be developed.

			Management of contaminated material and radioactive waste

			Stabilization of a damaged nuclear power plant and the on-site decontamination and remediation efforts in the surrounding areas result in large quantities of contaminated material and radioactive waste. On the site, large amounts of contaminated solid and liquid material, as well as radioactive waste, have been generated following various recovery activities.20 The management of such material — with its varying physical, chemical and radiological properties — is complex and requires significant efforts.

			Following the Fukushima Daiichi accident, there were difficulties in establishing locations to store the large amounts of contaminated material arising from off-site remediation activities. At the time of writing, several hundred temporary storage facilities had been established in local communities and efforts to establish an interim storage facility were continuing.

			— National strategies and measures for post-accident recovery need to include the development of a generic strategy for managing contaminated liquid and solid material and radioactive waste, supported by generic safety assessments for discharge, storage and disposal.

			Community revitalization and stakeholder engagement

			The nuclear accident and radiation protection measures introduced in both the emergency and post-accident recovery phases have had significant consequences for the way of life of the affected population. Evacuation and relocation measures and restrictions on food involved hardships for the people affected. The revitalization and reconstruction projects introduced in Fukushima Prefecture were developed from an understanding of the socioeconomic consequences of the accident. These projects address issues such as reconstruction of infrastructure, community revitalization and support and compensation.

			Communication with the public on recovery activities is essential to build trust. To communicate effectively, it is necessary for experts to understand the information needs of the affected population and to provide understandable information through relevant means. Communication improved in the aftermath of the accident, and the affected population became increasingly involved in decision making and remediation measures.

			— It is necessary to recognize the socioeconomic consequences of any nuclear accident and of the subsequent protective actions, and to develop revitalization and reconstruction projects that address issues such as reconstruction of infrastructure, community revitalization and compensation.

			— Support by stakeholders is essential for all aspects of post-accident recovery. In particular, engagement of the affected population in the decision making processes is necessary for the success, acceptability and effectiveness of the recovery and for the revitalization of communities. An effective recovery programme requires the trust and the involvement of the affected population. Confidence in the implementation of recovery measures has to be built through processes of dialogue, the provision of consistent, clear and timely information, and support to the affected population.

			
		

	
		
			THE FUKUSHIMA DAIICHI ACCIDENT

			SUMMARY REPORT

			1. INTRODUCTION

			The Great East Japan Earthquake occurred on 11 March 2011. It was caused by a sudden release of energy at the interface where the Pacific tectonic plate forces its way under the North American tectonic plate. A section of the Earth’s crust, estimated to be about 500 km in length and 200 km wide, was ruptured, causing a massive earthquake with a magnitude of 9.0 and a tsunami which struck a wide area of coastal Japan, including the north-eastern coast, where several waves reached heights of more than ten metres. The earthquake and tsunami caused great loss of life and widespread devastation in Japan. More than 15 000 people were killed and over 6000 injured and, at the time of writing of this report21, around 2500 people were still reported to be missing [1]. Considerable damage was caused to buildings and infrastructure, particularly along Japan’s north-eastern coast.

			At the Fukushima Daiichi nuclear power plant (NPP), operated by the Tokyo Electric Power Company (TEPCO), the earthquake caused damage to the electric power supply lines to the site, and the tsunami caused substantial destruction of the operational and safety infrastructure on the site. The combined effect led to the loss of off-site and on-site electrical power. This resulted in the loss of the cooling function at the three operating reactor units22 as well as at the spent fuel pools. The four other NPPs23 along the coast were also affected to different degrees by the earthquake and tsunami. However, all operating reactor units at these plants were safely shut down.

			Despite the efforts of the operators at the Fukushima Daiichi NPP to maintain control, the reactor cores in Units 1–3 overheated, the nuclear fuel melted, and the three containment vessels were breached. Hydrogen was released from the reactor pressure vessels, leading to explosions inside the reactor buildings in Units 1, 3 and 4 that damaged structures and equipment and injured personnel. Radionuclides were released from the plant to the atmosphere and were deposited on land and on the ocean. There were also direct releases into the sea.

			People within a radius of 20 km of the site and in other designated areas were evacuated, and those within a radius of 20–30 km were instructed to shelter before later being advised to voluntarily evacuate. Restrictions were placed on the distribution and consumption of food and the consumption of drinking water. At the time of writing, many people were still living outside the areas from which they were evacuated.

			Following stabilization of the conditions of the reactors at the Fukushima Daiichi NPP24, work began to prepare for their eventual decommissioning. Efforts towards the recovery of the areas affected by the accident, including remediation and the revitalization of communities and infrastructure, began in 2011.

			1.1.	THE REPORT ON THE FUKUSHIMA DAIICHI ACCIDENT

			At the IAEA General Conference in September 2012, the Director General announced that the IAEA would prepare a report on the Fukushima Daiichi accident. He later stated that this report would be “an authoritative, factual and balanced assessment, addressing the causes and consequences of the accident, as well as lessons learned” [2].

			The report on the Fukushima Daiichi accident is the result of an extensive international collaborative effort involving five working groups with about 180 experts from 42 Member States (with and without nuclear power programmes) and several international bodies. This ensured a broad representation of experience and knowledge. An International Technical Advisory Group provided advice on technical and scientific issues. A Core Group, comprising IAEA senior level management, was established to give direction and to facilitate the coordination and review of the report. Additional internal and external review mechanisms were also instituted, as illustrated in Fig. 1.1.

			[image: ]

			FIG. 1.1. IAEA organization structure for preparing the report on The Fukushima Daiichi Accident.


			This Report by the Director General consists of an Executive Summary and a Summary Report. It draws on five detailed technical volumes prepared by international experts and on the contributions of the many experts and international bodies involved. The report provides a description of the accident and its causes, evolution and consequences, based on the evaluation of data and information from a large number of sources available up to March 2015, including the results of the work carried out in implementing the IAEA Action Plan on Nuclear Safety (the Action Plan)25, and it highlights the main observations and lessons. Significant amounts of data were provided by the Government of Japan and other organizations in Japan.

			The five technical volumes are for a technical audience that includes the relevant authorities in IAEA Member States, international organizations, nuclear regulatory bodies, NPP operating organizations, designers of nuclear facilities and other experts in matters relating to nuclear power.

			This Report by the Director General comprises the following six sections:

			— Section 1: Introduction.

			— Section 2: The accident and its causes, including a description of the sequence of events and an assessment of how extreme natural events led to the severe nuclear accident.

			— Section 3: Emergency preparedness and response, including the arrangements for the protection of emergency workers and the public, and the implementation of these arrangements during and immediately after the accident.

			— Section 4: The radiological consequences of the accident, including radiation exposure of workers and the public, and health and environmental effects.

			— Section 5: Post-accident recovery activities, including decommissioning of the plant, remediation strategies for the off-site areas affected, waste management and strategies for revitalization.

			— Section 6: An overview of the activities of the IAEA and the Contracting Parties to the Convention on Nuclear Safety in response to the accident.

			Key observations and lessons arising from specific features of the accident are included in Sections 2–5. The relationship between the content of the Report by the Director General and the content of the technical volumes is illustrated in Fig. 1.2.
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					FIG. 1.2. Structure of the Summary Report and its relationship to the content of the technical volumes.

				


			
			

	
		
			2. THE ACCIDENT AND ITS ASSESSMENT

			This section provides a brief description of the accident at the Fukushima Daiichi NPP, followed by an assessment of factors that are considered to have contributed to its causes and consequences.

			Section 2.1 describes the main events in chronological order, including the impact of the earthquake and tsunami and the subsequent events.

			Section 2.2 assesses the causes of the accident. It begins with an evaluation of the vulnerability of the Fukushima Daiichi NPP to external hazards and deals with its design, the accident progression, the efforts of the operators to maintain fundamental safety functions and the actions taken by them. This section also considers the effectiveness of the regulatory framework in Japan as well as the impact of human and organizational considerations on nuclear safety.

			2.1.	DESCRIPTION OF THE ACCIDENT

			The description that follows is mainly based on information provided by the Government of Japan to the IAEA [3, 4], reports of the investigation committees established by the Japanese Government [5, 6], the National Diet of Japan [7] and TEPCO [8], including updates and supplements by TEPCO [9, 10], the regulatory body [11] and the IAEA missions listed in Section 6. Other sources from which information has been taken are cited separately.

			Events are presented in chronological order. Some of the main events occurred in parallel or had an impact on actions taken in other locations on-site.

			2.1.1.	Initiating event and response

			The earthquake and the loss of off-site power

			The Great East Japan Earthquake of 11 March 2011 occurred at 14:46 Japan Standard Time (JST), 05:46 UTC26, off the eastern coast of Japan. It was caused by a sudden release of energy at the interface where the Pacific tectonic plate forces its way under the North American tectonic plate (Fig. 2.1). The main shock, with a magnitude of 9.0 [12], lasted for more than two minutes, with several significant pulses and aftershocks. This event was among the largest recorded earthquakes, most of which also occurred in areas along the Pacific tectonic plate: the earthquakes of 1960 and 2010 in Chile, with a magnitude of 9.5 and 8.8, respectively, and those in Alaska (1964) and Sumatra (2004), both with a magnitude of 9.2.
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			FIG. 2.1. The epicentre of the Great East Japan Earthquake and the NPPs nearby.


			When the earthquake occurred, three of the six boiling water reactors (Box 2.1) at the Fukushima Daiichi NPP [13] were operating at full power and three were shut down for refuelling and maintenance. 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. This automatic action achieved control of reactivity.

			When shut down, the reactor cores continued to generate heat (known as 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. 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. The on-site replacement power facilities — emergency diesel generators — which were designed to deal with such loss of off-site power situations, automatically started in order to restore AC power in all six units.

			Box 2.1. Boiling water reactors

			Boiling water reactors use a closed, direct steam cycle loop, as shown schematically below. The working fluid is water that is used both as the coolant to remove heat and the moderator for controlling reactivity. Coolant water boils in the reactor core at a pressure of approximately 7 MPa, and the steam that is generated is used to drive turbines to generate electricity. After passing through the turbines, the steam is condensed back to water by being cooled by the condenser tubes that are filled with cold water taken from a heat sink, e.g. the ocean. The water resulting from condensation is then pumped back to the reactor as feedwater.
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				Units 1–3 were automatically isolated from their turbine systems due to the power interruption, resulting in increases in the temperature and pressure of the reactors due to the decay heat. The cooling of these reactors following isolation was accomplished by means of the following design and operational provisions (Box 2.2):

			— In Unit 1, as the reactor pressure increased, both loops of the isolation condenser system started automatically and continued to cool the reactor. The operation of both isolation condenser 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 reactor pressure vessel. Afterwards, only one of the loops was used by the operators to control the cooling rate27 in a range prescribed by the procedures.

			— In Units 2 and 3, the increase in reactor pressure automatically activated safety relief valves, which were designed to protect the reactor from overpressurization by releasing steam from the reactor vessel to the suppression pool section of the primary containment vessel. This resulted in a decrease in the reactor water levels. The operators manually activated the reactor core isolation cooling system in accordance with procedures.

			Box 2.2. Systems for cooling the core when the reactor is isolated from the turbines

			Normal shutdown cooling of boiling water reactors at high reactor pressure is accomplished by directing the steam from the reactor to the main condenser, bypassing the turbines (see Box 2.1). However, when the reactor is isolated, this path is not available and core cooling is provided by the systems designed for an isolated reactor under high pressure conditions which exist after reactor shutdown. In the design of the Fukushima Daiichi NPP, those were: the isolation condenser (IC) system for Unit 1 (the earlier design) and the reactor core isolation cooling (RCIC) system for Units 2–6.

			Isolation condenser. In the Unit 1 design, there were two separate and redundant isolation condenser loops. In these closed loops, the primary side of the isolation condenser received steam generated in the reactor and condensed it by cooling inside the heat exchanger tubes that were submerged in colder water tanks (isolation condenser pools) located outside the primary containment vessel. Condensed steam was then sent as cold water back to the reactor by gravity (see the diagram below). Without mixing with the radioactive primary side water, the secondary side water in the isolation condenser pools boiled, and the evaporated steam was vented to the atmosphere, which served as the heat sink. The secondary side water volume of the isolation condenser (both trains together) was sufficient for eight hours of cooling before requiring replenishment from a dedicated water source.
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			Reactor core isolation cooling. In the design of Units 2–6, there were open cycle cooling systems that needed a source for adding water to the reactor system. In the reactor core isolation cooling systems, the steam from the reactor drove a small turbine which, in turn, ran a pump that injected water into the reactor at high pressure. The steam that ran the turbine was discharged and accumulated in the suppression pool section of the primary containment vessel, which served as the heat sink for absorbing waste heat. The water lost from the reactor was replenished by taking fresh water from the condensate storage tank (see the diagram below). When the tank emptied or the suppression pool became full, the water that accumulated in the suppression pool could be used, making the system essentially a closed loop cycle. The reactor core isolation cooling was designed to operate for at least four hours.
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			The decay heat from the nuclear fuel in Units 4–6 also had to be removed:

			— In Unit 4, the equipment for cooling and refilling of spent fuel pool water28 stopped working as a result of the loss of off-site power. The Unit 4 spent fuel pool, containing more than 1300 spent fuel assemblies, had the largest amount of decay heat to be removed among all the spent fuel pools of the units.

			— In Unit 5, the reactor pressure, which was being kept elevated by the use of a pump for pressure testing purposes at the time of the earthquake, initially dropped when the pump stopped as a result of the loss of off-site power. The pressure started to rise due to decay heat, but unlike in Units 2 and 3, it remained well below the levels to activate the safety relief valves.

			— In Unit 6, the reactor was near atmospheric pressure and room temperature with fuel in the core, and the decay heat was low.

			In the spent fuel pools of all units and the common spent fuel pool29, which lost cooling and refilling capabilities upon the loss of off-site power, the temperatures of the pool water started to increase due to decay heat.

			In response to the earthquake and the loss of off-site power, the operators activated the ‘event based’ abnormal operating procedures in all three main control rooms of the six units.30 An earthquake emergency response team was activated at the on-site emergency response centre located within the seismically isolated building.31 The Site Superintendent was responsible for directing the site response and for coordination with on-site and off-site organizations, as the head of TEPCO’s on-site emergency response centre. Three shift superintendents in each of the main control rooms were responsible for directing the actions in their units under the command of the Site Superintendent.

			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 (except for some operator actions that were restricted or delayed by the aftershocks) (Fig. 2.2).
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					FIG. 2.2. Response of the Fukushima Daiichi NPP to the earthquake and the loss of off-site power.

				


			
			The tsunami and the station blackout

			In addition to causing the strong ground motion, the earthquake displaced a massive amount of water, giving rise to a series of large tsunami waves [14]. When these tsunami waves reached the coast, they had a devastating effect over a wide area (Fig. 2.3).
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					FIG. 2.3. The variation of tsunami wave impact, inundation (top) and runup (bottom)32, based on the coastal geography and topography [15].

				


			
			The tsunami waves started reaching the Fukushima Daiichi NPP about 40 minutes after the earthquake. The site was protected from the first wave, which had a 4–5 m runup height, by the tsunami barrier seawalls that were designed to protect against a maximum tsunami height of 5.5 m [16]. However, about 10 minutes after the first wave, the second and largest wave, with a runup height of 14–15 m, overwhelmed the seawalls and inundated the site. It engulfed all structures and equipment located at the seafront, as well as the main buildings (including the reactor, turbine and service buildings) at higher elevations33 (Fig. 2.4), causing the following sequence of events:

		
			— The wave flooded and damaged the unhoused seawater pumps and motors at the seawater intake locations on the shoreline. This meant that essential plant systems and components, including the water cooled emergency diesel generators34, could not be cooled to ensure their continuous operation.

			— The wave flooded and damaged the dry cask storage building located near the seashore between Units 1–4 and Units 5–6. There were no significant impacts on the casks or 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 emergency diesel generators or their associated power connections, which resulted in the loss of emergency AC power. Only one of the air cooled emergency diesel generators — that of Unit 6 — was unaffected by the flooding35. It remained in operation, continuing to supply emergency AC power to the Unit 6 safety systems and allowing cooling of the reactor.
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					FIG. 2.4. The elevations and locations of structures and components at the Fukushima Daiichi NPP [20].

				


			
			As a result of these events, Units 1–5 lost all AC power, a situation referred to as a station blackout.

			Because of the station blackout in Units 1–5, the emergency operating procedures for ‘loss of all AC power’ [18] were initiated. A ‘specific event’, as defined in the regulations associated with the Act on Special Measures Concerning Nuclear Emergency Preparedness [19], hereinafter referred to as the Nuclear Emergency Act,  based on the condition of ‘some safety systems becoming unavailable’, was declared by the Site Superintendent, who was the head of the on-site emergency response centre of the operating organization, TEPCO. Consequently, the relevant off-site agencies were informed in accordance with the requirements of the Nuclear Emergency Act.

			The Fukushima Daiichi NPP units, similar to other plants of the same age, were designed to withstand a station blackout for eight hours, based on the capacity of the DC batteries in the reactor units36.

		
			
			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, 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 station blackout.

			Due to the loss of all 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 spent fuel pools in all units was already lost following the loss of off-site power. 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 spent fuel pools of these units.

			In the absence of procedures addressing the loss of all AC and DC power, the operators of Units 1, 2 and 4 did not have specific instructions on how to deal with a station blackout under these conditions. The operators and emergency response centre 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

			Units 3, 5 and 6 maintained power enabling the operators to observe the plant status as the main control room indications and controls were functioning. This allowed the operators to continue with their ‘symptom based’ emergency operating procedures in response to the events:

			— In Unit 3, the safety relief valves automatically opened to protect the reactor vessel from overpressurization, and the operators manually restarted the reactor core isolation cooling 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 station blackout.

			— DC power was also available in Unit 5. The reactor was not generating steam, so residual heat removal by a high pressure cooling system was not possible. Alternative options to depressurize the reactor vessel to enable coolant injection by low pressure systems were tried unsuccessfully, and the reactor vessel, which was pressurized and filled with water, continued to heat up and pressurize.

			— Unit 6 did not experience a station blackout, since AC power was available from one operating emergency diesel generator. Here, the efforts focused on maintaining fundamental safety functions in response to the loss of off-site power. 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 of those systems were damaged by the flooding and required restoration.

			2.1.2.	Progression of the accident

			The nuclear emergency in Units 1 and 2

			As all electrical power was lost in Units 1 and 2, there were no indications available to the operators to determine whether the safety systems were operating properly, or operating at all, in order to maintain the fundamental safety functions37. Unable to determine the water level in the reactor and the operational status of the cooling systems, plant operators declared that the core cooling fundamental safety function was lost. Consequently, the on-site emergency response centre reported to the off-site organizations, TEPCO Headquarters and relevant government authorities, that nuclear emergency conditions for Units 1 and 2 existed on the basis of the ‘inability of water injection of the emergency core cooling system’, as defined in regulations [21].

			Establishing the severe accident management strategy

			The staff in the on-site emergency response centre started following the established severe accident management guidelines, and the operators in the common main control room of Units 1 and 2 activated the severe accident operating procedure. 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. 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, which required the restoration of AC power.

			— The use of alternative equipment, such as mobile fire engines and the stationary diesel driven fire pump that could inject water at low pressures, which required depressurization of the reactors and alignment of the fire protection lines to inject water into the core.38

			The on-site emergency response centre adopted a core cooling strategy that used the stationary diesel driven fire pump and the fire engines via the fire protection system to inject water into the reactors, in addition to connecting temporary power sources.

			This accident 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 action was to restore AC power using the available interconnecting line39 to the operating emergency diesel generator in Unit 6.

			Status of core cooling in Units 1 and 2

			Just before the tsunami struck, the Unit 1 isolation condenser was stopped by the operators in accordance with established operating procedures to control the reactor cooling rate. This was accomplished by closing the valves (located outside the primary containment vessel and DC operated, as shown in Box 2.2). About 2.5 hours after the loss of indications, at 18:18 on 11 March, some of the status lamps for those valves were found to be functioning, confirming that the control valves were closed. The operators attempted to start the isolation condenser by opening those valves. However, the isolation condenser did not function, indicating that the AC powered isolation valves inside the primary containment vessel were closed.40 Thus, the fundamental safety function of core cooling at Unit 1 was lost when the isolation condenser was stopped by the operators just before the tsunami, and the Unit 1 core heated up from that time.

			Additionally, local measurements (in the reactor building) at 20:07 indicated that the reactor was still near the operating pressure of 70 bar (7 MPa), which prevented water injection by alternative methods that would only be possible below 8 bar (0.8 MPa).

			After several reports from the on-site emergency response centre on the status of Unit 1 and the other units, and following the approval of the Prime Minister, a nuclear emergency was declared by the Government of Japan at 19:03 on 11 March.41

			In Unit 2, which was also without any indications of operation of the core cooling system and core pressure and temperature, the operators assumed the worst case scenario that the reactor core isolation cooling system was not operating and the Unit 2 core was heating up. At 21:01, the on-site emergency response centre informed government authorities that the Unit 2 core, without any cooling, was predicted to become uncovered at around 21:40. Following this prediction, the Prime Minister, as the Director General of the Nuclear Emergency Response Headquarters, issued an order at 21:23 on 11 March for the evacuation of the public within 3 km, and for sheltering within 3–10 km, of the site42.

			The uncovering of the Unit 1 core was indicated when high radiation levels were encountered in the Unit 1 reactor building by a team that was dispatched at 21:51 to confirm the status of the operation of the isolation condenser.43 This was an indication of the severity of the conditions at the Unit 1 reactor and of possible core damage.

			Deterioration in conditions in Unit 1 confinement

			Following the confirmation of the loss of core cooling in Unit 1, further challenges to the other fundamental safety function — the confinement — became evident when the first reading of the containment vessel pressure became possible at 23:50 on 11 March. The containment vessel pressure had exceeded the maximum pressure considered in its design, and this information prompted the Site Superintendent to order preparations for venting of the Unit 1 containment vessel. This situation also warranted an emergency notification, based on an ‘abnormal rise in primary containment vessel pressure’, as defined in the regulations associated with the Nuclear Emergency Act [19].

			The measurements of Unit 1’s containment pressure recorded the highest values at 02:30 and 02:45 on 12 March.

			Confirmation of Unit 2’s status and focus on recovery of Unit 1’s safety function

			At 02:10 on 12 March, a team was able to enter the room where Unit 2’s reactor core isolation cooling system equipment was located and read the parameters to determine the system’s status. The operating status was communicated to the on-site emergency response centre at 02:55 on 12 March and served to clarify the previously unknown condition of Unit 2 core cooling about 11 hours after the loss of monitoring in the main control room. On confirmation of Unit 2 core cooling, and with the acute challenge to the confinement function of Unit 1, the Site Superintendent decided to focus the accident management on venting efforts at Unit 1.

			While the venting plans were being developed, the accident management strategy to restore Unit 1’s core cooling using the fire pump for water injection proved to be impossible to implement because the pump was discovered to be inoperable at 01:48 on 12 March. The alternative, using fire trucks connected to the injection port in the turbine building, which had been installed the previous year as a fire protection measure based on the experience of the Niigata-Chuetsu-Oki earthquake, was then put into action.

			Heating up of Unit 5 and restoration of AC power

			At about the same time, a Unit 5 safety relief valve automatically opened for the first time approximately 10 hours after the station blackout because the reactor pressure reached its opening set value, at 01:40 on 12 March. The valve automatically opened and closed several times to maintain the pressure in a range determined by the design because the Unit 5 reactor had continued to heat up in the absence of heat removal measures.

			The safety relief valves were operating automatically to limit pressure, but could not be used to reduce pressure, since most of them had had their depressurization function disabled for the test carried out before the accident. Reducing pressure by opening a small valve (the head vent nozzle) on the reactor vessel was considered as an alternative because DC power was available for this purpose. Later, at 06:06 on 12 March, approximately 14.5 hours after the station blackout, the head vent nozzle was remotely opened and left open to depressurize the water-filled reactor vessel. In addition, the power connection between Unit 5 and the operating emergency diesel generator in Unit 6 was completed nearly 16.5 hours after the station blackout, enabling some AC power to be connected to the Unit 5 equipment, such as the pumps and valves needed for reactor heat removal.

			Alternative cooling of the Unit 1 core

			Meanwhile, the Unit 1 reactor pressure became low enough44 to allow alternative water injection. An alternative cooling method, that is, freshwater injection from the fire engines into the Unit 1 reactor to restore core cooling, started at 04:00 on 12 March, about 12.5 hours after the station blackout. Water injection from a single one-tonne truck continued intermittently for approximately 5.5 hours with the truck having to return to the freshwater tank periodically to be refilled. At the same time, work on establishing a direct line from the tank continued. Later, just over 17.5 hours after the station blackout, continuous freshwater injection into Unit 1 started directly from the tank.

			Venting of the Unit 1 containment

			The measurement of Unit 1’s containment pressure at 04:19 on 12 March showed that pressure in the containment had decreased since the last measurement (at 02:45) without any operator action and without an established vent path, indicating that some unintentional containment pressure relief had occurred through an unknown path. Furthermore, the radiation levels measured at the main gate shortly afterwards showed an increase45. This was also an indication of some uncontrolled radioactive release from the primary containment, i.e. degraded confinement. The deteriorating radiological conditions at the site, combined with the elevated containment pressure in Unit 1, caused the Government to expand the evacuation zone to 10 km at 05:44 on 12 March.

			The activities to configure venting of Unit 1’s containment were set to start at 09:00 on 12 March. As soon as confirmation was received from the Fukushima Prefecture authorities, at 09:02, of the completion of evacuation of Okuma Town46, the teams were activated to start manipulation of the valves in order to arrange the path for the venting of Unit 1’s containment. After 5.5 hours of efforts, the venting path (Box 2.3) was established when the final valve on the path was opened at around 14:00 on 12 March. The success of the venting operation was confirmed by a decrease in containment pressures, as measured at 14:3047, and was reported to the relevant government authorities. Although there was no significant immediate change in the radiation measurements within the site boundaries, about one hour later, a radiation dose rate reading of approximately 1 mSv/h was recorded at 15:2948 by one of the site monitors located near the site boundary to the north-west of Unit 1.

			Loss of normal core cooling and start of emergency core cooling in Unit 3

			While the containment venting of Unit 1 was being established, the station blackout response in Unit 3 had to be modified when the reactor core isolation cooling system ceased to operate at 11:36 on 12 March, after nearly 20.5 hours of continuous operation. The operators tried unsuccessfully to restart the system several times, and the water in the reactor therefore continued to boil and evaporate and the reactor water level continued to decrease.

			When the water level reached the point at which the high pressure coolant injection system — an emergency core cooling system — was activated automatically, at 12:35, this system automatically maintained the reactor water level in the predetermined range. However, the operators took manual control to avoid repeated automatic starts and stops of the system in order to preserve DC power for longer, in accordance with station blackout response procedures.

			Seawater injection and power supply line-up for Unit 1

			After approximately 11 hours of water injection into the Unit 1 core, the fresh water in the fire protection water tank was almost completely depleted. As a result, freshwater injection into Unit 1 was stopped at 14:53 on 12 March. The Site Superintendent then decided to inject sea water into the Unit 1 reactor from the Unit 3 backwash valve pit, where sea water had pooled after the tsunami, as it was the only available source of water at that time. The arrangements for seawater injection were completed in just over half an hour.

			Around the same time, work to connect the mobile voltage power supplies49 to Units 1 and 2 using an undamaged transformer in Unit 2 was completed, and a low voltage grid for supply of AC power to Unit 1 was re-energized at 15:30 on 12 March.

			Nearly 24 hours after the station blackout, seawater injection and AC power supply were connected to Unit 1. However, within minutes of connection, an explosion in the Unit 1 reactor building damaged both of these arrangements before they could be put in use.

			Box 2.3. Containment venting

			As a measure to improve the ability to cope with severe accidents, ‘hardened vents’ (i.e. pressure relief devices with relatively thick walled discharge piping) were installed in the units at the Fukushima Daiichi NPP in the 1990s following a regulatory decision [22, 23]. The aim was to prevent overpressurization of the primary containment by allowing venting (see the figure below). Although the preferred path of venting was from the suppression chamber, in order to benefit from the removal of radioisotopes by the water pool, the vent path included another route from the dry well. Either path could be aligned by manipulating valves from the main control room, controlling the amount and duration of the release through a stack shared between the pair of units.

			In the Fukushima Daiichi NPP, the vent line also contained a rupture disc that was set to break when the containment pressure exceeded a pre-set pressure, thereby preventing premature venting. The underlying philosophy in Japan was not to vent until it was inevitable, and as a last resort for maintaining the integrity of the primary containment in order to delay or prevent the direct release of radioactive material to the environment.
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			Explosion in the Unit 1 reactor building

			At 15:36 on 12 March, an explosion occurred on the service floor of the Unit 1 reactor building, causing damage to the upper building structure and injuring workers. Although the explosion did not seem to damage the primary containment, there was extensive damage to the secondary containment (the reactor building). The cause of the explosion was unknown to the plant staff, but it was suspected that hydrogen had been released from the core and had escaped from the primary containment via an unknown path. Consequently, the on-site emergency response centre requested evacuation of staff from the areas in and around Units 1–4, including the two main common control rooms, except for the three most senior level staff.

			Approximately three hours after the explosion in Unit 1 (four hours after venting of the Unit 1 containment), at 18:25 on 12 March, the Government extended the evacuation zone to 20 km.

			Injection of sea water into Unit 1

			The explosion in Unit 1 not only caused serious damage to the seawater injection and temporary electrical power line assemblies, but also hindered their repair because of the rubble scattered around the site and the locally high dose rates from contaminated rubble. After an evacuation lasting about two hours, teams returned to repair or replace damaged equipment.

			After the repair and replacement of damaged equipment, water injection into the Unit 1 reactor, using fire engines and sea water from the Unit 3 backwash valve pit, started at 19:04 on 12 March and continued50 afterwards. Boric acid was added later to address re-criticality concerns for ensuring the fundamental safety function of reactivity control. Overall, between the end of freshwater injection and the start of seawater injection, the Unit 1 core was without cooling for nearly four hours.

			Loss of Unit 3 core cooling

			While Unit 1 was assigned the highest priority with respect to the maintenance of the fundamental safety functions during the first day and a half after the earthquake and the tsunami, the core cooling situation in Unit 3 became a cause of concern on the morning of Sunday 13 March.

			After 14 hours of continued operation of the emergency high pressure coolant injection system, the Unit 3 operators became concerned about the reliability and possible failure of the system’s turbine powering the injection pump, which was by then operating at low reactor steam pressure. The concern was related to the possibility of turbine damage and the creation of a release path from the reactor vessel. This would result in an uncontrollable release of radioactive steam directly outside the primary containment. This concern was heightened when the turbine did not automatically stop, as it was designed to, when the reactor pressure decreased below the automatic shutoff pressure.

			Consequently, the operators decided to stop the high pressure coolant injection system and instead use the alternative means of injection at low pressure (the diesel driven fire pump). The operators thought this could be achieved without interruption of core cooling, since the reactor pressure was already below that of the diesel driven fire pump and could be kept low by the use of pressure relief valves. The Unit 3 emergency high pressure core injection system was therefore turned off by the operators, who then started their attempts to open the pressure relief valves.

			However, all attempts to open the pressure relief valves failed, and reactor pressure quickly increased above the level at which the diesel driven fire pump could inject, stopping the cooling of the Unit 3 core about 35 hours after the station blackout. Faced with this setback, the operators tried for nearly 45 minutes to return to injection via the emergency high pressure coolant injection system but were unsuccessful. Without any capability to cool the reactor, an emergency report for ‘loss of reactor cooling function’ as defined in the regulations associated with the Nuclear Emergency Act [19] was issued for Unit 3 at 05:10 on 13 March. The Unit 3 core remained without cooling for the hours that followed, and Unit 3 became the next unit to lose core cooling.

			After the loss of cooling, an alternative water injection method to cool the Unit 3 core utilizing the fire engines was ordered by the Site Superintendent at 05:15. In view of the deteriorating conditions, he also ordered the Unit 3 containment venting path to be lined up.

			Unit 3 alternative core cooling and containment venting

			The fire engines from Units 5 and 6 were dispatched to Unit 3 and work began at 05:21 on 13 March to establish a line for injecting sea water into the Unit 3 core from the Unit 3 backwash valve pit through the fire protection lines. An additional fire engine arrived from the Kashiwazaki-Kariwa NPP at 06:30. The seawater injection line was completed within an hour. However, its use was postponed by the Site Superintendent as a result of a communication from TEPCO Headquarters51. As a result, the injection line was changed back to the borated freshwater source through the fire protection line using fire engines.

			The efforts to reduce the reactor pressure below the fire engine pump pressure in order to maintain water injection required the activation of the pressure relief valves. This was achieved by use of DC batteries from cars, which were collected in the common main control room of Units 3 and 4.

			Meanwhile, the Unit 3 venting line arrangement was also completed in a little more than three hours, at 08:41 on 13 March, but the containment pressure was still below the containment design pressure, not high enough to cause the bursting of the rupture disc as designed. As efforts continued to reduce the reactor pressure by opening the safety relief valve, the operators in the main control room observed a drop in the reactor pressure in the Unit 3 reactor at 09:08, although the valve status indicators did not conclusively show whether or not the valves were in the open position. Along with this depressurization of the reactor vessel, there was a pressure surge in the primary containment, indicating a discharge from the reactor vessel to the containment vessel. Eventually, at 09:20 on 13 March, the containment pressure exceeded the maximum design pressure of the containment and, subsequently, the containment pressure dropped rapidly, indicating that the venting of the Unit 3 containment had occurred as a result of the bursting of the rupture disc.

			Following reactor depressurization, achieved by opening additional safety relief valves, the reactor pressure fell below the fire engine pump pressure, and injection of borated fresh water into the Unit 3 reactor started at 09:25, after more than four hours without cooling.

			The venting of the Unit 3 containment was short lived when a valve on the vent line closed52 because of the lack of sufficient air supply to keep it open. After 6.5 hours of effort, the valve was reopened by using a mobile compressor.

			Unit 2 precautionary measures for fundamental safety functions

			At around 10:15 on 13 March, as the conditions for maintaining the relevant fundamental safety functions in Units 1 and 3 became more difficult, the Site Superintendent ordered the containment vent path for Unit 2 to be pre-emptively established. This was intended to take advantage of the still favourable radiological conditions, compared with the other units and site-wide trend53, to conduct work in the Unit 2 reactor building where the valves were to be manipulated. The work was accomplished in 45 minutes, but venting did not occur because the pressure inside the Unit 2 containment was not high enough to burst the rupture disc.

			At around 12:05, the Site Superintendent also ordered precautionary preparations for seawater injection into Unit 2 in case the unit’s operating cooling system failed. For this purpose, fire engines were to be connected to the fire protection lines of Unit 2 to inject water from the backwash valve pit of Unit 3, if needed.

			Injection of sea water into Unit 3 and increase of radiation levels

			As the fresh water from the fire protection tanks was depleted at 12:20 on 13 March, the Site Superintendent decided to inject sea water into the Unit 3 reactor. The fire engines were repositioned, and seawater injection from the backwash valve pit of Unit 3 started nearly one hour later, at 13:12.

			At 14:15 on 13 March, a high radiation dose rate (nearly 1 mSv/h) was measured near the site boundary, and the relevant government agencies were notified at 14:23 of an ‘abnormal site boundary radiation level increase’ as defined in the regulations associated with the Nuclear Emergency Act [19]. Fifteen minutes later, the radiation dose rate exceeded 100–300 mSv/h at the entry doors of the Unit 3 reactor building. As the dose rates measured on the Unit 3 side of the common main control room of Units 3 and 4 exceeded 12 mSv/h, the shift team moved to the Unit 4 side.

			The on-site emergency response centre inferred from these dose levels that radioactive gases had escaped from the Unit 3 reactor, which in turn meant that hydrogen had also escaped. Mindful of the possibility of a hydrogen explosion similar to the one at Unit 1, the Site Superintendent decided, at 14:45, to temporarily evacuate the workers from the common main control room of Units 3 and 4 and from the areas in the vicinity of Unit 3.

			The evacuated areas also included the Unit 3 backwash valve pit area, halting the activities for water injection. The evacuation order was lifted at 17:00, and workers returned to the Unit 3 backwash valve pit area to continue the activities for water injection and venting.

			Establishment of core cooling in Unit 5 

			Meanwhile, the power from the Unit 6 emergency diesel generator was connected at 20:48 on 13 March to the pump of Unit 5’s normal, low pressure, heat removal system, and was activated at 20:54. A reactor water injection line to the reactor of Unit 5 through one of the two residual heat removal systems was lined up and interconnecting pipe valves to the makeup water condensate system were opened, 53 hours after the station blackout. However, water injection did not occur, since the reactor pressure had gradually risen and exceeded the injection pressure. In response, a safety relief valve was opened, making use of available DC power and nitrogen supplies. This was successful in reducing the pressure in the reactor pressure vessel and allowed water injection into the Unit 5 reactor at 05:30 on 14 March, which continued afterwards.54

			Loss of seawater cooling in Units 1 and 3 

			As the injection of sea water into Units 1 and 3 from the Unit 3 backwash valve pit continued into Monday, 14 March, the water in the pit fell to such a low level that injection had to be halted at 01:10. After the intake hose was lowered deeper into the pit, the remaining pit water was reserved for injection into Unit 3, which resumed two hours later. Unit 1 core cooling was postponed until the pit could be refilled.

			In the following hours, the Unit 3 containment pressure was found to be increasing and the reactor water level indication continued to decrease. The reactor water level in Unit 3 went off-scale at 06:20 on 14 March, indicating to the operators that the core was uncovered. The Site Superintendent ordered an evacuation of all workers because of concern about a possible hydrogen explosion in Unit 3, halting the pit refilling activities.

			The containment pressure in Unit 3 reached a maximum at 07:00, but was found to be slightly lower at 07:20. It subsequently remained stable below maximum design pressure. The Site Superintendent then decided to resume the work to establish a line to refill the backwash valve pit from the ocean. In the next two to four hours, the seawater injection lines for all units were re-established, and refilling of the pit commenced, utilizing two additional fire engines to pump water from the ocean and tanker trucks from the Japan Self-Defense Force, which arrived at the site at 10:26, to carry water to the pit.

			Seawater injection into Unit 1 was ready to be resumed when all activities, including the ongoing seawater injection into the Unit 3 reactor, had to stop because of the explosion in Unit 3. This damaged the hoses and fire engines around the Unit 3 backwash valve pit and necessitated a temporary evacuation of workers from the outside areas.

			Explosion in the Unit 3 reactor building

			At 11:01 on 14 March, an explosion occurred in the upper part of the Unit 3 reactor building, destroying the structure above the service floor and injuring workers. In addition to the destruction of the alternative water injection arrangement, the capability to vent the containment in Unit 2 was also lost as a result of the explosion, which affected the previously set up Unit 2 containment venting path. After the explosion, the isolation valve on the Unit 2 vent line was discovered to be closed and could not be reopened.

			Restart of seawater cooling in Units 1 and 3

			The work to re-establish the seawater injection line, this time directly from the ocean, was started again after a break of two hours. After restoration of injection lines, seawater injection was recommenced first for Unit 3 in the afternoon of 14 March and later in the evening for Unit 1. The cores had been without cooling water injection for 5 hours in Unit 3 and for 18 hours in Unit 1.

			Loss of cooling and seawater injection in Unit 2

			At around 13:00 on 14 March, Unit 2 became the next unit to experience loss of cooling, with measurements showing that the reactor water level had decreased and that the reactor pressure had increased. This pointed to the possible failure of the Unit 2 reactor core isolation cooling system, as inferred by the unit operators and the on-site emergency response centre. As a result, a ‘loss of reactor cooling functions’ report as defined in the regulations associated with the Nuclear Emergency Act [19] was issued for Unit 2.

			After the failure of the reactor core isolation cooling system, seawater injection through the fire protection system was attempted at 13:05, but the reactor pressure was too high for the fire engine pumps. It seemed likely that, without water injection, the core would be uncovered very soon. It was therefore decided to use the relief valves to depressurize the reactor in order to enable water injection at low pressure, while recognizing the potential adverse impact on the confinement as a result of the release of steam from the reactor into the containment.55

			After reactor vessel depressurization and refuelling of the fire engines, seawater injection into Unit 2 through the fire protection system began shortly before 20:00 on 14 March, first with one fire engine and soon afterwards with two.

			Degradation of the Unit 2 confinement

			At around 21:55 on 14 March, recently restored radiation monitoring equipment inside the containment indicated that the radiation levels in the Unit 2 containment had increased substantially since the previous measurements taken eight hours earlier.56 Also, both the reactor and containment pressures showed an increasing trend after 22:30 on 14 March. The containment pressure exceeded the design pressure at 22:50, prompting an emergency declaration of an ‘unusual rise of pressure in containment vessel’ in accordance with the regulations associated with the Nuclear Emergency Act [19] for Unit 2. This condition was reported to the relevant government authorities at 23:39. Over the next three to four hours, more relief valves were opened to decrease reactor pressure in order to allow water injection into the Unit 2 reactor. As a consequence, the containment pressure increased further while the unit operations team tasked with establishing the venting line to relieve containment pressure was unable to open the vent valves. In order to protect the confinement function and permit venting as soon as possible, TEPCO staff at the emergency on-site and off-site centres agreed to vent directly from the dry well, recognizing that this would increase radioactive releases to the environment. However, it was not possible to open the valves on the dry well vent either, and consequently Unit 2 venting could not be accomplished.

			At 04:17 on Tuesday 15 March, the relevant government agencies were notified that depressurization of the Unit 2 containment and of the reactor had not been effective and that containment pressure continued to increase.

			Events in Units 2 and 4 followed by site evacuation

			At 06:14 on 15 March, an explosion was heard on the site and tremors were felt in the common main control room of Units 1 and 2. This was followed by a drop in the pressure reading of the Unit 2 containment (suppression chamber). The staff in the main control room initially reported to the on-site emergency response centre that the Unit 2 suppression chamber pressure had dropped to near atmospheric pressure57, indicating potential loss of the confinement function.

			This information indicated a possible containment vessel failure and the possibility of uncontrolled releases from Unit 2. On this basis, the on-site emergency response centre ordered all personnel in all the units to temporarily evacuate to the seismically isolated building where the on-site emergency response centre was located. At about the same time as the event associated with the Unit 2 suppression chamber, an explosion in the upper part of the Unit 4 reactor building was reported by the evacuating personnel.

			Following the events in Units 2 and 4, all personnel except those required for monitoring and emergency response were instructed by the Site Superintendent to go to a radiologically safe location. Approximately 650 people understood this order as a site evacuation and evacuated to the Fukushima Daini NPP. An estimated 50–70 staff58, including the Site Superintendent, remained at the Fukushima Daiichi site. The relevant government agencies were informed of the evacuation by the on-site emergency response centre at 07:00 on 15 March.

			About two hours later, white smoke (or steam) was observed being released from the Unit 2 reactor building near the fifth floor. A radiation dose rate measurement of nearly 12 mSv/h was recorded at the main gate at 09:00 on 15 March, the highest measurement since the beginning of the accident. Because of the high radiation levels, an order was issued by government authorities, two hours later, at 11:00, requiring all residents within a 20–30 km radius of the Fukushima Daiichi NPP to take shelter indoors.

			During this sequence of events, fundamental safety functions of Units 1–3 were lost or severely degraded (Fig. 2.5), and efforts focused on damage assessment and restoration and stabilization of those functions.
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					FIG. 2.5. Fundamental and supporting safety functions in the accident response at the Fukushima Daiichi NPP (11–15 March 2011).
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					FIG. 2.5. Fundamental and supporting safety functions in the accident response at the Fukushima Daiichi NPP (11–15 March 2011) (cont.).

				


			2.1.3.	Stabilization efforts

			Replenishment of the spent fuel pool at Units 3 and 4

			A remote visual inspection from a helicopter to address concerns about the status of the Unit 3 and 4 spent fuel pools was conducted in the afternoon of Wednesday, 16 March. The inspection confirmed that there was sufficient water in the Unit 4 spent fuel pool to cover the fuel assemblies; however, observations were not conclusive for Unit 3’s spent fuel pool, making its replenishment a high priority.

			The first supply of water to the Unit 3 spent fuel pool was made between 09:30 and 10:00 on 17 March, when helicopters dropped sea water. Fresh water was sprayed by water cannon trucks later on the same day between 19:05 and 20:07. Sea water or fresh water was sprayed into the Unit 4 spent fuel pool starting on 20 March59.

