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ABSTRACT 

 
Severe accidents are the result of multiple faults that occur in nuclear power plants as a consequence from the 

combination of latent failures and active faults, such as equipment, procedures and operator failures, which 

leads to partial or total melting of the reactor core. Regardless of active and latent failures related to the plant 

management and maintenance, aspects of the latent failures related to the plant design still remain. The lessons 

learned from the TMI accident in the U.S.A., Chernobyl in the former Soviet Union and, more recently, in 

Fukushima, Japan, suggest that severe accidents must necessarily be part of design-basis of nuclear power 

plants. This paper reviews the normative basis of the licensing of nuclear power plants concerning to severe 

accidents in countries having nuclear power plants under construction or in operation. It was addressed not only 

the new designs of nuclear power plants in the world, but also the design changes in plants that are in operation 
for decades. Included in this list are the Brazilian nuclear power plants, Angra-1, Angra-2, and Angra-3. This 

paper also reviews the current status of licensing in Brazil and Brazilian standards related to severe accidents. It 

also discusses the impact of severe accidents in the emergency plans of nuclear power plants. 

 

 

1. INTRODUCTION 

 

The three major accidents in the nuclear industry were TMI (Three Mile Island), Chernobyl 

and Fukushima. Regardless of design type of the reactor (PWR-Pressurized Water Reactor, 

BWR-Boiling Water Reactor or RMBK-Reaktor Bolshoy Moshchnosti Kanalniy, High Power 

Channel-type Reactor), these accidents have in common the event of a reactor core melt. In 

fact, Severe Accidents are defined as accidents in which there is partial or total melt of 

nuclear fuel from the reactor core. In 1979, in the TMI accident in the U.S., it was recognized 

that it is possible the occurrence of multiple faults in nuclear power plants that go beyond the 

concept of single failure applied to the design basis [1]. The combination of latent failures 

and active faults from operation and maintenance teams can lead to an accident sequence of 

low probability but with high contribution to core damage frequency. Classic examples of 

these sequences are: total loss of external and internal power, transients without reactor 

control rods drop and loss of coolant accident with violation of the containment integrity. 

Examples of latent failures that will undermine the safety level of the plant are the failures in 

design, maintenance, management, training, etc. [2] [3]. Among these, the design failures can 

be avoided if there is a study of the plant vulnerabilities. Identifying vulnerabilities of a 

project is needed to determine design changes for the prevention and mitigation of severe 

accidents [4] [5] [6].  

 

The study of the plant vulnerabilities can be performed through the techniques of 

Probabilistic Safety Analysis (PSA), with at least two levels of study. The first level
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considers all structures, systems and safety equipment, except for the containment. At the 

second level, we analyze the performance of containment and its systems when subjected to 

severe accident phenomena: the Direct Containment Heating (DCH), Steam Explosions, 

explosions of hydrogen and other gases, and ablation of concrete interacting with molten 

core. To do this we must not only analyze these phenomena, but also the progression of the 

molten core in the pressure vessel as well as break mechanisms in the Containment and 

Reactor Pressure Vessel (RPV) [4] [5] [6]. It should be noted that the PSA depends on the 

success criteria for deterministic structures, systems and components (SSCs). It is therefore of 

fundamental importance for the safety that these SSCs are designed according to current 

engineering standards. An obsolete design from the standpoint of engineering standards, in 

addition to violating the very criteria of standards, contribute to the situation in which design 

does not meet the probabilistic safety goals and the PSA will reflect these deficiencies.  

 

On the other hand, even if the SSCs meet the safety criteria, the PSA still reveal during the 

analysis of several sequences in the accident event tree certain vulnerabilities of the design 

that will make some paths of the event tree most likely to lead to a core meltdown. In the case 

of severe accidents, this is quite evident concerning the containment. The containment must 

meet a deterministic criterion and a probability goal. The deterministic criterion determines 

the containment must withstand at least 24 hours to loads induced by the conditions generated 

by severe accidents. The probabilistic goal determines the containment should not have a 

conditional probability of failure above 0.1 given the severe accident occurred [7] [8]. The 

third level of an PSA is related to the determination of the source term and dose calculation in 

the environment and for the public, considering the strategies to mitigate severe accidents 

through exceptional procedures of operation, if any, and available resources for offsite 

emergency planning, such as evacuation, sheltering, distribution of potassium iodide and 

radiological control of the environment [9]. 