			Spraying into the pools using water cannon and fire engine trucks or concrete pump vehicles continued intermittently in March, to ensure that the spent fuel was not exposed. The fuel pool cooling and cleanup system was also utilized in April and well into May 2011.

			Restoration of power supplies and end of the station blackout

			Between 17 and 20 March, work was carried out to lay temporary power cables to Units 1 and 2. At 15:46 on Sunday 20 March, almost exactly nine days after the station blackout, off-site power was restored to Units 1 and 2 through this temporary AC power system, ending the blackout in Units 1 and 2.

			
			
		
			
			
			
			In Unit 6, power was restored to the cooling system of the second water cooled emergency diesel generator through a power line connected to the operating air cooled generator. The water cooled emergency diesel generator began operation again at 04:22 on 19 March, supplying AC power to Units 5 and 6.

			The blackout at Units 3 and 4 ended after more than 14 days, when temporary off-site power to these two units was restored on 26 March.

			Achieving stable conditions

			Unit 5 was the first unit to reach cold shutdown mode when its normal residual heat removal system was put into service, at 12:25 on 20 March. The reactor temperature decreased below 100°C in approximately two hours, placing Unit 5 in the cold shutdown mode at 14:30 on 20 March 2011, nearly nine days after the beginning of the accident.

			The normal residual heat removal system of Unit 6 was put back in service, in a manner similar to that at Unit 5, at 18:48 on the same day. The reactor temperature decreased below 100°C in less than one hour, placing Unit 6 in the cold shutdown mode at 19:27 on 20 March (Fig. 2.6).
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			FIG. 2.6. Temporary restoration of fundamental safety functions at the Fukushima Daiichi NPP.


			For Units 1–3, TEPCO issued an action plan on 17 April 2011, the Roadmap towards Restoration from the Accident at the TEPCO Fukushima Daiichi Nuclear Power Station [24]. The roadmap included measures to be taken for: the establishment of stable cooling of the reactors and spent fuel; reduction and monitoring of radioactive releases; control of hydrogen accumulation; and prevention of return to criticality. These actions were implemented in the nine months following the accident.

			The roadmap established two conditions that would define the end of the accident state, or ‘cold shutdown state’60: achievement of significant suppression of radiological releases and steady decline of radiation dose rates; and achievement of target values for certain plant parameters as prescribed in the roadmap. The Government of Japan and TEPCO announced on 19 July that the first condition had been achieved in Units 1–3 and, on 16 December 2011, that the second condition had been achieved for these units. This announcement officially61 brought the ‘accident’ phase of events at the Fukushima Daiichi NPP to a close.

			However, some unstable plant conditions continued, such as fluctuations in temperatures, which had been explained as being caused by instrumentation failures, or fluctuations in the measurement of fission products. More stable plant parameters were achieved between March and April 2012, while post-accident management efforts continued. Additionally, challenges in the management of waste, such as difficulties in dealing with the accumulation of radioactive water due to groundwater ingress to the buildings and occasional failures of equipment, continued. At the time of writing, the Government of Japan considered the Fukushima Daiichi NPP a ‘specified facility as an accident site’62.

			2.2.	NUCLEAR SAFETY CONSIDERATIONS

			2.2.1.	Vulnerability of the plant to external events

			The earthquake on 11 March 2011 caused vibratory ground motions that shook the plant structures, systems and components. It was followed by a series of tsunami waves, one of which inundated the site. Both the recorded ground motions and the heights of the tsunami waves significantly exceeded the assumptions of hazards that had been made when the plant was originally designed. The earthquake and the associated tsunami impacted on multiple units at the Fukushima Daiichi NPP.

			The seismic hazard and tsunami waves considered in the original design were evaluated mainly on the basis of historical seismic records and evidence of recent tsunamis in Japan. This original evaluation did not sufficiently consider tectonic-geological criteria and no re-evaluation using such criteria was conducted.

			Prior to the earthquake, the Japan Trench was categorized as a subduction zone with a frequent occurrence of magnitude 8 class earthquakes; an earthquake of magnitude 9.0 off the coast of Fukushima Prefecture was not considered to be credible by Japanese scientists. However, similar or higher magnitudes had been registered in different areas in similar tectonic environments in the past few decades.

			There were no indications that the main safety features of the plant were affected by the vibratory ground motions generated by the earthquake on 11 March 2011. This was due to the conservative approach to earthquake design and construction of NPPs in Japan, resulting in a plant that was provided with sufficient safety margins. However, the original design considerations did not provide comparable safety margins for extreme external flooding events, such as tsunamis.

			The vulnerability of the Fukushima Daiichi NPP to external hazards had not been reassessed in a systematic and comprehensive manner during its lifetime. At the time of the accident, there were no regulatory requirements in Japan for such reassessments and relevant domestic and international operating experience was not adequately considered in the existing regulations and guidelines. The regulatory guidelines in Japan on methods for dealing with the effects of events associated with earthquakes, such as tsunamis, were generic and brief, and did not provide specific criteria or detailed guidance.

			Before the accident, the operator had conducted some reassessments of extreme tsunami flood levels, using a consensus based methodology developed in Japan in 2002, which had resulted in values higher than the original design basis estimates. Based on the results, some compensatory measures were taken, but they proved to be insufficient at the time of the accident.

			In addition, a number of trial calculations were performed by the operator before the accident, using wave source models or methodologies that went beyond the consensus based methodology. Thus, a trial calculation using the source model proposed by the Japanese Headquarters for Earthquake Research Promotion in 2002, which used the latest information and took a different approach in its scenarios, envisaged a substantially larger tsunami than that provided for in the original design and in estimates made in previous reassessments. At the time of the accident, further evaluations were being conducted, but in the meantime, no additional compensatory measures were implemented. The estimated values were similar to the flood levels recorded in March 2011.

			Worldwide operating experience has shown instances where natural hazards have exceeded the design basis for an NPP. In particular, the experience from some of these events demonstrated the vulnerability of safety systems to flooding.

			Box 2.4. Tsunamis [25]

			A tsunami — in Japanese meaning a wave (‘nami’) in a harbour (‘tsu’) — is a series of travelling waves of long wave length (e.g. from kilometres to hundreds of kilometres) and period (e.g. several minutes to tens of minutes, and, exceptionally, hours), generated by deformation or disturbances of the sea floor (or, in generic terms, underwater floor). Earthquakes, volcanic phenomena, underwater and coastal landslides, rock falls or cliff failures can generate a tsunami. Tsunamis can occur in all oceanic regions and sea basins of the world and even in fjords and large lakes.

			Tsunami waves propagate outward from the generating area in all directions, with the main direction of energy propagation determined by the dimensions and orientation of the generating source. During propagation of the tsunami in deep water, they proceed as ordinary gravity waves, with a speed depending on the depth of water. For example, in deep ocean, speeds could exceed 800 km/h, with a wave height generally less than a few tens of centimetres and, in the case of an earthquake source, with wave lengths often exceeding 100 km. During the propagation, submarine topography affects the speed and height of the tsunami wave. Refraction, reflection from a sea mount or its chain (archipelago) and diffraction are important factors affecting the propagation of tsunami waves in deep water.

				Tsunami waves become steeper and increase in height on approaching shallow water because wave speed is reduced and wave length is shortened when the depth decreases. In a coastal zone, local topography and bathymetry, such as a peninsula or submarine canyon, may cause an additional increase in wave heights which can also be amplified by the presence of a bay, an estuary, a harbour or lagoon funnels as a tsunami moves inland. Several large waves may occur and the first may not be the largest. A recession of the sea may also occur before the first wave and between each consecutive flooding. A tsunami may cause inland inundation because its wave length is so long that a huge mass of water follows behind the wave front. This can have a destructive impact.

			

			The IAEA safety standards in force at the time of the accident required that before the construction of an NPP, site specific external hazards, such as earthquakes and tsunamis, need to be identified, and the impacts of these hazards on the NPP need to be evaluated as part of a comprehensive and full characterization of the site [26]. Adequate design bases are required to be established to provide sufficient safety margins over the lifetime of the NPP [27]. These margins need to be sufficiently large to address the high level of uncertainty associated with the evaluation of external events. Site related hazards also need to be periodically reassessed in order to identify any need for change as a result of new information and knowledge during the life of the plant [26].

			In the 1960s and 1970s, it was common international practice to use historical records when applying methods for estimating seismic and concomitant (e.g. tsunami) hazards. This common practice included increasing safety margins by increasing the maximum recorded historical seismic intensity or magnitude in the site region and assuming that such an event would occur at the closest distance to the site [28]. This was done to account for the uncertainties in the observations of intensities or magnitudes, as well as to compensate for the fact that the maximum potential values might not be attained in a relatively short period of observation when, typically, the observation period needs to include pre-historical data in order to provide robust estimates for the hazard assessment. However, the seismic hazard assessment for the design of Units 1 and 2 at the Fukushima Daiichi NPP was conducted mainly on the basis of regional historical seismic data without increasing the safety margins as described above. During the process of obtaining construction permits for the later units, a new methodology was applied using a combination of historical earthquake information and the geomorphological fault dimensions [16, 29].

			The information regarding the ‘inland’ faults was taken from official sources as well as from specific surveys conducted by the operator, and conservative parameters were assumed in the analysis to predict the magnitude of a possible earthquake. For the Japan Trench, an earthquake of magnitude 8 class was originally estimated as the maximum event without (i) sufficient tectonic based justification and (ii) use of global analogues, and based largely on observed historical data.

			Large magnitude earthquakes (M 9) had occurred elsewhere in the Pacific ‘ring of fire’, for example in Chile in 1960 and in Alaska in 1964, shortly before Fukushima Daiichi Unit 1 was given the construction licence. These earthquakes did not lead to a consensus among Japanese seismologists that such an event would be possible close to the shores of Japan in a tectonic environment similar to those that generated earthquakes in other areas of the Pacific tectonic plate.

			In the original assessment of external flooding hazards used in the ‘Establishment Permit’ for the plant, the plant designers applied the methodology and criteria prevalent in Japan at the time, which were based on the study and interpretation of historical records of earthquakes and tsunamis. The distant tsunami that occurred following one of the world’s largest known earthquakes in Chile in 1960 was the event used for design purposes against external flooding. This event resulted in a tsunami height observed at Onahama Port in Fukushima Prefecture of 3.1 m above sea level.

			With regard to the tsunami sources located at the Japan Trench off the eastern coast, there was a lack of historical records of tsunami flood levels at the location of the Fukushima Daiichi site, as well as a lack of evidence of the occurrence of earthquakes in the area offshore of the site. The absence of data on nearby tsunami sources supported the adopted maximum flood level of 3.1 m for design purposes. TEPCO did not consider large magnitude earthquakes that had occurred elsewhere and did not postulate them as a local tsunami source at the Japan Trench.

			Despite the lack of regulatory requirements in Japan for conducting a reassessment of seismic hazards and tsunami hazards, TEPCO had conducted several reassessments over the lifetime of the Fukushima Daiichi NPP [30]. TEPCO and other operating organizations in Japan had reassessed tsunami flood levels using a methodology developed by the Japan Society of Civil Engineers and published in 2002 [31]. This methodology used a standard source model for near or local tsunamis, based on historical data, in which no earthquake generating a tsunami is assumed to occur along the Japan Trench offshore of the Fukushima Daiichi site. The assumption of the standard source model, as described above, was applied in all evaluations that were performed using this methodology.

			The 2006 guidelines of the Nuclear Safety Commission of Japan (NSC) [32] required consideration of inter-plate earthquakes as well as inland crustal earthquakes. These guidelines on seismic safety and associated events were used for evaluating seismic hazards, but the guidelines on tsunami hazards included only generic and brief statements and did not provide specific requirements, criteria or methodology. These earthquakes were considered by TEPCO as magnitude 8 class during its ‘back-checking’ of seismic safety as requested by the Nuclear and Industrial Safety Agency (NISA). However, owing to the distance of the site from those inter-plate earthquakes, the approach provided smaller hazard values associated with this tectonic structure when compared with the inland seismogenic sources. Consequently, their impact on the ground motion hazard was not considered. At the time of the accident, TEPCO had not completed the re-assessment of the vulnerability of the plant to earthquakes and tsunamis.

			In 2009, TEPCO estimated a value of 6.1 m for the maximum tsunami height, using the latest bathymetric and tidal data. As a result of this new estimate, some design changes were made at the Fukushima Daiichi NPP, notably raising the motors of the pumps used for the removal of residual heat. During the accident, this measure alone proved to be insufficient. No other safety measures had been implemented to enhance flood protection, such as measures to avoid the flooding of emergency diesel generators.

			In addition to the reassessments employing the methodology of the Japan Society of Civil Engineers, trial calculations of the tsunami water flood levels were performed by TEPCO before the accident. One of these trial calculations [30] applied the source model proposed by the Headquarters for Earthquake Research Promotion, which used the latest information and considered different scenarios [30, 33]. This approach examined the potential of the Japan Trench off the coast of Fukushima Prefecture to cause tsunamis. It did not rely only on historical tsunami records for this part of the tectonic subduction zone.

			The new approach, applied between 2007 and 2009, postulated an earthquake of magnitude 8.3 off the Fukushima coast. Such an earthquake could lead to a tsunami runup of around 15 m at the Fukushima Daiichi NPP (similar to the actual tsunami height on 11 March 2011), which would inundate the main buildings. On the basis of this new analysis, TEPCO, NISA and other organizations in Japan considered that further studies and investigations were needed. TEPCO and other electrical utilities requested the Japan Society of Civil Engineers to review the appropriateness of the tsunami source models; these efforts were in progress in March 2011.

			TEPCO did not take interim compensatory measures in response to these increased estimates of tsunami height, nor did NISA require TEPCO to act promptly on these results [30].

			Notwithstanding the difficulties and uncertainties in the seismic hazard assessment, the events at the Fukushima Daiichi NPP demonstrated the robustness of Japanese NPPs in relation to earthquake vibratory ground motions. On 11 March 2011, the maximum accelerations recorded at the base mat of the reactor buildings of Fukushima Daiichi Units 1–5 were significantly larger than had been estimated when the plant was designed. However, there were no indications that the ground motion caused notable damage to safety related structures, systems or components [34]. However, the defences against tsunami induced flooding proved inadequate against tsunami wave heights that were much larger than those used in the design of the Fukushima Daiichi NPP. A scenario involving simultaneous extreme natural hazards and affecting multiple units was not considered in the design of the Fukushima Daiichi NPP. The timely provision of resources for the implementation of severe accident management actions at the Fukushima Daiichi NPP was compromised by the disruption off-site at the regional level due to the extensive damage caused to the infrastructure by the earthquake and the tsunami.

			NPP operating experience in Japan and elsewhere in the 12 years prior to the accident showed the potential for severe consequences from flooding. The relevant operating experience included: a storm surge causing flooding at two reactors at the Le Blayais NPP in France in 1999; the Indian Ocean tsunami in 2004, which flooded seawater pumps at the Madras Atomic Power Station in India; and the Niigata-Chuetsu-Oki earthquake in Japan in 2007. The latter affected TEPCO’s Kashiwazaki-Kariwa NPP, causing flooding of the reactor building of Unit 1 owing to the failure of the underground external fire extinguishing piping [35–38].

			2.2.2.	Application of the defence in depth concept

			Defence in depth is a concept that has been applied to ensure the safety of nuclear installations since the start of nuclear power development. Its objective is to compensate for potential human and equipment failures by means of several levels of protection. Defence is provided by multiple and independent means at each level of protection.

			The design of the Fukushima Daiichi NPP provided equipment and systems for the first three levels of defence in depth: (1) equipment intended to provide reliable normal operation; (2) equipment intended to return the plant to a safe state after an abnormal event; and (3) safety systems intended to manage accident conditions. The design bases were derived using a range of postulated hazards; however, external hazards such as tsunamis were not fully addressed. Consequently, the flooding resulting from the tsunami simultaneously challenged the first three protective levels of defence in depth, resulting in common cause failures of equipment and systems at each of the three levels.

			The common cause failures of multiple safety systems resulted in plant conditions that were not envisaged in the design. Consequently, the means of protection intended to provide the fourth level of defence in depth, that is, prevention of the progression of severe accidents and mitigation of their consequences, were not available to restore the reactor cooling and to maintain the integrity of the containment. The complete loss of power, the lack of information on relevant safety parameters due to the unavailability of the necessary instruments, the loss of control devices, and the insufficiency of operating procedures made it impossible to arrest the progression of the accident and to limit its consequences.

			The failure to provide sufficient means of protection at each of level of defence in depth resulted in severe reactor damage in Units 1, 2 and 3 and in significant radioactive releases from these units.

			The earthquake on 11 March 2011 caused major damage to the infrastructure in the region, including the loss of connections from the off-site power grid to the Fukushima Daiichi NPP. This resulted in a deviation from the normal operation of the plant (defence in depth Level 1). After the earthquake, power supply was successfully provided from on-site sources, and all safety systems at defence in depth Level 3 continued to function as designed. This indicated that the safety systems and equipment withstood the seismic hazard [8].

			The plant was built close to sea level and protection against flooding hazards was not sufficient, as the risk of flooding was not appropriately estimated [27]. Key safety equipment was not protected in leaktight compartments or by locating it at higher elevations to provide protection from flooding. This led to the loss of provisions for residual heat removal and containment cooling at defence in depth Levels 1, 2 and 3.

			Box 2.5. The concept of defence in depth applicable at the time of the accident [27]

			The concept of defence in depth, as applied to all safety activities, whether organizational, behavioural or design related, ensures that they are subject to overlapping provisions, so that if a failure were to occur, it would be detected and compensated for or corrected by appropriate measures. The concept has been further elaborated since 1988 [39, 40]. Application of the concept of defence in depth throughout design and operation provides a graded protection against a wide variety of transients, anticipated operational occurrences and accidents, including those resulting from equipment failure or human action within the plant, and events that originate outside the plant.

			Application of the concept of defence in depth in the design of a plant provides a series of levels of defence (inherent features, equipment and procedures) aimed at preventing accidents and ensuring appropriate protection in the event that prevention fails.

			(1) The aim of the first level of defence is to prevent deviations from normal operation, and to prevent system failures. This leads to the requirement that the plant be soundly and conservatively designed, constructed, maintained and operated in accordance with appropriate quality levels and engineering practices, such as the application of redundancy, independence and diversity. To meet this objective, careful attention is paid to the selection of appropriate design codes and materials, and to the control of fabrication of components and of plant construction. Design options that can contribute to reducing the potential for internal hazards (e.g. controlling the response to a postulated initiating event), to reducing the consequences of a given postulated initiating event, or to reducing the likely release source term following an accident sequence contribute at this level of defence. Attention is also paid to the procedures involved in the design, fabrication, construction and in-service plant inspection, maintenance and testing, to the ease of access for these activities, to the way the plant is operated and to how operational experience is utilized. This whole process is supported by a detailed analysis which determines the operational and maintenance requirements for the plant.

			(2) The aim of the second level of defence is to detect and intercept deviations from normal operational states in order to prevent anticipated operational occurrences from escalating to accident conditions. This is in recognition of the fact that some postulated initiating events are likely to occur over the service lifetime of an NPP, despite the care taken to prevent them. This level necessitates the provision of specific systems as determined in the safety analysis and the definition of operating procedures to prevent or minimize damage from such postulated initiating events.

			(3) For the third level of defence, it is assumed that, although very unlikely, the escalation of certain anticipated operational occurrences or postulated initiating events may not be arrested by a preceding level and a more serious event may develop. These unlikely events are anticipated in the design basis for the plant, and inherent safety features, fail-safe design, additional equipment and procedures are provided to control their consequences and to achieve stable and acceptable plant states following such events. This leads to the requirement that engineered safety features be provided that are capable of leading the plant first to a controlled state, and subsequently to a safe shutdown state, and maintaining at least one barrier for the confinement of radioactive material.

			(4) The aim of the fourth level of defence is to address severe accidents in which the design basis may be exceeded and to ensure that radioactive releases are kept as low as practicable. The most important objective of this level is the protection of the confinement function. This may be achieved by complementary measures and procedures to prevent accident progression, and by mitigation of the consequences of selected severe accidents, in addition to accident management procedures. The protection provided by the confinement may be demonstrated using best estimate methods.

			(5) The fifth and final level of defence is aimed at mitigation of the radiological consequences of potential releases of radioactive materials that may result from accident conditions. This requires the provision of an adequately equipped emergency control (see Section 3 on Emergency Preparedness and Response).

			A relevant aspect of the implementation of defence in depth is the provision in the design of a series of physical barriers to confine the radioactive material at specified locations. The number of physical barriers that will be necessary will depend on the potential internal and external hazards, and the potential consequences of failures. The barriers may, typically for water cooled reactors, be in the form of the fuel matrix, the fuel cladding, the reactor coolant system pressure boundary and the containment.

			

			The flooding was the common cause of failure of the emergency power supply system, the near complete loss of systems providing DC power to measuring and control devices, and the destruction of the structures and components providing seawater cooling for the plant.

			The objectives of defence in depth Level 4 are the prevention of accident progression and the mitigation of the consequences of a severe accident. For actions at Level 4, the operators needed to use all available means to supply water to the reactor in order to ensure the adequate removal of residual heat. This required the availability of instruments which provide reliable information on the key safety parameters and simple, reliable means for pressure relief in the reactor. In addition, the operators needed clear guidance and to be trained to be able to initiate accident management measures [41].

			As the accident progressed, operators lost the ability to reliably measure important safety parameters from the control room. This information was needed to assess the reactor status and to take well informed decisions on unusual actions and methods to cool the reactors. Nevertheless, the operators gave high priority to reactor cooling and managed to quickly prepare water supply lines with the intention of injecting coolant into the reactors using available low pressure pumps. However, the attempts to relieve reactor pressure failed because no provisions had been made to carry out this function after a complete loss of power. The required control power could not be restored in time to prevent core damage [8].

			The last physical barrier included in defence in depth Level 4 is the reactor containment. Its purpose is to mitigate the consequences of accidents by preventing large radioactive releases to the environment after reactor damage. Depending on the containment type, various systems or kinds of equipment are needed to protect the containment against physical phenomena associated with core damage accidents that could challenge the containment integrity. The units at the Fukushima Daiichi NPP included means for the controlled venting of the containment to relieve the overpressure that might be caused by a steam leakage from the reactor cooling circuit. In addition, the atmosphere inside the containment was filled with inert nitrogen in order to eliminate hydrogen burn and prevent possible explosions.

			Measurements taken during the accident indicate that the containment pressures of Units 1, 2 and 3 at certain times increased to levels that were near, or higher than, those for which the respective containments had been designed. This increase in pressure was due to the loss of containment cooling systems and the generation of steam by the overheated reactor cores. Although some containment venting systems were successfully opened, indications are that the containments of Units 1, 2 and 3 failed, leading to the release of radioactive material and hydrogen. The nitrogen atmosphere inside the containments had effectively prevented hydrogen burn and explosions from occurring in that confined space. However, as hydrogen leaked from the containments to the reactor buildings, hydrogen explosions occurred at Units 1, 3 and 4 [8].

			The Fukushima Daiichi accident demonstrated that extreme natural hazards have the potential to invalidate or impair multiple levels of defence in depth [42, 43]. A systematic identification and assessment of external hazards and robust protection against these hazards needs therefore to be considered for all levels of defence in depth. Furthermore, the accident showed that alternative design provisions and accident management capabilities could still ensure the supply of cooling water to the reactor even if all prime safety systems designed to protect the reactor against accidents were lost. However, the timely use of such provisions requires instruments that can provide reliable information on the key safety parameters and simple, reliable means to relieve the pressure in the reactor, so that any means can be used to supply cooling water to the reactor.

			2.2.3.	Assessment of the failure to fulfil fundamental safety functions

			The three fundamental safety functions important for ensuring safety are: the control of reactivity in the nuclear fuel; the removal of heat from the reactor core and spent fuel pool; and the confinement of radioactive material. Following the earthquake, the first fundamental safety function — control of reactivity — was fulfilled in all six units at the Fukushima Daiichi NPP.

			The second fundamental safety function — removing heat from the reactor core and the spent fuel pool — could not be maintained because the operators were deprived of almost all means of control over the reactors of Units 1, 2 and 3 and the spent fuel pools as a result of the loss of most of the AC and DC electrical systems. The loss of the second fundamental safety function was, in part, due to the failure to implement alternative water injection because of delays in depressurizing the reactor pressure vessels. Loss of cooling led to overheating and melting of the fuel in the reactors.

			The confinement function was lost as a result of the loss of AC and DC power, which rendered the cooling systems unavailable and made it difficult for the operators to use the containment venting system. Venting of the containment was necessary to relieve pressure and prevent its failure. The operators were able to vent Units 1 and 3 to reduce the pressure in the primary containment vessels. However, this resulted in radioactive releases to the environment. Even though the containment vents for Units 1 and 3 were opened, the primary containment vessels for Units 1 and 3 eventually failed. Containment venting for Unit 2 was not successful, and the containment failed, resulting in radioactive releases.

			Box 2.6. Fundamental safety functions

			The three fundamental safety functions are:

			(1) Control of the reactivity;

			(2) Heat removal;

			(3) Confinement of radioactive material.

			Prior to the accident at the Fukushima Daiichi NPP, there were two accidents involving the failure to maintain one or more of the fundamental safety functions. The accident in 1979 at the Three Mile Island NPP in the United States of America occurred as a result of the loss of the second of these safety functions, but radioactive releases to the environment were successfully prevented by the third function, confinement of radioactive material by the containment vessel. The accident in 1986 at the Chernobyl NPP in the former Soviet Union occurred as a result of the loss of the first of these safety functions. This plant did not have a containment vessel. Consequently, the Chernobyl accident resulted in a very large radioactive release to the environment. The Fukushima Daiichi accident occurred because of the loss of the second and third of these safety functions following a combination of extreme external events.

			

			Control of the reactivity of nuclear fuel in the reactor core

			The safety systems for controlling the reactivity of nuclear fuel in the reactor core are the reactor protection and the control rod drive systems. Prior to the earthquake, Fukushima Daiichi Units 1–3 were operating; Units 4–6 were shut down for maintenance. The reactors of Units 1–3 were automatically shut down by their reactor protection systems, which were activated by the seismic event monitoring equipment. The insertion of reactor control rods by the control rod drive systems terminated the nuclear chain reaction in the nuclear fuel and brought the reactors to a shutdown condition.

			Removal of heat from the nuclear fuel

			Following the shutdown of Units 1–3, residual heat, produced by the ongoing decay of radioactive substances in the fuel, was removed by the reactor cooling systems. This maintained the second fundamental safety function. These cooling systems comprised both closed circulation loops to transfer heat to the sea water and various means to inject water at high and low pressure into the reactor cores to remove this residual heat (see Section 2.1).

			Many of these systems needed AC power to operate, and all of them needed DC power to control their operation. Most sources of power were lost during the course of the accident; this part of the report focuses on the impact of this loss of power.

			Unit 1

			The isolation condenser (see Box 2.2) for cooling Unit 1 started automatically as the result of a high reactor vessel pressure signal. It opened the isolation valves in the condensate return lines (other isolation valves in the lines were open during normal operation) when the reactor shut down following the earthquake. As required by the operating procedures, the isolation condenser system was stopped and restarted several times by the operators to prevent the reactor from cooling down too quickly and causing thermal stress exceeding the reactor pressure vessel design values. This was done by opening and closing the isolation valves in the condensate return lines [8].

			At the time the tsunami inundated the site and electrical power was lost, the operators had just stopped the isolation condenser system by closing a valve on the return line outside the primary containment vessel. Operators had no information available on the isolation condenser valve positions, and it was not until approximately three hours later that they first attempted to manually restart the isolation condenser. The operators were not fully trained to understand how the valves worked under these conditions. They ultimately made two unsuccessful attempts from the main control room to restart the isolation condenser by opening the outer isolation valves. The operators had no procedures to manually operate the isolation condenser. At the time of writing, the exact location of all of the valves in the isolation condenser system was unknown, but indications are that the isolation condenser did not function following the tsunami [8].

			The steam turbine operated high pressure coolant injection system was not available because its DC power was lost.

			Following the loss of the isolation condenser and the high pressure coolant injection system, an alternative means of injecting water into the reactor pressure vessel that relied on low pressure equipment was needed, such as that provided by the pumps for firefighting or fire trucks. The operators prepared the injection pathways in due time, but to be able to inject water at low pressure, it was also necessary to reduce the pressure inside the reactor pressure vessel using the safety relief valves. These valves could not be opened because of the loss of control power and high pressure air. The pressure in both the reactor vessel and in the containment was too high to allow the injection of sufficient water to cool the fuel without venting the containment and depressurizing the reactor pressure vessel. The alternative low pressure water injection systems were thus incapable of injecting water into the reactor pressure vessel.

			The pressure in the reactor vessel remained high until the core was severely damaged. The most likely cause of pressure relief was a breach of the reactor pressure vessel due to melting [44]. The assumption that pressure relief was caused by a breach is supported by the pressure increase in the containment a few hours after indications had been received of severe core damage. The consequent reduction in pressure provided the conditions for the first injection of water into the reactor pressure vessel about 12 hours after the tsunami. However, by this time, significant fuel damage had already occurred [8].

			It is estimated that the damage to the reactor core occurred approximately 4–5 hours after the tsunami, and that the molten core breached the reactor vessel bottom about 6–8 hours after the tsunami. The first signs of radioactive release to the environment were observed about 12 hours after the tsunami, and a large release took place when the Unit 1 containment was vented to prevent its breach, because of the high pressure, about 23 hours after the tsunami. Chemical reactions between fuel cladding and water had generated large quantities of hydrogen, which passed from the reactor pressure vessel into the primary containment vessel and escaped further to the reactor building [8].

			Unit 2

			Unit 2 had a different design for removing residual heat from the reactor core. The reactor core isolation cooling system (see Box 2.2) used steam from the reactor pressure vessel to drive a turbine which pumped water into the reactor vessel. The Unit 2 reactor core isolation cooling system was manually started after off-site power was lost. To remotely operate this system, DC power was needed, and it was designed to operate for at least four hours. However, the system continued to operate in harsh conditions for about 68 hours without DC power and without operator interventions [8]. This system successfully maintained the water level in the reactor pressure vessel above the fuel and ensured the cooling function.

			There are indications that, after about 68 hours, the reactor core isolation cooling system failed. It was therefore no longer possible to inject water into the reactor pressure vessel because it was at high pressure. The water level in the reactor pressure vessel was estimated to drop to the reactor core top in a few hours after the reactor core isolation cooling system stopped functioning. The operators relied on alternative equipment for the low pressure injection of water, similar to that available for Unit 1. After some initial difficulties, they succeeded in reducing the pressure in the reactor pressure vessel by using safety relief valves, although injection was too late to prevent the rapid heating of the fuel and damage to the reactor core.

			The containment venting system failed to relieve the pressure at Unit 2. It is assumed that this failure occurred because the rupture disc did not break. It is estimated that the Unit 2 reactor core began to melt about 76 hours after the tsunami. Radioactive releases started about 89 hours after the tsunami, following the breach of the containment boundary as indicated by the rapid drop in containment pressure [45].

			Unit 3

			In Unit 3, DC power was available for about two days, in contrast to the situation in Units 1 and 2. This meant that the reactor core isolation cooling and the high pressure coolant injection systems using steam driven pumps were available. Initially, the operators were able to maintain water levels in the reactor core by injecting water with the reactor core isolation cooling system. They followed procedures that enabled them to maximize the battery life available for the reactor core isolation cooling system [8].

			In addition, steam relief from the reactor pressure vessel to the suppression chamber was available, and the suppression chamber pressure could be controlled using spray water provided by fire pumps. This situation lasted for 20 hours, until the reactor core isolation cooling system stopped and could not be restarted. The high pressure coolant injection system started automatically injecting water into the reactor pressure vessel to maintain the water level.

			The high pressure coolant injection system is intended to rapidly refill the reactor pressure vessel following a leak in the reactor coolant system. This system was very effective in reducing pressure in the reactor pressure vessel. However, this led to a situation where inlet steam pressure to the pump turbine dropped below the pump’s specifications, and the efficiency of the pump decreased significantly. The operators decided to shut down the system after about 14 hours because of concerns that the system could fail and begin to leak radioactive material outside the containment.

			Following the shutdown of the high pressure coolant injection system, operators prepared an injection line to the reactor vessel and were prepared to inject sea water into the reactor vessel. However, due to the high reactor pressure, it was not possible to inject sea water until the reactor was depressurized. Therefore, because of the delay in injecting sea water into the reactor vessel, the water level continued to drop close to the top of the fuel. It has been assessed that an automatic signal, suspected to be false, triggered the automatic fast depressurization by safety relief valves before the operators could open the safety valves in a more controlled manner [46]. The depressurization, together with the low water level in the pressure vessel, is estimated to have caused the remaining water in the reactor core to flash to steam, resulting in the loss of adequate core cooling. The subsequent series of events, leading to the loss of reactor core cooling, were similar to those at Unit 2.

			The core started to overheat and the major steam discharge from the reactor pressure vessel to the containment suppression chamber increased the pressure to a level that caused the rupture disc in the vent line to burst, opening a release path to the environment [8]. Melting of the Unit 3 reactor core is estimated to have started about 43 hours after the tsunami. Large radioactive releases started about 47 hours after the tsunami [8].

			Unit 4

			Unit 4 was undergoing a scheduled inspection and was shut down before the accident. All fuel of Unit 4 was in the spent fuel pool at the time of the accident. Therefore, cooling of the Unit 4 reactor core was not necessary. Cooling of the spent fuel pool was not possible owing to the loss of electrical power, and as a result the pool temperature started to increase.

			Spent fuel pools

			In the first few days following the tsunami, the operators considered that there was sufficient water in the spent fuel pools and that overheating of the fuel was not an immediate issue. This view changed on 15 March, when the Unit 4 reactor building exploded. At the time, it was thought that the cause of the explosion was hydrogen, and the only possible source of hydrogen in Unit 4 was thought to be from overheated fuel in the spent fuel pool due to the loss of water cover. This immediately raised concerns about how much water remained in that pool, and efforts were made to determine the water level in the spent fuel pools.

			On 16 March, visual inspections indicated that there was still water in the pool at Unit 4. However, concerns were raised about the status of Unit 3, which led to various mitigation efforts, including the airdrop of water from helicopters. Subsequent analysis and inspections revealed that the water level in the spent fuel pools of both Units 3 and 4 had not dropped to the level of the spent fuel. These inspections confirmed that the explosion in Unit 4 was caused by hydrogen, and that the source of the hydrogen was not the fuel in the Unit 4 spent fuel pool but the migration of hydrogen from Unit 3 to Unit 4 via a common ventilation system. However, the lack of knowledge about the actual conditions in the spent fuel pools during the accident, due to the loss of instrumentation, led to the effort to add water to the pool. A detailed description of the spent fuel pool events is given in Section 2.1.

			Units 5 and 6

			Units 5 and 6 were also affected by the tsunami, but their reactors were generating less residual heat, because they had been shut down for a considerable period prior to the accident. In addition, one of the emergency diesel generators at Unit 6 had survived the flooding and was operable. The operators therefore had more time to respond, and the cooling systems for both units were powered by the one remaining emergency diesel generator. This power supply maintained the cooling of the reactor cores and was eventually used to provide cooling to the spent fuel pools in Units 5 and 6, both of which were successfully cooled down to a safe condition [8].

			Confinement of radioactive material and control of radioactive releases

			As a result of the damage to the reactor cores in Units 1–3, large amounts of steam and hydrogen escaped the reactor pressure vessels. This, in turn, pressurized and heated the primary containment vessels. These vessels were breached and steam, hydrogen and other gases, together with radioactive material, were released into the reactor buildings and eventually to the environment.

			The primary containment vessels of the reactors had not been designed to withstand the pressure that could be generated in a severe accident; because of this, venting systems had been installed in the 1990s [22, 23] to limit the pressure in the containment vessels in the event of an accident. There are indications that the primary containment vessels for Units 1–3 failed at various stages in the progression of the accident. This was the result of the pressure and temperature in the primary containment vessel rising to levels that were far in excess of their designed capability before venting could be implemented (see Section 2.1). The leakage of radioactive material from the reactor cores was partially mitigated by the suppression pools, which retained some of the radionuclides released from the reactor pressure vessels.

			2.2.4.	Assessment of beyond design basis accidents and accident management

			Safety analyses conducted during the licensing process of the Fukushima Daiichi NPP, and during its operation, did not fully address the possibility of a complex sequence of events that could lead to severe reactor core damage. In particular, the safety analyses failed to identify the vulnerability of the plant to flooding and weaknesses in operating procedures and accident management guidelines. The probabilistic safety assessments did not address the possibility of internal flooding, and the assumptions regarding human performance for accident management were optimistic. Furthermore, the regulatory body had imposed only limited requirements for operators to consider the possibility of severe accidents.

			The operators were not fully prepared for the multi-unit loss of power and the loss of cooling caused by the tsunami. Although TEPCO had developed severe accident management guidelines, they did not cover this unlikely combination of events. Operators had therefore not received appropriate training and had not taken part in relevant severe accident exercises, and the equipment available to them was not adequate in the degraded plant conditions.

			In September 2012, the Nuclear Regulation Authority (NRA) was established. The NRA formulated new regulations for NPPs to protect the people and the environment, which came into force in 2013. These regulations strengthened countermeasures to prevent simultaneous loss of all safety functions due to common causes, including re-evaluation of the impact of external events such as earthquakes and tsunamis. New countermeasures for severe accident response against core damage, containment vessel damage and a diffusion of radioactive materials were also introduced.

			The IAEA safety standards in force at the time of the accident required an assessment to be undertaken to determine whether safety functions could be fulfilled for all normal operational modes, accident conditions and beyond design basis accidents, including severe accidents. Important event sequences that could lead to a severe accident need to be identified using a combination of probabilistic methods, deterministic methods and sound engineering judgement [27]. In addition, specific deterministic beyond design basis accident analyses need to be performed to investigate credible accident scenarios that can be used to introduce improvements in accident management measures [41]. It is therefore necessary to determine whether safety functions can be fulfilled in beyond design basis accident conditions.

			Box 2.7. Deterministic and probabilistic safety assessments [47, 48]

			Safety analyses are analytical evaluations of physical phenomena occurring at NPPs. Deterministic safety analyses for an NPP predict the response to postulated initiating events. A specific set of rules and acceptance criteria is applied. Typically, these should focus on neutronic, thermohydraulic, radiological, thermomechanical and structural aspects, which are often analysed with different computational tools.

			Best estimate deterministic safety analyses should be performed to confirm the strategies that have been developed to restore normal operational conditions at the plant following transients due to anticipated operational occurrences and design basis accidents. These strategies are reflected in the emergency operating procedures that define the actions that should be taken during such events. Deterministic safety analyses are required to provide the input that is necessary to specify the operator actions to be taken in response to some accidents, and the analyses should be an important element of the review of accident management strategies. In the development of the recovery strategies, to establish the available time period for the operator to take effective action, sensitivity calculations should be carried out on the timing of the necessary operator actions, and these calculations may be used to optimize the procedures.

			Deterministic safety analyses should also be performed to assist the development of the strategy that an operator should follow if the emergency operating procedures fail to prevent a severe accident from occurring. The analyses should be used to identify what challenges can be expected during the progression of accidents and which phenomena will occur. They should be used to provide the basis for developing a set of guidelines for managing accidents and mitigating their consequences.

			While deterministic analyses may be used to verify that acceptance criteria are met, probabilistic safety assessment (PSA) may be used to determine the probability of damage for each barrier. PSA may thus be a suitable tool for evaluation of the risk that arises from low frequency sequences that lead to barrier damage, whereas a deterministic analysis is adequate for events of higher frequency.

			Deterministic safety analyses have an important part to play in the performance of a PSA because they provide information on whether the accident scenario will result in the failure of a fission product barrier. A PSA fault tree is a powerful tool that can be used to confirm assumptions that are commonly made in the deterministic calculation about the availability of systems.

			The objectives of a PSA are to determine all significant contributing factors to the radiation risks arising from a facility or activity, and to evaluate the extent to which the overall design is well balanced and meets probabilistic safety criteria where these have been defined. In the area of reactor safety, PSA uses a comprehensive, structured approach to identify failure scenarios. It constitutes a conceptual and mathematical tool for deriving numerical estimates of risk. The probabilistic approach uses realistic assumptions whenever possible and provides a framework for addressing many of the uncertainties explicitly. Probabilistic approaches may provide insights into system performance reliability, interactions and weaknesses in the design, the application of defence in depth, and risks, that it may not be possible to derive from a deterministic analysis.

			Improvements in the overall approach to safety analysis have permitted a better integration of deterministic and probabilistic approaches. With increasing quality of models and data, it is possible to develop more realistic deterministic analysis and to make use of probabilistic information in selecting accident scenarios. Increasing emphasis is being placed on specifying probabilistically how compliance with the deterministic safety criteria is to be demonstrated, for example, by specifying confidence intervals and how safety margins are specified.

			Several techniques can be used in performing a PSA. The usual approach is to use a combination of event trees and fault trees. The relative size (complexity) of the event trees and fault trees is largely a matter of preference of the analysis and also depends on the features of the software used.

			The event trees outline the broad characteristics of the accident sequences that start from the initiating event and, depending on the success or failure of the mitigating safety and safety related systems, lead to a successful outcome or to damage to the core, or to one of the plant damage states (required for the Level 2 PSA). The fault trees are used to model the failure of the safety systems and the support systems to carry out their safety functions.

			The fault trees should be developed to provide a logical failure model for the safety system failure states identified by the event tree analysis. The failure criterion that provides the top event of the fault tree for each safety system function should be the logical inverse of the accident sequence success criterion. The basic events modelled in the fault trees should be consistent with the available data on component failures. The fault tree models should be developed to the level of significant failure modes of individual components (pumps, valves, diesel generators, etc.) and individual human errors and should include all the basic events that could lead, either directly or in combination with other basic events, to the top event of the fault tree.

			

			TEPCO started to perform probabilistic safety assessments, as well as some deterministic safety analyses of the more significant accident sequences, in the early 1990s. In line with the practice in IAEA Member States at that time, these probabilistic safety assessments were limited to events at single unit NPPs. Although the Fukushima Daiichi NPP was located in an area where tsunamis were possible, these analyses did not include common cause failures caused by flooding or extended loss of electrical power [8]. The probabilistic safety assessment studies for the Fukushima Daiichi NPP also did not consider internal flooding or fires, and the assumptions related to the operator’s actions were optimistic.

			A comprehensive probabilistic safety assessment, including internal flooding sequences, is needed to highlight the vulnerability to flooding of vital plant systems, such as emergency diesel generators and electrical switchgear. In 1991, a corroded pipe leaked water at a rate of 20 cubic metres per hour, which penetrated the room with the reactor’s emergency power system through the door and cable penetrations at Unit 1 at the Fukushima Daiichi NPP. This event demonstrated the vulnerability to flooding with respect to the location of the emergency diesel generators and the electrical switchgear in the basement. 

			Accident management guidance had also been evaluated at the Fukushima Daiichi NPP through limited scope probabilistic safety assessment studies. For example, these assessments contained the use of the containment vent system through the application of a fault tree approach to simulate the equipment failures with a human error probability for manual operation. But there was no thorough assessment of the challenges in severe accident management, including the limited training and guidance provided to plant personnel. It was not recognized that assumptions about failure probability were overly optimistic and the studies did not lead to improvements in procedures and guidance [47] (see Box 2.8, on accident management).

			The Fukushima Daiichi NPP had some weaknesses which were not fully evaluated by a probabilistic safety assessment, as recommended by the IAEA safety standards [47, 49]. Examples include the lack of protection for the emergency diesel generators, battery rooms and switchgear against flooding and the low likelihood of success of severe accident interventions, given the limited guidance, training and knowledge of plant personnel for severe accident management. Beyond design basis accidents were not sufficiently considered, which affected the capability to maintain cooling of the reactor core, the operators’ ability to monitor important safety parameters and the management of the severe accident conditions (see Fig. 2.7).
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			FIG. 2.7. Impact of the insufficient consideration of beyond design basis accidents affected the capability to maintain cooling of the reactor core, the operators’ ability to monitor important safety parameters and the management of the severe accident conditions [27, 50].

			

			Box 2.8. Accident management [41]

			An accident management programme should be developed for all plants, irrespective of the total core damage frequency and fission product release frequency calculated for the plant. A structured top-down approach should be used to develop the accident management guidance. This approach should begin with the objectives and strategies, and result in procedures and guidelines, and should cover both the preventive and the mitigatory domains.