 

2. THE POLICY OF SEVERE ACCIDENTS IN THE U.S. AND EMERGENCY 

PLANNING 

 

After the TMI accident, the U.S. started a discussion of a severe accidents policy for both 

new plants and plants in operation. It was issued the document in the reference [10]. It is 

noted herein that it refers to new designs without identifying a specific project. This 

document is also considered that meeting the post-TMI safety requirements and other generic 

items controlled by the NUREG-0933 [11] was a prerequisite for new designs in order to 

meet the safety criteria of severe accidents. These items along with other prerequistes related 

to PSA studies are described below: 

 

Regarding the decision process for certifying a new standard plant design - an approach the 

Commission strongly encourages for future plants - the Policy Statement affirms the 

Commission's belief that a new design for a nuclear power plant can be shown to be 

acceptable for severe accident concerns if it meets the following criteria and procedural 

requirements. 

 Demonstration of compliance with the procedural requirements and criteria of the 

current Commission regulations, including the Three Mile Island requirements for 

new plants as reflected in the CP Rule [10 CFR 50.34a; 47 FR 2286]; 

 Demonstration of technical resolution of all applicable Unresolved Safety Issues and 

the medium- and high priority Generic Safety Issues, including a special focus on 
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assuring the reliability of decay heat removal systems and the reliability of both AC 

and DC electrical supply systems; 

 Completion of a Probabilistic Risk Assessment (PRA) and consideration of the severe 

accident vulnerabilities the PRA exposes along with the insights that it may add to the 

assurance of no undue risk to public health and safety, and  

 Completion of a staff review of the design with a conclusion of safety acceptability 

using an approach that stresses deterministic engineering analysis and judgment 

complemented by PRA. 

Custom designs that are variations of the present generation of Light Water Reactors (LWRs) 

will be reviewed in future construction permit applications under the guidelines identified for 

approval or certification of standard plant designs. [10] 
 

The TMI Action Plan (NUREG-0660 [12] and NUREG-0737 [13]) is a prerequisite for the 

acceptance of severe accidents. One of these items (II.B.8) refers to the performance of 

degraded core, or severe accidents. In this case, as the PSA is critical to demonstrate 

compliance with criteria of severe accidents, the approval of a preliminary design associated 

to a Construction Permit (CP) no longer makes sense, because a PSA could not be prepared 

without approval of a final design. Due to this view encouraged by the increasing importance 

that had been giving to severe accidents, the USNRC (U.S. Nuclear Regulatory Commission) 

expected from that date that new applications for construction permits were based on final 

design information to allow complete a proper study of a plant specific PSA. Consequently, 

the NRC issued the following guidance on this subject: 

 

Operating nuclear power plants require no further regulatory action to deal with severe 

accident issues unless significant new safety information arises to question whether there is 

adequate assurance of no undue risk to public health and safety. In the latter event a careful 

assessment shall be made of the severe accident vulnerability posed by the issue and whether 

this vulnerability is plant or site specific or of generic importance. The most cost-effective 

options for reducing this vulnerability shall be identified and a decision shall be reached 

consistent with the cost effectiveness criteria of the Commission's backfit policy as to which 

option or set of options (if any) are justifiable and required to be implemented. 

 

NRC in 1980 had published a similar requirement for the consideration of severe accidents in 

environmental impact documents for applications after 01 July 1982: “It is the intent of the 

Commission that the staff take steps to identify additional cases that might warrant early 

consideration of either additional features or other actions which would prevent or mitigate 

the consequences of severe accidents.” These features are known nowadays as Severe 

Accident Mitigation Design Alternatives (SAMDAs) when applied at the design stage, or 

Severe Accident Mitigation Alternatives (SAMAs) when applied to extend an existing 

license, although the scope of the analyses is the same [14]. 

 

Continuing its policy of severe accidents, in 1988, NRC issued NRC Generic Letter 88-20 

[15] on Nov. 23, 1988, requesting that each licensee should conduct an Individual Plant 

Examination (IPE) for internally initiated events only. Later NRC issued Generic Letter No. 