			At the top level, the objectives of accident management are defined as follows: preventing significant core damage; terminating the progress of core damage once it has started; maintaining the integrity of the containment as long as possible; minimizing releases of radioactive material; achieving a long term stable state. To achieve these objectives, a number of strategies should be developed.

			From the strategies, suitable and effective measures for accident management should be derived. Such measures include plant modifications, where these are deemed important for managing beyond design basis accidents and severe accidents, and personnel actions. These measures include repair of failed equipment. Appropriate guidance, in the form of procedures and guidelines, should be developed for the personnel responsible for executing the measures for accident management.

			When developing guidance on accident management, consideration should be given to the full design capabilities of the plant, using both safety and non-safety systems, and including the possible use of some systems beyond their originally intended function and anticipated operating conditions, and possibly outside their design basis. The point at which the transition of responsibility and authority is to be made from the preventive to the mitigatory domain should be specified and should be based on properly defined and documented criteria.

				For any change in the plant configuration, or if new results from research on physical phenomena become available, the implications for accident management guidance should be checked and, if necessary, a revision of the accident management guidance should be made.

			

			The limited scope of the regulatory body’s requirements for beyond design basis accidents contributed to the lack of proper consideration of relevant risks by plant operators. This was highlighted during an IAEA Integrated Regulatory Review Service (IRRS) mission in June 2007, which concluded that: “There are no legal regulations for the consideration of beyond the design basis [accidents], as Japanese plants are considered to be adequately safe as ensured by preventive measures” [51]. For example, the periodic safety review process in Japan did not require operating organizations to update their analyses to utilize the latest techniques [52].

			The TEPCO accident management programme assumed that AC power would be promptly recovered at the Fukushima Daiichi NPP. TEPCO also assumed that other essential utilities, such as DC power and high pressure air, would be available at all times to provide power for instrumentation and to provide for the operation of valves. The programme and guidelines did not cover the possibility that a severe accident could affect several reactor units simultaneously or the possibility of difficulties in receiving support from outside the site because of serious disruption to the off-site infrastructure. This approach was in line with typical international practice at the time. The accident demonstrated that the operation of certain systems under beyond design basis conditions required exceptionally high skills on the part of the operators in order to maintain fundamental safety functions.

			The accident management guidance in place at the Fukushima Daiichi NPP comprised a suite of documentation for use by the operators, including emergency operating procedures and severe accident management guidelines. Accident management guidelines were available for use by TEPCO technical support staff in the emergency response organization. Collectively, these documents covered the range of responses to design basis accidents and beyond design basis accidents, including severe accidents. The absence of electrical power and the lack of adequate information about the plant status made it difficult for the operators to effectively respond to the unfolding events. The accident management guidelines did not cover contingencies for the loss of instrumentation necessary to display the key parameters which allow operators to determine the status of the NPP. In addition, the guidelines did not provide recommendations for managing accidents when all safety related electrical distribution systems, and subsequently many of the dependent safety systems, were inoperable.

			Personnel were not trained to perform accident management actions under conditions of prolonged station blackout or where information was limited or missing. Despite this, the operating staff performed their activities properly under the harsh conditions created by the accident. However, the inability to obtain fundamental information on the status of the plant and the need to improvise mitigation actions hampered the response. The absence of severe accident management requirements in the regulatory framework also contributed to the lack of preparation by TEPCO. The NSC published a guide on accident management in 1992 [23], and in the same year, the Ministry for International Trade and Industry (MITI) published a Roadmap of Accident Management. The Ministry also requested nuclear operating organizations to take actions to manage more severe accidents than those considered in the original design. However, this was not a mandatory requirement, and it resulted in limited voluntary actions by nuclear operating organizations. The IAEA IRRS mission to Japan in 2007 suggested the need for regulatory requirements for beyond design basis accidents, and suggested that NISA continue to develop a systematic approach to the consideration of such events, and also to the complementary use of probabilistic safety assessment and severe accident management [51]. The review mission’s suggestions did not stimulate further efforts in this area.

			2.2.5.	Assessment of regulatory effectiveness

			The regulation of nuclear safety in Japan at the time of the accident was performed by a number of organizations with different roles and responsibilities and complex inter-relationships. It was not fully clear which organizations had the responsibility and authority to issue binding instructions on how to respond to safety issues without delay. 

			The regulatory inspection programme was rigidly structured, which reduced the regulatory body’s ability to verify safety at the proper times and to identify potential new safety issues.

			The regulations, guidelines and procedures in place at the time of the accident were not fully in line with international practice in some key areas, most notably in relation to periodic safety reviews, re-evaluation of hazards, severe accident management and safety culture.

			In the legal framework for nuclear safety applicable in Japan at the time of the accident, the Government had established main laws which were supplemented by subordinate laws and ministerial ordinances and statutes. The general structure of the legislative and regulatory framework at the time of the accident is illustrated in Figs 2.8 and 2.9. The regulatory structure in Japan at the time of the accident consisted of a number of Government departments and other organizations with responsibilities for nuclear safety. The structure had been revised twice, following the radiation incident aboard the nuclear powered ship Mutsu in 1974 and the criticality accident at JCO facility in Tokaimura in 1999, but some fundamental issues related to the clarity of roles and responsibilities had not been addressed [53, 54]. The IAEA IRRS mission in 2007 suggested the need to improve, refine and clarify a number of regulatory aspects [51], such as regulations regarding the treatment of beyond design basis accidents and clarification of the roles and responsibilities of NISA and the NSC within the Japanese regulatory system.
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					FIG. 2.8. The legislative and regulatory framework of nuclear installations safety in Japan at the time of the accident [55].
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				FIG. 2.9. Position of NISA in the Japanese Government.


			The Ministry of Economy, Trade and Industry (METI) was responsible for policy on the development and utilization of nuclear energy, as well as for the regulation of commercial nuclear installations. Within METI, the Agency for Natural Resources and Energy (ANRE) was responsible for overseeing the national energy supply, including promotion of nuclear energy. NISA was established in 2001 as a special agency attached to ANRE and given the responsibility as the nuclear safety regulatory body. The law required that, in case of conflict between safety and promotion, the Minister of METI should give priority to safety. METI established its National Strategic Plan based on this prioritization, and the IAEA IRRS mission in 2007 concluded that NISA was effectively independent of ANRE in its regulatory decision making. However, the mission also suggested that NISA’s independence from METI be reflected more clearly in legislation.

			The Ministry of Education, Culture, Sports, Science and Technology (MEXT) also had regulatory responsibilities, including oversight of radiation protection and nuclear material safeguards at NPPs, research reactors and certain research and development facilities for nuclear power. The Ministry also supervised the National Institute of Radiological Sciences (NIRS) and the Japan Atomic Energy Agency (JAEA).

			The NSC, located in the Cabinet Office and reporting to the Prime Minister, was an independent body with both advisory and supervisory roles in the framework of nuclear regulation. It developed and issued the nuclear safety related policy documents and regulatory guides that were used by NISA in its regulatory work. The NSC was empowered by law to require reports from NISA and supervised NISA’s work. It also had its own staff to carry out independent reviews and assessments of NPP licence applications and to re-confirm the conclusions made by NISA. The IAEA IRRS mission in 2007 suggested that the role of NISA as the regulatory body in relation to the NSC was in need of clarification.

			NISA was supported by the Japan Nuclear Energy Safety Organization (JNES), which was established in 2003 under a law passed in 2002 [51]. JNES’s main functions consisted of conducting inspections at nuclear facilities, reviewing the periodic inspections of licensees, providing nuclear emergency preparedness support and coordinating safety related research projects. A comprehensive inspection programme is needed for a regulatory body to be able to independently identify plant safety issues. In Japan at the time of the accident, despite NISA’s efforts [56], inspections were rigidly structured, with the type and frequency specified by law. In 2011, Japan’s report to the Convention on Nuclear Safety stated that the operators’ safety management activities were governed by the operational safety inspections that NISA had approved. NISA conducted quarterly inspections to check operators’ compliance with the periodic safety reviews. Periodic inspections were also conducted by NISA and JNES at intervals not exceeding 13 months, focused on the operators’ maintenance of structures, systems and components of the NPPs. They concentrated on safety significant structures, systems and components, for example, those belonging to the reactor shutdown system, the reactor coolant pressure boundary, the residual heat removal system and the containment system. These regulatory procedures were in addition to the operators’ own walkdown and maintenance management of nuclear installations, periodic safety assessments, and technical evaluations related to NPP ageing. NISA had limited ability to expand inspections beyond the legally defined scope, which restricted its ability to identify deficiencies and deviations and ensure that lessons were learned [51]. This approach limited the effectiveness of regulatory inspection to identify safety issues and to verify the safety of licensees’ activities and their compliance with requirements.


			A series of guidelines were issued by the NSC which were regarded, in practice, as requirements [34]. These guidelines were supplemented by consensus standards published by professional and academic societies. However, the regulations and guidelines in some key areas were not fully in line with international practice at the time of the accident. The most notable differences related to periodic safety reviews, re-evaluation of hazards, severe accident management and safety culture [52, 57, 58].

			A periodic safety review provides a formal mechanism for re-examination by the licensees and the regulatory body of the design and external hazards in the light of new information and current standards and technology [52]. In Japan, periodic safety reviews at ten year intervals were required by regulations issued in 2003 [51], but these were of limited scope and not fully in line with international practice because they did not require a re-examination of external hazards [51, 52, 58].

			The IAEA IRRS mission in 2007 suggested that NISA should be in a position to make a major contribution to the development of safety regulations. The mission also suggested that NISA needed the ability to modify its inspection programme in a flexible manner to optimize its effectiveness and focus and to be able to conduct safety inspections in locations and at times at its own discretion [51]. The IAEA IRRS mission also suggested that NISA foster frank and open relations with the nuclear industry and operating organizations in order to communicate regulatory concerns directly to the management level.

			Establishment of the new regulatory authority

			In September 2012, the Nuclear Regulation Authority (NRA) was established [59]. The NRA carried out a review of safety guidelines and regulatory requirements with the aim of formulating new regulations to protect people and the environment. In 2013, the new regulatory requirements for NPPs came into force. Based on the concept of defence in depth, importance was placed on the third and fourth levels and the prevention of simultaneous loss of all safety functions due to common causes. Previous assumptions on the impact of earthquakes, tsunamis and other external events such as volcanic eruptions, tornadoes and forest fires were re-evaluated, and countermeasures for nuclear safety against these external events were considered. Countermeasures against internal fires and internal flooding and enhancements of the reliability of on-site and off-site power to deal with the possibility of station blackout were also considered.

			In addition, countermeasures for severe accident response against core damage, containment vessel damage and a diffusion of radioactive materials, enhanced measures for water injection into spent fuel pools, countermeasures for airplane crashes, and the installation of an emergency response building were also required.

			Examples of new regulatory requirements in the light of the accident at the Fukushima Daiichi NPP include: (1) reinforced requirements for seismic/tsunami resistance; (2) reinforced or newly introduced requirements for design basis; and (3) newly introduced requirements for measures against severe accidents [60].

			The roles and responsibilities that had previously been assigned to different governmental organizations were integrated into the NRA. The NRA holds jurisdiction over some of the activities of the NIRS and the JAEA. The main nuclear safety technical support organization JNES was merged with the NRA on 1 March 2014.

			The NRA has adopted a periodic safety review process aligned with IAEA safety standards that was enforced in December 2013. The system requires nuclear power reactor licensees to comprehensively evaluate the safety of reactors and to submit the results to the NRA within six months of the end of periodic inspection, showing the following:

			— The compliance with regulatory requirements;

			— Measures for improving safety on a voluntary basis;

			— Assessment and review of safety margins for improvement and a probabilistic risk assessment;

			— Comprehensive re-evaluation based on the above results and action plans for improving safety.

			Japan requested the IAEA to carry out an IRRS mission towards the end of 2015, aimed at strengthening nuclear safety and enhancing the NRA’s competence as an independent nuclear regulator through a continuous, transparent and open learning process.

			2.2.6.	Assessment of human and organizational factors

			Before the accident, there was a basic assumption in Japan that the design of NPPs and the safety measures that had been put in place were sufficiently robust to withstand external events of low probability and high consequences.

			Because of the basic assumption that NPPs in Japan were safe, there was a tendency for organizations and their staff not to challenge the level of safety. The reinforced basic assumption among the stakeholders about the robustness of the technical design of NPPs resulted in a situation where safety improvements were not introduced promptly.

			The accident at the Fukushima Daiichi NPP showed that, in order to better identify plant vulnerabilities, it is necessary to take an integrated approach that takes account of the complex interactions between people, organizations and technology.

			Prior to the accident, there was not sufficient consideration of low probability, high consequence external events which remained undetected. This was in part because of the basic assumption in Japan, reinforced over many decades, that the robustness of the technical design of the nuclear plants would provide sufficient protection against postulated risks. Consequently, the events that led to the accident at the Fukushima Daiichi NPP were outside the boundaries of the basic assumptions of the operating organizations, the regulatory body and the Government. These basic assumptions influenced the decisions and actions of a wide range of stakeholders, not limited to those directly involved in the operation and regulation of NPPs.

			Box 2.9. Safety culture

			In INSAG-4, a publication of the International Nuclear Safety Group (INSAG), safety culture was defined as: “that assembly of characteristics and attitudes in organizations and individuals which establishes that, as an overriding priority, nuclear plant safety issues receive the attention warranted by their significance” [61].

			IAEA Safety Standard Series No. GS-G-3.5 [62] and Safety Reports Series No. 11 [63] make it clear that safety culture is itself a subset of the culture of the whole organization, with the latter comprising the mix of shared values, attitudes and patterns of behaviour that give the organization its particular character.

			Organizations typically go through a number of phases in developing and strengthening safety culture. Safety Reports Series No. 11 identifies three stages:

			(1) Safety is compliance driven and is based mainly on rules and regulations. At this stage, safety is seen as a technical issue, with compliance with externally imposed rules and regulations considered adequate for safety.

			(2) Good safety performance becomes an organizational goal and is dealt with primarily in terms of safety targets or goals.

			(3) Safety is seen as a continuing process of improvement to which everyone can contribute.

			In reality, the three phases are not distinct, and any organization may have some parts that are ahead of others in the process of strengthening safety culture.

			

			The basic assumptions influenced NISA not to exercise sufficient authority and, thus, NISA was not able to challenge other assumptions regarding nuclear safety. It was inhibited in the fulfilment of its oversight role by the lack of an appropriate regulatory framework and also by explicit legal constraints [6, 51]. For instance, the IAEA IRRS mission in 2007 found that NISA inspectors did not have unfettered access to licensees’ utilities to perform inspections and were only allowed to conduct inspections during certain times. Due to the basic assumption that the robustness of the technical design would provide sufficient protection against postulated risks, NISA generally worked in a less integrative and more reactive manner, in some cases being focused on short term activities, and did not address more fundamental and long term issues such as the consideration and application of IAEA safety standards. In some cases, regulations were not updated or complex emergency drills were not carried out because of a concern that the public might get the impression that NPPs were not safe, in contrast to the basic assumption [5].

			The same basic assumption that NPPs were safe also influenced TEPCO’s actions, giving it confidence in the ability of the technical features of its plants to avoid severe nuclear accidents. This meant that TEPCO was not sufficiently prepared to mitigate the accident of March 2011 [6, 7, 65]. The risk of flooding triggering a nuclear accident was outside the basic assumption, so the latest international guidance on severe accident management was not always followed [66]. The basic assumption also excluded the possibility of a common cause failure which could lead to station blackout for multiple units.

			The fact that relevant organizations and their staff did not challenge or re-examine the basic assumptions about nuclear safety illustrates a deficiency in safety culture. As identified in Box 2.9, the third stage of a safety culture programme identifies the need to have a continuing process of improvement, which should include periodic reconsideration of the adequacy of nuclear safety. One means of challenging basic assumptions is to take a systemic approach to nuclear safety and to understand the complexity of the full range of interactions between human, organizational and technical factors. Not sufficiently addressing these interactions was one of the contributory factors to the accident, because the basic assumption remained undetected.

			Box 2.10. Basic assumptions [64]

			To understand safety culture in its entirety, the artefacts and behaviour, espoused values and basic assumptions that form the three levels of the concept of culture as it applies to safety must be identified. The application of the Three Level model to a specific organization would reflect the uniqueness of that organization and allow logical links to be made between the artefacts, espoused values and basic assumptions. Logical links will not be apparent in the illustrative examples shown below, as they are not derived from any particular organization.

			Artefacts are the easiest to observe, but their meaning is the most difficult to interpret. Knowledge of espoused values will help with the meaning, but it is only when the basic assumptions are understood that the meaning of the components at the artefact level will become apparent.

			Artefacts and behaviour: Architecture, greeting rituals, dress, forms of address — visible;

			Espoused values: Strategies, goals, philosophies — can be elicited;

			Basic assumptions: Human nature, basis on which people are respected — unconsciously held and usually tacit.

				Basic assumptions lie at the deepest level of culture. They are fundamental beliefs that are so taken for granted that most people in a cultural group subscribe to them, but not in a conscious way. To understand any culture, it is necessary to unearth these basic assumptions that are operating. In the case of an organization, they will also reflect its history, and the values, beliefs and assumptions of the founders and key leaders who have made it successful. Basic assumptions are rarely discussed and confronted and are extremely difficult to change.

			
Box 2.11. Systemic approach to safety [67]

			The systemic approach to safety addresses the whole system by considering the dynamic interactions within and among all relevant factors of the system — individual factors (e.g. knowledge, thoughts, decisions, actions), technical factors (e.g. technology, tools, equipment) and organizational factors (e.g. management system, organizational structure, governance, resources).

				The systemic approach to safety works by addressing this complex system of interactions as a whole. For example, among the important factors to consider in these interactions at an NPP are those related to individuals, such as knowledge, decisions, thoughts, emotions and actions. The technical factors include the physical aspects of the NPP and the range of technical tools and equipment used for operation. The organizational factors include the management system, organizational structure, governance of the plant and human and financial resources. Taking into account the interaction between all the individual, technical and organizational factors reveals the complexity and non-linearity of the operations at an NPP. It is necessary to better examine the ways in which the weaknesses and strengths of all these factors influence one another in order proactively to reduce or eliminate risks.

			

			The tendency of the majority of stakeholders not to challenge the adequacy of the existing safety features of the plant strengthened the assumption that the robustness of the plant’s technical design and the existing safety measures would be sufficient to protect the plant. This led to necessary safety improvements not being made proactively and promptly [5–7].

			The operators who directly responded in the early stages of the accident did so under extreme circumstances. The anxiety and stress associated with their actions were further exacerbated by the fact that they often did not have information about the safety of their families or the condition of their homes. Individuals at the site did not know how the accident would progress, which created significant uncertainty; despite this, they did all they could to protect people and the environment. The situation faced by the operators was unprecedented — managing a multiple unit accident during a national crisis with a heavily damaged infrastructure. This created an extremely adverse working environment from the physical and psychological perspectives.

			The interaction of human, organizational and technical factors across all stakeholder organizations and between different levels inside each organization occurs within the broader scope of the safety culture of the organization, and in this way reflects the organization’s safety culture. With a systemic approach to safety that analyses the human, organizational and technical factors, an organization can be better prepared for an unexpected event. Nuclear safety will also depend on people’s attitudes and behaviour [67]. Human and organizational factors that lead to  basic assumptions on safety not being challenged, may result in organizations and individuals  taking decisions and performing actions that may inadvertently compromise nuclear safety. It is important to be mindful of such basic assumptions and work to understand their impact on nuclear safety.

			2.3.	OBSERVATIONS AND LESSONS

			A number of observations and lessons have been compiled as a result of the assessment of the nuclear safety considerations of the accident.

			— The assessment of natural hazards needs to be sufficiently conservative. The consideration of mainly historical data in the establishment of the design basis of NPPs is not sufficient to characterize the risks of extreme natural hazards. Even when comprehensive data are available, due to the relatively short observation periods, large uncertainties remain in the prediction of natural hazards.

			Extreme natural events that have a very low probability of occurrence can result in significant consequences, and the prediction of extreme natural hazards remains difficult and controversial due to the existence of uncertainties. Additionally, such predictions may change during the life of an NPP as more information becomes available and methods of analysis improve. It is therefore necessary to use all relevant available data, both domestic and international, to ensure a reliable prediction of hazards, to define a reliable and realistic design basis against natural extreme events, and to design NPPs with sufficient safety margins.

			— The safety of NPPs needs to be re-evaluated on a periodic basis to consider advances in knowledge, and necessary corrective actions or compensatory measures need to be implemented promptly.

			The periodic safety review programme at the Fukushima Daiichi NPP did not lead to safety upgrades based on regulatory requirements. TEPCO performed the re-evaluation on a voluntary basis considering advances in knowledge, including new information and data. When faced with a revised estimate of a hazard that exceeds previous predictions, it is important to ensure the safety of the installation by implementing interim corrective actions against the new hazard estimate while the accuracy of the revised value is being evaluated. If the accuracy of a new hazard estimate is confirmed, the operating organization and regulatory authority need to agree on a schedule and comprehensive action plan to promptly address the method of coping with such higher hazards to ensure plant safety.

			— The assessment of natural hazards needs to consider the potential for their occurrence in combination, either simultaneously or sequentially, and their combined effects on an NPP. The assessment of natural hazards also needs to consider their effects on multiple units at an NPP.

			The Fukushima Daiichi accident demonstrated the need to fully investigate the potential for a combination of natural hazards affecting multiple units at an NPP. The complex scenarios resulting from the occurrence of a combination of natural hazards need to be taken into account when considering accident mitigation measures and recovery actions.

			— Operating experience programmes need to include experience from both national and international sources. Safety improvements identified through operating experience programmes need to be implemented promptly. The use of operating experience needs to be evaluated periodically and independently.

			The operating experience evaluation programme at the Fukushima Daiichi NPP did not lead to design changes that took account of domestic or international experience involving flooding. The review of operating experience needs to be a standard part of plant oversight processes, with account taken of relevant sources such as the Incident Reporting System of the IAEA and the OECD Nuclear Energy Agency. Regulatory bodies need to perform independent reviews of national and international operating experience to confirm that operating organizations are taking concrete actions to improve safety.

			— The defence in depth concept remains valid, but implementation of the concept needs to be strengthened at all levels by adequate independence, redundancy, diversity and protection against internal and external hazards. There is a need to focus not only on accident prevention, but also on improving mitigation measures.

			The flooding resulting from the tsunami simultaneously challenged the first three protective levels of defence in depth, resulting in common cause failures of equipment and systems. Even when faced with this situation, operators were able to apply effective, albeit delayed, mitigation strategies. All layers of defence in depth associated with both prevention and mitigation of accidents should be strengthened by adequate independence, redundancy, diversity and protection so that they are not simultaneously challenged by an external or internal hazard and are not prone to common cause failure. The application of the defence in depth concept needs to be periodically re-examined over the lifetime of an NPP to ensure that any change in vulnerability to external events is understood and that appropriate changes to the design are made and implemented. There is a need for extreme external hazards to be addressed in periodic safety reviews, because such hazards can result in common cause failures that may simultaneously jeopardize several levels of defence in depth.

			— Instrumentation and control systems that are necessary during beyond design basis accidents need to remain operable in order to monitor essential plant safety parameters and to facilitate plant operations.

			The loss of instrumentation and control during the accident at the Fukushima Daiichi NPP left operators with little indication of actual plant conditions. The loss of instrumentation and control systems had a serious impact on efforts to prevent a severe accident or to mitigate its consequences. The extent and nature of the necessary instrumentation and control systems need to be defined with care, according to the characteristics of the design of the plant, including spent fuel pools. Systems need to be protected to ensure they are available when needed. This also demonstrated the need to improve strategies to allow for manual control of vital equipment.

			— Robust and reliable cooling systems that can function for both design basis and beyond design basis conditions need to be provided for the removal of residual heat.

			At the Fukushima Daiichi NPP, the operators were eventually, after some delay, able to deploy portable equipment to inject water into the reactors. Cooling systems based either on installed or portable equipment need to be qualified and tested to ensure that they function and can be deployed by operators when needed.

			— There is a need to ensure a reliable confinement function for beyond design basis accidents to prevent significant release of radioactive material to the environment.

			At the Fukushima Daiichi NPP, the failure of venting the containment, and the subsequent failure of the reactor building due to the hydrogen explosion, led to a significant release of radioactive material to the environment. The confinement function needs to be assessed to ensure that all possible hazards are considered in the design of equipment intended to maintain the integrity of the confinement system.

			— Comprehensive probabilistic and deterministic safety analyses need to be performed to confirm the capability of a plant to withstand applicable beyond design basis accidents and to provide a high degree of confidence in the robustness of the plant design.

			Safety analyses can be used both to evaluate and to develop response strategies for beyond design basis accidents and may include the use of both deterministic and probabilistic methods. The probabilistic safety assessment studies conducted for the Fukushima Daiichi NPP were of limited scope and did not consider the possibility of flooding from internal or external sources. The limitations in these studies contributed to the limited scope of accident management procedures available to the operators.

			— Accident management provisions need to be comprehensive, well designed and up to date. They need to be derived on the basis of a comprehensive set of initiating events and plant conditions and also need to provide for accidents that affect several units at a multi-unit plant.

			The accident management procedures available to the operators at the Fukushima Daiichi NPP did not consider the possibility of a multi-unit accident, nor did they provide guidance for the complete loss of electrical power. Accident management provisions need to be based on a plant specific analysis performed by using a combination of deterministic and probabilistic methods. Accident management guidance and procedures need to consider the possibility of events taking place in several units simultaneously and in spent fuel pools. They also need to take into account the possibility of disrupted regional infrastructure, including serious deficiencies in communication, transport and utilities. Accident management provisions should also take into consideration the best available guidance from the international community and be periodically updated to account for new information.

			— Training, exercises and drills need to include postulated severe accident conditions to ensure that operators are as well prepared as possible. They need to include the simulated use of actual equipment that would be deployed in the management of a severe accident.

			Operators at the Fukushima Daiichi NPP had not been specifically trained on how to manually operate systems such as the Unit 1 isolation condenser and fire trucks as an alternative source for low pressure water injection. Special attention is needed in personnel training to perform actions under conditions of prolonged loss of all power, with limited information about the plant status and no information on important safety parameters. Staff training, exercises and drills need to realistically simulate the progression of severe accidents, including the simultaneous occurrence of accidents in several units at the same site. Training, exercises and drills need to involve not only on-site accident management personnel but all off-site responders at the operating organization, local, regional and national levels.

			— In order to ensure effective regulatory oversight of the safety of nuclear installations, it is essential that the regulatory body is independent and possesses legal authority, technical competence and a strong safety culture.

			NISA did not have sufficient authority to take necessary actions, including inspections at regulated facilities. It is essential that the regulatory body is able to make independent decisions on safety over the lifetime of installations. To ensure such independent decision making, the regulatory body must be competent and must possess sufficient human resources, adequate legal authority — including the right to suspend operation and/or to impose improvements in safety on operating organizations — and adequate financial resources. The regulatory body needs the authority to adapt its inspection programme in the light of new safety information. It must also be able to ensure that national regulatory requirements and corresponding guidelines for assessing the safety of nuclear installations are revised periodically in accordance with scientific and technical developments, operational experience, and international standards and practices.

			— In order to promote and strengthen safety culture, individuals and organizations need to continuously challenge or re-examine the prevailing assumptions about nuclear safety and the implications of decisions and actions that could affect nuclear safety.

			This can be achieved by individuals and organizations embracing a questioning attitude to identify the nature, boundaries and potential threats of their shared assumptions about nuclear safety. The institutionalization of a continuous dialogue within organizations, and among different organizations, on issues related to nuclear safety, and their significance and impact on decisions and actions, is essential. Periodic assessments of safety culture can help to foster reflection and dialogue on basic assumptions.

			— A systemic approach to safety needs to consider the interactions between human, organizational and technical factors. This approach needs to be taken through the entire life cycle of nuclear installations.

			The accident at the Fukushima Daiichi NPP showed that it is difficult to identify vulnerabilities in systems that involve complex interactions between people, organizations and technology because basic assumption regarding nuclear safety can remain undetected. A systemic approach that includes human, technological and organizational considerations is necessary to understand how the components of the overall system function and interact in both normal operation and accident conditions.

		
		

	
		
			3. EMERGENCY PREPAREDNESS AND RESPONSE

			This section describes the key events and response actions from the onset of the accident on 11 March 2011. It also considers the national emergency preparedness and response system in place in Japan prior to the accident and the international framework for emergency preparedness and response.

			Key international requirements for preparedness to respond to a nuclear emergency which existed prior to the accident are summarized in Box 3.1.

			Box 3.1. Key requirements for preparedness to respond to a nuclear emergency in the IAEA safety standards prior to the accident

			The IAEA safety standards [68, 69] in force prior to the accident required the following:

				(1) Utilizing an all-hazards approach in developing preparedness and response arrangements63; (2) developing an emergency classification system on the basis of observable conditions and measurable criteria (emergency action levels) and initiation of predetermined urgent protective actions for the public (in the predefined zones) promptly following the classification of the emergency by the operator; (3) establishing emergency zones for the full range of possible emergencies, including those of low probability; (4) establishing arrangements for the implementation of protective actions within the emergency zones and beyond, as required; (5) setting national criteria for decisions on public protective actions (evacuation, sheltering, iodine thyroid blocking, relocation, restriction of food and drinking water consumption and distribution, public monitoring and decontamination) in terms of doses and measurable quantities (operational intervention levels), taking account of a range of factors (such as financial and social aspects); (6) making arrangements for carrying out radiation monitoring and environmental sampling and assessment in order to identify new hazards promptly and to refine the strategy for response; (7) identifying, at the preparedness stage, special population groups within emergency zones (e.g. disabled persons, hospital patients) for whom specific arrangements need to be made; (8) establishing arrangements for emergency workers, including setting the dose criteria for different types of tasks, designating emergency workers and ensuring their protection, establishing guidance for managing, controlling and recording their doses, and providing specialized protective equipment, procedures and training; (9) planning for the transition from the emergency phase to long term recovery operations and resumption of normal social and economic activities, including clear allocation of responsibilities, sharing and transferring information, assessing consequences, establishing formal processes to decide on withdrawal of restrictions and other arrangements imposed during the emergency, setting relevant principles and criteria and consulting the public; (10) clearly assigning roles, responsibilities and authorities for emergency preparedness and response at all levels as part of emergency plans; (11) establishing organizational relationships and interfaces among operating and response organizations and preparing operational protocols to coordinate the emergency response at all levels; (12) developing and coordinating emergency plans and procedures at all levels on the basis of assessed hazards; (13) preparing for logistical support through provision of tools, instruments, supplies, equipment, communication systems, specific functional facilities and documentation, including planning for operability and usability of these items and facilities under postulated radiological, working and environmental conditions in the emergency response; (14) planning for and conducting of training, drills and exercises; and (15) establishing a quality assurance programme to ensure that all the supplies, equipment, communication systems, facilities and documentation, etc., are kept continuously up to date, available and functional for use in an emergency.

			

			The types of protective actions in a nuclear emergency are summarized in Box 3.2.

			Box 3.2. Types of protective actions in a nuclear emergency [48, 69]

			‘Mitigatory actions’ are immediate actions to reduce the potential for conditions to develop that would result in exposure or a release of radioactive material requiring emergency actions on or off the site, or to mitigate plant conditions that could result in exposure or a release of radioactive material requiring emergency actions on or off the site.

			‘Urgent protective actions’ are actions that must be taken promptly (normally within hours) in order to be effective. The most common urgent protective actions in a nuclear emergency are evacuation, sheltering, iodine thyroid blocking, restriction of the consumption of potentially contaminated food and decontamination of individuals.

				‘Early protective actions’ are those actions that must be taken within days or weeks to be effective. They can be long lasting, even after the termination of the emergency. Unlike urgent protective actions, it is generally possible to base these actions on the results of monitoring that takes account of the specific nature of the release of radioactive material and its dispersion in the environment. Examples of early protective actions include relocation, restrictions on food and drinking water and controls on agriculture.

			

			3.1.	INITIAL RESPONSE IN JAPAN TO THE ACCIDENT 

			At the time of the accident, separate arrangements were in place to respond to nuclear emergencies and natural disasters at the national and local levels. There were no coordinated arrangements for responding to a nuclear emergency and a natural disaster occurring simultaneously.

			The arrangements to respond to nuclear emergencies envisaged that, following the detection of relevant adverse conditions at an NPP (e.g. loss of all AC power supplies for more than five minutes or loss of all capabilities to cool the reactor), a notification would be sent from the plant to local and national governments. The national Government would then assess and determine whether the situation was to be categorized as a ‘nuclear emergency’64. If the situation was categorized as a nuclear emergency, a declaration to that effect would be issued at the national level, and decisions about necessary protective actions would be taken on the basis of dose projections.

			Based on a report from the Fukushima Daiichi NPP, the national Government declared a nuclear emergency on the evening of 11 March and issued orders for protective actions for the public. The response at the national level was led by the Prime Minister and senior officials at the Prime Minister’s Office in Tokyo.

			The consequences of the earthquake and tsunami, and increased radiation levels, made the on-site response extremely difficult. The loss of AC and DC electrical power, the presence of a huge amount of rubble that hindered on-site response measures, aftershocks, alerts for further tsunamis and increased radiation levels meant that many mitigatory actions could not be carried out in a timely manner. The national Government was involved in decisions concerning mitigatory action on the site.

			The activation of the emergency Off-site Centre, located 5 km from the Fukushima Daiichi NPP was difficult because of extensive infrastructure damage caused by the earthquake and tsunami. Within a few days, it became necessary to evacuate the Off-site Centre due to adverse radiological conditions.

			The primary legal basis for the national emergency preparedness and response system in Japan was set out in the Disaster Countermeasures Basic Act [70] and the Act on Special Measures Concerning Nuclear Emergency Preparedness [19] (Box 3.3).

			Box 3.3. Key documents defining the national emergency preparedness and response system for a nuclear emergency in Japan at the time of the accident

			[image: ]

			

			3.1.1.	Notification

			Notification from the NPP to local and national governments was required under Article 10 of the Nuclear Emergency Act [19] when certain predefined ‘specific events’ occurred, such as failure of all AC power supplies for more than five minutes [55]. Under Article 15 of the Nuclear Emergency Act, a report of a ‘nuclear emergency’ would be sent when certain predefined criteria were met or exceeded, such as the loss of all capabilities to cool the reactor [21, 71].

			It was assumed that a report of an event under Article 15 would follow a notification of an event under Article 10 [72]. Notification would trigger an assessment and judgement by the national Government as to whether the event was a ‘nuclear emergency’. If this was judged to be the case, the Prime Minister would be briefed and presented with a draft declaration of a ‘nuclear emergency’. The Prime Minister would be responsible for deciding to declare a ‘nuclear emergency’ and issuing orders65 and/or recommendations for protective actions to the public [73].

			Key actions to be taken if an event fell under Article 10 and/or Article 15 of the Nuclear Emergency Act are summarized in Fig. 3.1 [19, 70, 73–75].
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					FIG. 3.1. Key actions if an event falls under Article 10 and/or Article 15 of the Nuclear Emergency Act, as planned prior to the accident (based on Refs [19, 70, 73–75]).

				


			The tsunami wave that flooded the Fukushima Daiichi NPP arrived at 15:36 on 11 March 2011 [10]. Notification by the plant of a ‘specific event’ for Units 1 to 5 under Article 10 of the Nuclear Emergency Act [19] was sent to national and local governments at 15:42 on 11 March, followed at 16:45 by a report of an event at Units 1 and 2 classified as a ‘nuclear emergency’ under Article 15 of the Act [3, 8, 76, 77].

			The type of the ‘specific event’ reported under Article 10 was a ‘station blackout’ for Units 1–5 [76]. The type of the event reported as a ‘nuclear emergency’ under Article 15 was initially the “inability of water injection of the emergency core cooling system” for Units 1 and 2 [77]. After receiving notification, the national Government assessed the situation and made a judgement that the situation was a ‘nuclear emergency’ [6].

			The Prime Minister issued a declaration of a nuclear emergency at 19:03. This was more than two hours after having been notified by the Fukushima Daiichi NPP of an event at Units 1 and 2 classified as a ‘nuclear emergency’ under Article 15 of the Act, following lengthy discussions among off-site officials [3].

			3.1.2.	Mitigatory actions

			An emergency response centre, headed by the Site Superintendent, was established at the Fukushima Daiichi NPP, in accordance with TEPCO’s Disaster Response Manual, around 15 minutes after the earthquake [6, 8]. It was located in the seismically isolated building, which was fitted with special features including an autonomous electrical power supply and ventilation systems with filtration devices. This building had been constructed66 as a result of lessons learned from the experience of the Kashiwazaki-Kariwa NPP following the Niigata-Chuetsu-Oki earthquake in 2007, and its use enabled mitigatory actions to continue at the site during the response to the accident [8].

			The arrangements that existed prior to the accident envisaged that, in case of need, the on-site emergency response centre would send a request for support to TEPCO Headquarters, using TEPCO’s capabilities or resources gathered from other nuclear operating organizations, through the Agreement on Cooperation between Japanese Nuclear Operators [8, 75].

			Following a request from the Fukushima Daiichi NPP, additional staff and equipment from other Japanese NPPs (not operated by TEPCO) were mobilized to support the on-site emergency response. However, extensive damage caused to the transport infrastructure by the earthquake and tsunami, in addition to insufficient pre-planning, impaired the effectiveness of this support. For example, in cases where the request for equipment did not contain an adequate specification of what was required, it led to the procurement of equipment that was incompatible with existing plant equipment (due to mismatched fittings, connectors, etc.) [8].

			
			
			In response to the emergency, personnel from TEPCO, from contractors and from other Japanese NPPs (not operated by TEPCO) were dispatched to the site to assist with various tasks, including restoring power and monitoring instruments, injecting cooling water into reactors, removing rubble and monitoring radiation levels [8]. Personnel from national Government agencies and organizations — such as the Japan Self-Defense Force, police and firefighters — were also dispatched to the site. They helped with activities including operating the large equipment needed to pour or spray water onto the spent fuel pools in Units 1, 3 and 4, and providing helicopter surveillance of the spent fuel pools [3, 6, 8].

			The earthquake and tsunami resulted in the loss of AC and DC electrical power and a huge amount of rubble. There were also aftershocks and alerts of possible further tsunamis. As a result of these factors, as well as increased radiation levels and the hydrogen explosions, and also due to the lack of detailed arrangements, the response was extremely difficult and many mitigatory actions could not be carried out in a timely manner [8]. Workers at the site carried out mitigatory actions under very difficult conditions; they worked longer hours and under far more tiring circumstances than would normally be expected [8].

			The national Government was involved in decisions concerning mitigatory actions, such as the injection of sea water for fuel cooling [6, 7]. Roles, responsibilities and authorities in this regard had not been clearly assigned at the preparedness stage.

			3.1.3.	Management of the emergency

			The national emergency preparedness and response system in place at the time of the accident envisaged that the core entities in managing the nuclear emergency would be the Nuclear Emergency Response Headquarters (NERHQ)67 and its Secretariat68, as well as the Local Nuclear Emergency Response Headquarters (Local NERHQ)69. The NERHQ would direct and coordinate the national response, which was to include preparing and issuing orders and/or recommendations on evacuation to the local government [19].

			For a national response at the local level, the overall management of the response to a nuclear emergency was to be coordinated, as soon as possible, by the Local NERHQ at the Off-site Centre, located 5 km from the Fukushima Daiichi NPP. The Prefectural Nuclear Emergency Response Headquarters (Prefectural NERHQ) and the Joint Council for Nuclear Emergency Response (JCNER) were also planned to be located in the Off-site Centre [73, 74, 78].

			For the prefectural response to a nuclear emergency, it was planned that the Prefectural NERHQ and the Fukushima Prefecture Headquarters for Disaster Control would coordinate activities at the prefectural level. The JCNER would coordinate between the national response at the local level and the prefectural response [19, 73, 74].

			Separate arrangements were in place to respond to nuclear emergencies and natural disasters at the national and local levels. These arrangements did not envisage the need to respond to a nuclear emergency and a natural disaster occurring simultaneously [74, 78].

			The locations of the core entities in the management of the response to a nuclear emergency as planned prior to the accident are shown in Fig. 3.2.
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			FIG. 3.2. Locations of the core entities involved in management of the response to a nuclear emergency70.

			

				At 14:50 on 11 March 2011, an Emergency Response Office for dealing with the earthquake was established in the Prime Minister’s Office by the Deputy Chief Cabinet Secretary for Crisis Management. At 15:14, the national Government established the Emergency Disaster Response Headquarters in the Prime Minister’s Office in Tokyo, with the Prime Minister as the Headquarters’ Director General. At 16:36, the Deputy Chief Cabinet Secretary for Crisis Management established an Emergency Response Office for the nuclear accident at the Prime Minister’s Office [6].

			At 19:03 on 11 March 2011, the national Government established the Nuclear Emergency Response Headquarters, at the same time as the declaration of a nuclear emergency was issued [3].

			As the accident evolved so fast, there was no time for detailed discussions during meetings of the NERHQ. The core group for the emergency response became the Prime Minister and senior officials, located at the Prime Minister’s Office. The Prime Minister issued evacuation orders to local governments without the involvement of the Secretariat of the NERHQ [7].

			The Government–TEPCO Integrated Response Office — an integrated headquarters of the operating organization and the Government response organization — was established on 15 March 2011 at TEPCO Headquarters in Tokyo [6] to ensure the timely sharing of information at the national level.

			At the local level, the extensive damage caused by the earthquake and tsunami led to difficulties in initiating operations in the Off-site Centre [92]. As a result, the Local NERHQ and other entities, which were supposed to operate from the Off-site Centre (JCNER and Prefectural NERHQ), could not fulfil their roles. On 15 March 2011, it became necessary to evacuate the Off-site Centre, due to the worsening radiological conditions71, and to relocate to the Fukushima Prefectural Public Hall, located approximately 60 km from the Fukushima Daiichi NPP [6, 92]. This facility did not have capabilities equivalent to those of the Off-site Centre, which led to difficulties, for example, in sharing information in real time among the relevant authorities.

			For the prefectural response, a new ‘nuclear squad’72 was formed in the Fukushima Prefecture Headquarters for Disaster Control, as part of the structure set up to respond to the earthquake and tsunami, to coordinate activities at the prefectural level [7].

			3.2.	PROTECTING EMERGENCY WORKERS

			At the time of the accident, the national legislation and guidance in Japan addressed measures to be taken for the protection of emergency workers73, but only in general terms and not in sufficient detail.

			Many emergency workers from different professions were needed to support the emergency response. Emergency workers came from various organizations and public services. However, there were no arrangements in place to integrate into the response those emergency workers who had not been designated prior to the accident.

			Implementation of the arrangements for ensuring the protection of workers against radiation exposure was severely affected by the extreme conditions at the site. In order to maintain an acceptable level of protection for on-site emergency workers, a range of impromptu measures was implemented. The dose limit for emergency workers undertaking specific tasks was temporarily increased to allow the necessary mitigatory actions to continue. Medical management of emergency workers was also severely affected and major efforts were required to meet the needs of on-site emergency workers.

			Members of the public, referred to as ‘helpers’, volunteered to assist in the off-site emergency response. National authorities issued guidance on the type of activities that helpers could carry out and on measures to be taken for their protection.

			3.2.1.	Protection of personnel at the plant following the earthquake and tsunami

			Following the tsunami alert, efforts were made to protect plant personnel (about 6000 people) from the expected impact of the tsunami. Tsunami alerts were broadcast using the on-site public address system, advising personnel to evacuate and to relocate to designated locations at higher levels. While in most cases these efforts were successful, not all personnel received the tsunami alert and evacuation orders [7, 8]. Two workers who were checking equipment after the earthquake on the underground floor of the Unit 4 turbine building were drowned in the flooding caused by the tsunami [8].

			The protection of plant personnel from the effects of the tsunami was successful largely due to lessons learned from the experience at the Kashiwazaki-Kariwa NPP following the Niigata-Chuetsu-Oki earthquake in 2007, and efforts made afterwards in developing procedures for emergency exit [8].

			From 11 to 14 March 2011, plant personnel not considered essential — including female workers and most of the employees of subcontractors — were evacuated from the site. On the morning of 15 March, an evacuation of additional plant personnel took place because of worsening conditions at the site. An estimated 50–70 staff remained at the site, while approximately 650 people were temporarily evacuated to the Fukushima Daini NPP using buses or private vehicles. They began to return to the Fukushima Daiichi NPP from noon on the same day [8].

			3.2.2.	Protective measures for emergency workers

			The national legislation and guidance in Japan at the time of the accident addressed measures to be taken for the protection of emergency workers. However, the arrangements that were in place, such as the on-site plan, addressed these requirements only in a general way and not in sufficient detail. For example, the on-site plan covered the following areas: defining responsibilities; assigning generic duties in emergency preparedness and response; and listing an inventory of available instrumentation (e.g. survey meters and electronic dosimeters) [75].

			Dose limits for emergency workers were set depending on their intended tasks, with an upper dose limit of 100 mSv for life saving actions and activities to prevent the development of catastrophic conditions, while efforts to minimize the exposure were required [93, 94].

			During the accident, a range of impromptu measures were adopted to maintain an acceptable level of protection for on-site emergency workers under the extreme conditions. There was a lack of personal dosimeters, as most of those at the site had become inoperable after the tsunami. This made it necessary to take contingency measures to track the individual doses received by the on-site emergency workers [8]. For example, an instruction was issued to use a single electronic personal dosimeter per group of emergency workers expected to work in similar conditions. For emergency workers in the seismically isolated building, doses were measured and controlled by area dose rate monitoring and by the amount of time spent by workers in the specific areas. This situation continued until the end of March 2011, by which time a sufficient number of dosimeters had been received from other NPPs [6, 8].

			On 14 March 2011, the dose limit for emergency workers undertaking specific emergency work was temporarily increased to 250 mSv to allow the necessary activities to continue on-site and within a 30 km radius of the Fukushima Daiichi NPP [95]. A dose of 100 mSv remained the limit for emergency workers from the firefighting service for life-saving actions [6]. The temporary increase in the dose limit to 250 mSv was withdrawn on 1 November 2011 for on-site emergency workers who began working from this date onwards; on 16 December 2011 it was withdrawn for the majority of the remaining emergency workers; and on 30 April 2012 it was withdrawn for a small group of emergency workers with specialized knowledge and experience [96, 97].

			Most on-site emergency workers received doses below 250 mSv [8]. There were six cases in which emergency workers incurred doses in excess of the dose criterion of 250 mSv, with the highest dose of 678 mSv (of which 590 mSv was due to internal contamination).

			Internal contamination was attributed to the severe working conditions and the inadequate implementation of protective measures (e.g. improper use of respiratory protection, iodine thyroid blocking measures, actions that resulted in inadvertent ingestion of radionuclides), due primarily to the lack, or ineffectiveness, of training [5].

			TEPCO also faced challenges in ensuring the well-being of on-site emergency workers, for example in providing adequate facilities and conditions (for resting, sleeping, eating, sanitation, etc.) [98–101].

			During the response to the accident, people from the affected areas, as well as from all over Japan, including from a number of non-governmental organizations, referred to as ‘helpers’, volunteered to assist in activities such as the provision of food, water and necessities, and later in decontamination and monitoring activities. National authorities issued guidance on the type of activities helpers could carry out and on measures to be taken for their protection [102–104].

			3.2.3.	Designation of emergency workers

			Many different types of emergency workers were needed to support the on-site and off-site emergency response. On-site emergency workers included NPP personnel, either directly employed by TEPCO or subcontracted, as well as personnel from the Japan Self-Defense Force, the firefighting services and police engaged in emergency work on the site [8]. Off-site emergency workers included personnel from different organizations and services (governmental and non-governmental). Their tasks included evacuation of the public and of special facilities, offering support to evacuees, providing medical care and carrying out monitoring and sampling [6, 97, 105, 106].

			Not all of the emergency workers had been designated as such prior to the emergency (e.g. some TEPCO employees and employees of subcontractors), and arrangements were not in place to integrate them into the response after their designation as emergency workers. Additionally, many of those who had not been designated prior to the emergency had not been trained to work in conditions of a nuclear emergency. For example, they had not been trained in radiation protection aspects, informed of the potential health risks from radiation exposure, or trained in the use of respiratory protection or in dealing with patients potentially contaminated with radioactive material [107]. This resulted in some delay in implementation of mitigatory actions early in the response [6].

			3.2.4.	Medical management of emergency workers

			Obtaining the necessary medical treatment for emergency workers with conventional injuries was difficult because several hospitals were closed as a result of the evacuation or sheltering, and some were not prepared to treat patients possibly contaminated with radioactive material [107, 108]. Until primary medical care was provided on the site, emergency workers with conventional injuries were transported to one of two local hospitals for treatment [108].

			About 17 hours after the earthquake, the NIRS dispatched a Radiation Emergency Medical Assistance Team (REMAT), consisting initially of a physician, a nurse and a health physicist, to the Local NERHQ (in the Off-site Centre) to perform assessments of the contamination and decontamination for emergency workers [107].

			Occupational health doctors began to provide primary care for on-site emergency workers at the emergency response centre in the seismically isolated building eight days after the beginning of the accident. Two triage centres were subsequently established, one on-site and the other in ‘J-Village’74 [3, 8, 108].

			From 1 July 2011, an emergency care facility was established at the Fukushima Daiichi NPP. For this facility, medical staff trained to deal with radiation emergencies were recruited from all over Japan [8, 108].

			3.3.	PROTECTING THE PUBLIC

			National emergency arrangements at the time of the accident envisaged that decisions on protective actions would be based on estimates of the projected dose to the public that would be calculated when a decision was necessary using a dose projection model — the System for Prediction of Environmental Emergency Dose Information (SPEEDI). The arrangements did not envisage that decisions on urgent protective actions for the public would be based on predefined specific plant conditions. However, in response to the accident, the initial decisions on protective actions were made on the basis of plant conditions. Estimates of the source term could not be provided as an input to SPEEDI owing to the loss of on-site power.

			The arrangements prior to the accident included criteria for sheltering, evacuation and iodine thyroid blocking in terms of projected dose, but not in terms of measurable quantities. There were no criteria for relocation.

			Protective actions for the public implemented during the accident included: evacuation; sheltering; iodine thyroid blocking (through the administration of stable iodine); restrictions on the consumption of food and drinking water; relocation; and the provision of information.

			The evacuation of people from the vicinity of the Fukushima Daiichi NPP began in the evening of 11 March 2011, with the evacuation zone gradually extended from a radius of 2 km of the plant to 3 km and then to 10 km. By the evening of 12 March it had been extended to 20 km. Similarly, the area in which people were ordered to shelter was extended from within 3–10 km of the plant shortly after the accident to within 20–30 km by 15 March. In the area within a 20–30 km radius of the NPP, the public was ordered to shelter until 25 March, when the national Government recommended voluntary evacuation. Administration of stable iodine for iodine thyroid blocking was not implemented uniformly, primarily due to the lack of detailed arrangements.

			There were difficulties in evacuation due to the damage caused by the earthquake and tsunami and the resulting communication and transportation problems. There were also significant difficulties encountered when evacuating patients from hospitals and nursing homes within the 20 km evacuation zone.

			On 22 April, the existing 20 km evacuation zone was established as a ‘Restricted Area’, with controlled re-entry. A ‘Deliberate Evacuation Area’ was also established beyond the ‘Restricted Area’ in locations where the specific dose criteria for relocation might be exceeded.

			Once radionuclides were detected in the environment, arrangements were made regarding agricultural protective actions in the agricultural area and restrictions on the consumption and distribution of food and consumption of drinking water. In addition, a certification system for food and other products intended for export was established.

			Several channels were used to keep the public informed and to respond to people’s concerns during the emergency, including television, radio, the Internet and telephone hotlines. Feedback from the public received via hotlines and counselling services identified the need for easily understandable information and supporting material.

			3.3.1.	Urgent protective actions and relocation

			Prior to the accident, 10 km emergency planning zones, in which emergency preparedness was to be significantly enhanced, had been established around the Fukushima Daiichi and Fukushima Daini plant sites (Fig. 3.3). There were plans to implement protective actions within these zones [74].
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			FIG. 3.3. Emergency planning zones (EPZs) for the Fukushima Daiichi and Fukushima Daini NPPs established prior to the accident (based on Ref. [74]).


			The emergency response plans envisaged that decisions on protective actions would be based on dose projections performed at the time when a decision was necessary. Doses were to be projected by SPEEDI after the onset of the accident and to be compared with predetermined dose criteria to determine what protective actions were needed and where [73, 93]. This approach was not in line with IAEA safety standards, where the initial decisions on urgent protective actions for the public need to be based on plant conditions [68, 69].

			Predetermined dose criteria were available for sheltering75, evacuation76 and iodine thyroid blocking77 in terms of projected dose, but not in terms of measurable quantities. There were no predetermined criteria (i.e. generic, in terms of dose, or operational, in terms of measurable quantities) for relocation78 [93].

			During the response to the accident, ‘source term’ estimates from the Emergency Response Support System (ERSS) could not be provided as an input to SPEEDI79 owing to the loss of on-site power. Decisions on evacuation and sheltering were taken on the basis of plant conditions (i.e. loss of core cooling) rather than on dose projections as was planned [3, 7].

			The decisions of the national and local governments on protective actions were not always coordinated, mainly as a result of the severe communication problems and partly due to the difficulties in activating the Off-site Centre [92]. At 20:50 on 11 March 2011, Fukushima Prefecture issued an evacuation order for residents within a radius of 2 km of the Fukushima Daiichi NPP on the basis of information received directly from TEPCO [3, 6, 7, 70].

			At 21:23, the national Government issued an evacuation order for an area within a radius of 3 km of the plant, and sheltering for an area within a radius of 3–10 km. At 05:44 on 12 March 2011, the national Government issued an order for the evacuation of an area with a radius of 3–10 km, and at 18:25 it was extended to an area within a radius of 20 km of the plant80 [3, 7].

			The communication of evacuation orders to the public was arranged by using the local disaster management radio communication network, sound trucks, police cars and door-to-door visits. As a result of the plant conditions, difficulties in coordination and insufficient pre-planning, orders for evacuation and sheltering were modified several times within 24 hours, and eventually a zone with a radius of 20 km was ordered to evacuate, involving about 78 000 people [7].

			There were difficulties in evacuation due to infrastructure damage and communication and transportation problems resulting from the earthquake and tsunami. Significant challenges were also encountered in evacuating patients from hospitals and nursing homes within the 20 km evacuation zone (e.g. providing appropriate transport and evacuation shelters with medical supplies). In spite of damaged roads and traffic jams, most residents not requiring medical support began to leave the evacuation area within a few hours after the orders for evacuation had been issued [7].

			The order for the sheltering of residents living within a radius of 20–30 km area around the Fukushima Daiichi NPP was given on 15 March and remained in force until 25 March [3, 7]. This extended time of sheltering and the breakdown of the local infrastructure resulted in serious disruptions to people’s lives [7]. On 25 March 2011, a recommendation for voluntary evacuation was issued by the national Government to residents within the 20–30 km zone [3, 7]. Many residents, however, had already voluntarily left the area.

			Administration of stable iodine for iodine thyroid blocking was not implemented uniformly, owing primarily to inadequate pre-planned arrangements. Some local governments distributed stable iodine tablets but did not advise taking them, while others distributed the tablets and advised the public to take them, and still others awaited instructions from the national Government [6].

			Some residents returned to their homes in the evacuated areas to collect belongings before full access controls were established by the end of March 2011 [6]. On 22 April, the existing 20 km evacuation zone around the Fukushima Daiichi NPP was established as a ‘Restricted Area’, with controlled re-entry and conditions for temporary access, based on consultation with the local governments. In May 2011, short term temporary access was granted, with arrangements in place, including specific instructions and monitoring for contamination [6, 104, 109].

			Monitoring of evacuees at the local level began on 12 March 2011. Decisions on the need for decontamination were based on operational criteria established prior to the accident. After several days, these criteria were increased to address existing conditions (e.g. low temperatures, insufficient water supplies) [5].

			Environmental monitoring following the accident was performed in difficult and hazardous conditions and with limited equipment and staff. For example, the earthquake and tsunami disabled most of the existing local monitoring equipment. Monitoring within a radius of 20 km of the Fukushima Daiichi NPP began on 12 March and ended on 14 March, when evacuation within this area had been completed. In some locations beyond the 20 km evacuation zone, dose rates of the order of a few hundred microsieverts per hour (µSv/h) were measured from 15 March onward [3, 6].

			On 11 April 2011, the national Government announced that the criterion of 20 mSv dose projected to be received within one year from the date of the accident would be used to determine areas beyond the 20 km evacuation zone from which people might need to be relocated81 [3]. On 22 April 2011, a ‘Deliberate Evacuation Area’ was established beyond the 20 km evacuation zone to include areas where this projected dose criterion of 20 mSv might be exceeded. The national Government issued an order that relocation of people from this area should be implemented in approximately one month [3].

			In addition to the ‘Deliberate Evacuation Area’, an ‘Evacuation Prepared Area in Case of Emergency’ was also established on 22 April 2011 (see Fig. 3.4). Residents of the ‘Evacuation Prepared Area in Case of Emergency’ were advised to shelter or evacuate by their own means in the event of possible renewed concerns regarding the Fukushima Daiichi NPP. The designation of the ‘Evacuation Prepared Area’ was lifted on 30 September 2011 [6].
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				FIG. 3.4. Areas and locations where protective actions were ordered or recommended until 30 September 2011 (based on Refs [3, 6, 7, 104]).


			
			As a result of the monitoring conducted beyond the ‘Restricted Area’ (i.e. the 20 km evacuation zone) and the ‘Deliberate Evacuation Area’, specific locations were identified with projected doses to residents above 20 mSv within one year after the occurrence of the accident. On 16 June, the national Government announced a guideline which specified that these locations should be designated as ‘Specific Spots Recommended for Evacuation’. Beginning on 30 June, the national Government began to designate these locations to be relocated [6, 7].

			The areas and locations for which protective actions were ordered or recommended until 30 September 2011 are shown in Fig. 3.4.

			Local government officials had also to decide at an early stage whether to reopen schools and under what conditions. Initially, on 19 April 2011, a dose criterion of 20 mSv/year was established for this purpose. On 27 May, in response to concerns on the part of the public, a notification was issued by the Government of Japan stating the objective to reduce the dose to 1 mSv/year in the near term [7].

			3.3.2.	Protective actions relating to food, drinking water and agriculture

			The criteria of activity concentrations of specific radionuclides to be used in the case of a nuclear emergency for restrictions on food and drinking water produced in Japan had been developed before the accident [93]. However, these values had not been adopted for use in an emergency as specific regulatory limits82 [6, 7]. On 17 March 2011, these criteria were established as provisional regulation values for radionuclide levels in food and drinking water under the Food Sanitation Act [110].

			Following the detection of radioactive material in the environment, arrangements were made for controlling food and drinking water. These arrangements included: (1) radionuclide concentration levels of radioactive caesium and radioactive iodine in food and drinking water established as provisional regulation values under the Food Sanitation Act, above which food and drinking water were restricted; and (2) measurements of radionuclide concentrations in samples of food and drinking water. Within a few weeks, the levels of radioactive iodine (131I) had decreased significantly owing to its short half-life (about 8 days), and the food restrictions in the medium to long term were based on concentrations of radioactive caesium only [110].

			On 21 March 2011, the national Government began to issue restrictions on the distribution of specific food [111] that evolved with the changing situation. Food restrictions were formulated on the basis of the results of monitoring of food samples that determined which foods were exceeding the criteria and defined the geographical location(s) affected [112, 113].

			A number of challenges with regard to protective actions related to food and drinks were encountered, including: (1) defining the criteria (activity concentrations of radionuclides) that could be used as the basis for food control; (2) determining which foods, in different geographical locations, were or could be affected with levels above these criteria; (3) dealing with the insufficient infrastructure and resources for sampling and analysis; and (4) addressing the concerns of some local governments about performing the sampling and analyses.

			On 4 April 2011, a policy was established that enabled placement of food restrictions not only in areas defined by prefectural boundaries but also in smaller geographical areas (such as cities, towns and villages), as appropriate. The policy set out a process to establish or lift restrictions on different food products. Prefectures could apply for modifications to restrictions, on the condition that the food monitoring results were below provisional regulation values three consecutive times in weekly monitoring tests [7].

			On 5 April 2011, based on measured concentrations of 131I in fish samples, the provisional regulation values were added for activity concentrations of radioactive iodine in fishery products [114].

			On 8 April 2011, a policy was issued on restrictions of rice cultivation in agricultural soil that had radioactive caesium levels in excess of established criteria [6].

			On 14 April 2011, radionuclide concentration levels of radioactive caesium and radioactive iodine in animal feed were established as provisional permissible values. Despite the restrictions on animal feed, some beef samples exceeded the provisional regulation values (in July 2011). A control regime was put in place to prevent such meat from being distributed to consumers [6].

			On 1 April 2012, standard limits came into force which replaced the provisional regulation values. These limits specified activity concentrations for radionuclides in food and drinking water on the basis of an effective dose of 1 mSv/year (while the criterion of 5 mSv/year had been used as a basis for the provisional regulation values), and taking account of the contributions to dose of a range of radionuclides released during the accident. As a consequence, these values were much lower than the provisional regulation values that they replaced [115].

			3.3.3.	Public information

			Arrangements for informing the public were in place prior to the accident. At the national level, arrangements existed that recognized the need for relevant response organizations to coordinate the provision of information to the public, including the content, timing and method of announcements [73]. The Fukushima Prefecture Disaster Management Plan also included arrangements for public information [74].

			The regulatory body, NISA, released its initial message on the impact of the earthquake on nuclear facilities via ‘Mobile NISA’ at 15:16 on 11 March 2011, 30 minutes after the earthquake. The declaration of a nuclear emergency was issued by the Prime Minister at 19:03 and announced at a press conference at 19:45. This was followed by a Government press conference on evacuation orders at 21:52 [6, 7].

			The national Government, NISA, local emergency response organizations, local governments and TEPCO held independent press conferences which continued until 25 April. The Chief Cabinet Secretary held regular press conferences twice a day and also on an ad hoc basis to provide information to the public on the accident and the views of the Government. More than 150 press releases were issued and 182 press conferences were held by NISA between 11 March and 31 May 2011 [3]. The results of environmental monitoring were presented at press conferences and press briefings by MEXT.

			The Nuclear Safety Commission (NSC) held daily press conferences from 25 March to 24 April 2011, and eight press conferences were held by the NSC from 25 April to 19 May 2011 [3].

			Joint press conferences between various organizations involved in the response were held from 25 April 2011 onward. This contributed to the consistency of the information that was provided [6]. The Local NERHQ published newsletters and distributed them to evacuation sites from April 2011 onward. Relevant information was also broadcast periodically via local radio stations [3].

			Hotlines were established to answer inquiries from the public. For example, on 11 March 2011, NISA established a hotline to respond to queries relating to the evolution of the emergency and radiation safety, receiving approximately 15 000 calls between 17 March and 31 May 2011 [3]; on 13 March, a hotline of the NIRS was opened, with about 6500 calls answered by 11 April [116]; on 17 March 2011, MEXT and the JAEA opened a hotline, receiving a total of 17 500 calls by 18 May 2011 [3]. Fukushima Prefecture set up counselling services to address questions from residents about various aspects of radiation. Feedback from the public received via hotlines and counselling services identified the need for easily understandable information and supporting material [3].

			From 12 March 2011 onward, the national Government posted information in English, Chinese and Korean on the web sites of the relevant ministries and agencies [117]. Information was provided to the diplomatic corps in Tokyo through regular briefings, held by the national Government on a daily basis from 13 March to 18 May 2011, and three times a week from 19 May onward [6]. A notification channel via fax and email to the diplomatic corps was also established. The diplomatic missions of Japan provided information to their host States, which was posted on web sites in a total of 29 different languages [3].

			Beginning on 13 March 2011, joint press conferences were held, mostly on a daily basis, for the foreign news media by relevant national ministries and government agencies [6].

			Challenges encountered in providing information to the international community related principally to the demands on human resources for translating materials and responding to information requests by telephone [117].

			International Nuclear and Radiological Event Scale (INES) ratings were reported by Japan following the Fukushima Daiichi accident. The INES rating was used separately for the different units at the same site. The rating was revised to a higher level several times within one month. Revisions of the INES rating to a higher level were a cause of significant concern to the public and the news media.

			3.3.4.	International trade

			Many activities and measures were initiated that were aimed at: (1) reassuring the public, industries and States of the safety of Japanese products; (2) facilitating international trade in Japanese products and preventing delays in distribution; and (3) providing advice and guidance to businesses and industries, in particular in Fukushima Prefecture [98, 99, 118, 119].

			Most importing States introduced control measures on Japanese goods; many increased existing import controls or requested a certificate from the Government of Japan; and some banned the import of Japanese goods or those from certain regions of Japan (mostly agricultural products) for a period of time. In June 2011, Japan established a certification system for food products intended for export, which helped to reassure the public and other interested parties that controls were in place. This system was extended in September 2011 to cover shipping containers and some industrial products intended for export [120].

			3.3.5.	Waste management in the emergency phase

			Arrangements for the management of radioactive waste established in Japan prior to the accident covered waste generated in facilities such as NPPs, but it did not include radioactive waste that had been generated in public areas [121]. Detailed strategies, guidelines and instructions for radioactive waste management were developed after the accident.

			The ‘Near-Term Policy to Ensure the Safety for Treating and Disposing Contaminated Waste around the Site of the Fukushima Dai-ichi Nuclear Power Plants’ was issued by the NSC on 3 June 2011 [122]. This document provided dosimetric criteria for: recycled materials; protection of workers treating the materials; protection of members of the public in the vicinity of treatment facilities; and protection of members of the public in the vicinity of a disposal site. The NSC proposed that materials affected by the accident — i.e. debris, sludge from the water and sewage treatments, incinerated ash, trees, plants and soil resulting from decontamination activities — would be disposed of under proper management and that some materials may be considered for reuse. Products manufactured from these reused materials would be checked for contamination and managed appropriately before being released onto the market. Appropriate protective measures would ensure that radiation exposures on the part of workers and the public were kept as low as reasonably achievable [122].

			The ‘Basic Policy for Emergency Response on Decontamination Work’ [123] was established by the NERHQ on 26 August 2011 as an interim policy until the ‘Act on Special Measures concerning the Handling of Environment Pollution by Radioactive Materials Discharged by the Nuclear Power Station Accident Associated with Tohoku District — Off the Pacific Ocean Earthquake that Occurred on March 11, 2011’ was fully in force. The Act was enacted on 26 August 2011, promulgated on 30 August 2011 — with portions of the Act entering into force the same day — and entered fully into force in January 2012 [124]. It outlined the management of the contaminated areas and included the assignment of responsibilities to the national and local governments, the operator and the public. It facilitated the transition from an emergency exposure situation to an existing exposure situation. It also formalized the long term management of environmental monitoring, decontamination measures and the designation, treatment, storage and disposal of soil and waste contaminated by radioactive material.

			3.4.	TRANSITION FROM THE EMERGENCY PHASE TO THE RECOVERY PHASE AND ANALYSES OF THE RESPONSE

			Specific policies, guidelines, criteria and arrangements for the transition from the emergency phase to the recovery phase were not developed until after the Fukushima Daiichi accident. In developing these arrangements, the Japanese authorities applied the latest recommendations of the International Commission on Radiological Protection (ICRP).

			Analyses of the accident and of the emergency response were performed and presented in the form of reports, including those issued by the Government of Japan, the operating organization (TEPCO), and two investigation committees created by the Government and the Parliament, respectively.83

			After the accident, national emergency preparedness and response arrangements in Japan were, in many cases, revised to take account of the findings of these analyses and of relevant IAEA safety standards in the area of emergency preparedness and response.

			3.4.1.	Transition from the emergency phase to the recovery phase

			In developing arrangements for the transition from the emergency phase to the recovery phase after the accident, the Japanese authorities decided to apply the latest recommendations of the ICRP [127–129]. The specific policies, guidelines and criteria, as well as overall arrangements for the transition from the emergency phase to the recovery phase, were developed after the accident [130]. This process included adjusting the protective actions and arrangements made early in the emergency response and taking account of the information available on the conditions in the affected areas (obtained primarily through comprehensive monitoring) [131, 132]. It also included consideration of the necessary longer term recovery operations.

			These actions and arrangements primarily addressed the immediate needs arising during the transition process. The provisions for the protection of workers were gradually modified, depending on the work being undertaken [6, 96].

			On 17 April 2011, TEPCO issued a ‘roadmap’, outlining the steps towards recovery on the site (basic policy, targets and immediate actions in the areas of cooling, mitigation of consequences, and monitoring and decontamination) [24].

			On 17 May 2011, METI issued a ‘Roadmap for Immediate Actions for the Assistance of Nuclear Sufferers’ [130]. This listed nine groups of actions divided into steps scheduled to be implemented over different periods connected to TEPCO’s roadmap. Step 1 had a target of mid-July, step 2 a target of around three to six months after achieving step 1, and step 3 for the mid-term period. This roadmap was intended to facilitate communication and preparations for the transition to long term recovery operations and the resumption of normal social and economic activity. It allocated responsibilities and specified other organizational aspects of the transition process and the objectives and conditions for termination of the emergency phase.

			3.4.2.	Analyses of the response

			Analyses of the accident and the emergency response were undertaken by various bodies in order to identify lessons and to enhance, among other areas, emergency preparedness and response arrangements in Japan. A number of improvements in these arrangements were identified as a result.

			For example, the report of the Government of Japan to the IAEA Ministerial Conference in June 2011 [3] presented lessons in the following areas important for emergency preparedness and response: (1) combined natural disaster and nuclear emergency; (2) environmental monitoring; (3) allocation of roles between central and local organizations; (4) communication in an emergency; (5) response to assistance from other States and communication with the international community; (6) modelling of the release of radioactive materials; and (7) criteria for evacuation and radiation protection guidelines in nuclear emergencies.84

			The Investigation Committee on the Accident at the Fukushima Nuclear Power Stations of Tokyo Electric Power Company, created by the Government, found that there was a need for Japan to take into account lessons from the international community and to include international standards, such as those developed by the IAEA, in its national guidelines [5].

			TEPCO’s Fukushima Nuclear Accident Analysis Report [8] highlighted issues that were identified during the response to the emergency that included: emergency response organization; communication of information; transportation of materials and equipment; and radiation protection.

			The report of the Fukushima Nuclear Accident Independent Investigation Commission established by the National Diet of Japan contained a recommendation for, among other things, reform of the national emergency preparedness and response system, including clarification of the roles and responsibilities of the Government, local government and operators in an emergency [7].

			On the basis of these analyses and lessons identified, corrective actions were taken to strengthen emergency preparedness and response arrangements [133, 134]. A Nuclear Emergency Preparedness Commission was established within the Cabinet to ensure that nuclear emergency response policies would be implemented and promoted by the Government [134]. The NRA developed Nuclear Emergency Response Guidelines85 [136], also taking into account the IAEA safety standards in the area of emergency preparedness and response.

			3.5.	RESPONSE WITHIN THE INTERNATIONAL FRAMEWORK FOR EMERGENCY PREPAREDNESS AND RESPONSE

			An extensive international framework for emergency preparedness and response was in place at the time of the accident, comprising international legal instruments, IAEA safety standards and operational arrangements.86

			At the time of the accident, the IAEA had four roles in the response to a nuclear or radiological emergency: (1) notification and exchange of official information through officially designated contact points; (2) provision of timely, clear and understandable information; (3) provision and facilitation of international assistance on request; and (4) coordination of the interagency response.

			The international response to the accident involved many States and a number of international organizations.

			The IAEA liaised with the official contact point in Japan, shared information on the emergency as it developed, and kept States, relevant international organizations and the public informed. Communication with the official contact point in Japan in the early phase of the emergency response was difficult. The IAEA Director General’s visit to Japan, and the subsequent deployment of liaison officers to Tokyo, improved communication between the IAEA and the contact point. The IAEA also sent expert missions to Japan and coordinated the inter-agency response.

			Different States87 either took or recommended different protective actions for their nationals in Japan in response to the accident. These differences were generally not well explained to the public and occasionally caused confusion and concern.

			Relevant organizations participating in the Inter-Agency Committee on Radiological and Nuclear Emergencies regularly exchanged information. Joint press releases were also issued.

			The IAEA, through its emergency arrangements, liaised directly with NISA, which was the official contact point in Japan [143]. Japan provided information in accordance with Article 3 of the Early Notification Convention.

			The IAEA Secretariat shared information on the emergency as it developed and kept States, relevant international organizations and the public informed [143].

			The IAEA’s role at the time did not include providing a prognosis of the potential evolution of an accident or an assessment of the possible consequences. Its role in responding to an emergency at an NPP was expanded through the adoption of the IAEA Action Plan on Nuclear Safety [144]. This requested the Agency to provide Member States, international organizations and the general public with timely, clear, factually correct, objective and easily understandable information during a nuclear emergency on its potential consequences, including analysis of the available information, and prognoses of possible scenarios based on evidence, scientific knowledge and the capabilities of Member States.

			Box 3.4. International framework for emergency preparedness and response for a nuclear or radiological emergency at the time of the accident

			The primary responsibility for emergency preparedness and response for a nuclear or radiological emergency rests with the State, as does the primary responsibility for the protection of human life, health, property and the environment. The State is responsible for ensuring that emergency preparedness and response arrangements are in place at the national, regional, local and operating organization/facility levels. Where appropriate, the State is also responsible for ensuring the coordination of national arrangements for emergency preparedness and response with the relevant international arrangements to which the State has acceded or is otherwise a party (e.g. through bilateral and/or multinational agreements).

			The international framework at the time of the accident comprised international legal instruments, IAEA safety standards and operational arrangements.

			The Convention on Early Notification of a Nuclear Accident and the Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency, hereinafter referred to as the Early Notification Convention and the Assistance Convention, assign specific response functions and responsibilities to the IAEA and to the Parties. Various international organizations — by virtue of their statutory functions or of related legal instruments — have functions and responsibilities that encompass aspects of emergency preparedness and response [138, 139].

			The IAEA safety standards in the area of emergency preparedness and response at the time of the accident were IAEA Safety Standards Series No. GS-R-2 (co-sponsored by seven international organizations) and IAEA Safety Standards Series No. GS-G-2.1 (co-sponsored by six international organizations) [68, 69]. The International Basic Safety Standards for Protection against Ionizing Radiation and for the Safety of Radiation Sources (IAEA Safety Series No. 115) also included parts that were related to emergency preparedness and response [137].

			International operational arrangements comprised the Emergency Notification and Assistance Technical Operations Manual (ENATOM), the IAEA Response and Assistance Network (RANET) and the Joint Radiation Emergency Management Plan of the International Organizations (JPLAN) [140–142].

			ENATOM facilitated the implementation of those articles of the Early Notification Convention and the Assistance Convention that were operational in nature, such as the provisions for notification and information exchange and the communication protocols for Contact Points identified under the Early Notification Convention and the Assistance Convention (through messages via faxes, telephone lines, emails and a secure and protected web site that could be responded to around the clock). These measures were the subject of regular exercises of various levels of complexity called convention exercises (ConvEx).

			RANET was established to facilitate the provision of international assistance upon request and in compliance with the Assistance Convention. This system forms an operational mechanism to provide assistance in different technical areas, with the help of national capabilities registered in the network.

				JPLAN describes a common understanding of how each organization acts during a response and in making preparedness arrangements for a nuclear or radiological emergency. It provides a mechanism for coordination, and clarifies the roles and capabilities of the participating international organizations. It is maintained by the Inter-Agency Committee on Radiological and Nuclear Emergencies (IACRNE), for which the IAEA provides the Secretariat. At the time of the accident, IACRNE comprised 15 international intergovernmental organizations.

			

			Communication with the official contact point in Japan in the early phase of the emergency response was difficult. The visit to Japan from 17 to 19 March 2011 by the IAEA Director General, and the subsequent deployment of liaison officers to Tokyo, improved communication between the IAEA and the contact point [143].

			Some States issued advice or a specific instruction for the protection of their nationals in Japan. Some advised their nationals in Japan to follow the orders and recommendations issued by the Japanese authorities in response to the emergency, while some States issued advice that differed from that provided by the Japanese authorities and other States [145]. Differences in the recommendations among States were due to various factors, including a lack of information on the evolving situation. These differences were generally not well explained to the public and occasionally caused confusion and concern.

			The IAEA sent expert missions to Japan and coordinated the provision of Member State offers of assistance to Japan. The Assistance Convention was not invoked and RANET88 was not utilized. States provided assistance to Japan directly. This support helped the Government of Japan to manage the nuclear emergency, which, together with the effects of the earthquake and tsunami, challenged the national response capability. One of the difficulties in accepting international assistance in the early stages of the national response was the absence of national arrangements for receiving such assistance [5, 143].

			In accordance with its responsibilities, the IAEA Secretariat promptly activated the JPLAN and initiated coordination of the inter-agency response. Members of IACRNE exchanged information, focusing in particular on reaching a common understanding of the aftermath of the accident and coordinating efforts to keep the public informed. Regular video teleconferences were held until July 2011. Joint press releases were also issued.

			As part of the bilateral agreements between the secretariats, the Food and Agriculture Organization of the United Nations (FAO), World Health Organization (WHO) and World Meteorological Organization (WMO) sent liaison officers to the IAEA to ensure effective coordination of the international response.

			3.6.	OBSERVATIONS AND LESSONS

			A number of observations and lessons have been compiled as a result of the assessment of emergency preparedness and the response to the accident. The response to the accident highlighted lessons from past emergencies and confirmed the importance of being adequately prepared for an emergency response.

			— In preparing for the response to a possible nuclear emergency, it is necessary to consider emergencies that could involve severe damage to nuclear fuel in the reactor core or to spent fuel on the site, including those involving several units at a multi-unit plant possibly occurring at the same time as a natural disaster.

			Consideration needs to be given to the possibility of a severe nuclear accident, irrespective of the cause, possibly involving more than one unit at a site and occurring simultaneously with a natural disaster, which could result in disruption at the site and of the local infrastructure. Systems, communications and monitoring equipment for providing essential information for both on-site and off-site responses need to be able to function under such circumstances.

			Facilities where the response will be managed (e.g. on-site and off-site emergency response centres) need to be selected or designed to be operational under a full range of emergency conditions (radiological, working and environmental conditions), and need to be suitably located and/or protected so as to ensure their operability and habitability under such conditions.

			— The emergency management system for response to a nuclear emergency needs to include clearly defined roles and responsibilities for the operating organization and for local and national authorities. The system, including the interactions between the operating organization and the authorities, needs to be regularly tested in exercises.

			Arrangements are needed that integrate the response to a nuclear emergency with the response to natural disasters and human-made disasters (e.g. earthquakes, floods and fires).

			The on-site response needs to be managed by personnel located at the site who have knowledge of the plant and of the situation. The on-site and off-site responses need to be coordinated based on pre-planned arrangements.

			— Emergency workers need to be designated, assigned clearly specified duties, regardless of which organization they work for, be given adequate training, and be properly protected during an emergency. Arrangements need to be in place to integrate into the response those emergency workers who had not been designated prior to the emergency, and helpers who volunteer to assist in the emergency response.

			The practical arrangements for the protection of emergency workers need to be addressed in a consistent manner and in adequate detail in relevant plans and procedures. Account needs to be taken of those who may not have been designated as emergency workers at the preparedness stage. Dose criteria for emergency workers need to be set in advance and applied in a consistent manner for the assigned emergency duties. Arrangements for ensuring the well-being of emergency workers (including contact with their families) need to be in place.

			In addition, arrangements need to be pre-planned for members of the public (referred to as ‘helpers’) who volunteer to assist in response actions to be integrated into the emergency response organization and to be afforded an adequate level of radiation protection.

			— Arrangements need to be in place to allow decisions to be made on the implementation of predetermined urgent protective actions for the public, based on predefined plant conditions.

			These arrangements are necessary because decision support systems, including those using computer models, may not be able to predict the size and timing of a radioactive release (the ‘source term’), the movements of plumes, deposition levels or resulting doses sufficiently quickly or accurately in an emergency to be able to provide the sole basis for deciding on initial urgent protective actions.

			At the preparedness stage, there is a need to develop an emergency classification system based on observable conditions and measurable criteria (emergency action levels). This system enables the declaration of an emergency shortly after the detection of conditions at a plant that indicate actual or projected damage to the fuel and initiation of predetermined, urgent protective actions for the public (in the predefined zones) promptly following classification of the emergency by the operator. This emergency classification system needs to cover a full range of abnormal plant conditions.

			— Arrangements need to be in place to enable urgent protective actions to be extended or modified in response to developing plant conditions or monitoring results. Arrangements are also needed to enable early protective actions to be initiated on the basis of monitoring results.

			At the preparedness stage, there is a need to establish arrangements to, among other things: (1) define emergency planning zones and areas; (2) establish dose and operational criteria (levels of measurable quantities) for taking urgent protective actions and other response actions, including dealing with special population groups within emergency zones (e.g. patients in hospitals); (3) enable urgent protective actions to be taken before or shortly after a release of radioactive material; (4) enable prompt establishment of access controls in areas where urgent protective actions are in place; (5) extend protective actions beyond the established emergency planning zones and areas if necessary; (6) establish dose and operational criteria for taking early protective actions and other response actions (e.g. relocation and food restrictions) that are justified and optimized, taking into account a range of factors such as radiological and non-radiological consequences, including economic, social and psychological consequences; and (7) establish arrangements for revision of operational criteria for taking early protective actions on the basis of the prevailing conditions.

			— Arrangements need to be in place to ensure that protective actions and other response actions in a nuclear emergency do more good than harm. A comprehensive approach to decision making needs to be in place to ensure that this balance is achieved.

			These arrangements need to be developed with a clear understanding of the full range of possible health hazards presented in a nuclear emergency and of the potential radiological and non-radiological consequences of any protective actions.

			Protective actions need to be taken in a timely and safe manner, taking into account possible unfavourable conditions (e.g. severe weather or damage to infrastructure). Preparations in advance are necessary to ensure the safe evacuation of special facilities, such as hospitals and nursing homes; continuing care or supervision must be provided for those who need it.

			— Arrangements need to be in place to assist decision makers, the public and others (e.g. medical staff) to gain an understanding of radiological health hazards in a nuclear emergency in order to make informed decisions on protective actions. Arrangements also need to be in place to address public concerns locally, nationally and internationally.

			Public concerns need to be effectively addressed in a nuclear emergency. This includes the means to relate measurable quantities (e.g. dose rates) and projected radiation doses to radiological health hazards in a manner that allows decision makers (and the public) to make informed decisions concerning protective actions. Addressing public concerns contributes to mitigating both the radiological and the non-radiological consequences of the emergency.

			International concerns could be addressed, in part, by means of certification systems to demonstrate that tradable goods meet international standards and to reassure importing States and the public.

			— Arrangements need to be developed at the preparedness stage for termination of protective actions and other response actions, and for transition to the recovery phase.

			At the preparedness stage, there is a need to plan for the transition from the emergency phase to the long term recovery phase and for resumption of normal social and economic activities. The arrangements need to: (1) establish formal processes to decide on the termination of protective actions and other response actions; (2) clearly allocate responsibilities; (3) establish criteria for the termination of protective actions and other response actions; and (4) provide a strategy and process for consulting the public.

			— Timely analysis of an emergency and the response to it, drawing lessons and identifying possible improvements, enhances emergency arrangements.

			Such an analysis needs to include a review of all relevant arrangements, including national laws and regulations, allocation of authorities and responsibilities, emergency response plans and procedures, facilities, equipment, training and exercises. Analysis provides a basis for revision of the arrangements, as necessary. The adequacy of revised emergency arrangements needs to be demonstrated through exercises.

			— The implementation of international arrangements for notification and assistance needs to be strengthened.

			Awareness of international arrangements for notification and assistance in a nuclear or radiological emergency, as well as existing operational mechanisms, needs to be increased, including mechanisms and procedures for notification and information exchange, for requesting and providing international assistance, etc. There is a need for enhanced training and exercises on the operational aspects of the Early Notification Convention and the Assistance Convention.

			Participation in existing mechanisms for the provision of international assistance under the Assistance Convention needs to be an integral part of national emergency preparedness efforts. Arrangements need to be in place at the preparedness stage for requesting and receiving assistance (on the basis of bilateral agreements or under the Assistance Convention) in a nuclear or radiological emergency.

			Lists of officially designated contact points, as required under the Early Notification Convention and the Assistance Convention, need to be continuously updated and prepared for immediate requests for information from the IAEA.

			Application of the IAEA safety standards on emergency preparedness and response at the national level would improve preparedness and response, facilitate communication in an emergency and contribute to the harmonization of national criteria for protective actions and other response actions.

			— There is a need to improve consultation and sharing of information among States on protective actions and other response actions.

			Consultation and sharing of information on protective actions and other response actions among States in an emergency helps to ensure that actions are taken consistently. In addition, a clear and understandable explanation of the technical basis for decisions on protective actions and other response action is crucial in order to increase public understanding and acceptance at both the national and international levels.

		
		

	
		
			4. RADIOLOGICAL CONSEQUENCES

			Section 4 considers the radiological consequences of the accident at the Fukushima Daiichi NPP for people and the environment. The radiological consequences of the accident have been addressed by a number of international organizations and bodies. WHO issued a preliminary estimation of radiation doses [146] and subsequently assessed the risk attributed to the accident [147]. More recently, UNSCEAR estimated radiation levels and effects [148]. Radiation protection lessons have been compiled by the ICRP [149, 150]. Other international organizations, notably FAO and WMO, have also provided relevant information. Some of these international activities are described in Box 4.1.

			Box 4.1. International activities related to the radiological consequences of the accident at the Fukushima Daiichi NPP

			In addition to the IAEA, other international bodies have been active in addressing the radiological consequences of the accident at the Fukushima Daiichi NPP:

			— The World Health Organization (WHO), a specialized agency of the United Nations concerned with public health, issued a preliminary estimate of the radiation doses incurred due to the accident [146] and, subsequently, a health risk assessment [147].

			— The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), which reports to the United Nations General Assembly, reported its estimates of the levels and effects of radiation exposure attributable to the accident, including a considerable amount of data on environmental radioactivity and radiation doses [148].

			— The International Commission on Radiological Protection (ICRP), a non-governmental international body of experts that issues widely used recommendations on radiological protection, issued a review of radiological protection issues during and after the accident, aimed at improving the international system of radiological protection [149, 150].

			— The Food and Agriculture Organization of the United Nations (FAO), a specialized agency of the United Nations involved in agriculture, forestry and fisheries practices for ensuring good nutrition and food security for all, worked in partnership with the IAEA, through the Inter-Agency Committee on Radiological and Nuclear Emergencies (IACRNE), in preparing for and responding to nuclear or radiological emergencies affecting food, agriculture, forestry and fisheries, and compiled a significant database on radionuclide concentrations in food due to the accident [151].

			— The World Meteorological Organization (WMO), a specialized agency of the United Nations for meteorology, operational hydrology and related geophysical sciences, issued an evaluation of meteorological analyses for the radionuclide dispersion and deposition from the accident [152].

			— The Nuclear Energy Agency of the Organisation for Economic Co-operation and Development (OECD/NEA) reported on the nuclear safety response and lessons learned from the accident [153].

			— These and other organizations such as the United Nations Environment Programme (UNEP), the International Labour Organization (ILO), the Pan American Health Organization (PAHO), and the European Commission (EC) co-sponsor international safety standards that are issued under the aegis of the IAEA. WHO establishes Guidelines for Drinking-water Quality to be used in existing exposure situations, which contains parameters for radioactivity in drinking water [154]. The FAO and WHO Codex Alimentarius Commission establishes the Codex Alimentarius, a collection of internationally harmonized food standards to protect the health of consumers and to ensure fair practices in the international food trade, which contain standards on the presence of radionuclides in food [155].

			

			Official bodies in many States, including Japan, carried out numerous evaluations of the radiological consequences of the accident at the Fukushima Daiichi NPP (e.g. Ref. [5]). National professional radiation protection organizations, both in Japan and elsewhere, identified important lessons for radiation protection (e.g. Ref. [156]). Fukushima Prefecture launched the Fukushima Health Management Survey [157] in June 2011 [158]. This survey, which is described in Box 4.2, was discussed at the International Expert Symposium in Fukushima [159, 160].

			Box 4.2. The Fukushima Health Management Survey

			The Fukushima Health Management Survey is a general examination and investigation of the health situation of people in Fukushima Prefecture [157]. It is based on a series of questionnaires and has the following objectives: “(1) to assess residents’ radiation dose, and (2) to monitor residents’ health conditions, which result in disease prevention, early detection and early medical treatment, thereby (3) to maintain and promote their future health” [161].