88-20, Supplement 4 [16], by which licensees were requested to perform an IPE-EE for plant-

specific severe accident vulnerabilities initiated by External Events (EE). NUREG-1407 [17] 

provided additional guidance for the performance and submittal of the IPE-EE. In 1995, the 

NRC issued its policy regarding the use of PSA for severe accident analysis [18]. In this 

document, the NRC notes that the NUREG-1050 (1985) [19] reflected the state of the art of 
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risk analysis techniques. In NUREG-1150 - Severe Accident Risks: An Assessment for Five 

U.S. Nuclear Power Plants [20] these techniques were improved and applied to five U.S. 

plants. After review of the experience of NUREG-1150 and some new designs that 

incorporated the reactor severe accidents, in 1993, finally, the USNRC issued its final policy 

of severe accidents [21] which discussed among other additional items including those 

previously identified in previous document [22]. Among the 14 items in the Secy-90-16 [22], 

five items are related to preventive characteristics of severe accidents, i.e., the demonstration 

that the accident sequences are analyzed in the PSA project concerning vulnerabilities, whose 

elimination should be proposed to reduce the likelihood of core meltdown: Anticipated 

Transient Without Scram (ATWS), Mid-Loop Operation, Station Blackout. Fire Protection, 

Intersystem Loss-of-Coolant Accident. Seven other items are related to mitigative design 

features so that the following phenomena of severe accidents can be treated: 

 

A. Hydrogen Control 

 accommodate hydrogen generation equivalent to a 100-percent metal-water reaction of 

the fuel cladding; 

 limit containment hydrogen concentration to no greater than 10 percent; and, 

 provide containment-wide hydrogen control (such as igniters or inerting) for severe 

accidents. 

B. Core Debris Coolability 

 provide reactor cavity floor space to enhance debris spreading: 

 provide a means to flood the reactor cavity to assist in the cooling process: 

 protect the containment liner and other structural members with concrete, if necessary: 

and,  

 ensure that the best estimate environmental conditions (pressure and temperature) 

resulting from core-concrete interactions do not exceed Service Level C for steel 

containments or Factored Load Category for concrete containments, for approximately 

24 hours. Ensure that the containment capability has margin to accommodate 

uncertainties in the environmental conditions from core-concrete interactions. 

C. High-Pressure Core Melt Ejection 

 provide a reliable depressurization system: and, 

 provide cavity design features to decrease the amount of ejected core debris that reaches 

the upper containment. 

D. Dedicated Containment Vent Penetration 

 The staff recommends the need for a containment vent for the passive plant designs 

should be evaluated on a design-specific basis. 

E. Containment Performance 

 The containment should maintain its role as a reliable, leak-tight barrier (for example, by 

ensuring that containments stresses do not exceed ASME Service Level C limits for metal 

containments, or Factored Load Category for concrete containments) approximately 24 

hours following the onset of core damage under the more likely severe accident 

challenges and, following this period, the containment should continue to provide a 

barrier against the uncontrolled release of fission products. 

F. Equipment Survivability 

 Mitigation features must be designed to provide reasonable assurance that they will 

operate in the severe-accident environment for which they are intended and over the time 

span for which they are needed. 

G. Use of a Physically Based Source Term and Emergency Planning (see bellow) 
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As a result of the NUREG-1150 [20] calculations it was clear that the NRC should propose a 

new source term. The proposed new source term is discussed in the reference [23]. In the 

U.S., emergency planning zones remain far as 10 miles or 16 km for preventive planning area 

and 50 miles or 80 km for the area of environmental monitoring [24]. The boundaries of the 

zones are not rigid, but can be extended according to the analysis of the accident and the 

conditions of monitoring indicating that this is the case. In the late '80s, particularly in 1986, 

there was a question about the size of these zones, but that was solved by the USNRC policy 

issued in 1997, when occurred the discussion about the reduction of the zones for the third-

generation reactors. This document recalled the previous discussion that was applied to 

operating reactors of the second generation [25]: 

 

Two licensees have petitioned the Commission to allow for a reduction in the size of the EPZ 

(Emergency Planning Zone). In 1985, the licensee for Calvert Cliffs requested exemptions 

and license amendments to allow for reduction in the 10-mile EPZ to 2 miles ... The technical 

argument supporting these requests was that a site-specific analysis of design-basis and 

severe-accident risks showed a decrease in these risks relative to the risks considered in 