			Following the response, effective doses due to external exposures incurred in the four months following the nuclear accident were estimated by the National Institute of Radiological Sciences (NIRS) on the basis of recorded movements of respondents, in combination with an understanding of the relevant radiation levels. In addition, there were detailed surveys that included: (1) thyroid ultrasound examinations, covering roughly 370 000 residents aged 0 to 18 years at the time of the nuclear accident (the initial screening was performed within the first three years after the accident, followed by complete thyroid examinations from 2014 onwards, and regular monitoring of the residents thereafter); (2) a comprehensive health check aimed at the early detection and treatment of diseases, as well as the prevention of lifestyle related diseases, having as a main target 210 000 former residents of evacuation zones whose lifestyle changed drastically after the accident (additional tests such as differential leukocyte counts, are being performed apart from the routine tests included in general medical check-ups at the workplace or by the local government); (3) a Mental Health and Lifestyle Survey aimed at providing adequate care, mainly for evacuees who are at a higher risk of developing mental health problems such as post-traumatic stress disorder, anxiety and stress; and (4) a pregnancy and birth survey aimed at providing appropriate medical care and support to mothers who were given a Maternal and Child Health Handbook between 1 August 2010 and 31 July 2011, as well as to their children. (This survey is being updated every year to take account of new data, particularly on pregnancy and births [162].)

			The Fukushima Medical University received a mandate to conduct the health survey from Fukushima Prefecture and launched the Radiation Medical Science Center for the Fukushima Health Management Survey to conduct the basic survey of external dose estimates and four detailed surveys. The survey and its results are assessed periodically by the Prefectural Oversight Committee Meeting for the Fukushima Health Management Survey.

			

			This section builds on these international and national data, evaluations and estimates by making use of new information, in particular information provided by the Japanese authorities to the IAEA for this report. It should be noted that the estimates in various international and national reports have been performed at different times and with different levels of information. Thus, while some direct comparisons can be made between the various results, differences between the data, methodology and dates of the studies make any detailed comparison difficult.

			Quantities and units

			Specialized international quantities89 and units90 [163, 164] were used for monitoring and reporting radiological data of the accident. The fundamental international radiation protection quantities and units which are used in this report are briefly described in Box 4.3.

			Box 4.3. The fundamental radiation protection quantities and units used in this report

			The quantity used to describe radioactivity is termed activity and its unit of measurement is called becquerel (Bq). One becquerel represents an extremely small level of activity. For example, the human body contains around 5000 Bq of naturally radioactive potassium-40 (for a person weighing 70 kg, with 140 g of potassium in the body). Therefore, in order to measure the large releases of radionuclides from the accident, a suitable prefix, such as peta (P) is used in this report: 1 petabecquerel (PBq) equals 1015 Bq.

			The release of radioactive material led to the exposure of people to ionizing radiation, through both external exposure, when the activity was outside the body, and internal exposure, when the radionuclides were incorporated into the body (e.g. by ingestion or inhalation or through the skin). The quantity describing the mean radiation exposure incurred by organs and tissues is termed absorbed dose and its unit of measurement is joule per kilogram called gray (Gy), often expressed as thousandths of a Gy, or milligrays (mGy).

			For radiation protection purposes, the absorbed dose has to be weighted because different types of radiation have varying levels of effectiveness in causing harm, and different organs and tissues have different sensitivities to radiation exposure. The quantity resulting from the application of radiation weighting factors to the absorbed dose in organs and tissues is called equivalent dose, and its unit is termed sievert (Sv), usually expressed as thousandths of a Sv, or millisieverts (mSv). In the report, thousandths of mSv, or microsieverts (µSv), are also used. The quantity resulting from the application of tissue weighting factors is called effective dose and is also measured in mSv. While there is some variation between individuals in the effect of a given exposure to radiation, for radiation protection purposes doses are estimated as though delivered to a defined ideal reference individual, as it is not feasible to take into account individual differences.

			The absorbed dose and the equivalent dose are used for doses incurred by tissues and organs. Given the type of radiation involved, in all radiation exposures from the accident (except insignificant exposures to neutrons) the reported absorbed doses were numerically equal to the corresponding equivalent doses and vice versa. The effective dose is used for assessing the whole body implications. An internal exposure will continue as long as any of the inhaled or ingested radioactive substances remain in the body. The committed dose caused by this continuing exposure is calculated as that dose which is expected over the exposed person’s lifetime.

			The following estimates of effective doses commonly incurred are provided as a reference [165]:

			— Global natural background radiation delivers an annual average effective dose of 2.4 mSv, with a typical range of 1–13 mSv, and with sizeable population groups incurring up to 10–20 mSv, and in extreme cases up to around 100 mSv.

			— The globally averaged annual effective dose due to medical radiodiagnosis is 0.6 mSv, and a single computed tomography examination can deliver an effective dose of around 10 mSv. (It should be noted that medical exposure is usually localized to part of the body, i.e. it is not uniformly distributed in the body.)

			

			Other quantities used in practice are derived from the fundamental radiation protection quantities. Box 4.4 describes some of these derived quantities and a number of related issues. The many quantities and units were not easily understandable by the public in the aftermath of the accident. The ICRP, in its assessment of radiological protection issues arising during and after the accident, concluded that international action should be taken in the future to ensure that “any confusion on protection quantities and units be resolved” [149].

			Box 4.4. Measurement quantities and operational terms

			The protection quantities equivalent dose and effective dose are not directly measurable. Therefore, instruments for measuring external exposure, either incurred by persons or present in the environment (or in the ambience), are calibrated against operational quantities called personal dose equivalent and ambient dose equivalent, respectively. These are proxies of the protection quantities, i.e. a measured quantity used to infer the value of the quantity of interest, and they are also measured in mSv. These operational quantities were used for monitoring in the aftermath of the accident and are used in the report when referring to monitored values.

			Depending on the type of exposure situation, particular terms are used to facilitate the explanation of the concept of exposure control, as follows:

				— In planned exposure situations1, the additional dose expected to be added by a planned operation is used. For these situations, the relevant individual dose restrictions are known as dose limits. Dose limits are values of the additional effective doses or the additional equivalent doses to individuals expected from a planned exposure situation that are not to be exceeded; they are applicable to the additional individual doses from external exposure in a given period of time plus the additional individual dose commitment from intakes of radionuclides in that time period.

				— In emergency exposure situations2, three concepts of dose are used: (1) the projected dose (the dose that would be expected to be received if no protective actions were taken); (2) the avertable dose (the dose that could be averted if a protective action was taken); and (3) the residual dose (the dose expected to be incurred in the existing exposure situations3 remaining after protective actions have been terminated). Reference levels are applied to residual doses as guidance levels for optimizing protection. These represent the level of dose “above which it is judged to be inappropriate to plan to allow exposure to occur and below which optimization of protection should be implemented” [129].

			There are also quantities derived from activity, such as quantities related to the presence of radioactivity in the environment expressing, for instance, the activity on land or in products of public consumption. Relevant derived quantities are the deposition density, which expresses the activity per unit area, usually expressed in Bq/m2; the specific activity, which expresses the activity per unit mass or weight, usually expressed in Bq/kg; and the activity concentration, which expresses the activity per unit volume, usually expressed in Bq/L. These quantities are usually referred to as contamination. This term is formally defined in international standards as: (1) the presence of radionuclides on surfaces, or within solids, liquids or gases (including the human body), where their presence is unintended or undesirable; or (2) the process giving rise to their presence in such places, in both cases with no indication of the magnitude of the hazard involved. However, the term contamination carries a connotation of impurity or danger that is not intended in its formal denotation as presence or process.

					

				1 Planned exposure situations arise from the planned operation of radiation sources (e.g. the normal operation of the Fukushima Daiichi NPP) or from planned operations that result in exposure from sources. Since provisions for protection and safety can be made in advance, exposures can be restricted from the outset. In planned exposure situations, a certain level of exposure is expected to occur.

				2 Emergency exposure situations include situations of exposure that arise as a result of an accident and require prompt action in order to avoid or reduce adverse consequences.

				3 Existing exposure situations are situations of exposure that already exist when a decision on the need for control needs to be taken and include exposure due to residual radioactive material arising from a nuclear or radiological emergency after an emergency exposure situation has been declared to be ended.

			

			Uncertainties

			The estimates of the radiological consequences of the accident are subject to a number of uncertainties, which are often expressed as the range of likely values of the relevant quantities. Some of these uncertainties have been accounted for after a statistical analysis of the variables involved, for example in the estimates of personal radiation dose due to external exposure, but not all uncertainties have been resolved. While the risks from radiation exposure are better understood than risks from exposure to other agents, it is important that relevant uncertainties are addressed and communicated properly [166, 167].

			Statistical analyses

			In order to deal with uncertainties, statistical analyses of some relevant variable data have been performed. The variables include specific activity in food and, in particular, personal radiation doses. The analyses of radiation doses covered estimates based on the use of questionnaires and ambient and environmental radiation data, and those based on personal monitoring through personal dosimeters and whole body counting of incorporated radioactivity. The basis for the statistical analyses is summarized in Box 4.5, which describes probability distributions of data, in particular the log-normal probability distribution that was specifically used in the analyses. There are many circumstances in which multiple measurement data, including measurements of environmental quantities, are expected to be statistically distributed following an approximate log-normal probability distribution. A large amount of information is available on the statistical distribution of doses incurred by exposed populations, which shows approximate log-normal distributions. Relevant evidence came from UNSCEAR occupational dose estimates [168] and also from the analysis of public doses from the accident at the Chernobyl NPP in 1986 [169]. However, a number of issues have been presented in the analyses of the data submitted following log-normal distributions, and some of them are summarized in Box 4.6.

			Box 4.5. Statistical analysis of estimated and measured data

			Some relevant data used in this report — notably data on personal doses and also on activity in food — were analysed statistically. The values of the variable quantity (e.g. the values of activity or dose) were classified according to their frequency distribution. For this, the whole range of data was binned, namely grouped together in bins, or a series of small interval ranges of numerical values, into which the data were sorted for analysis. The data in each bin were displayed adjacent one to another in a histogram that is a diagram consisting of rectangles representing the bins, whose positions represent the values of the quantity and whose dimension represents the number of data in every bin. The histogram was then normalized, multiplying the values of the rectangles by a factor that makes the total area of the rectangles equal to 1. When sufficient data are available and the intervals become very small, the histogram tends towards a smooth curve termed a probability density function that describes the relative likelihood for the quantity (e.g. the activity in food or the dose incurred by people) to have a given value.

			While the most common distribution is the normal (or Gaussian) distribution, represented by a bell shaped probability density function that is symmetric with respect to the maximum probability, the most relevant distribution for the purpose of the report is the logarithmic-normal or log-normal distribution. The log-normal distribution is a probability distribution of a quantity, such as the activity or the dose, whose logarithm is normally distributed. Thus, the log-normal probability density function is symmetrical with respect to the maximum only when displayed as a function of the logarithm of the quantity (e.g. the logarithm of the activity or the logarithm of the dose) rather than as a function of the quantity. An example of such a log-normal probability distribution, showing an idealized histogram and its probability density function, is illustrated on the left hand side of the figure below.
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			The probability density function can be integrated, meaning that the values of the bins in the normalized histogram can be summed, from the lower to the higher values of the quantity. This summation, as a function of the quantity, is termed a cumulative probability function and describes the likelihood that a quantity with a given probability distribution will be found to have a value less than or equal to the value.

				The log-normal cumulative probability function could be plotted as a straight line in a coordinate plane of abscissas representing the quantity (e.g. the dose) calibrated logarithmically versus ordinates representing the cumulative probability calibrated as a normal function. An example of such representation is shown on the right hand side of the figure above, where the integral of the actual experimental data of the bins in the left-hand figure is plotted vis-à-vis the straight line.

			

			Box 4.6. Issues with log-normal distribution of the data

			While the binning of data sets usually results in a relatively smooth distribution of the bin levels, for some data sets of the submitted information this was not the case. For these data sets the bin distributions look distorted, usually due to the accumulation of a large amount of data in a particular bin. For instance, in some data sets all the values near the detection limit were accumulated in one (initial) bin without discrimination, while higher values were properly discriminated. In the statistical analyses the decision was made to distribute this misleadingly accumulated data according to a probability density distribution derived from the actual data (using its relevant statistical values, such as mean and standard deviation) and, on this basis building up a conjectural, randomly created, distribution including a larger number of bins. The result is a conceptual histogram which is tailored to the statistical values of the real data and to which a smooth probability density curve can be fit. This probability density function, which describes how the distribution should ideally look like if the data have been sufficiently detailed and discriminated, is presented together with the cumulative probability function in the relevant figures of the report. In one of the figures the actual distribution of bins is also presented for comparison.

				While exact adherence to the log-normal distribution may not be observable across the full range of data, explanations of the deviations, in particular deviations from the straight line in the cumulative probability, can usually be elaborated and they form an important part of the analysis. A cause of deviation is uncertainty originating both in the measurements themselves and in the statistical nature of the sampling process. A particular problem in the analyses of incurred doses, which is typical of accidental situations, was the likely inhomogeneous nature of the cohorts of exposed people. Other causes included constrained distribution in the data; for instance, at high doses, there might be higher than expected cumulative probability (i.e. fewer people than expected are incurring high dose) with the most likely explanation that dose restrictions have been applied successfully. If they are higher than expected in the low dose range (i.e. more people than expected are incurring low doses), a plausible explanation is that a dose equal to the detection limit has been (misleadingly) assigned to all people with doses below these levels; conversely, if they are lower than expected it might mean that a zero dose has been assigned (again misleadingly) to everybody with doses below the detection level. Sometimes deviations from the straight line became ostensible due to the high level of inconsistency in the local data; for example, when two different population groups were mixed, such as evacuees with residents that remained in the area, there may be evidence of the change in the slope of the cumulative probability distribution, with each sector reflecting the doses received in each area. Sometimes there were protracted collections of information that distorted the data, e.g. due to radioactive decay over time. Deviations from linearity in a log-normal cumulative probability plot may be used to make plausible inferences about the underlying data.

			

			4.1.	RADIOACTIVITY IN THE ENVIRONMENT

			The accident resulted in the release of radionuclides to the environment. Assessments of the releases have been performed by many organizations using different models. Most of the atmospheric releases were blown eastward by the prevailing winds, depositing onto and dispersing within the North Pacific Ocean. Uncertainties in estimations of the amount and composition of the radioactive substances were difficult to resolve for reasons that included the lack of monitored data on the deposition of the atmospheric releases on the ocean.

			Changes in the wind direction meant that a relatively small part of the atmospheric releases were deposited on land, mostly in a north-westerly direction from the Fukushima Daiichi NPP. The presence and activity of radionuclides deposited in the terrestrial environment were monitored and characterized. The measured activity of radionuclides decreases over time due to physical decay, environmental transport processes and cleanup activities.

			In addition to radionuclides entering the ocean from the atmospheric deposition, there were liquid releases and discharges from the Fukushima Daiichi NPP directly into the sea at the site. The precise movement of radionuclides in the ocean is difficult to assess by measurements alone, but a number of oceanic transport models have been used to estimate the oceanic dispersion.

			Radionuclides such as 131I, 134Cs and 137Cs were released and found in drinking water, food and some non-edible items. Restrictions to prevent the consumption of these products were established by the Japanese authorities in response to the accident.

			4.1.1.	Releases

			Many assessments of the releases of radionuclides from the accident at the Fukushima Daiichi NPP have been performed using established mathematical models and methods and associated computer codes (see Refs [170–177]).

			In the early phase of the accident, the noble gases 85Kr and 133Xe, with half-lives of 10.76 years and 5.25 days, respectively, contributed to external exposure from the plume of the atmospheric releases. The short lived 131I, with a half-life of 8.02 days, contributed to the equivalent doses to the thyroid gland if ingested or inhaled. The longer lived 134Cs and 137Cs, with half-lives of 2.06 years and 30.17 years, respectively, contributed to both equivalent doses and effective doses through external and internal exposure. While 131I decays relatively quickly, it can give rise to relatively high equivalent doses to the thyroid gland. In some areas, 137Cs may continue to be present in the environment, and without remediation it could remain a contributor to effective doses to individuals.

			Radionuclides of strontium, ruthenium and some actinides (e.g. plutonium) were also released in varying amounts. As indicated in Section 2.1, neutrons were detected near the main gate of the plant (which is around 1 km away from Units 1–3), between 05:30 and 10:50 on 13 March. It is estimated that the neutrons came from the spontaneous nuclear fission of radionuclides that could have been released as a result of damage to the reactor core. Such a phenomenon was predictable, and the presence of these radionuclides at relatively low levels has been reported.

			Releases to the atmosphere

			Noble gases were a significant part of the early releases from the Fukushima Daiichi NPP; around 6000–12 000 PBq of 133Xe are estimated to have been released (or 500–15 000 PBq, if early estimates are included in the evaluation). The mean total activity of 131I released was around 100–400 PBq, and that of 137Cs was around 7–20 PBq (or 90–700 PBq and 7–50 PBq, if early estimates are included). The releases from the accident are estimated to be approximately one tenth of the releases from the accident in 1986 at the Chernobyl NPP [169, 178, 179]. Most of the releases were dispersed over the North Pacific Ocean; as a result, the amount and isotopic composition of material released (the ‘source term’) could not be reconfirmed by environmental measurements of the radionuclide deposits [177].

			Releases into the sea

			Most of the atmospheric releases dispersed over the North Pacific Ocean fell on the oceanic surface layer. There were direct releases and also discharges into the sea at the site, with the primary source of highly radioactive water from a trench at the Fukushima Daiichi NPP. The peak radioactive releases were observed at the beginning of April 2011. The direct releases and discharges of 131I into the sea were estimated to be 10–20 PBq. The direct releases and discharges of 137Cs were estimated by most analyses to be in the range of 1–6 PBq, but some assessments reported estimates of 2.3–26.9 PBq [175].

			4.1.2.	Dispersion

			Many theoretical models have been used to estimate the dispersion patterns. Extensive measurements of activity concentration of 131I, 134Cs and 137Cs in the environment, including in air, soil, sea water, sediments and biota, were performed and have also been used for estimating the dispersion of the releases.

			Atmospheric dispersion

			The transport of the atmospheric radioactive releases was directed mainly to the east and north of Japan, following the prevailing wind direction, and then around the globe. Figure 4.1 presents an example of the many atmospheric transport models that were used to estimate the atmospheric transport of the various radionuclides and their deposition patterns, which describe the results of modelling the global dispersion of 137Cs [180]. The figure illustrates activity concentration in air by using the original code of colours of the reference, where small changes in the degree of the colour correspond to one order of magnitude change in the activity concentration. The illustration is intended to support the conclusion that activity concentration in the atmosphere decreased noticeably with distance from the Fukushima Daiichi NPP.
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				FIG. 4.1. Results from one of the global models of the atmospheric dispersion of 137Cs, presented in its original code of colours (see Ref. [180] for details) (Illustration courtesy of Meteo-France).

			

			Highly sensitive radiation monitoring networks detected extremely low levels of radioactivity attributable to the accident as far away as Europe and North America. However, the effects of these releases on the level of global environmental background radioactivity were negligible.

			
				Oceanic dispersion of direct releases and discharges into the sea at the site

			Most of the released and discharged radionuclides that entered into the sea at the site moved eastward with the Kuroshio current91, were transported over large distances via the North Pacific Ocean gyre92 and became highly diluted in the sea water [181]. Radioactivity spread over large oceanic distances and was detected in extremely small amounts far away from the accident, sometimes via pathways through oceanic biota, such as blue-fin tuna fish [182].

			While the precise movement of radionuclides in the ocean is difficult to assess by measurements alone, a number of oceanic transport models were used to assess their dispersion patterns. Figure 4.2 illustrates examples of these models describing the dispersion of 137Cs in the North Pacific Ocean. The figure uses the original code of colours employed in each particular reference. As in the case of atmospheric dispersion, small changes in the degree or tone of the colours correspond to one order of magnitude change in the activity concentration. The illustration is intended to support the conclusion that activity in the ocean decreased noticeably with distance from the Fukushima Daiichi NPP. All models show that the activity of 137Cs in the ocean was very low.
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			FIG. 4.2. Various oceanic models have been used to estimate the activity concentration of 137Cs in sea water (the code of colours and the units used are those employed in the references): (a) an example of modelling contaminated waters from 21 March 2011 to 29 June 2012 [183, 184].
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				FIG. 4.2. (cont.) (b) simulated horizontal distribution of 137Cs in surface waters between 14 and 26 April 2011 [185];

			

				(c) [image: ]

					FIG. 4.2. (cont.) (c) horizontal distribution of the 137Cs concentrations averaged over a ten day period from 21 to 30 April 2011, with the name of the models indicated above each panel [175].

			

				4.1.3.	Deposition

			The activity deposited on the Earth’s surface is quantified as deposition density and measured in terms of activity per unit area, usually expressed in Bq/m2. When the deposition is terrestrial, it is usually referred to as ground ‘contamination’.

			Oceanic deposition

			The deposition of 137Cs onto the ocean was studied using different models (see Fig. 4.3).

			(a) [image: ]

				
				FIG. 4.3. Various models have been used to estimate the oceanic deposition density of 137Cs (the units used are Bq/m2). (a) Modelling the cumulative aeolian input through 1 April 2011 [185];
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				FIG. 4.3. (cont.) and (b) an example of the ensemble averaged 137Cs deposition (11–31 March 2011) [175].

			

			It is difficult to produce an accurate estimate of the amount of 137Cs released to the atmosphere which was deposited on the ocean surface [186]. As a reference, the global pre-accident deposition of 137Cs as of 1970 is estimated at 290 ± 30 PBq and the typical (background) level of 137Cs in the North Pacific Ocean was approximately 69 PBq [187, 188].

			
			
			Terrestrial deposition

			While most atmospheric releases were dispersed eastward, the releases that took place on 12, 14 and 15 March were blown over land, and relevant radionuclides, notably 131I, 134Cs and 137Cs were deposited on the ground. The deposition patterns varied greatly, being influenced strongly by rain, snowfall and other local or regional conditions, such as topography and land use. Another factor that influenced the pattern of deposition in the terrestrial environment was the different physical and chemical characteristics of iodine and caesium.

			The largest long lived deposits of 137Cs were found to the north-west of the Fukushima Daiichi NPP, where the total deposition of 137Cs on the land surface of Japan was estimated to have been around 2–3 PBq [188]. The deposition density decreases with time through physical and environmental decay. Caesium can move relatively easily through the environment owing to the solubility of its compounds. Weathering effects, such as wind and rain, and other environmental effects can reduce the presence of caesium in the environment. All these effects reduce the presence of 137Cs in a time shorter than its half-life. In many affected areas, the presence of 137Cs has been further reduced by cleanup and other remediation efforts.

			Figure 4.4 presents detailed maps of the aerially measured ambient dose equivalent to the north-west of the site of the accident and its variation with time (see also Fig. 4.2 (c)).
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					FIG. 4.4. Measured aerial ambient dose equivalent rate (in µSv/h) resulting from deposits from the releases that spread in areas to the north-west of the plant [189].

				


			The presence of 137Cs from the accident in the terrestrial environment can result in protracted exposures of individuals, in addition to the exposures they normally incur from natural background levels of radiation. There is a global background level of deposition density of 137Cs, attributable mainly to fallout from past nuclear testing. The background global levels were estimated by UNSCEAR to have been as high as approximately 4000 Bq/m2, during the mid-1960s, at latitude 40o–50o in the Northern Hemisphere; the lowest global values at that time were estimated to have been around a few hundred Bq/m2 at latitude 60o–70o in the southern hemisphere [190]. A number of studies analysed the influence of local conditions and concluded that the accumulated background deposition could have been around, or even higher than, 10 000 Bq/m2 (e.g. see Ref. [187]). The global deposition levels have decayed since the 1960s. For 2000, the highest value was estimated by UNSCEAR to be around 2000 Bq/m2 [190].

			In areas north-west of the Fukushima Daiichi NPP, significantly higher levels of 137Cs deposition density were measured. Presented by order of magnitude, the levels at the most affected areas were of the order of 10 000 000 Bq/m2 and many areas had levels of around 1 000 000 Bq/m2. The distribution of deposits for the whole affected area of Fukushima Prefecture is inhomogeneous, and the levels immediately outside the most affected areas in Fukushima Prefecture were around 10 000 Bq/m2. While some other regions of Japan show elevated deposition levels, the levels attributable to the accident in most of Japan were generally lower than around 1000 Bq/m2 [191, 192].

			The highest levels of deposited 131I exceeded 3 000 000 Bq/m2 immediately after the accident but, owing to the short half-life of 131I, the levels decreased rapidly and are no longer measurable.

			4.1.4.	Consumer products

			In the affected areas, radionuclides, such as 131I, 134Cs and 137Cs, were found in some consumer products and other items in daily use by individuals and households, such as food, drinking water and some non-edible products.

			Restrictions were established after the accident, on 21 March, by the Japanese authorities to prevent the consumption of drinking water and food containing radionuclides at levels that were higher than provisional regulation values (see Section 3).

			
			
			WHO guidance values for permissible levels of radionuclides in drinking water are intended for normal circumstances (see Box 4.1). After April 2012, all drinking water in Japan was below the WHO guidance values [193].

			With rare exceptions, the levels of radionuclides in food available on the market did not exceed those established in the Codex Alimentarius, which are applicable to international trade (see Box 4.1). There were cases where higher levels of radionuclides were found in uncultivated foods, such as wild boar meat, wild mushrooms and wild plants, including ferns [194]. Eating uncultivated food is uncommon in Japan. Wild plants are mostly eaten for a limited period in the spring by a limited number of people. Direct sales of wild mushrooms and plants by farmers are very rare. Cultivated mushrooms are available in the market if the levels of activity concentration are under the regulated values.

			Some examples of activity concentration in drinking water and specific activity in food are presented in Fig. 4.5. The time evolution activity concentration of 131I measured in drinking water supplies is illustrated for various locations in Fukushima Prefecture compared with the levels established in the provisional regulations issued by the Japanese authorities [195]. The log-normal probability density and cumulative probability distributions were assessed for the 131I specific activity in milk during the first month after the accident and in leafy vegetables in the first three months after the accident. For 134Cs and 137Cs specific activity in mushrooms (including mainly cultivated mushrooms in the open air), they were assessed during the 12 months after the accident. These assessments, which are based on the statistical analysis of data collected by FAO [151], illustrate a likelihood of around 90% that values were below the Codex Alimentarius level of 1000 Bq/kg (the level established by the Japanese authorities was originally 500 Bq/kg and was then reduced to 100 Bq/kg [193]). This conservative approach created difficulties for producers and consumers.
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				FIG. 4.5. Some examples of radioactivity in drinking water and food. (a) Time evolution activity concentration of 131I measured in drinking water supplies in various locations of Fukushima Prefecture [195].
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				FIG. 4.5. (cont.) (b) Log-normal probability distribution of 131I activity concentration in milk in the first month after the accident and in leafy vegetables in the first three months after the accident.
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				FIG. 4.5. (cont.) (c) Log-normal probability distribution of 134Cs and 137Cs activity concentration in mushrooms during the 12 months after the accident [151]. (Figures 4.5(b) and 4.5(c) present the normalized idealized probability density distribution (see Box 4.6) and the cumulative probability distribution; a nominal detection limit of 10 Bq/kg was used in the activity concentration in food.)


	
			4.2.	PROTECTING PEOPLE AGAINST RADIATION EXPOSURE 

			Following the accident, the Japanese authorities applied conservative reference levels of dose included in the recent ICRP recommendations93. The application of some of the protective measures and actions proved to be difficult for the implementing authorities and very demanding for the people affected.

			There were some differences between the national and international criteria and guidance for controlling drinking water, food and non-edible consumer products in the longer term aftermath of the accident, once the emergency phase had passed.

			People were exposed to radiation attributable to the accident through a number of different routes, known as exposure pathways. These are discussed in Box 4.7. Radiation doses incurred by people were estimated by modelling and/or environmental and personal measurements through the various exposure pathways. These estimates and measurements were then used for restricting exposure and ensuring the protection of people.

			4.2.1	Restriction of public exposure

			The version of the Basic Safety Standards (BSS) applicable at the time of the accident had been issued in 1996 [137] and was based on the ICRP recommendations issued in 1990 [196]. It included requirements on intervention levels in the case of accidents, considering expected projected doses and potential reductions of avertable doses. At the time of the accident, the 1996 BSS were being revised to reflect the ICRP recommendations that had been issued in 2007 [129] (see Box 4.8). These recommendations contained a different approach to dealing with emergencies, particularly reviewing the concept of intervention levels, which had been designed as criteria for individual protective actions, and introducing the concept of reference levels that were intended to be used for deciding protection strategies (on the understanding that generic criteria would be introduced in safety standards for dealing with individual protective actions).

			The 2007 ICRP recommendations provided a framework for reference levels, with examples for all exposure situations, including emergency situations. As an example for the highest planned residual dose from a radiological emergency, they recommended reference levels that could be greater than 20 mSv, either acute or annual, but not more than 100 mSv. They also recommended that consideration should be given to reducing doses, increasing efforts should be made to reduce doses as they approach 100 mSv, individuals should receive information on radiation risk and on measures to reduce doses, and assessment of individual doses should be undertaken. The Japanese regulatory body, NISA, chose to apply the lower reference level of 20 mSv/year as a reference level for public protection.

			Box 4.7. Exposure pathways

			Exposure pathways are courses, sequences of changes, or events which constitute the progression by which radioactive substances move through the environment and eventually make people vulnerable to incurring radiation doses. They are characterized by many aspects, including the process for the substances to reach the environment, the media in which the substances move from the source, the point of exposure where people are affected by radiation, the exposure routes describing how people are exposed to external radiation and how the radioactive substances may enter the body (e.g. by eating, drinking, via the skin) and the population that could be potentially exposed. The figure below gives a simplified description of the exposure pathways from the accident at the Fukushima Daiichi NPP.
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			Protection of children

			The protection of children was a special concern for parents in areas affected by the accident. For protection purposes, the current ICRP recommendations use a detriment-adjusted risk coefficient for the whole population, including children, that is higher (by about 30%) than that for an adult population. This difference is reflected in the international radiation protection recommendations and standards.

			Impact of radiation protection measures and actions taken to protect the public

			Proper infrastructure for public facilities is essential for supporting measures to limit public exposure in the aftermath of a nuclear or radiological emergency [199]. The consequences of the earthquake, tsunami and accident had to be dealt with in a situation in which local infrastructure had collapsed. Due to the earthquake and the tsunami, many public facilities, homes and businesses were destroyed or damaged; access to telephones and the Internet, supplies of electricity, gas, and drinking water, public transport, and the distribution of food, gasoline and heating oil were all severely disrupted. The outside temperature was low, it was raining and snowing, and heating was inadequate. This meant that many residents could not stay in the shelters for long periods without warm clothes and overcoats.

			These difficult conditions affected the implementation of the protective measures required to protect people against radiation exposure. For example, people who were sheltered could not be decontaminated through washing because in most shelters water was rationed and reserved for drinking.

			Box 4.8. Revising the Basic Safety Standards in effect at the time of the accident: Reference levels

			The international safety standards for radiation protection in effect at the time of the accident were the 1996 International Basic Safety Standards for Protection against Ionizing Radiation and for the Safety of Radiation Sources, or 1996 BSS [137]. These standards required that the additional effective dose that individuals may receive from planned and regulated practices be limited to 1 mSv in a year (in special circumstances, an effective dose of up to 5 mSv could apply, provided that the average effective dose over five consecutive years does not exceed 1 mSv per year). The 1996 BSS underlined that these dose limits were not relevant for decisions on whether and how to undertake an intervention in case of accidents, when consideration had to be given to projected doses and potential reductions of avertable doses and eventual residual doses. The requirements of the 1996 BSS relating specifically to emergencies provided generic intervention levels at which intervention was expected to be undertaken in an emergency, such as sheltering, evacuation and thyroid blocking, and generic action levels for food.

			In addition, the IAEA had, in 2002, issued safety standards with specific requirements on preparedness and response for a nuclear or radiological emergency [69], including dose criteria for the implementation of protective actions, such as sheltering, evacuation and iodine thyroid blocking. These standards established requirements for an adequate level of preparedness and response for a nuclear or radiological emergency with the aim of minimizing the consequences of an emergency if it were to occur (see Section 3 for more information).

			At the time of the accident, the 1996 BSS were being reviewed, partly in the light of new general ICRP recommendations that had been issued in 2007 [129]. Just before the accident, the ICRP had issued specific recommendations on the application of its new recommendations for the protection of people in emergency exposure situations [127] and those living in long term contaminated areas after a nuclear accident or a radiation emergency [197].

			The 2007 ICRP recommendations revised the approach to dealing with emergency exposure situations, including the concept of reference level to be used for protecting strategies. The recommended reference level was an effective dose (either acute or annual) that could be greater than 20 mSv but not higher than 100 mSv. This was to be used for generic criteria for dealing with individual protective actions in unusual, and often extreme, situations where actions taken to reduce exposures would be disruptive, with the understanding that an effective dose rising towards 100 mSv will almost always justify protective action. For stages in post-accident rehabilitation, the reference level could be greater than 1 mSv, but not more than 20 mSv. The new recommendations further emphasized that the chosen value for a reference level would depend upon the prevailing circumstances of the exposure under consideration.

			The new approach was introduced in the revised BSS, issued in 2014 as IAEA Safety Standards Series No. GSR Part 3, Radiation Protection and Safety of Radiation Sources: International Basic Safety Standards [198].

			

			Some protective actions were very difficult for the authorities and extremely demanding for the affected individuals and communities [200, 201]. Sheltering and evacuation were particularly disruptive for around 160 000 people who were isolated from their communities and had access to only limited supplies to meet their daily needs (Fig. 4.6(a)). People were eventually relocated, but their normal living conditions were seriously affected (Fig. 4.6(b)). Employment and participation in community activities were limited. Their prospects were uncertain and planning for the future was very difficult.
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			FIG. 4.6. The initial evacuation led to crowded conditions in shelters. (a) A senior TEPCO executive apologizes to evacuees at an evacuation centre on 22 March 2011 (photograph courtesy of Koichi Nakamura/AP Images/picturedesk.com); (b) the normal living conditions of the people who were relocated were greatly affected (photograph courtesy of Dr Yujiro Kuroda/Fukushima Medical University).

			People who had already suffered the consequences of the earthquake and tsunami were also subject to additional physical and psychological stress caused by their sheltering, evacuation and relocation. Restrictions on products for public consumption were important and necessary, but caused economic and reputational or social damage to local producers.

			4.2.2	Restriction of occupational exposure, including exposure of emergency workers

			Japan is a Party to the Radiation Protection Convention, 1960 (No. 115), adopted under the aegis of the ILO [164]. The Japanese regulations for occupational exposures were consistent with international recommendations and standards on occupational protection. These regulations established a dose limit for occupational exposure as an effective dose of 20 mSv per year, averaged over five years, and 50 mSv in any single year [137]. For emergency workers, “worker[s] who may be exposed in excess of occupational dose limits while performing actions to mitigate the consequences of an emergency for human health and safety, quality of life, property and the environment” [48], a limiting effective dose criterion of 100 mSv was in place. This criterion had to be temporarily increased by the Japanese authorities to a dose limit of 250 mSv for the emergency workers who were within 30 km of the Fukushima Daiichi NPP until 16 December 2011 (see Section 3.2).

			The dose limit for occupational exposure in ‘special circumstances’, established by the international standards at the time of the accident (1996 BSS), was 100 mSv [137]. The upper level of the internationally recommended reference levels by the ICRP was also 100 mSv [129], although the recommendations indicate that, in exceptional situations, informed volunteer workers may receive doses above this level to save lives, prevent severe radiation induced health effects or prevent the development of catastrophic conditions. In setting the value of 250 mSv, the Japanese authorities took account of previous recommendations by the ICRP [196, 202] and the requirements in the IAEA safety standards, which suggested a guidance value of 500 mSv for persons engaged in emergency activities or in emergency operations aimed at preventing further worsening of a nuclear accident. The revised dose limit for emergency workers was implemented in the exemption ordinance of the Ministry of Health, Labour and Welfare (MHLW) three days after the declaration of the emergency by the authorities (14 March 2011). The exemption ordinance was abolished on 16 December 2011 [203].

			4.3.	RADIATION EXPOSURE

			In the short term, the most significant contributors to the exposure of the public were: (1) external exposure from radionuclides in the plume and deposited on the ground; and (2) internal exposure of the thyroid gland, due to the intake of 131I, and internal exposure of other organs and tissues, mainly due to the intake of 134Cs and 137Cs. In the long term, the most important contributor to the exposure of the public will be external radiation from the deposited 137Cs.

			The early assessments of radiation doses used environmental monitoring and dose estimation models, resulting in some overestimations. For the estimates in this report, personal monitoring data provided by the local authorities were also included to provide more robust information on the actual individual doses incurred and their distribution. These estimates indicate that the effective doses incurred by members of the public were low and generally comparable with the range of effective doses incurred due to global levels of natural background radiation.

			In the aftermath of a nuclear accident involving releases of 131I and its intake by children, the uptake and subsequent doses to their thyroid glands are a particular concern. Following the Fukushima Daiichi accident, the reported thyroid equivalent doses of children were low because their intake of 131I was limited, partly due to restrictions placed on drinking water and food, including leafy vegetables and fresh milk. There are uncertainties concerning the iodine intakes immediately following the accident due to the scarcity of reliable personal radiation monitoring data for this period.

			By December 2011, around 23 000 emergency workers had been involved in the emergency operations. The effective doses incurred by most of them were below the occupational dose limits in Japan. Of this number, 174 exceeded the original criterion for emergency workers and 6 emergency workers exceeded the temporarily revised effective dose criterion in an emergency established by the Japanese authority. Some shortcomings occurred in the implementation of occupational radiation protection requirements, including during the early monitoring and recording of radiation doses of emergency workers, in the availability and use of some protective equipment and in associated training.

			The dose estimates in this report used as a basis international dose estimates by WHO and UNSCEAR, which are summarized in Box 4.9. This report also benefited from the availability of additional data, particularly from the Fukushima Health Management Survey and data on direct measurements of dose to people and radiation in the environment. These data were provided by experts, institutions, the local authorities and the Government of Japan, as well as by TEPCO, and were subjected to a statistical analysis.

			The various estimates differed because they were carried out at different times and with different methodologies. While WHO estimates were generally higher than those of UNSCEAR, this was primarily because they were early dose projections based on very limited data following the accident. The dose estimates for members of the public by WHO and UNSCEAR were constrained by limited availability of direct radiation measurements of individual doses incurred by people and were mainly made using dose assessment models based on environmental conditions. Although the differences make a detailed comparison difficult, the estimates in this report and those of WHO and UNSCEAR are largely consistent in showing that doses generally fell below reference levels established in international recommendations and standards.

			Box 4.9. Dose estimates by WHO in 2012 [146] and UNSCEAR in 2014 [148]

			In 2012, the World Health Organization (WHO) issued an early evaluation of radiation exposure from the accident, which gave an initial estimate of radiation doses to characteristic members of the public using modelling techniques applied to information made publicly available by government institutions and collected up to September 2011. At that time, the data necessary for a full evaluation were either not available or not sufficient. A number of cautious assumptions were used that may have resulted in some doses being overestimated. For example, cautious assumptions were used to minimize the possibility of underestimating eventual health risks regarding protective actions and the consumption of food. Nevertheless, the evaluation showed that the total effective dose typically received by individual members of the public in two locations of relatively high exposure in Fukushima Prefecture during the first year after the accident was within an effective dose band of 10–50 mSv. In these most affected locations, external exposure was the major contributor to the effective dose. In the rest of Fukushima Prefecture, the effective dose was estimated to be within an effective dose band of 1–10 mSv. Effective doses in most of Japan were estimated to be within an effective dose band of 0.1–1 mSv, while in the rest of the world, all the effective doses were below 0.01 mSv and usually far below this level.

			In 2014, the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) issued a report on the accident that included assessed doses to workers and members of the public. Estimates of external effective doses to members of the public were based on the information available on 137Cs deposition density in different areas as a function of time, and the estimated location and movement patterns of the population. UNSCEAR estimates indicated that, in the evacuated areas with the highest average estimates, the effective dose received by adults before and during the evacuation was, on average, less than 10 mSv, and about half of that level for those evacuated early. Adults living in Fukushima City were estimated to have received, on average, an effective dose of about 4 mSv in the first year following the accident; estimated effective doses for one year old infants were about twice as high.

			Those living in other areas within Fukushima Prefecture and in neighbouring prefectures were estimated to have received comparable or lower effective doses; even lower effective doses were estimated to have been received elsewhere in Japan. Lifetime effective doses attributable to the accident that, on average, could be received by those continuing to live in Fukushima Prefecture have been estimated by UNSCEAR to be just over 10 mSv. Radiation exposures in neighbouring States and the rest of the world resulting from the accident were far below those received in Japan; the effective doses were less than 0.01 mSv. However, UNSCEAR emphasized that there was considerable variation among individuals around this value, depending on their location and what food they consumed.

				

			Note: As indicated in Box 4.3, the global natural background doses reported by UNSCEAR are an annual average dose of 2.4 mSv (which implies a total accumulated lifetime dose of around 170 mSv), with a typical range of 1–13 mSv, while sizeable population groups receive natural background doses of 10–20 mSv.

			

			4.3.1	Public exposures

			External exposure

			The initial approach to estimating the effective doses incurred by members of the public due to external exposure was mainly based on data from environmental measurements of ambient dose equivalent rates and on calculations and surveys of location and personal behaviour. The data used encompassed extensive measurements of ambient dose equivalent, including the use of car-borne instrumentation.

			The NIRS estimated the effective doses due to external exposures incurred by respondents to the Fukushima Health Management Survey questionnaires in the four months following the nuclear accident [204]. The estimations were based on the declared movements of people and the relevant radiation levels in the local environments.

			A number of estimates of the individual effective doses due to external exposure in the first four months have been published [205–208]. For example, in the Soso area94 (which includes the ‘evacuation zone’ and ‘Deliberate Evacuation Area’), these doses were below 5 mSv for 98.7% of residents (with a maximum effective dose of 25 mSv). In Fukushima Prefecture as a whole, including the evacuation zone and Deliberate Evacuation Area, the doses were below 3 mSv for 99.4% of the residents surveyed [208].

			A statistical analysis was undertaken in this report of individual effective doses due to external radiation in various municipalities of Fukushima Prefecture that had been estimated by the NIRS using the Fukushima Health Management Survey data for the period 11 March–11 July 2011 (the effective dose due to external exposure to natural background radiation was excluded). The results of this analysis are presented in Fig. 4.7 for municipalities located in the area within the 20 km radius and for municipalities outside this area. This figure illustrates that external doses in the first four months were, on average, lower among the populations in the 20 km zone than those from locations outside this area, as a consequence of the early evacuation of this zone. The results within the 20 km zone tend to show wider distributions than those for locations outside the zone. This is due to the evacuation of members of the same community to different locations and often further movements leading to differences in the doses received. This complicated pattern was modelled by the NIRS using 18 evacuation scenarios.
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					FIG. 4.7. Log-normal normalized idealized probability density and cumulative probability distributions of the estimated external effective doses in various cities, towns and villages of Fukushima Prefecture for the four months following the accident on the basis of Fukushima Health Management Survey data. The upper part of the figure presents the analysis for places located in the area within the 20 km radius (see Section 3) and the lower part of the figure for places outside this area. The legend under the plots indicates the mean doses and the 95% confidence interval for these places. In the original data, all doses below 1 mSv were accumulated in the 1 mSv bin.

				


			There are uncertainties associated with the use of interviews with residents, environmental measurements and dose estimation models for assessing public doses. Personal radiation monitoring of members of the public is therefore vital for a reliable reconstruction of radiation doses.

			The more important corroboration of individual doses from external radiation was provided by the data on individual monitoring using personal dosimeters. When personal monitoring data became available, they allowed comparison between the two different approaches, using assumptions about people’s habits and models, to estimate the effective dose incurred versus monitoring the actual personal dose equivalent incurred95.

			The results indicated that the doses actually incurred, as measured by personal monitors, were generally lower than the estimated doses from questionnaires and modelling. An example of this comparison, which was carried out by a local government, is presented in Fig. 4.8. It shows that modelled doses are usually overestimations compared with actually incurred doses (this was also observed during the dose assessments in the aftermath of the Chernobyl accident [169]).
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				FIG. 4.8. Comparison of external individual dose estimates with measurements for a representative affected city between July 2012 and June 2013. The effective doses are assessed by estimation (line), assuming indoor occupancy and shielding for 16 h, outdoors for 8 h, and by personal monitoring (bar) of personal dose equivalent, in various neighbourhoods of the city (numerated) [209].

			

			The large amount of information provided by Japan to the IAEA included data on personal dose equivalents and results from whole body counting measurements.

			This information had been recorded at different times, over different periods, using different measurement techniques, and measurements were carried out in many, but not all, affected areas. What these data have in common is the fact that all personal dose equivalents are low (the committed effective doses estimated from whole body counting were negligible, see below), resulting in effective dose levels that are comparable with typical background effective dose levels.

			
			
			
				Figure 4.9 illustrates this analysis for two municipalities in the affected areas for which annualized information was available. The analysis reconfirmed that the annual personal dose equivalents are low, with average effective doses below 1 mSv per year, providing 95% confidence that people incurred effective doses below 5 mSv.
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				FIG. 4.9. Probability distribution of monitored personal dose equivalents of members of the public during 2011 provided by the Government of Japan for two municipalities in the affected area for which annualized data were available. For city 1 the normalized idealized probability density distribution is illustrated in red; for city 2 the normalized idealized probability density is illustrated in blue; for both cities the cumulative probability distribution is illustrated (see Box 4.6). The distribution shows that personal dose equivalents are low, with averages below 1 mSv per year, providing 95% confidence that individuals who incurred effective doses in those municipalities sustained doses below 5 mSv.

			

			Internal exposure

			Measurements of intake of radionuclides using whole body counting were made by the NIRS, the JAEA and other organizations in Japan.

			After the accident, monitoring was carried out on more than 200 000 residents in various locations within Fukushima Prefecture. The levels were generally lower than the very low detection limits of the whole body counters, indicating little or no intake of radionuclides into the body. As a result, it was neither possible nor necessary to undertake detailed statistical analysis of these data.

			Where it was possible to convert measured intakes to effective dose, making assumptions about the timing and nature of the intake, the vast majority of estimates of the committed effective dose were less than 1 mSv [210]. The estimated effective dose commitment from whole body counting measurements of 134Cs and 137Cs was reported to be lower than around 1 mSv in 99% of the residents [206].

			Many whole body counting measurements were carried out several months after the accident [211, 212] and are therefore often only applicable to 134Cs and 137Cs, due to the short half-life of 131I. Given the importance of intakes of 131I through both inhalation and ingestion in the first month following the accident, this made judgements on internal exposure difficult. However, it was possible to detect 131I in measurements of evacuees and short term visitors to Fukushima Prefecture carried out at Nagasaki University [213]. The highest estimated thyroid absorbed dose was 20 mGy (i.e. a thyroid equivalent dose of 20 mSv), with a corresponding effective dose of around 1 mSv.

			The internal doses incurred in the initial period were dependent on whether people ate locally produced food or food from elsewhere, or drank tap water, during the first few days, before restrictions were fully put in place. Market basket surveys suggested that exposures from the consumption of milk, food and water were very low, as locally produced milk and food products were not distributed to shelters and only bottled water was used for drinking and preparing baby formula.

			Exposure from the consumption of vegetables was low as very few, if any, locally produced vegetables grown outdoors were being eaten; it was early spring, before the growing season. Effectively, the only locally produced vegetables consumed were those grown in greenhouses, which were not contaminated.

			Doses to the thyroid gland in children

			In the aftermath of a nuclear accident involving substantial releases of 131I, doses to the thyroid gland in children are an important public health concern. The main potential pathway for thyroid doses in children is usually the intake of milk containing 131I.

			However, the typical intake of 131I via cow’s milk was very low following the accident, owing to a number of factors. Dairy practices in Japan, such as generally sheltering cattle, prevented the ingestion of 131I by dairy cows. The intake of 131I via milk was also limited by the relatively low contribution of milk to the diet of infants and by the strict restrictions on the consumption of milk imposed by the authorities following the accident. While there were alternative 131I ingestion pathways such as the consumption of leafy vegetables and drinking water, especially in the very early period following the release, the prompt restrictions on drinking water and food limited the intake via these pathways.

			As a result of these factors, the intake of 131I by children is likely to have been low and mainly attributable to inhalation. However, there were uncertainties associated with the estimates of 131I intakes and thyroid equivalent doses in children in the first few days following the accident.

			Thyroid equivalent doses to children were estimated by monitoring levels of external radiation from 131I activity in the gland. These levels were measured on the skin, near the thyroid, of children from areas where thyroid doses were predicted to be high. A limited number of these direct measurements were reported for the weeks following the accident. The results of one study, in which 1080 measurements were made on children aged 1–15 years in Iwaki City, Kawamata Town and Iitate Village in the period 26–30 March 2011, are summarized in Fig. 4.10 [214].
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			FIG. 4.10. Distribution of net value of measured dose rate in thyroid gland estimated by subtracting the background value from the reading value [214], i.e. the net ambient dose equivalent rates at the thyroid gland, in 1080 children aged 0–15 years. For 99% of the children tested, the ambient dose equivalent rate measured near the thyroid was 0.000 04 mSv per hour or less, corresponding to a thyroid equivalent dose of approximately 20 mSv or less.

			

			The highest ambient dose equivalent rate measured near the thyroid of one year old children was 0.0001 mSv per hour, which would be consistent with an absorbed dose to the thyroid of approximately 50 mGy (a thyroid equivalent dose of 50 mSv). It was reported that thyroid equivalent doses, determined in March 2011 using an NaI (Tl) scintillation survey meter in children in the evacuation zone and ‘Deliberate Evacuation Area’, were lower than around 10 mSv in 95.7% of children (with a maximum of 43 mSv) [214]. It is likely that all doses were lower than the generic optimized intervention value for iodine prophylaxis of 100 mGy of avertable committed absorbed dose to the thyroid due to radioiodine established in the 1996 BSS [137]. They were also lower than the projected dose of 50 mSv in the first seven days for iodine thyroid blocking established in the revised BSS [198] as generic criteria for protective actions and other response actions in emergency exposure situations to reduce the risk of stochastic effects. In comparison, the absorbed doses by thyroid of children following the Chernobyl accident ranged up to several thousand mGy [169, 178], nearly 100 to 1000 times higher.

			4.3.2	Occupational exposures

			Following the accident, on-site emergency workers were immediately subjected to extremely harsh working conditions and very high radiation levels as they sought to stabilize the reactors. In the period from March 2011 to March 2012, 174 of the approximately 23 000 workers on the site exceeded the original effective dose criterion in an emergency of 100 mSv, six of whom exceeded the (temporarily revised) effective dose criterion in an emergency of 250 mSv. No workers exceeded an effective dose of 100 mSv in subsequent years. One worker96 exceeded the occupational annual effective dose limit of 50 mSv in the period from April 2012 to March 2013 [203]. Figure 4.11 presents the comparison of effective doses incurred by emergency workers at the Fukushima Daiichi NPP between March 2011 and October 2014.
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			FIG. 4.11. Comparison of effective dose for emergency workers at the Fukushima Daiichi NPP between March 2011 and October 2014 (TEPCO employees and contractors). High effective doses occurred over the year following the accident. By 2012, effective doses to workers were low, and were comparable with those incurred in normal operations [215].

			

			
			The personal dose equivalent values for both TEPCO workers and contract workers were submitted by TEPCO and were statistically analysed. The results are presented in Fig. 4.12.
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				FIG. 4.12. Normalized idealized probability density distribution and cumulative probability distribution (see Box 4.6) of personal dose equivalent monitored for workers from TEPCO and contracted workers for 2011. Doses for TEPCO workers were generally higher than those of contract workers because TEPCO employees were working in higher dose areas [215].

			

			In the early phase, the main contributor to effective doses, in particular to the doses incurred by the six on-site emergency workers who exceeded the temporarily revised dose criterion for emergency workers, was internal exposure from the intake of radionuclides. This was caused by challenges associated with harsh emergency working conditions, improper use of respirators and insufficient training.

			The internal doses were mostly thyroid equivalent doses from inhaled 131I. Although the majority of workers at the Fukushima Daiichi NPP received thyroid equivalent doses below 100 mSv, 1757 workers received thyroid equivalent doses above this level, with 17 workers receiving thyroid equivalent doses above 2000 mSv and two receiving thyroid equivalent doses in excess of 12 000 mSv [216].

			There are several uncertainties associated with the estimates of the workers’ radiation doses due to internal exposure, particularly with thyroid equivalent doses. For instance, the scenario that was assumed for the incorporation of radionuclides into the body (e.g. the timing) is crucial for internal dose estimation. There was also some time lag in undertaking thyroid measurements due to the emergency operations and general post-accident conditions. The MHLW conducted a re-evaluation of the committed effective dose of emergency workers. The Ministry has promoted the standardization of methodologies of cautious assessments of internal dose in order to avoid underestimates of doses as much as reasonably achievable [217].

			The statistical analysis of the distribution of the reported thyroid absorbed doses and of the estimated committed effective doses due to internal exposure is presented in Fig. 4.13.
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				FIG. 4.13. Normalized idealized probability density distribution and cumulative probability distribution of internal doses (see Box 4.6). (a) Thyroid absorbed dose;
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				FIG. 4.13. (cont.) and (b) the consequent committed effective dose. The higher than expected distribution in the lower doses may imply that doses equivalent to the detection level were assigned to all people for whom radioactivity was undetectable [215].


		
			The occupational exposures of workers on-site are consistent with the findings of UNSCEAR. Re-assessments of doses to TEPCO workers and contractors, which became available after the publication of the UNSCEAR report, were used in the statistical analysis of doses in this report, reducing the uncertainties. Some uncertainties remain about doses from short lived radionuclides, the influence of high background radiation in early whole body counting measurements, delays in thyroid measurements and the sufficiency of the bioassay information. Organizations in Japan are working to further reduce the uncertainties in the occupational dose assessment, specifically in the internal exposure assessments (e.g. Ref. [218]).

			Firefighters, police officers and Japan Self-Defense Force personnel were also involved in a range of on-site emergency activities (see Section 3). No members of this group received effective doses in excess of 100 mSv, and the majority received effective doses of less than 10 mSv. Of over 8000 personnel who worked off the site for whom dosimetric information was available, five received effective doses in excess of 10 mSv but less than 20 mSv. The maximum effective dose recorded for police officers working off-site was around 5 mSv.

			Personnel from other countries helped in the emergency. Available data show that, among those from the United States of America who assisted or performed environmental monitoring in the Fukushima area, the maximum effective dose received was 0.12 mSv for US military personnel and 0.068 mSv for US Department of Energy staff [219], all below regulatory limits. Among IAEA staff members who participated in environmental monitoring and provided advice on protection and safety, the mean effective dose was around 0.5 mSv, while one staff member received an effective dose of around 2.5 mSv from external exposure.

			4.4.	HEALTH EFFECTS

			No early radiation induced health effects were observed among workers or members of the public that could be attributed to the accident.

			The latency time for late radiation health effects can be decades, and therefore it is not possible to discount the potential occurrence of such effects among an exposed population by observations a few years after exposure. However, given the low levels of doses reported among members of the public, the conclusions of this report are in agreement with those of UNSCEAR to the United Nations General Assembly. UNSCEAR found that “no discernible increased incidence of radiation-related health effects are expected among exposed members of the public and their descendants” (which was reported within the context of the health implications related to “levels and effects of radiation exposure due to the nuclear accident after the 2011 great east-Japan earthquake and tsunami”) [148]. Among the group of workers who received effective doses of 100 mSv or more, UNSCEAR concluded that “an increased risk of cancer would be expected in the future. However, any increased incidence of cancer in this group is expected to be indiscernible because of the difficulty of confirming such a small incidence against the normal statistical fluctuations in cancer incidence” [148].

			The Fukushima Health Management Survey was implemented to monitor the health of the affected population of Fukushima Prefecture. This survey is aimed at the early detection and treatment of diseases, as well as prevention of lifestyle related diseases. At the time of writing, an intensive screening of children’s thyroid glands is taking place as part of the survey. Highly sensitive equipment is being used, which has detected asymptomatic thyroid abnormalities among a significant number of surveyed children (which would not have been detectable by clinical means). The abnormalities identified in the survey are unlikely to be associated with radiation exposure from the accident and most probably denote the natural occurrence of thyroid abnormalities in children of this age. The incidence of thyroid cancer in children is the most likely health effect after an accident involving significant releases of radioiodine. Because the reported thyroid doses attributable to the accident were generally low, an increase in childhood thyroid cancer attributable to the accident is unlikely. However, uncertainties remained concerning the thyroid equivalent doses incurred by children immediately after the accident.

			Prenatal radiation effects have not been observed and are not expected to occur, given that the reported doses are well below the threshold at which these effects may take place. Unwanted terminations of pregnancy attributable to the radiological situation have not been reported. Concerning the possibility of parents’ exposures resulting in hereditary effects in their descendants, UNSCEAR concluded that, in general, “although demonstrated in animal studies, an increase in the incidence of hereditary effects in human populations cannot at present be attributed to radiation exposure” [167].

			Some psychological conditions were reported among the population affected by the nuclear accident. Since a number of these people had suffered the combined impacts of a major earthquake and a devastating tsunami as well as the accident, it is difficult to assess to what extent these effects could be attributed to the nuclear accident alone. The Fukushima Health Management Survey’s Mental Health and Lifestyle Survey shows associated psychological problems in some vulnerable groups of the affected population, such as increases in anxiety and post-traumatic stress disorders. UNSCEAR estimated that “The most important health effect [from the accident] is on mental and social well-being, related to the enormous impact of the earthquake, tsunami and nuclear accident, and the fear and stigma related to the perceived risk of exposure to ionizing radiation” [148].

			A comprehensive health check of the affected population is being carried out under the Fukushima Health Management Survey, described in Box 4.2. The programme aims at the early detection and treatment of diseases, as well as the prevention of lifestyle related diseases. Additional tests, such as differential leukocyte counts, are being performed in addition to routine general medical check-ups at the workplace or by the local government [220].

			4.4.1	Early radiation induced health effects

			Radiation exposure can induce health effects caused by the killing of cells. The severity of these effects increases with dose, and they can range from skin injuries to the collapse of vital tissues. Most of these effects occur early after a dose is incurred above the threshold levels that are known for each potential effect. The available information indicates that no individual received a dose at or above these threshold levels to cause acute radiation effects as a result of the accident. Two workers were exposed on their legs from contaminated water from the turbine hall. The skin equivalent doses of these workers were reported to be lower than the estimated threshold for deterministic effects97 [81] and the applicable international limits98 [222].

			UNSCEAR already observed that: “No radiation related deaths or acute diseases have been observed among the workers and general public exposed to radiation from the accident” [223].

			4.4.2	Potential late radiation induced health effects

			Under the severe circumstances and conditions of the accident, of the approximately 23 000 workers involved in emergency operations, the number exceeding a dose of 100 mSv was 174. UNSCEAR concluded that among this group “an increased risk of cancer would be expected in the future. However, any increased incidence of cancer in this group is expected to be indiscernible because of the difficulty of confirming such a small incidence against the normal statistical fluctuations in cancer incidence” [223].

			With reference to potential late effects among members of the public, international estimates were published before this report (see Box 4.1). WHO issued a hypothetical estimate99 of additional lifetime risks over baseline rates for the development of leukaemia, breast cancer, thyroid cancer and all solid cancers for the population in the locations with the highest dose rates, which was based on WHO preliminary dose estimates100 [146, 147].

			UNSCEAR, following its updated dose estimate, reported that:

			“The doses to the general public, both those incurred during the first year and estimated for their lifetimes, are generally low or very low. No discernible increased incidence of radiation-related health effects are expected among exposed members of the public or their descendants” [223].

			Before reporting on the accident, UNSCEAR had informed the United Nations General Assembly that “increases in the incidence of health effects in populations cannot be attributed reliably to chronic exposure to radiation at levels that are typical of the global average background levels of radiation” [167]. The information available indicates that members of the public incurred annual doses that were not higher than annual doses due to typical background levels of radiation. This indicates that no discernible increased incidence of radiation related health effects is expected among exposed members of the public or their descendants, in agreement with UNSCEAR estimates.

			This estimate is also generally applicable to the special case of adult thyroid cancer. In adult life, this risk is very much lower than that from radiation exposure in childhood (see the discussion of thyroid effects in children below). Given the reported radiation equivalent doses to the thyroid, it is unlikely that there would be a discernible increase in thyroid cancers among the adult population.

			For the few workers who received high thyroid equivalent doses (see Section 4.3.2), an increased risk of developing thyroid disorders could be inferred. These thyroid equivalent dose levels can reduce the function of the gland to such an extent that hypothyroidism ensues. Hyperthyroidism is not expected because the reported thyroid equivalent doses are below the level of around 15 000 mSv, above which such effects could occur. Effects for low and medium thyroid equivalent doses, typical of the range of doses received by the emergency workers, are difficult to quantify, and the potential for and magnitude of effects remains unclear.

			4.4.3	Radiation effects in children

			The potential for radiation effects in children is an issue of special concern. International recommendations and standards for radiation protection take account of children in an exposed population. For radiation protection purposes, they postulate a potential nominal radiation risk for an entire population, i.e. a population including children101, that is about 30% higher than the postulated risk for an adult population (such nominal risks have been estimated on the basis of epidemiological studies of populations exposed to high radiation doses) [129, 224].

			Thyroid effects in children

			For thyroid cancer, children are more radiosensitive than adults. For a given intake of radioiodines, the dose to the thyroid for infants is eight or nine times as large as that for adults. A substantial environmental presence of 131I can result in thyroid cancer in children. The normal incidence of some types of thyroid cancer in children is low and the sensitivity of children’s thyroid glands to radiation is high. Owing to this higher sensitivity, in the aftermath of the accident it was important to undertake follow-up screening in order to detect early any potential increase in the incidence of this type of cancer [225].

			The results of three years of thyroid ultrasound examinations performed under the Fukushima Health Management Survey were reported [226]. The screening covered roughly 370 000 children aged 0–18 years at the time of the accident. This initial screening was followed by complete thyroid examinations from 2014 onwards, and the residents will be monitored regularly in subsequent years.

			The examinations use highly sensitive ultrasound sonography equipment for screening the thyroid gland. The screening has detected asymptomatic102 thyroid abnormalities — nodules, cysts and cancers — that would have gone undetected if asymptomatic children had been screened using standard equipment. Similar results were obtained when the same screening was carried out on children living far away from the areas affected by the accident [227]. The latency time for radiation induced thyroid cancer is longer than the four years that have elapsed since the accident, at the time of writing. In many cases, thyroid cancers were found in children in their late teenage years, but no cases were found in the most vulnerable group of children, who were aged under five years on 11 March 2011. The proportion of suspicious or malignant cases was almost the same among regions in Fukushima Prefecture in the initial screening conducted in 2011–2013 [228]. These factors suggest that the thyroid abnormalities detected in the survey are unlikely to be associated with radiation exposure due to the accident.

			On the basis of the data made available on indirect measurements of external dose equivalent due to activity in the thyroid (see Fig. 4.10), thyroid equivalent doses in children appear to have been low. For the levels of doses reported, increases in thyroid cancer in children would not be attributable to radiation exposure.

			4.4.4	Prenatal radiation induced health effects

			A ‘prenatal (or ‘antenatal’) effect of exposure’ is the term used to refer to effects of radiation on the embryo and foetus. At absorbed doses under 100 mGy, lethal effects of irradiation in the pre-implantation period of embryonic development are considered to be very infrequent, and there is an absorbed dose threshold of around 100 mGy for the induction of other effects [229–231]. Absorbed doses to the embryo and foetus that could be attributable to the accident were much lower than the threshold absorbed dose for the occurrence of these effects.

			The pregnancy survey carried out as part of the Fukushima Health Management Survey (see Box 4.2) helped the provision of appropriate medical care and support to mothers who were given a Maternal and Child Health Handbook between 1 August 2010 and 31 July 2011, and to their children. This survey is being updated every year to take account of new data, particularly on pregnancy and births [162]. The aim was to collect data that might improve obstetrical and prenatal care and to support women who were pregnant or gave birth in Fukushima Prefecture following the accident. On the basis of the survey results, there were no significant adverse outcomes, and the incidences of stillbirth, pre-term birth, low birth weight and congenital abnormalities were found to be similar to those elsewhere in Japan [232].

			UNSCEAR reported to the United Nations General Assembly that “although demonstrated in animal studies, an increase in the incidence of hereditary effects in human populations cannot at present be attributed to radiation exposure” [167]. Therefore, the findings in this report indicate that no heritable effects will be attributable to the accident.

			Following accidents involving significant potential for radiation exposure, some pregnant women seek medical advice on whether or not their pregnancy should be terminated. In the case of the Fukushima Daiichi accident, a study by the Obstetrics and Gynaecology Department of the Fukushima Medical University reported that no such elective terminations had been carried out in the aftermath of the accident [232, 233].

			4.4.5	Psychological consequences

			Although not directly attributable to radiation exposure, psychological consequences were considered in this report. UNSCEAR reported that:

			“The most important health effect is on mental and social well-being, related to the enormous impact of the earthquake, tsunami and nuclear accident, and the fear and stigma related to the perceived risk of exposure to ionizing radiation. Effects such as depression and post-traumatic stress symptoms have already been reported.” [148]

			A number of studies on psychological conditions following the Fukushima Daiichi accident have been performed. These studies focused largely on pregnant women and mothers of infants, rescue and cleanup workers, and evacuees. Some psychological consequences have been detected in the affected population [234–244]103. According to these studies, communication and dissemination of accurate information to the public at an early stage and during the development of the accident contributed to the alleviation of undesired psychological reactions [150].

			The largest study is the Mental Health and Lifestyle Survey, conducted as part of the Fukushima Health Management Survey [248], which aims at providing adequate care mainly for evacuees who are at a higher risk of developing mental health problems such as post-traumatic stress disorder, anxiety and stress. The questionnaires contained standard measures of symptoms of post-traumatic stress disorder and psychological distress (anxiety) as well as questions about concerns regarding radiation exposure and adversity resulting from the earthquake and tsunami (e.g. loss of family or relatives, damage to houses, loss of employment, decrease in income, movement within or outside Fukushima Prefecture).

			The results of the Mental Health and Lifestyle Survey were published [236]. They confirmed that the affected population experienced considerable distress and symptoms of post-traumatic stress disorder. The survey indicated that “sociodemographic data showed that many evacuee households were separated after the disaster and had to move several times”, suggesting this was a cause of psychological conditions.

			Two other methods were used to assess the mental health status of adult evacuees [249, 250] and an additional survey was performed to assess alcoholism [251]. These surveys indicated that mental health symptoms were substantially worse than would be expected from surveys of the general population [237]. Children’s mental health status was assessed using another questionnaire approach [252, 253], which suggested some psychological difficulties among the surveyed children, but with relative improvements year by year.

			Studies were also performed on the affected workers. A study comparing workers at the Fukushima Daiichi and Fukushima Daini NPPs in April–June 2011 found significantly more symptoms of general psychological distress and post-traumatic stress responses among Fukushima Daiichi workers (see Fig. 4.14). In both groups of workers, there were also statistically significant associations between experiencing discrimination and slurs and symptoms of both these conditions.
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			FIG. 4.14. Percentage of workers at the Fukushima Daiichi and Fukushima Daini NPPs reporting psychological distress, April 2011 [242].


			4.5.	RADIOLOGICAL CONSEQUENCES FOR NON-HUMAN BIOTA

			No observations of direct radiation induced effects in plants and animals have been reported, although limited observational studies were conducted in the period immediately after the accident. There are limitations in the available methodologies for assessing radiological consequences, but, based on previous experience and the levels of radionuclides present in the environment, it is unlikely that there would be any major radiological consequences for biota populations or ecosystems as a consequence of the accident.

			Protection of the environment104 includes “the protection and conservation of: non-human species, both animal and plant, and their biodiversity; environmental goods and services. The term also includes the production of food and feed; resources used in agriculture, forestry, fisheries and tourism; amenities used in spiritual, cultural and recreational activities; media, for example soil, water and air; and natural processes, such as carbon, nitrogen and water cycles” [198]. The earthquake and tsunami caused significant environmental stress to the terrestrial and marine environments along the north-eastern coast of Honshu [254, 255].105

			The immediate priority following the accident was the protection of people rather than species in the environment, for which exposures are not easy to control. Although residents within a 20 km radius of the plant were evacuated in order to reduce their radiation exposures, the exposure of non-human organisms inhabiting these areas was unavoidable. The approaches used in this report to assess the potential radiological impact of the accident on non-human organisms were those recommended by the ICRP [224, 257]. The estimated exposures were then compared with information on the impact of such exposures on different types of plants and animals as published in the literature (see Refs [258, 259]).

			The overall uncertainties associated with the types of models applied in this assessment are large, particularly where assumptions about environmental transfers are involved [260]. These assessment methodologies tend to be based on simple assumptions, and uncertainties are usually taken into account by the use of conservative assumptions. The benchmarks used to relate calculated doses to radiation effects are primarily related to chronic rather than acute exposures and to a limited range of individual organisms rather than populations or ecosystems. The current methodologies do not take account of interactions between components of ecosystems or the combined impact of radiation and other environmental stressors. There is a need for improvements in both the assessment methodologies and in the understanding of radiation induced effects to ecosystems.

			The estimated absorbed doses were highest for plants during the first weeks after the accident, but remained below levels at which acute effects would be anticipated. The relevant reference levels were exceeded for some terrestrial reference organisms (such as pine, grass, deer and rats) in the early phase following the accident. However, no overall impact on the populations of these organisms or the ecosystems has been observed.

			Earlier publications by UNSCEAR [261, 262] reported that minor damage could occur in conifers at doses below 1.2 Gy, while more serious damage, leading to death, could occur at doses in the range of 10–20 Gy. From the assessed doses it is possible to infer that any direct lethal effects are unlikely on wild grass, as it is more radioresistant. For the terrestrial animals, the estimated dose rates in the early phase indicated that there is a low probability of reproductive disturbances.

			Although dose rates exceeded some reference values in the early phases of the accident, no impact on animal and plant populations and ecosystems is expected. Long term effects are also not expected, as the estimated short term doses were generally well below levels at which highly detrimental acute effects might be expected and dose rates declined relatively rapidly after the accident.

			4.6.	OBSERVATIONS AND LESSONS

			A number of observations and lessons have been compiled as a result of the assessment of the radiological consequences of the accident.

			— In case of an accidental release of radioactive substances to the environment, the prompt quantification and characterization of the amount and composition of the release is needed. For significant releases, a comprehensive and coordinated programme of long term environmental monitoring is necessary to determine the nature and extent of the radiological impact on the environment at the local, regional and global levels.

			The quantification and characterization of the source term of the accident at the Fukushima Daiichi NPP proved to be difficult. Prompt monitoring of the environment provides confirmation of the levels of radionuclides and establishes the initial basis for protecting people. The results can be used to inform the public and to develop strategies for response and recovery activities. It is also important to continue environmental monitoring to verify that there are no further significant releases of radionuclides and to provide information to decision makers and other stakeholders on the possible redistribution of radionuclides in the environment over time.

			— Relevant international bodies need to develop explanations of the principles and criteria for radiation protection that are understandable for non-specialists in order to make their application clearer for decision makers and the public. As some protracted protection measures were disruptive for the affected people, a better communication strategy is needed to convey the justification for such measures and actions to all stakeholders, including the public.

			There is a recognized need for simple explanations of a number of radiation protection issues, including:

			• Differences between the concepts of dose limits and reference levels and the associated rationale;

			• Criteria for the justification of protective measures and actions aimed at averting radiation doses in the long term, in particular when they involve significant disruptions to normal life;

			• Specific situations relating to the radiation protection of workers in an emergency.

			The principles of radiation protection are based not solely on science, but also on value judgements based on ethical principles. In some circumstances, protective measures and actions involve protracted social disruption. Under these circumstances, the potential benefit from avoiding radiation doses must outweigh the individual and social detriment caused by the protective measures and actions themselves. It is important to explain to stakeholders the justification for long-standing radiation protection measures and actions.

			— Conservative decisions related to specific activity and activity concentrations in consumer products and deposition activity led to extended restrictions and associated difficulties. In a prolonged exposure situation, consistency among international standards, and between international and national standards, is beneficial, particularly those associated with drinking water, food, non-edible consumer products and deposition activity on land.

			The Japanese authorities established measures for controlling the presence of radioactive substances in consumer products, which were generally more stringent than the available international guidance. The current international system for controlling radioactivity in consumer products is governed by distinct guidance, for example the Codex Alimentarius for food (including bottled water) in international trade, IAEA safety standards for food and drinking water for use in an emergency, WHO guidelines for drinking water in existing exposure situations and IAEA safety standards for non-edible products for exemption purposes. There is a need for consistency in the international standards for acceptable levels of radioactivity in products for public consumption in order to facilitate their application by regulatory bodies and their understanding by the public. National standards need to be in line with international standards, where this is feasible. Moreover, there is a need for criteria for dealing with the protracted presence of radionuclides on land.

			— Personal radiation monitoring of representative groups of members of the public provides invaluable information for reliable estimates of radiation doses and needs to be used together with environmental measurements and appropriate dose estimation models for assessing public dose.

			The early estimation of doses was based on environmental measures and modelling, resulting in some conservative assumptions on doses incurred and projected.

			Personal monitoring of 131I in the thyroids of children needs to be undertaken as soon as possible following radioiodine releases to the environment, owing to the short half-life of this radionuclide. Personal monitoring of external radiation and the internal presence of the longer lived radionuclides (e.g. 137Cs) needs to be undertaken as soon as feasible and to continue over time, as appropriate.

			In the absence of personal radiation measurements, modelling of environmental and ambient data may be needed to estimate the radiation doses incurred by individuals. In these cases, the uncertainties associated with the assumptions used in the models need to be clearly explained, particularly if the results are being used to inform decision making on protective measures and actions or to estimate the potential for radiation induced health effects.

			— While dairy products were not the main pathway for the ingestion of radioiodine in Japan, it is clear that the most important method of limiting thyroid doses, especially to children, is to restrict the consumption of fresh milk from grazing cows.

			The estimates of thyroid doses to children following the accident were low. This was the result of a combination of factors, including the time of year (before the growing season), agricultural practices in Japan, low consumption of cow’s milk by infants and the controls on milk consumption that were immediately introduced. These factors contributed to the low level of intake of 131I.

			— A robust system is necessary for monitoring and recording occupational radiation doses, via all relevant pathways, particularly those due to internal exposure that may be incurred by workers during severe accident management activities. It is essential that suitable and sufficient personal protective equipment be available for limiting the exposure of workers during emergency response activities and that workers be sufficiently trained in its use.

			Early and continued direct measurements of the radiation exposure and the levels of radionuclides incorporated by emergency workers are the most valuable approach to obtaining information for estimating radiation risks and potential health effects and to optimizing protection. There is a need to monitor and register occupational radiation doses through a robust system of personal dosimeters and measurements. Monitoring of 131I in the thyroid needs to be undertaken as soon as possible.

			Immediately following the Fukushima Daiichi accident, the provision of personal protective equipment for restricting the exposure of workers and monitoring was difficult.

			— The risks of radiation exposure and the attribution of health effects to radiation need to be clearly presented to stakeholders, making it unambiguous that any increases in the occurrence of health effects in populations are not attributable to exposure to radiation if levels of exposure are similar to the global average background levels of radiation.

			In the case of the Fukushima Daiichi accident, doses to members of the public were low and comparable with typical global average background doses. There is a need to clearly inform the public, particularly the people affected, that no discernible increased incidence of radiation related health effects is expected among exposed members of the public and their descendants as a result of the accident.

			An understanding of radiation and its possible health effects is important for all those involved in an emergency, in particular for physicians, nurses, radiation technologists and medical first responders. This needs to be ensured through appropriate education and training of medical professionals in the topics of radioactivity, radiation and health effects associated with radiation exposure.

			— After a nuclear accident, health surveys are very important and useful, but should not be interpreted as epidemiological studies. The results of such health surveys are intended to provide information to support medical assistance to the affected population.

			The Fukushima Health Management Survey provides valuable health information for the local community, helping to ensure that any health effects are detected quickly, and that appropriate actions are taken to protect the health of the population. The overall results of health checks may provide important information, but they should not be misinterpreted as the results of an epidemiological assessment.

			— There is a need for radiological protection guidance to address the psychological consequences to members of the affected populations in the aftermath of radiological accidents. A Task Group of the ICRP has recommended that “strategies for mitigating the serious psychological consequences arising from radiological accidents be sought” [149].

			Psychological conditions have been reported as a consequence of the accident. This has been a repeated issue in the aftermath of accidents involving radiation exposure. In spite of their importance, these consequences have not been recognized in international recommendations and standards on radiological protection.

			— Factual information on radiation effects needs to be communicated in an understandable and timely manner to individuals in affected areas in order to enhance their understanding of protection strategies, to alleviate their concerns and support their own protection initiatives.

			Arrangements at the national and local level need to be put in place to share information in an understandable manner with the public who may be affected by accidents with radiological consequences. The arrangements need to allow for person to person dialogue so that individuals can seek clarifications and express their concerns. These arrangements will require the concerted efforts of the relevant authorities, experts and professionals in supporting and advising the affected individuals and communities. Sharing information is important when conveying decisions to protect these individuals, including the support of their own initiatives.

			— During any emergency phase, the focus has to be on protecting people. Doses to the biota cannot be controlled and could be potentially significant on an individual basis. Knowledge of the impacts of radiation exposure on non-human biota needs to be strengthened by improving the assessment methodology and understanding of radiation induced effects on biota populations and ecosystems. Following a large release of radionuclides to the environment, an integrated perspective needs to be adopted to ensure sustainability of agriculture, forestry, fishery and tourism, and of the use of natural resources.

			It may be difficult to substantially reduce doses to non-human biota because of the impracticability of introducing countermeasures. Impact assessments for plants and animals in the aftermath of accidents such as that at the Fukushima Daiichi NPP require consideration of numerous potential stressors — radiation exposure being one of many. Consideration also needs to be given to the potential for the buildup and accumulation of long lived radionuclides in the environment and how this might affect plants and animals over multiple generations.

		
		

	
		
			5. POST-ACCIDENT RECOVERY

			Immediately following the accident at the Fukushima Daiichi NPP, priority was given to stabilizing conditions at the plant and protecting the public through actions that included sheltering and evacuation of residents in the affected areas and restrictions on food106 and drinking water. As work progressed and conditions at the site were stabilized, greater emphasis was placed on recovery from the accident, including the revitalization of the community and infrastructure.

			This section considers progress in post-accident recovery up until March 2015 as well as plans for the future. It considers, primarily, the existing exposure situation that followed the emergency phase.

			5.1.	OFF-SITE REMEDIATION OF AREAS AFFECTED BY THE ACCIDENT

			The long term goal of post-accident recovery107 is to re-establish an acceptable basis for a fully functioning society in the affected areas. Consideration needs to be given to remediation108 of the areas affected by the accident in order to reduce radiation doses, consistent with adopted reference levels. In preparing for the return of evacuees, factors such as the restoration of infrastructure and the viability and sustainable economic activity of the community need to be considered.

			Prior to the Fukushima Daiichi accident, policies and strategies for post-accident remediation were not in place in Japan, and it became necessary to develop them in the period after the accident. The remediation policy was enacted by the Government of Japan in August 2011.109 It assigned responsibilities to the national and local governments, the operator and the public, and created the necessary institutional arrangements for the implementation of a coordinated work programme.

			A remediation strategy was developed and implementation began. The strategy specifies that priority areas for remediation are residential areas, including buildings and gardens, farmland, roads and infrastructure, with emphasis on the reduction of external exposures.

			External dose from radionuclides deposited on the ground and other surfaces is the main pathway of exposure. The remediation strategy is therefore focused on decontamination activities to reduce the levels of radiocaesium present in priority areas, thereby reducing the potential for such exposures. Internal doses continue to be controlled by restrictions on food, as well as through remediation activities on agricultural land.

			Following the accident, the authorities in Japan adopted a ‘reference level’ as a target level of dose for the overall remediation strategy. This level was consistent with the lower end of the range specified in international guidance. The application of a low reference level has the effect of increasing the quantity of contaminated materials generated in remediation activities, and thereby increasing the costs and the demands on limited resources. The experience obtained in Japan could be used in developing practical guidance on the application of international safety standards in post-accident recovery situations.

			Two categories of contaminated areas were defined on the basis of additional annual doses estimated in the autumn of 2011. The national Government was assigned responsibility for formulating and implementing remediation plans in the first area (the ‘Special Decontamination Area’) — within a radius of 20 km of the Fukushima Daiichi site and in areas where additional annual doses arising from contamination on the ground were projected to exceed 20 mSv in the first year after the accident. The municipalities were given responsibility for implementing remediation activities in the other area (the ‘Intensive Contamination Survey Area’), where the additional annual doses were projected to exceed 1 mSv but to remain below 20 mSv. Specific dose reduction goals were set, including a long term goal of achieving an additional annual dose of 1 mSv or less.

			5.1.1.	Establishment of a legal and regulatory framework for remediation

			Following the accident, a policy on recovery and remediation was established by the Government of Japan through the enactment of the ‘Act on Special Measures Concerning the Handling of Environment Pollution by Radioactive Materials Discharged by the Nuclear Power Station Accident Associated with the Tohoku District — Off the Pacific Ocean Earthquake that Occurred on March 11, 2011’, in August 2011 [124]. The Act includes provisions for prioritization of sites to be remediated, allocation of funds to carry out the remediation work and involvement of stakeholders in the overall process.

			The first steps in developing a remediation programme are the definition of appropriate reference levels and the establishment of a remediation strategy to achieve the required reduction in the radiation exposure of members of the public. International guidance recommends that a reference level be selected from the range of additional dose of 1–20 mSv/year, depending on the prevailing circumstances (Box 5.1) [129, 198, 263].110

			It is important in setting reference levels within this range that they are not too high, which could jeopardize the required safety objective, or too low, which could result in a less than optimal use of limited resources. In the initial stages of remediation in Japan in 2011, the Government of Japan set reference levels that were intentionally low [264, 265], and a long term goal for residents, following remediation, of an additional dose of no more than 1 mSv/year was adopted [266]. This is the lowest value in the range given in international guidance (Box 5.1).

			The high level of conservatism in the approach used to estimate doses to people was illustrated by an assessment by UNSCEAR [148]. The estimated doses are based on the activity per unit area of 134Cs and 137Cs, taking into account the decline of activity due to decay, the loss of activity due to weathering from surfaces and the shielding factor typical for wooden houses. Calculations undertaken for the purpose of this report, using the same methodology used by UNSCEAR [148, 267], indicated that the average additional radiation doses in 2012 in large parts of the Intensive Contamination Survey Area (see Section 5.1.2) would have been well below 1 mSv/year.

			Box 5.1. Reference level for remediation

			The ‘reference level’ is the target dose for the overall remediation strategy, but it is not a dose limit. International guidance [129, 263] recommends reference levels in the range of 1–20 mSv/year for additional exposure of a member of the public in ‘existing exposure situations’, depending on the prevailing circumstances.

			Reference levels are established by the Government, the regulatory body or another relevant authority, according to the arrangements in the national regulatory framework. Reference levels in post-accident situations are used to identify optimal strategies for remediation. These strategies will ensure that remediation is performed through the efficient use of available human, technical and financial resources to achieve the best outcomes in the protection of the affected communities.

			Specific actions applied to reduce environmental contamination and radiation doses to people are generally guided by derived ‘remediation action levels’. Usually, these are specified in terms of easily measurable quantities, such as ambient gamma dose rates (µSv/h) or deposited activity per unit area (Bq/m2), and derived from the reference levels by using models and assumptions about people’s living habits and about the behaviour of radionuclides in the environment.

			

			5.1.2.	Remediation strategy adopted

			The remediation strategy was influenced by the fact that internal doses following the accident were largely avoided by implementing restrictions on food and drinking water. As a consequence, the remediation actions described here were primarily concerned with decontamination efforts to reduce the levels of external doses.

			The Government of Japan’s remediation strategy set an approach to the rapid reduction of radiation dose, prioritizing remediation in residential areas, on farmland and in forest areas adjacent to residential or agricultural areas [124, 266]. To facilitate this, in August 2011, it classified the land to be remediated as follows:

			— Special Decontamination Area (Fig. 5.1, below). This area overlaps the former ‘Restricted Area’, i.e. the evacuation zone within a 20 km radius of the Fukushima Daiichi NPP, and the former ‘Deliberate Evacuation Area’, which were situated beyond the 20 km radius from the plant where the additional annual dose for individuals could exceed 20 mSv in the first year after the accident. Within the Special Decontamination Area, the national Government has the responsibility of formulating and implementing remediation plans.

			— Intensive Contamination Survey Area (Fig. 5.1, below). This area includes those municipalities where the additional radiation dose in the first year was estimated to be between 1 and 20 mSv for individuals in some parts of the municipality111. Municipalities conduct monitoring surveys to identify areas requiring decontamination and carry out remediation activities in these areas, with the national Government providing financial and technical support.
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				FIG. 5.1. The map on the left shows the subdivision of the evacuation zone as of 7 August 2013 [270]. The map on the right shows the designation of the ‘Special Decontamination Area’ and the ‘Intensive Contamination Survey Area’ as of December 2014 and indicates the estimated additional radiation doses of representative persons in 2012.

			

			
			In 2012 and 2013, the areas in which evacuation orders had been issued were further subdivided into the following three categories on the basis of the estimated annual total dose to people inhabiting the area, if any (Fig. 5.1, left) [268, 269]:

			— Area 1 (green). Areas where evacuation orders were ready to be lifted. The estimated annual dose was expected to be 20 mSv or less.

			— Area 2 (orange). Areas in which residents were still not permitted to live. The estimated annual dose was expected to exceed 20 mSv.

			— Area 3 (red). Areas to which it was anticipated that residents would not be able to return for a long time. The estimated annual dose was over 50 mSv, and the average annual dose over the period of six years after the accident was expected to be more than 20 mSv.

			
				5.1.3.	Progress in remediation

			A number of pilot projects were undertaken in 2011. The JAEA initially performed a series of small scale studies at two sites outside the evacuated zones to assess the effectiveness of decontamination in achieving reductions in dose rate for various types of surfaces (e.g. streets, roofs, walls and lawns) [271]. Later studies considered the feasibility of decontamination of larger areas in the evacuated zones, assessed the effectiveness of these measures in reducing ambient gamma dose rates and explored the implications for worker safety and waste management.

			These pilot studies played an important role in planning and implementing remediation strategies. They provided information on the effectiveness and applicability of decontamination techniques and helped to establish procedures for the radiation protection of workers [272].

			Commonly implemented remediation measures following the Fukushima Daiichi accident are listed in Table 5.1. Topsoil removal, which generates a large amount of waste, was widely used in the first years of remediation.

			TABLE 5.1. Commonly IMPLEMENTED remediation measures

			
				
					
							
							Target

						
							
							Remediation measures

						
					

					
							
							Houses and buildings

						
							
							Removal of deposits from the roof, deck and gutters 

							Wiping roofs and walls 

							Vacuum sanding

							High pressure washing 

						
					

					
							
							Schoolyards, gardens and parks 

						
							
							Topsoil removal

							Weed/grass/pasture removal

						
					

					
							
							Roads 

						
							
							Removal of deposits in ditches 

							High pressure washing

						
					

					
							
							Gardens and trees 

						
							
							Mowing 

							Removal of fallen leaves

							Removal of topsoil 

							High pressure washing

							Paring tree surfaces

						
					

					
							
							Farmlands

						
							
							Tillage reversal

							Topsoil removal

							Soil treatment (e.g. enhanced application of fertilizer)

							Soil hardening and removal

							Weed/grass/pasture removal

						
					

					
							
							Animal production

						
							
							Control of radiocaesium levels in animal feed

						
					

					
							
							Forests and woodland

						
							
							Removal of fallen leaves and lower twigs 

							Pruning 

						
					

				
			

			Remediation strategies were later implemented in both the Intensive Contamination Survey Area and the Special Decontamination Area, and significant progress was made. By the end of March 2015, decontamination in most parts of the Intensive Contamination Survey Area outside Fukushima Prefecture was almost complete (in about 80% of the municipalities). In the Intensive Contamination Survey Area within Fukushima Prefecture, around 90% of the public facilities, 60% of residential houses and 50% of roads had been decontaminated [273].

			Within the Special Decontamination Area, decontamination plans had been completed in four municipalities in March 2015 (Tamura City, Kawauchi Village, Naraha Town and Okuma Town). Decontamination of residential areas had also been completed in two more municipalities (Katsurao Village and Kawamata Town) and had almost been completed in Iitate Village [273]. Most decontamination plans in both decontamination areas 1 and 2 within Fukushima Prefecture were due to be completed before the end of March 2016, although some were due to continue into 2017 (Fig. 5.2).
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				FIG. 5.2. Progress of remediation in the Special Decontamination Area up to December 2014 [273].


			Investigations performed in residential areas of Tamura and Naraha municipalities showed that ambient gamma dose rates had been reduced by an average of 36% and 46%, respectively. Gamma dose rates (see Box 5.1) were determined by measuring ambient dose rates at a distance of 1 m from the decontaminated surfaces, both before and after remediation actions. Average dose rate reductions in the two municipalities following remedial actions in farmlands, forests and roads were between 21% and 44% [273].
	
			The data indicate that the reduction of ambient gamma dose rates is more significant in areas with higher initial dose rates. After remediation, the gamma dose rates continue to decline owing to the natural processes of weathering and radioactive decay.

			Examples of remediation are shown in Fig. 5.3.
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					FIG. 5.3. Landscapes before and after remediation in Tamura City (photographs courtesy of Ministry of the Environment, Japan).

				


			Unit costs for decontamination in the Special Decontamination Areas directly controlled by the national Government ranged from around 1100 yen/m2 (forests) to approximately 5500 yen/m2 (parks) [274].

		
			5.2.	ON-SITE STABILIZATION AND PREPARATIONS FOR DECOMMISSIONING

			A comprehensive, high level strategic plan for stabilization and decommissioning of the damaged NPP was developed jointly by TEPCO and the relevant Japanese Government agencies. The plan was first issued in December 2011 and subsequently revised to reflect the experience gained and an improved understanding of the conditions of the damaged NPP, as well as the magnitude of the future challenges. The strategic plan addresses the complex nature of on-site work and includes: the approach to ensure safety; measures towards decommissioning; systems and environments to facilitate the work; and research and development requirements.

			At the time of writing, safety functions had been re-established and structures, systems and components were in place to reliably maintain stable conditions. However, there was a continuing need for control of ingress of groundwater to the damaged and contaminated reactor buildings. The resulting contaminated water was being treated to remove radionuclides to the extent possible and stored in more than 800 tanks. More sustainable solutions are needed, considering all options, including the possible resumption of controlled discharge into the sea. Final decision making will require engaging relevant stakeholders and consideration of socioeconomic conditions in the consultation process, as well as implementation of a comprehensive monitoring programme.

			Plans for the management of spent fuel and fuel debris were developed and removal of fuel from spent fuel pools began.112 A conceptual model of future activities for removing fuel debris was also developed, which takes account of the many preliminary steps required, including visual confirmation of the configuration and composition of the debris. The high radiation dose levels in the damaged reactors meant that no such confirmation had been possible at the time of writing.

			Japanese authorities have estimated that the timescale for completing decommissioning activities is likely to be in the range of 30–40 years. Decisions regarding the final conditions of the plant and site will be the subject of further analysis and discussions.

			Box 5.2. Stabilization and post-accident decommissioning

			The term ‘decommissioning’ refers to the administrative and technical actions taken to allow the removal of some or all of the regulatory controls from a facility.

			In practical terms, decommissioning is the progressive removal of the facility’s structures, systems and components. Under normal circumstances, decommissioning of an NPP is a planned activity that is initiated after the decision has been taken to end operations. Post-accident decommissioning presents a different set of challenges: the condition of the facilities and the status of the fuel and the plant equipment need to be first determined and a path forward decided. This may require development of new technologies and methodologies.

			If reactor shutdown is the consequence of an accident, the facility needs to be brought to a safe configuration (stabilization) before an approved final decommissioning plan is put into effect. Stabilization comprises actions required to ensure that the plant structures (such as the buildings that house the damaged reactors), systems (such as electrical supply systems) and components (such as pumps or motors) are put in a stable condition and can operate for as long as may be required.

			

			5.2.1.	Strategic plan

			Following the emergency phase, TEPCO and the relevant government agencies established a strategic plan — the ‘Mid-and-Long-Term Roadmap towards the Decommissioning of Fukushima Daiichi Nuclear Power Station Units 1–4’ — for stabilization and decommissioning activities [275]. The plan was first issued in December 2011 and subsequently revised to take account of the greater experience and improved understanding of the on-site conditions [276].113 It is a comprehensive, high level strategic plan for those supervising the recovery. Decommissioning is projected to be completed on a timescale of 30–40 years, according to Japanese authorities’ estimates.

			The plan describes the strategic approach for areas of work concerning:

			— The approach to ensuring safety, which includes strategic objectives for reducing risks and optimizing the removal of fuel and fuel debris.

			— Mid-term and long term measures towards decommissioning, which include plans for the removal of fuel and fuel debris from each reactor unit. These plans are sufficiently flexible to address the possible range of conditions that may be revealed as more information is gained in the processes of removing fuel and fuel debris.

			— Systems and environment to facilitate work, for which TEPCO established an organization for the centralized monitoring of the health and radiation exposure of workers. Efforts to improve radiation protection of workers continued, and plans were put in place for managing and ensuring the availability of a trained workforce throughout the decommissioning process.

			— Research and development, which is necessary, as much of the work to be accomplished at the Fukushima Daiichi NPP is the first of its kind, requiring equipment and technology that has yet to be developed or used on a large scale. The International Research Institute for Nuclear Decommissioning was established to develop technologies for nuclear decommissioning, promote cooperation with international and domestic organizations on nuclear decommissioning, and develop human resources for research and development.

			5.2.2.	Preparations for decommissioning

			Shortly after its establishment [278], the NRA developed a new regulatory framework for the regulation of so-called disaster experienced facilities, which need special measures to prevent further accidents and to ensure nuclear security. On 7 November 2012, the NRA designated the Fukushima Daiichi NPP as ‘Specified Reactor Facilities’, which are facilities where a nuclear accident has occurred and special regulations commensurate with the prevailing conditions at the facility are stipulated.

			This designation allowed the NRA to require TEPCO to develop a plan to implement the actions outlined in the strategic plan [275]. TEPCO’s Implementation Plan was submitted in December 2012 [279] and was subsequently approved. TEPCO is responsible for carrying out the actions specified in the Implementation Plan. The execution of these actions is reviewed by the NRA.

			Additionally, the NRA developed a regulatory requirement for managing the additional effective dose at the site boundary in February 2014 and identified actions in ‘Measures for Mid-term Risk Reduction at TEPCO’s Fukushima Daiichi NPS’ in February 2015 [280].

			TEPCO established stable conditions at the site to maintain protection and safety and allow progress towards decommissioning [275]. Important support functions, such as normal and backup electrical supplies, were re-established and upgraded. Fundamental safety functions were also re-established. Arrangements to ensure the long term reliability of stable conditions include:

			— Monitoring plant conditions;

			— Cooling the fuel and fuel debris;

			— Maintaining nuclear subcriticality;

			— Controlling levels of hydrogen;

			— Ensuring structural stability of the reactor buildings;

			— Controlling water ingress to the reactor buildings and preventing leakage to the environment;

			— Ensuring essential electrical power supplies;

			— Ensuring the fulfilment of fundamental safety functions over the long term.

			Important safety functions were re-established and upgraded, for example, by installing multiple backup features and replacing and/or upgrading mobile and temporary systems to augment permanent ones. The situation on the site remains complex, and careful monitoring and control is required to ensure continued stable conditions.

			5.2.3.	Management of contaminated water

			Water that enters damaged reactor buildings becomes contaminated and poses a particularly challenging problem due to the large volumes involved. At the time of writing, water continued to enter the reactor buildings at the Fukushima Daiichi NPP in two ways: water injection into the reactor cores for cooling purposes and ingress of groundwater. Characterizing and managing this water continued to be necessary (Fig. 5.4).
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					FIG. 5.4. Management of contaminated water on the site [284].

				


			Before the accident, groundwater flowing from the mountainside to the rear of the Fukushima Daiichi NPP was pumped at a rate of approximately 850 m3/d from sub-drains located around the buildings of Units 1–4 to control the groundwater level. As a consequence of the accident, the sub-drains and pumps that previously suppressed building buoyancy and prevented groundwater from entering the buildings ceased operation [281].

			After the accident, approximately 400 m3/d of uncontaminated groundwater flowed into the buildings. Approximately 400 m3/d of water is circulated through the Unit 1–3 reactors for cooling. The groundwater that enters the buildings is mixed with the circulating water used for cooling the reactors, leading to a total volume of approximately 800 m3/d of contaminated water that has to be managed. Approximately 400 m3/d of this water is re-injected into the reactors for cooling the fuel and fuel debris, and the remaining 400 m3/d is stored in the contaminated water storage tanks [276].

			The water is treated to remove radionuclides, with the exception of tritium, which cannot be removed [282]. The treated water was stored on the site in 826 tanks (as of 12 February 2015) [283].

			
			
			Various water management techniques have been deployed, or were being planned, including the improvement and installation of additional treatment systems and storage tanks, the restoration of the sub-drain system and the installation of seaside impermeable walls. Uncontaminated groundwater from uphill of the damaged facilities is being bypassed around the facilities and into the ocean (Fig. 5.5) [285]. In addition, a cryogenic ‘frozen’ wall on the mountain side of the reactor buildings was under construction to prevent further water ingress. A cryogenic wall on the sea side of the reactor buildings was also planned.
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					FIG. 5.5. Illustration of water management efforts. Storage tanks for contaminated water are shown on the left [286].

				


			With the approval of the NRA and the acceptance of the relevant stakeholders, including Fukushima Prefecture and the fishing industry, TEPCO began discharging the bypassed uncontaminated groundwater directly into the sea in May 2014 [285]. This measure reduced the volume of water requiring treatment.

			The large quantities of contaminated water on the site present a variety of risks. Owing to malfunctions of tanks, pipes and valves, or during heavy rainfall, leaks of radioactively contaminated water from components were observed. In some cases, the leaks led to releases of radionuclides into the sea. The identification of such leaks triggered more intensive monitoring, both on the site as well as in the marine environment [287]. Although measures were being implemented to stop or reduce the leakage, more sustainable solutions are needed, considering all options, including the possible resumption of controlled discharges into the sea. As a result of the IAEA Review Missions [288, 289], TEPCO was advised to perform an assessment of the potential radiological impact of the release of water containing tritium and any other residual radionuclides into the sea. It was also recognized that final decision making would require engaging all stakeholders, including TEPCO, the NRA, the national Government, the Fukushima Prefecture government, local communities and others, and that there was a need to consider socioeconomic conditions in the consultation process and to implement a comprehensive monitoring programme to ensure that there was no detrimental impact on human health and the environment [288, 289]. In this context, further guidance on the application of international guidance for discharges in post-accident situations would be beneficial.

			
			
			5.2.4.	Removal of spent fuel and fuel debris

			The preparation for decommissioning the accident damaged facilities includes the removal of spent fuel and new fuel assemblies from storage pools inside the damaged reactor buildings. TEPCO began removing the fuel in the storage pool inside the Unit 4 reactor building to the common fuel pool in November 2013. The operation was completed in December 2014 [290].

			It will require several years to remove the spent fuel and new fuel assemblies from the storage pools in Units 1–3. A more accurate estimate of the time needed is dependent on the progress in removing the debris resulting from the explosions, preparing the upper structure of Units 1–3 for access, providing supports for equipment and structures for removal, and other measures. The spent fuel will be placed in a common pool for temporary storage.

			Removal and management of debris from the melted fuel in the reactor core is a much more complex challenge. Visual confirmation of the configuration and the composition of the damaged fuel (‘fuel debris’) resulting from the accident has not been possible due to the high radiation dose levels in the damaged reactors. Available analyses indicate that most of the fuel in Unit 1 melted and that some penetrated the bottom of the reactor pressure vessel to the primary containment vessel, whereas in Units 2 and 3, fuel also melted, but a greater proportion remained within the reactor pressure vessels [9].

			At the time of writing, the Government of Japan was sponsoring conceptual studies on ways of gaining access to and removing fuel debris [276, 291]. A conceptual model for future activities for removing fuel debris has been developed, which takes account of the many preliminary steps required, including:

			(1)	Reduction of radiation levels in the reactor buildings. Access by workers to the spaces inside the reactor buildings is difficult because of high dose rates and rubble and contaminated dust that have been scattered inside them. Decontamination, in many instances with remotely operated equipment, will be needed to make access possible.

			(2)	Repair of the primary containment vessels containing water. An investigation will be conducted and the required equipment will be developed to stop water leakage from the containment vessels, after which the water levels will be monitored and maintained as needed for subsequent operations.

			(3)	Characterization of the conditions inside the primary containment vessels. Removal of the fuel debris requires determining the exact locations of the pieces of fuel debris. Equipment to investigate the conditions inside the containment vessels will be developed and the necessary information, such as the locations, distributions and shapes of the pieces of fuel debris, will be obtained.

			(4)	Characterization of the conditions inside the reactor pressure vessels. This includes the distribution of fuel debris, levels of radioactivity and the physical configuration of the damaged pressure vessels.

			(5)	Development of technologies for the removal of fuel debris. The preconditions for removal of fuel debris will be identified, leading to the development of technologies and equipment to open the reactors, remove structural impediments inside the reactor pressure vessels and remove fuel debris.

			(6)	Water management. Beyond cooling and boron control, careful water management will be necessary as the approach to the removal of fuel debris progresses. For example, additional means will be needed for removal of particulate material that becomes suspended in water as a result of the removal operations.

			(7)	Packaging, transfer and storage of fuel debris. As debris is removed from the reactor pressure vessels and the primary containment vessels, it will need to be placed in shielded containers. The containers will need to be removed from the reactor buildings and placed in interim storage on the Fukushima Daiichi site until a final decision on their disposition has been taken.

			(8)	Prevention of nuclear criticality of fuel debris. Evaluations will be conducted and monitoring techniques put in place to preclude any possibility of nuclear criticality within the debris.

			(9)	Accounting for, and control of, nuclear material in the fuel debris. Accountability is required for fissionable material, in conformity with the safeguards agreement between Japan and the IAEA and with Japanese domestic law. Because the standard methods cannot be applied to the fuel debris, accountability measures will be established before the fuel debris is removed from the reactors.

			Fuel debris will be removed while submerged in water to provide shielding and to minimize radioactive releases to the air. The high levels of radiation and contamination, and the unknown distribution and properties of the fuel debris, mean that much of the work will need to be conducted by use of remotely operated equipment. Strategies for removal of fuel debris will need to be adjusted as data become available regarding the conditions of the fuel and fuel debris, as will plans to design, engineer and build appropriate equipment.

			5.2.5.	Decommissioning end state for the site

			Under normal (non-accident) circumstances, the end state of an NPP is defined and described in the licence application and subsequent supporting documents. Two strategies for achieving a plant end state are generally available: immediate dismantling and deferred dismantling, which is sometimes referred to as safe storage. Under exceptional circumstances, for example following a nuclear accident, entombment may also be considered [292].

			A nuclear accident may invalidate prior decommissioning planning owing, for example, to the need to stabilize structures, systems and components before the new decommissioning plan can be developed. Decommissioning plans, removal of the fuel debris and options for the final end state of the site depend on the nature of the accident and will include consideration of the status of: nuclear residues, particles and radioactive materials remaining within the facilities; spent fuel and fuel debris in storage; and solid radioactive waste and processed water in storage [293]. The interests of stakeholders, obtained, for example, through an appropriate public consultation process, will also influence the planning and execution of the decommissioning.

			It is currently not possible to predict the end state of the Fukushima Daiichi NPP [291]. It may be noted that none of the three plants elsewhere in the world that experienced the most severe fuel damage in previous accidents has yet achieved the final end state for complete decommissioning [293] (Box 5.3).

			Box 5.3. Status of decommissioning of damaged nuclear facilities

			The three facilities elsewhere that have experienced the most severe fuel damage in previous accidents are Windscale (United Kingdom), Three Mile Island (United States of America) and Chernobyl (former Soviet Union). Their status at the time of writing was as follows:

			The Windscale pile, damaged in an accident in 1957, was in a care and maintenance condition, with a plan to place it in safe storage in the next few years and with final decommissioning planned to occur around 2050.

			The unit damaged at the Three Mile Island NPP in 1979 was in a safe storage mode, with a plan for complete dismantlement and site remediation within the next 20 years.

			Chernobyl Unit 4, severely damaged in the accident in 1986, was in the process of being placed in a condition of safe storage, with final decommissioning projected for around 2050.

			

			A final decision on the end state to be achieved at the Fukushima Daiichi site will need to consider many factors, including the future use of the land, possible radiation doses to the decommissioning workers, the waste that would be generated and options for the waste conditioning and disposal.

			5.3.	MANAGEMENT OF CONTAMINATED MATERIAL AND RADIOACTIVE WASTE

			Stabilization of a damaged NPP and the on-site decontamination and remediation efforts in the surrounding areas result in large quantities of contaminated material and of radioactive waste. On the site, large amounts of contaminated solid and liquid material, as well as radioactive waste, have been generated following various recovery activities.114 The management of such material — with its varying physical, chemical and radiological properties — is complex and requires significant efforts.

			Following the Fukushima Daiichi accident, there were difficulties in establishing locations to store the large amounts of contaminated material arising from off-site remediation activities. Several hundred temporary storage facilities had been established in local communities. Efforts to establish an interim storage facility were continuing.

			5.3.1.	Managing the waste

			A large amount of waste (known as ‘disaster waste’) was generated by the earthquake and tsunami, some of which was contaminated (predominantly by 134Cs and 137Cs) as a result of releases from the Fukushima Daiichi NPP. On-site stabilization activities have increased the inventory of contaminated material and of solid and liquid radioactive waste necessitating management, while off-site remediation activities have increased the amount of contaminated material.

			Box 5.4. Radioactive waste

			Radioactive waste is material for which no further use is foreseen that contains radionuclides with a content or concentration above a specified level. Disposal is the internationally recognized end point for the management of radioactive waste. However, storage of some radioactive waste for periods of tens of years is often necessary while disposal facilities are being developed. Certain types of radioactive waste (low level radioactive waste) can be disposed of in ‘near surface’ waste disposal facilities.

			

			The management (i.e. pretreatment, treatment, conditioning, transport, storage and future disposal) of large amounts of waste with differing physical, chemical and radiological properties presents a challenge. Equipment, activities and facilities have had to be developed and/or modified under circumstances made more difficult by the loss of infrastructure caused by the earthquake and tsunami and by high radiation levels. Amendments to legislation and to the national approach to waste management were also necessary [124, 266, 278, 294].

			5.3.2.	Off-site activities

			Off-site remediation was initiated with the objective of reducing external exposures. The remedial actions included the removal of topsoil and vegetation and the decontamination of public and residential areas. The size of the area requiring remediation was influenced by the radiological criteria and action levels adopted, which also had implications for the amount of contaminated material requiring management.

			In general, a low reference level results in the generation of a larger amount of contaminated material. It is estimated that the stockpile of soil and other contaminated material generated from remediation activities after the accident will be approximately 16–22 million m3 after the reduction in volume by incineration of plants and trees [273].

			The stages of the waste management process used in Fukushima Prefecture are illustrated in Fig. 5.6. The management of waste generated in the remediation activities involves its collection in temporary storage facilities near the locations for decontamination. Many hundreds of temporary storage facilities have been constructed. After temporary storage, this waste will be transported into the interim storage facility. Some of the material has contamination at levels that are sufficiently low to allow the use of existing infrastructure for the disposal of municipal solid waste (e.g. municipal incinerator facilities and waste landfills). However, the process of obtaining the agreement of municipalities to use conventional incinerators to reduce the volume of off-site contaminated material has proved to be difficult.
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			FIG. 5.6. Flow chart for the management of specified waste and decontamination waste in Fukushima Prefecture [295].


			There were delays in site selection for temporary and interim storage facilities. Obtaining the agreement of the local population has been a contributing factor in the siting delays. However, following discussions of national and local government officials with local residents and landowners, the plan to construct an interim storage facility was accepted in Okuma Town in December 2014 and in Futaba Town in January 2015. In January 2015, the Ministry of the Environment (MOE) confirmed plans and arrangements for pilot-scale transport of contaminated soil to the interim storage facility from March 2015 [273]; for testing purposes, these transports started on 13 March 2015.

			
			
			5.3.3.	On-site activities

			At the Fukushima Daiichi NPP, large amounts of contaminated solid and liquid material as well as radioactive waste have been generated following various recovery activities. For example, as of 30 November 2014, 131 900 m3 of debris and 79 700 m3 of trees were being stored on the site [296, 297]. The generation of these large amounts of contaminated material and radioactive waste has required the establishment of effective strategies for waste management. In particular, there has been a need to develop facilities for treatment and storage of many hundreds of thousands of cubic metres of contaminated and treated water as well as for solid waste resulting from the treatment processes and the clearing of large areas of land. Part of the strategy for on-site waste management, including the facilities for water treatment and storage, is illustrated in Fig. 5.7.
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					FIG. 5.7. Part of the strategy for on-site waste management [291].

				


			There is a continuing need for storage capacities for various types of solid and liquid waste streams (Fig. 5.8). Consequently, volume reduction has become an important component in the management of on-site waste, for example through waste avoidance, installation of incinerators, and reuse and recycling of materials. Additional waste is expected from the decommissioning of the NPP [298]. The types and amounts of waste will depend on the approach adopted.

			
				
					[image: figure]
				

					FIG. 5.8. Aerial view of the on-site area showing the water storage tanks [301].

				


			
			
			There have been efforts to move radioactive waste away from the site boundary in order to limit dose rates at the boundary to less than 1 mSv/year. These activities have no impact on public exposure as there is no public presence at the site boundary [299].

			The management of waste on the site poses many complex challenges, requiring further research and development. As new capabilities are obtained, a strategy for final disposal of on-site waste will need to be considered, involving decisions for both the near term and the long term [300].

			5.4.	COMMUNITY REVITALIZATION AND STAKEHOLDER ENGAGEMENT

			The nuclear accident and radiation protection measures introduced in both the emergency and post-accident recovery phases have had significant consequences for the way of life of the affected population. Evacuation and relocation measures and restrictions on food involved hardships for the people affected. The revitalization and reconstruction projects introduced in Fukushima Prefecture were developed from an understanding of the socioeconomic consequences of the accident. These projects address issues such as reconstruction of infrastructure, community revitalization and support and compensation.

			Communication with the public on recovery activities is essential to build trust. To communicate effectively, it is necessary for experts to understand the information needs of the affected population and to provide understandable information through relevant means. Communication improved in the aftermath of the accident, and the affected population became increasingly involved in decision making and remediation measures.

			The accident and the protective actions introduced in both the emergency phase and the recovery phase impacted the way of life of populations in the areas affected. By 30 January 2015, the number of evacuees was around 119 000, compared with a peak of around 164 000 in June 2012. The hardships associated with evacuation, relocation and restrictions on food are substantial [268, 269].

			The earthquake, the tsunami and the accident resulted in the destruction, degradation or disuse of infrastructure (including schools, hospitals and commercial enterprises), had an impact on business and trade, and brought about demographic changes through the evacuation of large numbers of people. It was reported that young families were more likely to remain evacuated, and the elderly were more likely to return to their homes [302]. Recovery and revitalization plans at the national and local levels recognize the importance of physical and socioeconomic reconstruction and address issues such as reconstruction of infrastructure, community support and compensation [269].

			The particular challenges for people living in temporary accommodation include a range of issues of general physical and mental well-being that are associated with high levels of unemployment and the difficulties associated with provisional accommodation [239]. The total number of evacuees living in temporary accommodation as a result of the earthquake, tsunami and nuclear accident is not known precisely but, by June 2013, 16 800 temporary housing units had been constructed and nearly 24 000 families were living in accommodation rented by the prefectural government [269]. In addition, there were plans to build 2586 units of permanent public housing by 2015 for people affected by the earthquake and tsunami. For those evacuated in the response to the accident, 4890 units of permanent public housing were planned [283].

			5.4.1.	Socioeconomic consequences

			Evacuation resulted in the loss of farms and businesses. Fishing ceased within 30 km of the site (reduced to 20 km at the end of September 2011). Agricultural and other commercial activities have ceased in an area of about 700 km2 outside the Special Decontamination Area [269, 303, 304].

			Socioeconomic consequences in the agricultural sector and other enterprises were also seen outside the Special Decontamination Area and the Intensive Contamination Survey Area. In addition to the loss of employment and of livelihoods for those affected, restrictions on food, export losses involving food and consumer goods, the costs of monitoring to demonstrate compliance with radiological criteria and the payment of compensation to people affected have also had an effect. Indirect socioeconomic consequences include those arising from the loss of consumer confidence, not only in food products, but also in commodities from and businesses in the affected areas [269, 303, 305].

			The combination of earthquake, tsunami and nuclear accident had a direct effect on the Japanese economy. Exports fell by 2.4% in April 2011 compared with the level in April 2010. At the same time, imports increased, especially those of fuels, chemicals and food, resulting in a deficit in the trade balance in April and May 2011 [303]. Imports of fossil fuel remained at a higher level at the time of writing [306].

			Although at the time of the accident Japan was not party to any of the conventions on civil liability for nuclear damage (it joined the Convention on Supplementary Compensation for Nuclear Damage (CSC) on 15 January 2015), legislation enacted in 1961 was consistent with the basic principles of nuclear liability as embodied in those conventions. Under this legislation, TEPCO was exclusively liable for nuclear damage caused by the Fukushima Daiichi accident [307]. Its liability was unlimited in amount. Following the accident, TEPCO was not granted exemption from liability by the Government and Parliament on the assumption that the exemption clause related to a grave natural disaster, as specified in the Act on Compensation for Nuclear Damage, was inapplicable in this case. Various means to allow TEPCO to meet its obligations towards the victims of the accident have been implemented, including provisional compensation payments as an emergency measure, the provision of financial support to TEPCO by the Nuclear Damage Compensation and Decommissioning Facilitation Corporation (NDF), and NDF becoming the controlling shareholder of TEPCO. Moreover, the creation of the Dispute Reconciliation Committee for Nuclear Damage Compensation and the issuance of legally non-binding guidelines provided a mechanism for prompt out of court settlements of compensation for nuclear damage.

			The established compensation policy applies to those ordered to evacuate and also covers impacts on livelihood and way of life, loss of profits due to restrictions and loss of trust by consumers, and infrastructure changes for people remaining in the area. In addition, there are specific provisions for parents with young families and for pregnant women [308].

			According to guidelines established in December 2011, people subject to evacuation received compensation of the order of 100 000 yen per person and per month. Additional compensation of about 900 000 yen per person will be paid to those returning to live in the areas affected within a year after the lifting of the evacuation order [309].

			5.4.2.	Revitalization

			A number of initiatives to stimulate the revitalization of Fukushima Prefecture have been implemented with government and local support. These include the reconstruction of infrastructure, housing and transport. Some actions focus on regaining consumers’ trust in products, while also promoting local pride and tourism. Recognizing that the availability of work and employment is also a driving factor for the return of residents (or for the settlement of new populations), other initiatives focus on rebuilding businesses as well as creating new commercial opportunities.

			Revitalization initiatives and reconstruction activities linked to recovery range from those at the national Government level to initiatives by non-governmental organizations and local communities. The Government of Japan established a Reconstruction Agency; Fukushima Prefecture has initiated various activities including the establishment of the Centre for Environmental Creation [234, 269]; and the Fukushima Revitalization Headquarters was set up by TEPCO in 2013. All projects aim to combine radiation protection actions with broader societal aspects, such as the revitalization of infrastructure and public engagement and — in the case of the Revitalization Headquarters — compensation [310].

			The actions vary across the prefecture, often depending on the engagement of local leaders and the different challenges within the region. Examples of successful revitalization initiatives include cooperation between peach growers and distributors and the food industry to restore public trust in food produced in Fukushima Prefecture [269, 311]. 

			5.4.3.	Engagement of and communication with stakeholders

			Engagement of stakeholders has increased and strategies for consultation and involvement have improved as remediation and recovery actions have progressed. The response to the accident has provided a number of examples that show the benefits of involving affected populations in activities for recovery, from consultation and dialogue to remediation actions (so-called self-help actions).

			Open and effective communication with the public is an essential part of revitalization. An information hub for the area on decontamination (Decontamination Information Plaza) was opened in Fukushima City in January 2012 as a joint project of Fukushima Prefecture and the MOE [312].

			Other communication activities at the local level include dialogues between experts and the public and specific advice for self-help actions. These activities have helped to restore communication with Fukushima residents and to rebuild trust.

			A flow chart of the implementation process for remediation and associated interactions with stakeholders is shown in Fig. 5.9. All steps in the development of plans and their implementation included stakeholder participation and consultation. In the case of remediation of privately owned land, agreement is required from the landowners before any remediation activities can be started.
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				FIG. 5.9. Flow chart of the process for remediation and for consultation with residents [313].


			
			In a nuclear accident, the media, in both traditional and new forms, play an important role in communicating with the public. The Fukushima Daiichi accident was characterized by a high level of media coverage, through the Internet, social media and, in the initial phase, continuous television and radio broadcasts. The coverage of the accident lasted for several months, focusing mainly on problems linked to the accident site, but also on the protective actions taken by Japanese authorities. Social media intensified reporting on the event, as well as disseminating the views of individuals and non-governmental organizations. A considerable amount of information was available, of varying quality and levels of credibility [310].

			Radiation safety experts needed to learn what kind of information the public was requesting and to provide it in an understandable manner. Critical questions asked by the affected communities and by the media focused on what levels of radiation are ‘safe’ [314].

			5.5.	OBSERVATIONS AND LESSONS

			A number of observations and lessons have been compiled as a result of the assessment of the post-accident activities.

			— Pre-accident planning for post-accident recovery is necessary to improve decision making under pressure in the immediate post-accident situation. National strategies and measures for post-accident recovery need to be prepared in advance in order to enable an effective and appropriate overall recovery programme to be put in place in case of a nuclear accident. These strategies and measures need to include the establishment of a legal and regulatory framework; generic remediation strategies and criteria for residual radiation doses and contamination levels; a plan for stabilization and decommissioning of damaged nuclear facilities; and a generic strategy for managing large quantities of contaminated material and radioactive waste.

			These strategies and measures need to include:

			• The establishment of a legal and regulatory framework that specifies the roles and responsibilities of the various institutions to be involved. This framework needs to address off-site remediation, on-site stabilization and preparations for decommissioning, management of contaminated material and radioactive waste, and community revitalization and stakeholder engagement.

			• Generic remediation strategies and criteria (reference and derived action levels) for residual radiation doses and contamination levels.

			• A plan for the stabilization of conditions on the site of a damaged nuclear facility and preparations for its decommissioning.

			• Development of a generic strategy for managing large quantities of contaminated material and radioactive waste, supported by generic safety assessments for storage and disposal facilities.

			• Sufficient flexibility to ensure that the management of post-accident conditions can be adapted in response to changing conditions and acquired information and experience.

			— Remediation strategies need to take account of the effectiveness and feasibility of individual measures and the amount of contaminated material that will be generated in the remediation process.

			Having established reference levels for residual radiation doses and contamination levels, it is essential to control carefully the amount of contaminated material generated by implementing the remediation strategy in order to minimize the amount of waste to be managed. The absence of preparations for recovery from a nuclear accident in Japan meant that, initially, large volumes of potentially contaminated material were generated. As time elapsed and planning developed, remediation actions were optimized, leading to improved control of the amount of waste to be managed.

			Pilot projects were useful in determining both the effectiveness of particular remediation techniques and the amount of waste generated by particular techniques. Pilot projects also contributed to establishing procedures for the radiation protection of workers.

			— As part of the remediation strategy, the implementation of rigorous testing of and controls on food is necessary to prevent or minimize ingestion doses.

			The systematic implementation of rigorous testing of and controls on food after the accident demonstrated that ingestion doses can be kept at low levels.

			To establish confidence in locally produced food, local monitoring stations were set up to allow people in affected areas to bring food to be measured. This control of ingestion doses simplified the recovery by allowing remediation to focus on techniques that reduce external doses.

			— Further international guidance is needed on the practical application of safety standards for radiation protection in post-accident recovery situations.

			Further practical guidance is needed on the application of the IAEA safety standards in existing exposure situations. The reference levels adopted for the early post-accident years need to be periodically reviewed and modified, as appropriate, in response to the changing radiological conditions. The guidance needs to include a methodology for the selection of case and site specific reference levels, in terms of dose and derived quantities, as well as mechanisms to integrate technical and scientific advice with other socially relevant factors to establish a coherent, transparent and collectively accepted decision making process.

			— Following an accident, a strategic plan for maintaining long term stable conditions and for the decommissioning of accident damaged facilities is essential for on-site recovery. The plan needs to be flexible and readily adaptable to changing conditions and new information.

			Preparations for the decommissioning of a facility damaged in an accident would first involve stabilization to ensure that structures, systems and components are in place to reliably maintain stable conditions for the long term until their functions are no longer needed. Post-accident preparations for decommissioning take decades. Arrangements are necessary to maintain the necessary expertise and workforce throughout this entire period.

			Decision making on interim decommissioning stages and on the final conditions of the site and the damaged reactors needs to include a dialogue with stakeholders. Decision making on decommissioning depends on the conditions of the damaged reactors, fuel and debris, which cannot be determined in the period immediately following an accident. Factors to be considered in decision making include: dose levels for workers in decommissioning; the volumes and types of waste generated; and the efforts necessary for waste treatment. In the early stage of cleanup activities, it is unrealistic to predict the final conditions of the plant site, but expectations and plans for the land need to be considered in the decision making process.

			— Retrieving damaged fuel and characterizing and removing fuel debris require solutions that are specific to the accident, and special methods and tools may need to be developed.

			A reactor accident involving damage to nuclear fuel results in particular conditions in the reactor that are unique to the accident. The removal and management of damaged fuel elements and of debris from melted fuel are complex tasks. The debris needs to be characterized, removed, packaged and placed in storage until disposal is implemented, under difficult conditions, associated largely with high radiation levels.

			— National strategies and measures for post-accident recovery need to include the development of a generic strategy for managing contaminated liquid and solid material and radioactive waste, supported by generic safety assessments for discharge, storage and disposal.

			A waste management strategy is needed for the implementation of pre-disposal management (e.g. handling, treatment, conditioning and storage) of accident-generated contaminated material and radioactive waste. It also needs to identify appropriate routes for the disposal of materials. Waste management strategies may involve the use of existing processing, storage and disposal facilities, such as incinerators or leachate controlled landfills. However, other approaches may be necessary, depending on the volumes and characteristics of the waste involved. The development of such strategies could be supported by the development of a generic safety case.

			Strategies for the post-accident management of large volumes of contaminated water are also necessary, including consideration of its controlled discharge to the environment. Although there is international guidance for discharges during the normal operation of nuclear facilities, further guidance on its application in post-accident situations is needed.

			— It is necessary to recognize the socioeconomic consequences of any nuclear accident and of the subsequent protective actions, and to develop revitalization and reconstruction projects that address issues such as reconstruction of infrastructure, community revitalization and compensation.

			Nuclear accidents and the protective and remedial actions introduced in both the emergency phase and the post-accident recovery phase, with the objective of reducing doses, have far-reaching consequences on the way of life of the affected population. Engagement of stakeholders at various stages of remediation and recovery is essential.

			— Support by stakeholders is essential for all aspects of post-accident recovery. In particular, engagement of the affected population in the decision making processes is necessary for the success, acceptability and effectiveness of the recovery and for the revitalization of communities. An effective recovery programme requires the trust and the involvement of the affected population. Confidence in the implementation of recovery measures has to be built through processes of dialogue, the provision of consistent, clear and timely information, and support to the affected population.

			Governments need to provide a realistic description of a recovery programme to the public that is consistent, clear and timely. A variety of information channels, including social media, need to be used to reach all interested groups.

			Perceptions of radiation risks and answers to questions about ‘safe’ radiation levels have many dimensions, including scientific, societal and ethical. These answers need to be clearly communicated to relevant communities through educational programmes — ideally before an accident has occurred.

			It is important that the affected population receive support for local recovery efforts. Support for self-help actions related to remediation and for rebuilding businesses can increase involvement in the recovery programme, and build the trust of the affected population.

			
		

	
		
			6. THE IAEA RESPONSE TO THE ACCIDENT

			This section provides an overview of key IAEA activities following the Fukushima Daiichi accident, both in the immediate phase and in the longer term. These include initial activities, IAEA missions to Japan, the Ministerial Conferences on Nuclear Safety and the IAEA Action Plan.

			The IAEA is the depositary for the Convention on Nuclear Safety, and its role is to provide the Secretariat for the meetings by convening, preparing and servicing these meetings, as well as transmitting relevant information to the Contracting Parties. The activities related to the meetings of the Contracting Parties to the Convention on Nuclear Safety following the Fukushima Daiichi accident are also presented in this section.

			6.1.	IAEA ACTIVITIES

			6.1.1.	Initial activities

			The responsibility for responding to a nuclear or radiological emergency and for the protection of workers, the public and the environment, rests with the operating organization at the level of the facility concerned, and with the affected State at the local, regional and national levels.

			The IAEA has a central role in the international framework115 for emergency preparedness and response. This role includes: (1) notification and official information exchange through officially designated contact points; (2) provision of timely, clear and understandable information; (3) provision and facilitation of international assistance upon request; and (4) coordination of the inter-agency response.116

			The IAEA discharges this role through its Incident and Emergency System (IES). This system includes a 24-hour contact point and an operational focal point, the Incident and Emergency Centre (IEC).

			At 06:42 UTC117 on 11 March 2011, the IAEA activated the IES following a notification from the IAEA’s International Seismic Safety Centre. This notification indicated the occurrence of an earthquake, the potential for damage at four NPPs118 on the north-eastern coast of Japan and the risk of a tsunami [143]. At 07:21 UTC, the IAEA established initial communication with the official contact point designated by Japan under the Early Notification Convention and the Assistance Convention.

			In the initial days of the accident, it became evident that the reactors and the fuel in the spent fuel pools at the Fukushima Daiichi NPP could be at risk of severe damage. Consequently, the IAEA established teams to evaluate key nuclear and radiological safety issues. The IAEA Laboratories119 reviewed environmental data provided by the Japanese authorities on monitoring of the marine environment and received terrestrial environment samples for independent analysis.

			The IAEA Director General visited Tokyo from 17 to 19 March for high level consultations, to express the solidarity of the international community and its full support to Japan in dealing with the consequences of the earthquake, tsunami and nuclear accident, and to convey offers of assistance from more than a dozen countries. The Director General also discussed the possibility of the IAEA providing or coordinating specific types of assistance, such as expert missions and fact finding missions, and emphasized the importance of transparency and the timely provision of official information by Japan.

			On 28 March, at a special briefing on the accident for IAEA Member States, the Director General announced that a high level IAEA Conference on Nuclear Safety would take place in Vienna before the summer. He stated that it was “vitally important that we learn the right lessons from what happened on 11 March and afterwards, in order to strengthen nuclear safety throughout the world” [315].

			Between 18 March and 18 April, at the request of Japan, the IAEA sent four radiological monitoring teams to Japan to help validate the results of the more extensive measurements taken by the Japanese authorities. The teams undertook measurements at a number of locations inside and outside the 20 km evacuation zone around the Fukushima Daiichi NPP and in the vicinity of Tokyo. A senior IAEA official was sent to Japan to coordinate the relevant IAEA activities and to transmit offers of assistance from Member States to the Japanese authorities. IAEA liaison officers were sent to Tokyo to facilitate and improve communication with Japan’s regulatory body, which at that time was NISA.

			A joint Food Safety Assessment Team from the IAEA and FAO visited Japan from 26 to 31 March. The team provided advice and assistance to the authorities at the national and local levels on technical issues relating to food safety and agricultural countermeasures. Advice was provided on sampling and analytical strategies and interpretation of monitoring data to ensure that reliable, continuous updates could be provided on the extent of food contamination in the affected areas. These data were used for the development of mitigation and remediation strategies by the Japanese authorities.

			An IAEA team of experts on boiling water reactors was sent to Japan on 3 April, concluding its work on 12 April. The team toured both the Fukushima Daiichi and Fukushima Daini sites, meeting plant personnel in order to better understand the accident, the mitigation actions taken up to that time and the basis of the major decisions that had been made. They also held meetings with staff of several government offices and had detailed technical discussions with TEPCO and NISA in Tokyo.

			The first statement by the IAEA on the accident was made public less than three hours after the earthquake on 11 March. Five additional statements were published later that day, conveying information received from Japan. More than 120 updates were published up to 22 April 2011. The IAEA held 16 news conferences between 14 March and 2 June 2011, in addition to those held during the Director General’s visit to Japan. The IAEA’s public information activities also included responding to thousands of telephone calls and providing detailed technical responses to hundreds of queries from the media.

			The IAEA posted daily briefings for Member States and the public on its public web site. These briefings covered: the status of Units 1–6 at the Fukushima Daiichi NPP; radiation monitoring data for radionuclides such as 131I, 134Cs and 137Cs; the results of radiation monitoring of food and information on restrictions on the distribution and consumption of food and drinking water; and data on monitoring of the marine environment. The IAEA also provided briefings on the accident to the Permanent Missions of IAEA Member States in Vienna.

			6.1.2.	IAEA missions to Japan

			Based upon an agreement with the Government of Japan, an International Fact Finding Expert Mission was undertaken by experts from the IAEA and Member States from 24 May to 2 June 2011. The mission gathered information for a preliminary assessment of the accident at the Fukushima Daiichi NPP and on events at other sites (Fukushima Daini and Tokai Daini). In addition, generic safety issues associated with natural events were identified that needed further exploration or assessment on the basis of the IAEA safety standards.

			The scope of the mission included: external events of natural origin; plant safety assessment and the application of defence in depth; plant response after an earthquake and tsunami; management of a severe accident; management of spent fuel in a severely degraded facility; emergency preparedness and response; and radiological consequences. The mission findings [34] included 15 conclusions and 16 lessons, which were reported to the IAEA Ministerial Conference on Nuclear Safety in June 2011.

			Other IAEA missions to Japan are summarized in Table 6.1.

			TABLE 6.1. IAEA MISSIONS TO JAPAN

			
				
					
							
							Date

						
							
							Mission

						
							
							Objectives

						
					

				
				
					
							
							7–15 Oct. 2011

						
							
							International Mission on Remediation of Large Contaminated Areas Off-site the Fukushima Daiichi NPP [316]

						
							
							Assist Japan’s plans to remediate large areas contaminated by the accident.

							Review Japan’s ongoing remediation strategies, plans and activities, including contamination mapping.

							Share findings with the international community to disseminate lessons from the accident.

						
					

					
							
							23–31 Jan. 2012

						
							
							IAEA Mission to Review NISA’s Approach to Comprehensive Assessments for Safety of Existing Power Reactor Facilities [317]

						
							
							Review (at the request of the Japanese Government) NISA’s Comprehensive Assessments for the Safety of Existing Power Reactor Facilities, and the results of the licensee’s assessments.

						
					

					
							
							30 Jul.–11 Aug. 2012

						
							
							IAEA Mission to Onagawa Nuclear Power Station to Examine the Performance of Systems, Structures and Components Following the Great East Japanese Earthquake and Tsunami [318]

						
							
							Examine the performance of structures, systems and components following the earthquake and tsunami.

						
					

					
							
							15–22 Apr. 2013

						
							
							International Peer Review of the Mid-and-Long-Term Roadmap Towards the Decommissioning of TEPCO’s Fukushima Daiichi NPP Units 1–4 (first mission) [319]

						
							
							Review the ‘Decommissioning Roadmap’; challenges; condition of the reactors; management of waste; protection of employees; and structural integrity of reactor buildings and other structures.

						
					

					
							
							14–21 Oct. 2013

						
							
							Follow-up International Mission on Remediation of Large Contaminated Areas Off-site the Fukushima Daiichi NPP [265]

						
							
							Evaluate the progress of ongoing remediation work in Japan and provide advice on addressing remediation challenges.

						
					

					
							
							6–12 Nov. 2013

						
							
							Expert visit on marine monitoring

						
							
							Observe seawater sampling and data analysis in Fukushima (7 and 8 Nov. 2013) and meet the relevant Japanese authorities in Tokyo to collect information on marine monitoring conducted by Japan under its Sea Area Monitoring Plan.

						
					

					
							
							25 Nov.– 4 Dec. 2013

						
							
							International Peer Review of the Mid- and Long-Term Roadmap Towards the Decommissioning of TEPCO’s Fukushima Daiichi NPP Units 1–4 (second mission) [288]

						
							
							Review the updated ‘Decommissioning Roadmap’; removal of spent fuel from storage pools; management of contaminated water; waste management; and marine monitoring.

						
					

					
							
							10–16 Sept. and 4–14 Nov. 2014

						
							
							Expert mission on marine monitoring confidence building and data quality assurance

						
							
							Focus on availability of marine monitoring results. 

						
					

					
							
							8–15 Feb. 2015

						
							
							International Peer Review of the Mid-and-Long-Term Roadmap Towards the Decommissioning of TEPCO’s Fukushima Daiichi NPP Units 1–4 (third mission) [289]

						
							
							Review implementation of the Decommissioning Roadmap’; management of contaminated water; groundwater ingress; removal of spent fuel and fuel debris; and institutional and organisational issues.

						
					

				
			

			
			
			Following the recommendation of the second decommissioning mission, projects were started to enhance transparency and to provide independent assessments of monitoring of the marine environment by Japan. Proficiency tests were conducted at the IAEA Environment Laboratories in Monaco to monitor the performance and analytical capabilities of participating laboratories. The results of the marine monitoring programme are regularly updated on the IAEA’s web site.

			6.1.3.	IAEA Ministerial Conference on Nuclear Safety

			In June 2011, a Ministerial Conference on Nuclear Safety was convened by the Director General at IAEA Headquarters with the objective of strengthening nuclear safety by drawing on the lessons from the accident. The conference provided an opportunity to undertake, at the ministerial and senior technical levels, a preliminary assessment of the accident. The conference also considered actions for safety improvements, issues regarding emergency preparedness and response, and implications for the global nuclear safety framework.

			The outcome was a Ministerial Declaration on Nuclear Safety [320], which outlined a number of measures to further improve nuclear safety, emergency preparedness and radiation protection of people and the environment worldwide. It also expressed the firm commitment of IAEA Member States to ensure that these measures were taken. The key measures were: to strengthen the IAEA safety standards; to systematically review the safety of all NPPs, including by expanding the IAEA’s programme of expert peer reviews; to enhance the effectiveness of national nuclear regulatory bodies and ensure their independence; to strengthen the global emergency preparedness and response system; and to expand the IAEA’s role in receiving and disseminating information. The Ministerial Declaration also requested the Director General to prepare a draft IAEA Action Plan on Nuclear Safety in consultation with Member States.

			
			6.1.4.	The IAEA Action Plan on Nuclear Safety

			The draft IAEA Action Plan on Nuclear Safety was approved by the Board of Governors in September 2011. The Action Plan was then presented at the regular session of the 2011 IAEA General Conference, where it was unanimously endorsed by Member States [144]. The General Conference subsequently called upon the IAEA Secretariat and Member States to implement the actions as an overarching priority in a comprehensive and coordinated manner [321].

			Activities under the Action Plan started immediately after its adoption. The full and effective implementation of the activities in this plan required joint efforts and full commitment by the IAEA Secretariat, Member States and other stakeholders.

			Since the adoption of the Action Plan, significant progress has been made in several key areas, such as: assessments of the safety vulnerabilities of NPPs; strengthening of the IAEA’s peer review services; review and revision, as necessary, of the relevant IAEA safety standards; improvements in emergency preparedness and response capabilities; capacity building; and enhancing communication and information sharing with Member States, international organizations and the public. Regular progress reports were presented to the IAEA Board of Governors and the IAEA General Conference [322–324].

			In the resolution adopting the Action Plan, the IAEA’s role in responding to a nuclear emergency was expanded to include providing Member States, international organizations and the general public with timely, clear, factually correct, objective and easily understandable information on its potential consequences. This is to include an analysis of available information and a prognosis of possible scenarios based on the evidence, scientific knowledge and the capabilities of Member States.

			A number of international experts meetings (IEMs) were organized in different areas of safety to analyse the technical aspects and to learn the lessons from the Fukushima Daiichi accident. Reports on these key safety areas, including the results of the IEMs, were published by the IAEA (see Table 6.2).

			
			TABLE 6.2. INTERNATIONAL EXPERTS MEETINGS (IEMs)

			
				
					
							
							Date

						
							
							Title

						
							
							Focus

						
					

				
				
					
							
							19–22 Mar. 2012

						
							
							IEM 1: Reactor and Spent Fuel Safety in the Light of the Accident at the Fukushima Daiichi Nuclear Power Plant [42]

						
							
							Analyse technical aspects; understand root causes; share lessons from the accident.

						
					

					
							
							18–20 Jun. 2012

						
							
							IEM 2: Enhancing Transparency and Communication Effectiveness in the Event of a Nuclear or Radiological Emergency [314]

						
							
							Identify and analyse lessons from the accident and discuss best practices for improving the dissemination of information.

						
					

					
							
							4–7 Sep. 2012

						
							
							IEM 3: Protection against Extreme Earthquakes and Tsunamis in the Light of the Accident at the Fukushima Daiichi Nuclear Power Plant [325]

						
							
							Share lessons; exchange information and identify issues to be further investigated on: seismic and tsunami hazard assessment; special flooding issues; uncertainties associated with hazard assessments; approaches to establishing design values; addressing beyond design basis events; safety against earthquakes and tsunamis.

						
					

					
							
							28 Jan.–1 Feb. 2013

						
							
							IEM 4: Decommissioning and Remediation after a Nuclear Accident [293]

						
							
							Examine short term and long term issues for decommissioning of accident damaged facilities; management of radioactive waste arising from a nuclear accident; and remediation of the off-site environment.

						
					

					
							
							21–24 May 2013

						
							
							IEM 5: Human and Organizational Factors in Nuclear Safety in the Light of the Accident at the Fukushima Daiichi Nuclear Power Plant [67]

						
							
							Explore ways to improve nuclear safety culture across a range of key institutions, including operating organizations and regulatory bodies.

						
					

					
							
							17–21 Feb. 2014

						
							
							IEM 6: Radiation Protection after the Fukushima Daiichi Accident: Promoting Confidence and Understanding [326]

						
							
							Focus on radiation protection issues highlighted by the Fukushima Daiichi accident and how these could be addressed at both the national and international levels.

						
					

					
							
							17–20 Mar. 2014

						
							
							IEM 7: Severe Accident Management in the Light of the Accident at the Fukushima Daiichi Nuclear Power Plant

						
							
							Gather and share knowledge and experience gained in the light of the Fukushima Daiichi accident concerning severe accident management; identify lessons and best practices.

						
					

					
							
							16–20 Feb. 2015

						
							
							IEM 8: Strengthening Research and Development Effectiveness in the Light of the Accident at the Fukushima Daiichi Nuclear Power Plant

						
							
							Facilitate the exchange of information arising from new R&D activities undertaken by IAEA Member States, as well as by the OECD Nuclear Energy Agency (OECD/NEA) and other international organizations dealing with severe accidents at NPPs, including those affecting spent fuel pools; further strengthen international collaboration among Member States and international organizations.

						
					

					
							
							20–24 Apr. 2015

						
							
							IEM 9: Assessment and Prognosis in Response to a Nuclear or Radiological Emergency

						
							
							Facilitate the exchange of timely, clear, factually correct information during a nuclear or radiological emergency and its potential consequences, including analysis of available information and prognosis of possible scenarios based on the evidence, scientific knowledge and the capabilities of Member States.

						
					

				
			

			
			Additional reports were prepared in 2013 on the following subjects:

			— Preparedness and Response for a Nuclear or Radiological Emergency in the Light of the Accident at the Fukushima Daiichi Nuclear Power Plant, based on a series of technical meetings held in 2012–2013 [327].

			— Strengthening Regulatory Effectiveness in the Light of the Accident at the Fukushima Daiichi Nuclear Power Plant, based on the results of the International Conference on Effective Nuclear Regulatory Systems, Ottawa, Canada, 2013 [328].

			6.1.5.	Cooperation with Fukushima Prefecture

			A memorandum of cooperation between the IAEA and Fukushima Prefecture was signed in December 2012 [329]. On the basis of this memorandum, practical arrangements on cooperation in the areas of radiation monitoring and remediation [330], human health [331], and emergency preparedness and response [332] were signed, with Fukushima Prefecture, the Fukushima Medical University and the Ministry of Foreign Affairs of Japan, respectively.

			An IAEA Response and Assistance Network (RANET) Capacity Building Centre was designated in Fukushima City in May 2013. The centre is used for a range of IAEA activities aimed at enhancing capacity for emergency preparedness and response, both in Japan and worldwide. A number of training workshops were held at the centre dealing with monitoring during a nuclear and radiological emergency, notification, reporting and requesting assistance, and emergency preparedness and response.

			
			6.1.6.	Fukushima Ministerial Conference on Nuclear Safety

			In December 2012, the Government of Japan organized a Ministerial Conference in Fukushima Prefecture, co-sponsored by the IAEA, with the principal objective of contributing to strengthening nuclear safety worldwide [333]. The conference provided an opportunity to share with the international community further knowledge and lessons learned from the accident and to discuss the progress of international efforts aimed at strengthening nuclear safety, including progress in the implementation of the Action Plan.

			Discussions included: levels of radiation at Fukushima Daiichi; post-accident challenges for decommissioning and remediation; and the status of damage and recovery in the areas around the plant. The conference highlighted the importance of taking actions on the basis of scientific and factual information in the event of a nuclear or radiological emergency, and of enhancing international cooperation.

			6.2.	MEETINGS OF THE CONTRACTING PARTIES TO THE CONVENTION ON NUCLEAR SAFETY

			Box 6.1. The Convention on Nuclear Safety

			The Convention on Nuclear Safety was adopted in Vienna on 17 June 1994 [334]. It is the first legally binding international treaty to address the safety of nuclear installations (land based civil NPPs) and aims: to achieve and maintain a high level of nuclear safety worldwide; to establish and maintain effective defences against potential radiological hazards to protect individuals, society and the environment; and to prevent accidents with radiological consequences and to mitigate such consequences should they occur. The Convention entered into force on 24 October 1996. As of March 2015, there were 77 Contracting Parties.

			The obligations of the Contracting Parties are based to a large extent on the principles now contained in the IAEA Fundamental Safety Principles (SF-1) [335]. These obligations cover, in particular: the siting, design, construction and operation of nuclear installations; the establishment and maintenance of a legislative and regulatory framework; the establishment of a regulatory body with adequate authority, competence, and financial and human resources; the availability of adequate financial and human resources to support the safety of nuclear installations; the assessment and verification of safety; quality assurance; and emergency preparedness.

			Contracting Parties are required to submit a report on the measures they have taken to implement each of the obligations of the Convention. These reports are reviewed during review meetings of the Contracting Parties held every three years under the auspices of the IAEA.

			

			6.2.1.	Extraordinary Meeting of the Contracting Parties to the Convention on Nuclear Safety

			At the Fifth Review Meeting of the Contracting Parties to the Convention on Nuclear Safety, held from 4 to 14 April 2011, the Parties adopted a statement in which they, inter alia, reaffirmed their commitment to the objectives of the Convention. The Contracting Parties agreed to hold an extraordinary meeting to review and discuss initial analyses of the accident and the effectiveness of the Convention.

			The Extraordinary Meeting was convened at IAEA Headquarters in Vienna from 27 to 31 August 2012. The Contracting Parties discussed: external events; design issues; severe accident management and recovery (on-site); national organizations; emergency preparedness and response; post-accident management (off-site); and international cooperation.

			The Contracting Parties also agreed by consensus on a number of concrete actions to enhance the effectiveness of the peer review process. The three underlying guidance documents120 of the Convention were amended in order to enhance the transparency of the review process, encourage Contracting Parties to refer to the IAEA safety standards in their National Reports, and reinforce efforts for continuous improvement by performing periodic reassessments of safety through periodic safety reviews or alternative methods.

			A Working Group on Effectiveness and Transparency was established to report to the Sixth Review Meeting of the Contracting Parties on further actions to strengthen the Convention on Nuclear Safety and on proposals to amend it, where necessary. The Contracting Parties also considered a list of action oriented objectives for strengthening nuclear safety, which was attached to the Summary Report of the Extraordinary Meeting [339].

			6.2.2.	Sixth Review Meeting of the Contracting Parties to the Convention on Nuclear Safety

			The Sixth Review Meeting of the Contracting Parties to the Convention on Nuclear Safety was held from 24 March to 4 April 2014. During a special session of the meeting, Contracting Parties reported on the actions carried out in light of the Fukushima Daiichi accident. It was noted that, while nuclear safety and arrangements for emergency preparedness and response had improved, more remained to be done. National safety frameworks were being further enhanced, with steps taken to establish the effective independence of regulatory bodies and to update regulations. International cooperation had also increased, with greater participation in peer reviews and exchange of information [340].

			Contracting Parties to the Convention on Nuclear Safety reported on the implementation of safety upgrades, including: the introduction of additional means to withstand prolonged loss of power and cooling; enhancement of power systems to improve reliability; re-evaluation of site-specific external natural hazards and multi-unit events; improvements of on-site and off-site emergency control centres to ensure protection from extreme external events and radiation hazards; the strengthening of measures to preserve containment integrity; and improvement of severe accident management provisions and guidelines.

			The Contracting Parties also adopted proposals to further amend the underlying guidance documents of the Convention and made recommendations for action by the IAEA Secretariat, the Contracting Parties and other organizations.

			Finally, the Contracting Parties decided by vote to convene a Diplomatic Conference within one year to consider a proposal by Switzerland to amend Article 18 of the Convention, on the design and construction of both new and existing NPPs.

			6.2.3.	Diplomatic Conference and the Vienna Declaration on Nuclear Safety

			The Diplomatic Conference was convened by the Director General at IAEA Headquarters on 9 February 2015 and was attended by 71 Contracting Parties. The Parties unanimously adopted the Vienna Declaration on Nuclear Safety. This Declaration included the following principles for the implementation of the third objective of the Convention, which is to prevent accidents with radiological consequences and to mitigate such consequences should they occur:

			“1. New nuclear power plants are to be designed, sited, and constructed, consistent with the objective of preventing accidents in the commissioning and operation and, should an accident occur, mitigating possible releases of radionuclides causing long-term off site contamination and avoiding early radioactive releases or radioactive releases large enough to require long-term protective measures and actions.

			2. Comprehensive and systematic safety assessments are to be carried out periodically and regularly for existing installations throughout their lifetime in order to identify safety improvements that are oriented to meet the above objective. Reasonably practicable or achievable safety improvements are to be implemented in a timely manner.

			3. National requirements and regulations for addressing this objective throughout the lifetime of nuclear power plants are to take into account the relevant IAEA safety standards and, as appropriate, other good practices as identified inter alia in the Review Meetings of the CNS [Convention on Nuclear Safety]” [341].

			The Vienna Declaration took into account the significant number of efforts and initiatives at the international, national and regional levels that had taken place since the accident at the Fukushima Daiichi NPP to enhance nuclear safety worldwide.

			

			
				
					1 March 2015. In some cases, information was available up to June 2015 and has been included, where possible.

				

				
					2 Of the six units of the Fukushima Daiichi nuclear power plant, Units 1, 2 and 3 were operating at the time of the accident; Units 4, 5 and 6 were in planned shutdown.

				

				
					3 The Higashidori, Onagawa, Fukushima Daini and Tokai Daini nuclear power plants.

				

				
					4 On 16 December 2011, the Government–TEPCO Integrated Response Office announced that the conditions for a ‘cold shutdown state’ had been achieved in Units 1–3. The term ‘cold shutdown state’ was defined by the Government of Japan at the time specifically for the Fukushima Daiichi nuclear power plant. Its definition differs from the terminology used by the IAEA and others.

				

				
					5 The Action Plan defined a programme of work to strengthen the global nuclear safety framework. The Action Plan consists of 12 main actions related to: safety assessments; IAEA peer reviews; emergency preparedness and response; national regulatory bodies; operating organizations; IAEA safety standards; the international legal framework; Member States planning to embark on a nuclear power programme; capacity building; the protection of people and the environment from ionizing radiation; communication and information dissemination; and research and development. For more details, see Section 6.1.

				

				
					6 Act on Special Measures Concerning Nuclear Emergency Preparedness, Act No. 156 of 1999, as last amended by Act No. 118 of 2006, hereinafter referred to as the Nuclear Emergency Act.

				

				
					7 The primary international legal instruments are the Convention on Early Notification of a Nuclear Accident and the Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency. The international safety standards in the area of emergency preparedness and response at the time of the accident were IAEA Safety Standards Series No. GS­R-2 and No. GS-G-2.1. Safety Series No. 115 also included elements related to emergency preparedness and response. The international operational arrangements comprised the Emergency Notification and Assistance Technical Operations Manual (ENATOM), IAEA Response and Assistance Network (RANET) and Joint Radiation Emergency Management Plan of the International Organizations (JPLAN).

				

				
					8 The primary responsibility for emergency preparedness and response for a nuclear or radiological emergency rests with the State, as does the primary responsibility for the protection of human life, health, property and the environment.

				

				
					9 International recommendations on radiation protection are issued by the ICRP. These recommendations are taken into account in the establishment of international safety standards, including radiation protection standards (the International Basic Safety Standards for Protection Against Ionizing Radiation and for the Safety of Radiation Sources (the Basic Safety Standards, or BSS)), which were developed and established by several international organizations and issued under the aegis of the IAEA. The BSS are used worldwide in the development of national regulations for the protection of people and the environment from the potential detrimental effects of exposure to ionizing radiation. The 2007 ICRP recommendations provided a revised framework for radiation protection. These included introducing reference levels for protection strategies. At the time of the accident, the BSS were being revised, inter alia, to take account of these recommendations.

				

				
					10 UNITED NATIONS, Report of the United Nations Scientific Committee on the Effects of Atomic Radiation, A/68/46, UN, New York (2013).

				

				
					11 The World Health Organization (WHO) also published a health risk assessment in 2013 on the basis of preliminary estimated doses. The results are presented in this report.

				

				
					12 See footnote 10.

				

				
					13 UNITED NATIONS, Report of the United Nations Scientific Committee on the Effects of Atomic Radiation, A/67/46, UN, New York (2012).

				

				
					14 UNITED NATIONS, Sources, Effects and Risks of Ionizing Radiation, UNSCEAR 2013 Report, Vol. I, Scientific Annex A: Levels and Effects of Radiation Exposure Due to the Nuclear Accident after the 2011 Great East-Japan Earthquake and Tsunami, Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), UN, New York (2014).

				

				
					15 INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, Report of ICRP Task Group 84 on Initial Lessons Learned from the Nuclear Power Plant Accident in Japan vis-à-vis the ICRP System of Radiological Protection, ICRP, Ottawa (2012).

				

				
					16 Post-accident recovery includes: the remediation of areas affected by the accident; the stabilization of damaged on-site facilities and preparations for decommissioning; the management of contaminated material and radioactive waste arising from these activities; and community revitalization and stakeholder engagement.

				

				
					17 Remediation is defined as any measures that may be carried out to reduce the radiation exposure from existing contamination of land areas through actions applied to the contamination itself (the source) or to the exposure pathways to humans.

				

				
					18 Act on Special Measures Concerning the Handling of Environmental Pollution by Radioactive Materials Discharged by the Nuclear Power Station Accident Associated with the Tohoku District — Off the Pacific Ocean Earthquake that Occurred on March 11, 2011, Act No. 110, 2011.

				

				
					19 Removal of fuel from the Unit 4 spent fuel pool was completed in December 2014.

				

				
					20 The distinction between contaminated material and radioactive waste depends upon the radionuclides and the activity concentrations associated with the materials.

				

				
					21 March 2015. In some cases, information was available up to June 2015 and has been included, where possible.

				

				
					22 Of the six units of the Fukushima Daiichi NPP, Units 1, 2 and 3 were operating at the time of the accident; Units 4, 5 and 6 were in planned shutdown.

				

				
					23 The Higashidori, Onagawa, Fukushima Daini and Tokai Daini NPPs.

				

				
					24 On 16 December 2011, the Government–TEPCO Integrated Response Office announced that the conditions for a ‘cold shutdown state’ had been achieved in Units 1–3. The term ‘cold shutdown state’ was defined by the Government of Japan at the time specifically for the Fukushima Daiichi NPP. The definition differs from the terminology used by the IAEA and others.

				

				
					25 The Action Plan, unanimously endorsed by the 55th IAEA General Conference in 2011, defined a programme of work to strengthen the global nuclear safety framework. It consists of 12 main actions related to: safety assessments; IAEA peer reviews; emergency preparedness and response; national regulatory bodies; operating organizations; IAEA safety standards; the international legal framework; Member States planning to embark on a nuclear power programme; capacity building; protection of people and the environment from ionizing radiation; communication and information dissemination; and research and development. For a detailed discussion of the Action Plan, see Section 6.1.

				

				
					26 Universal Time Coordinated, which is nine hours behind JST. Unless indicated, the report uses JST for all times.

				

				
					27 In boiling water reactors, the cooling rate is monitored and controlled by the reduction in reactor pressure, which, in turn, corresponds to the decrease in reactor temperature.

				

				
					28 The spent fuel pools, which store the used and new fuel assemblies, are filled with water, providing radiation shielding and removal of heat from the nuclear fuel located there. However, without cooling, the pool water would heat up and eventually start evaporating. If this situation continues without refilling, the cooling of fuel stops when the water level falls and exposes the fuel. Overheating and exposure causes damage to the fuel and the release of radionuclides.

				

				
					29 As a shared auxiliary facility among the units, the common spent fuel pool, located in a separate building near Unit 4, stored over 6000 spent fuel assemblies, all of which needed to have their decay heat removed.

				

				
					30 Each pair of units shared a common main control room, i.e. Units 1 and 2, Units 3 and 4, and Units 5 and 6.

				

				
					31 The seismically isolated building was built as a result of experience gained from the effects of the Niigata-Chuetsu-Oki earthquake at the Kashiwazaki-Kariwa NPP in 2007, and was put into operation in July 2010. It was designed to withstand earthquakes and was equipped with backup power. Filtered ventilation and shielding were provided for protection from radioactivity.

				

				
					32 Runup height is the height of the wave at the furthest inland point, and inundation height is the crest height of a wave compared to the sea level.

				

				
					33 The administration buildings and the seismically isolated building that contained the on-site emergency response centre were on a cliff at an elevation of approximately 35 m (which was the original topographical site elevation before the site area was excavated for placing the units during construction).

				

				
					34 Each unit had a pair of emergency diesel generators, and Unit 6 had an additional generator. Of those 13 emergency diesel generators, Units 2, 4 and 6 each had one that was air cooled. Since they were air cooled, operability of these generators was not directly affected by the loss of cooling water caused by the damage to the seawater pumps.

				

				
					35 The air cooled emergency diesel generators of Units 2, 4 (located in ground floor of the common spent fuel building) and 6 (located on the first floor of a separate diesel generator building at higher elevation) appeared to be unaffected by the flooding. However, the components (i.e. switchgears, power centres, panels etc.) of the air cooled emergency diesel generators of Units 2 and 4, which were located in the basement of the common spent fuel building, suffered water damage.

				

				
					36 NPPs are generally equipped with on-site DC and additional backup AC power sources (i.e. gas turbine generators or diesel engines) to withstand a station blackout for a limited period of time, varying between 4 and 72 hours. The determination of the coping period is based mainly on the time that it would take to restore AC power sources to the NPP and the capacity of the available measures. During that time, equipment such as DC batteries, DC/AC inverters and other secondary backup AC sources (e.g. gas turbines or diesel generators) is used.

				

				
					37 The fundamental safety function of reactivity control had been confirmed before the station blackout by indications showing that the control rods were inserted and the fission reaction had stopped.

				

				
					38 The fire protection system was designed primarily for fire suppression and flooding of the containment vessel, not for injection of water into the reactor.

				

				
					39 Cross-tie lines had been installed at the Fukushima Daiichi NPP nearly a decade earlier as a design enhancement for accident management. Sharing the functioning emergency power of Unit 6 was only possible for Unit 5, since these interconnections had been installed only between pairs of units, i.e. Units 1 and 2, Units 3 and 4, and Units 5 and 6.

				

				
					40 The valve positions were not clear to the operators owing to the uncertain timing and sequence of each type of power loss that would determine the status of isolation valves. All the isolation condenser valves would keep their position when the AC power was lost, but the AC powered isolation valves would close, by design, if the control power (i.e. DC power) was lost. 

				

				
					41 At the same time, the Nuclear Emergency Response Headquarters, located at the Prime Minister’s Office, was established, and the Prime Minister assumed responsibilities as the Director General, directing the national nuclear emergency response.

				

				
					42 Earlier, at 20:50, the local government of Fukushima Prefecture had issued an evacuation order for residents within 2 km of the plant after evaluating the national nuclear emergency declaration and discussing the uncertainty concerning the status of the NPPs with TEPCO officials.

				

				
					43 Their personal dosimeters recorded levels as high as 0.8 mSv in about ten seconds of their stay in the building.

				

				
					44 Reactor depressurization had occurred without any operator or plant system actions, indicating that an unknown path provided pressure relief.

				

				
					45 An increase of around tenfold (0.000 069 mSv/h measured at 04:00 versus 0.000 59 mSv/h at 04:23).

				

				
					46 Completion of evacuation to start the venting was agreed with the Fukushima Prefecture authorities.

				

				
					47 Overall, it took 14.5 hours from the Site Superintendent’s order (around midnight) to start venting. This was a result of high radiation levels around the suppression chamber where valves had to be manually manipulated, and the lack of compressed air supply to operate the valves.

				

				
					48 At 16:17, it was noted by the emergency response centre that the radiation measurement taken at 15:31 near the main gate was 0.569 mSv/h, and the authorities were notified at 16:27 since the value exceeded the legal reporting criterion of 0.5 mSv/h. The notification was corrected at 16:53, when it was realized that the radiation level measured at 15:29 was 1.015 mSv/h, i.e. after venting of Unit 1 (but before the explosion at Unit 1).

				

				
					49 Almost one hour after the station blackout on 11 March, mobile power equipment (low and high voltage power supply vehicles) was dispatched to the Fukushima Daiichi and Fukushima Daini NPPs. The first vehicle, from Tohoku Electric, arrived around 22:00 on 11 March, i.e. nearly six hours after the station blackout. More vehicles from other TEPCO and Tohoku Electric facilities and the Japan Self-Defense Force arrived at the sites throughout the night. By 10:15 on 12 March, a total of 23 vehicles were at the site.

				

				
					50 On one occasion, according to the investigations [7], a TEPCO executive who was representing the company at the Prime Minister’s Office asked the Site Superintendent on the telephone to stop the seawater injection into Unit 1. That directive was not followed, and seawater injection was not interrupted.

				

				
					51 A division director in the emergency Off-site Centre at TEPCO Headquarters who attended a meeting in the Prime Minister’s Office earlier asked the Site Superintendent on the telephone whether there was any fresh water available. He informed the Site Superintendent of the views of meeting participants, who were inclined to continue freshwater injection as long as possible. The Site Superintendent interpreted this communication as a directive not to inject sea water as long as fresh water was available.

				

				
					52 As was discovered two hours later.

				

				
					53 Between 05:30 and 10:50 on 13 March, neutrons were detected about 1 km away from the reactor buildings of Units 1–4 near the main gate, indicating a possible breach of the containment vessel, although the source of the neutrons was unknown.

				

				
					54 In addition, the AC power to operate the system for controlling reactor building pressure was supplied from Unit 6’s emergency diesel generator. A little over two days after the blackout, pressure in the reactor building was below atmospheric pressure, ensuring secondary confinement.

				

				
					55 The suppression chamber section of the primary containment vessel was already nearly saturated.

				

				
					56 A 5000-fold increase in radiation levels in the containment atmosphere (from 1.08 mSv/h to 5360 mSv/h) and a 40-fold increase in radiation levels in the suppression pool section of the containment (from 10.3 mSv/h to 383 mSv/h). Additionally, neutrons had been detected between 21:00 on 14 March and 01:40 on 15 March, again near the main gate. It was thought by TEPCO that the neutrons came from the spontaneous fission of actinides that were released following core damage in one of the three reactors.

				

				
					57 After rechecking the readings, it was confirmed that the suppression chamber pressure was off the scale, but the dry well section pressure had not decreased significantly in Unit 2.

				

				
					58 As noted by different investigation reports, the exact number of staff is not certain [6, 8]. It is also noted that the staff who evacuated to the Fukushima Daini NPP site started to return to the Fukushima Daiichi NPP site on the same day.

				

				
					59 The same approach was followed for adding water to the spent fuel pool of Unit 1. Since the Unit 2 reactor building was still covering the Unit 2 spent fuel pool, the spray method could not be used for Unit 2.

				

				
					60 The term ‘cold shutdown state’ was defined by the Government of Japan at the time specifically for the Fukushima Daiichi reactors. Its definition differs from the terminology used by the IAEA and others.

				

				
					61 According to the criteria set by the Government of Japan at the time.

				

				
					62 In accordance with the definition of ‘specified nuclear facility’, i.e. a facility that would require special measures for safety or physical protection of specified nuclear material, established by the current regulatory body, the Nuclear Regulation Authority (NRA), on 7 November 2012.

				

				
					63 ‘Arrangements’ — the integrated set of infrastructural elements necessary to provide the capability for performing a specified function or task required in response to a nuclear or radiological emergency. These elements may include authorities and responsibilities, organization, coordination, personnel, plans, procedures, facilities, equipment and training.

				

				
					64 Act on Special Measures Concerning Nuclear Emergency Preparedness, Act No. 156 of 1999, as last amended by Act No. 118 of 2006, hereinafter referred to as the Nuclear Emergency Act.

				

				
					65 The Nuclear Emergency Act [19] and the Disaster Countermeasures Basic Act [70] use the terms ‘instructions’ and ‘recommendations’ for issuing protective actions. An ‘instruction’ is mandatory and the public is therefore required to adhere to it. A ‘recommendation’ is only a suggestion and therefore not mandatory. However, for the purposes of clarity, the term ‘orders’ is used in this report as an equivalent of ‘instructions’.

				

				
					66 The construction started in March 2009 and the building was put into operation in July 2010.

				

				
					67 The NERHQ was to be composed of those appointed by the Prime Minister from among the officials of the Cabinet Secretariat and designated administrative organs [19]. The Prime Minister was to serve as the Director General of the NERHQ, which was planned to be located in the Prime Minister’s Office (see Fig. 3.2).

				

				
					68 The Secretariat was to be staffed by representatives of key organizations and headed by the Director General of the Nuclear and Industrial Safety Agency (NISA), which was part of the Ministry of Economy, Trade and Industry (METI). It was planned to be located in the METI/NISA emergency response centre in the METI building (see Fig. 3.2).

				

				
					69 The Local NERHQ was to be staffed with individuals from all relevant organizations, with the METI Senior Vice Minister as Director General. It was planned to be located at the Off-site Centre (see Fig. 3.2).

				

				
					70 Based on Refs [7, 8, 73, 74, 79–91].

				

				
					71 The Off-site Centre had not been designed to withstand the increasing radiation levels.

				

				
					72 A new nuclear squad was formed because the existing nine functional squads, as specified in the Fukushima Prefecture Disaster Management Plan [74], were engaged in response to the earthquake and tsunami [7].

				

				
					73 The IAEA uses the term ‘emergency workers’ to cover those with specified duties as a worker (any person who works, whether full time, part time or temporarily, for an employer and who has recognized rights and duties in relation to occupational radiation protection) in response to an emergency, including workers employed, both directly and indirectly, by registrants and licensees as well as personnel of responding organizations, such as police officers, firefighters, medical personnel, and drivers and crews of evacuation vehicles. In Japan, the term ‘emergency preparedness personnel’ is used to cover all those who perform emergency response activities in a nuclear emergency, such as “communication of public information and instructions to residents in the vicinity, guidance of residents in the vicinity for evacuation, traffic control, radiation monitoring, medical treatment provision, and actions to prevent a situation from developing into a disaster in a nuclear facility, and those who perform disaster recovery activities such as removal of radioactive contaminants” [93].

				

				
					74 J-Village is located about 20 km south of the Fukushima Daiichi NPP. Prior to the accident, it was a football training facility. After the accident, it was utilized as a general logistical support base, e.g. for preparing workers for assigned tasks, for their monitoring and decontamination, as necessary, after completion of the assigned tasks, for triage, etc. [3].

				

				
					75 ‘Sheltering’ is the short term use of a structure for protection from an airborne plume and/or deposited radioactive material [48].

				

				
					76 ‘Evacuation’ is the rapid, temporary removal of people from an area to avoid or reduce short term radiation exposure in an emergency. Evacuation may be performed as a precautionary action based on plant conditions [48].

				

				
					77 ‘Iodine thyroid blocking’ is an urgent protective action to be taken in an emergency involving radioactive iodine. Iodine thyroid blocking involves the administration of a compound of stable iodine (usually potassium iodide) to prevent or reduce the uptake of radioactive isotopes of iodine by the thyroid gland [48].

				

				
					78 ‘Relocation’ is the non-urgent removal of people to avoid longer term exposure (e.g. within one year) from deposited radioactive material [48].

				

				
					79 Some projections of doses were performed using other assumptions; however, these projections were not used as a basis for deciding on urgent protective actions [4, 7].

				

				
					80 For the Fukushima Daini NPP, an evacuation order to citizens within a radius of 3 km and an order for sheltering within a 3–10 km radius of the plant was issued at 07:45 on 12 March 2011 [6]. Following the hydrogen explosion in Unit 1 of the Fukushima Daiichi NPP (at 15:36 on 12 March), a decision was made at 17:39 on 12 March to evacuate citizens from a 10 km radius around the Fukushima Daini NPP as a precaution in case of a similar hydrogen explosion at this plant [6]. As this 10 km evacuation zone was within the 20 km evacuation zone around the Fukushima Daiichi NPP, no further protective actions were needed in relation to the Fukushima Daini NPP.

				

				
					81 Most of the official Japanese documents describing the response to the Fukushima Daiichi accident do not use the term ‘relocation’, but refer to the movement of people as ‘evacuation’.

				

				
					82 Criteria for food imported into Japan (370 Bq/kg of radioactive caesium — 134Cs and 137Cs) were established as regulatory limits following the accident at the Chernobyl NPP in the former Soviet Union in 1986 [7].

				

				
					83 Reports from academia and from the private sector were also issued (e.g. from the Atomic Energy Society of Japan and the Rebuild Japan Initiative Foundation) [125, 126].

				

				
					84 An additional report was submitted to the IAEA in September 2011 [4]. It provided information on further developments and progress in addressing the lessons that had been identified in the first report issued in June 2011.

				

				
					85 The Nuclear Emergency Response Guidelines were based on the interim report on the revision of the Regulatory Guide for Emergency Preparedness of Nuclear Facilities [93], which was issued in 2012 [135].

				

				
					86 The primary international legal instruments are the Convention on Early Notification of a Nuclear Accident and the Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency. The international safety standards in the area of emergency preparedness and response at the time of the accident were IAEA Safety Standards Series No. GS-R-2 [69] and No. GS-G-2.1 [68]. Safety Series No. 115 [137] also included elements related to emergency preparedness and response. The international operational arrangements comprised the Emergency Notification and Assistance Technical Operations Manual (ENATOM), IAEA Response and Assistance Network (RANET) and Joint Radiation Emergency Management Plan of the International Organizations (JPLAN).

				

				
					87 The primary responsibility for emergency preparedness and response for a nuclear or radiological emergency rests with the State, as does the primary responsibility for the protection of human life, health, property and the environment.

				

				
					88 The IAEA Secretariat, together with Member States registered in RANET, continues to enhance this network on the basis of experience from the Fukushima Daiichi accident.

				

				
					89 The term ‘quantity’ is used in this report in its scientific sense of being a measurable property, in this case of phenomena such as radioactivity or radiation.

				

				
					90 The unit of a quantity is a definite amount of such a quantity, which is used as a standard for measurement.

				

				
					91 The Kuroshio current is a northward flowing ocean current on the western side of the North Pacific Ocean that flows past the Fukushima Daiichi NPP.

				

				
					92 The North Pacific Ocean gyre is one of the five major oceanic gyres, covering most of the North Pacific Ocean; it has a clockwise circular pattern and is formed by the North Pacific Ocean current to the north, the California current to the east, the north equatorial current to the south, and the Kuroshio current to the west.

				

				
					93 International recommendations on radiation protection are issued by the ICRP. These recommendations are taken into account in the establishment of international safety standards, including radiation protection standards (the International Basic Safety Standards for Protection Against Ionizing Radiation and for the Safety of Radiation Sources (the Basic Safety Standards, or BSS)), which were developed and established by several international organizations and issued under the aegis of the IAEA. The BSS are used worldwide in the development of national regulations for the protection of people and the environment from the potential detrimental effects of exposure to ionizing radiation. The 2007 ICRP recommendations provided a revised framework for radiation protection. These included introducing reference levels for protection strategies. At the time of the accident, the BSS were being revised, inter alia, to take account of these recommendations.

				

				
					94 An area in the eastern part of Fukushima Prefecture, comprising Soma City, Minamisoma City, Hirono Town, Naraha Town, Tomioka Town, Kawauchi Village, Okuma Town, Futaba Town, Katsurao Village, Namie Town, Shinti Town and Iitate Village, many of which were within the designated ‘evacuation zone’ or ‘Deliberate Evacuation Area’.

				

				
					95 The quantity used for personal monitoring, the personal dose equivalent, is a proxy of the quantity effective dose.

				

				
					96 This worker was categorized as having been subjected to the emergency dose limit of 100 mSv instead of the occupational dose limit of 50 mSv per year.

				

				
					97 ICRP estimates for the exposure of the skin are that an early response, such as early transient erythema, is seen a few hours after doses of >2000 mGy, when the exposed area is relatively large. The ICRP also estimates that the approximate threshold doses are as follows: early transient erythema 2000 mGy, main erythema reaction 6000 mGy, temporary epilation 3000 mGy, permanent epilation 7000 mGy, dry desquamation 14 000 mGy, moist desquamation 18 000 mGy, secondary ulceration 24 000 mGy, late erythema 15 000 mGy, ischaemic dermal necrosis 18 000 mGy, dermal atrophy (first phase) 10 000 mGy, telangiectasia 10 000 mGy and dermal necrosis (late phase) >15 000 mGy [221].

				

				
					98 The recommended occupational dose limit for skin in planned exposure situations is an equivalent dose of 500 mSv/year, averaged over 1 cm2 area of skin regardless of the area exposed (see table 6 in Ref. [129] and schedule III in Ref. [198]). The generic criterion established for acute doses to the skin, for which protective actions and other response actions are expected to be undertaken under any circumstances to avoid or to minimize severe deterministic effects, is 10 000 mGy incurred in a 100 cm2 dermis (skin structures at a depth of 40 mg/cm2 (or 0.4 mm) below the surface) (see table IV.1 in Ref. [198]).

				

				
					99 Given the limited information available at the time, the assessment contained a number of conservative assumptions. WHO indicated that “all efforts were made to avoid any underestimation of doses” and that “some possible dose overestimation may have occurred” [146].

				

				
					100 WHO’s health risk assessment estimated that “in the two most affected locations of Fukushima Prefecture, the preliminary estimated radiation effective doses for the first year ranged from 12 to 25 mSv” and that, on the basis of these estimates, “in the highest dose location, the estimated additional lifetime risks for the development of leukaemia, breast cancer, thyroid cancer and all solid cancers over baseline rates are likely to represent an upper bound of the risk as methodological options were consciously chosen to avoid underestimation of risks. For leukaemia, the lifetime risks are predicted to increase by up to around 7% over baseline cancer rates in males exposed as infants; for breast cancer, the estimated lifetime risks increase by up to around 6% over baseline rates in females exposed as infants; for all solid cancers, the estimated lifetime risks increase by up to around 4% over baseline rates in females exposed as infants; and for thyroid cancer, the estimated lifetime risk increases by up to around 70% over baseline rates in females exposed as infants. These percentages represent estimated relative increases over the baseline rates and are not estimated absolute risks for developing such cancers” [147].

				

				
					101 The term ‘children’ includes those exposed as infants, children and adolescents.

				

				
					102 Asymptomatic effects are those that produce no symptoms, i.e. nothing that indicates a condition of disease, in particular nothing apparent to the children, to their parents or even to doctors.

				

				
					103 Psychological consequences have been detected in other traumatic situations and may include depression, post-traumatic stress responses, chronic anxiety, sleep disturbance, severe headaches and increased smoking and use of alcohol, as well as dysfunctional behaviour such as intense anger, despair, extreme anxiety about health, and feelings of stigmatization and discrimination. As demonstrated after previous accidents, such as the Chernobyl accident, the majority of people affected are generally resilient to psychological conditions, but exceptions have been reported in a number of studies [169, 245–247].

				

				
					104 In this report, the term ‘environment’ refers to the “conditions under which people, animals and plants live or develop and which sustain all life and development; especially such conditions as affected by human activities” [198].

				

				
					105 Other reports of the effect of the tsunami on the ecosystems can be found in Ref. [256].

				

				
					106 Including restrictions on the distribution and sale of food, the use of agricultural land and the collection of wild food products (see Section 3.3).

				

				
					107 Post-accident recovery includes: remediation of areas affected by the accident; the stabilization of damaged on-site facilities and preparations for decommissioning; the management of contaminated material and radioactive waste arising from these activities; and community revitalization and stakeholder engagement.

				

				
					108 Remediation is defined as any measures that may be carried out to reduce the radiation exposure from existing contamination of land areas through actions applied to the contamination itself (the source) or to the exposure pathways to humans. 

				

				
					109 Act on Special Measures Concerning the Handling of Environmental Pollution by Radioactive Materials Discharged by the Nuclear Power Station Accident Associated with the Tohoku District — Off the Pacific Ocean Earthquake that Occurred on March 11, 2011, Act No. 110, 2011.

				

				
					110 A pre-publication version of the interim edition of the International Basic Safety Standards was available at the time of the accident [263]. IAEA Safety Standards Series No. GSR Part 3 [198] was subsequently published in 2014.

				

				
					111 An ambient dose rate of 0.23 µSv/h was used as the radiological criterion for this area. This dose rate corresponds to a conservatively estimated additional effective dose of 1 mSv in one year.

				

				
					112 Removal of fuel from the Unit 4 spent fuel pool was completed in December 2014.

				

				
					113 It is anticipated that there will be further revisions to the Roadmap as plans are adapted in response to changing conditions and new information. The third revision of the Roadmap was issued during the final preparation of this report (June 2015). This modified the schedule for and the approach to fuel and debris removal and refined approaches to risk reduction, communication with local stakeholders, reduction in workers’ exposures, and management of research and development [277].

				

				
					114 The distinction between contaminated material and radioactive waste depends upon the radionuclides and the activity concentrations associated with the materials.

				

				
					115 The international emergency preparedness and response framework at the time of the accident consisted of: (a) international legal instruments and agreements, in particular the Convention on Early Notification of a Nuclear Accident (Early Notification Convention) and the Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency (Assistance Convention); (b) IAEA safety standards and technical guidance in the area of emergency preparedness and response; and (c) international operational arrangements and tools, in particular the Emergency Notification and Assistance Technical Operations Manual (ENATOM), the IAEA Response and Assistance Network (RANET), and the Joint Radiation Emergency Management Plan of the International Organizations (JPLAN).

				

				
					116 The primary coordinating body for nuclear and radiological emergencies is the Inter-Agency Committee on Radiological and Nuclear Emergencies (IACRNE). This body was established following the Chernobyl accident in 1986 and currently includes 18 international organizations. One of the primary roles of IACRNE is the development and maintenance of the Joint Radiation Emergency Management Plan of the International Organizations (JPLAN 2010 at the time of the accident).

				

				
					117 Universal Time Coordinated (UTC) is nine hours behind Japan Standard Time.

				

				
					118 Fukushima Daiichi and Fukushima Daini of the Tokyo Electric Power Company (TEPCO), Onagawa (Tohoku Power Company) and Tokai (Japan Atomic Power Company).

				

				
					119 The IAEA Laboratories, located in Seibersdorf, Austria, and in Monaco, specialize in evaluating terrestrial and marine environmental samples, respectively.

				

				
					120 The Rules of Procedure and Financial Rules [336], the Guidelines regarding the Review Process [337] and the Guidelines regarding the National Reports [338].
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