NUREG-0396. In regard to the Calvert Cliffs exemption request, the NRC staff concluded 

that it could not consider the request because the NRC was still studying severe-accident 

issues (April 11, 1988, letter from S. Varga (NRC) to J. Tiernan (BG&E))…NUREG-1150 

provides information on the type, consequences, and probability of severe accidents as well 

as information on the effect of various public protective measures, e.g., evacuation of the 

population around the plant…The NUREG-1465 source term has been used by the staff for 

design certification reviews of evolutionary and passive advanced LWRs to calculate the 

consequences from design-basis accidents in which there is a substantial meltdown of the 

core with the containment leaking at its design leakage rate…The staff believes that use of 

the new source term will likely result in a reduction in the distance within which doses are 

calculated to exceed PAG levels from design-basis accidents. Therefore, if the size of the EPZ 

were based solely on this criterion, a reduction in the size of the EPZ may be warranted. 

However, the size of the EPZ was based upon consideration of a spectrum of accidents, 

including severe accidents of the type analyzed in WASH-1400 and NUREG-1150, which 

indicate that a 10-mile EPZ is appropriate.” 

 

After all this normative evolution, finally, the NRC has consolidated all items of severe 

accidents in Chapter 19 of the Standard Review Plan, NUREG-0800 [26]. 

 

3. THE IAEA (INTERNATIONAL ATOMIC ENERGY AGENCY) SEVERE 

ACCIDENTS POLICY AND ITS INFLUENCE IN EUROPE 

 

The IAEA has several standards and guidelines with respect to severe accidents, which are 

similar to American standards. Regulators in European countries gathered in an Association 

(WENRA - Western European Nuclear Regulator's Association), which undertake to review 

their standards according to IAEA standards and guides. In OECD Workshop on 

Implementation of Severe Accident Management Measures, ISAMM -2009, October 26-28, 

2009, Schloss Böttstein, Switzerland, we can highlight two papers that summarize the status 

in how the application of severe accidents is implemented in old designs and new reactors, 

with two countries that have the largest number of reactors in Europe: France and Germany. 

The first one [27] informs us that France has been implementing changes in its plants since 

the late '90s with the help of Level 2 PSA. In addition, there is a desire of the society in 

France that second generation reactors have its safety level close to a third-generation reactor. 
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France seems to have emphasized only the preventive aspects of severe accidents. However, 

the next periodic safety renewals (ten years) for the generation of 1300 MWe, both 

preventive and mitigative aspects will be examined. In France, however, there seems to be 

difficult to propose design changes related to mitigative aspects. For example, the injection of 

water into the cavity of the reactor is a controversial topic although it is not in the U.S.. In 

Kewaunee, the reference plant for Angra-1, a design change was performed to allow for 

flooding the reactor cavity. Either way, the Level 2 PSAs conducted in reactors 900 MWe 

PWRs developed by IRSN (Institut de Radioprotection et de Sûreté Nucléaire) indicate the 

following evidence [27]: 

 

 The frequency of the heterogeneous dilution sequences remain relatively high, 

considering the potential associated impact of such accident; 

 The calculated frequency of the loss-of-containment-integrity sequence after a steam 

explosion in the reactor pit appears relatively high. Additional studies regarding induced 

loads and containment strength under this type of loading seem to be necessary; 

 The study indicates a risk of containment failure due to hydrogen combustion after in-

vessel water injection; the calculated frequency of this type of scenario is low, due to the 

precautions already taken by the operator and emergency teams through SAMG (Severe 

Accident Management Guidelines) application (prohibition of low-flow water injection at 

the beginning of core degradation); nevertheless, IRSN considers that the actions 

recommended in the severe accident guidelines could and should be optimized; 

 Situations leading to the opening of the containment venting system in less than 24 hours 

after to the beginning of core degradation (while the SAMG recommends to avoid 

opening the containment venting system before 24 hours); 

 The study shows the importance of the ultimate pressure capacity of the containment (i.e. 

beyond the initial design pressure) to limit the accident consequences for the more 

extreme loading (mainly H2 combustion and DCH) and reminds the importance of 

maintaining containment structures in excellent condition during plant life. It also shows 

the relevance of making changes to reinforce containment structures beyond their initial 

design strength (reinforced equipment hatch closure system); 

 Water injection on the corium during the severe accident progression would be the more 

efficient way to stop the accident progression on a Gen II PWR (like in TMI2 accident). It 

may be crucial because these plants were not designed with a core catcher for the case of 

vessel rupture and the demonstration that the basemat will not be penetrated by the 

corium is still to be done. The gravity of an accident with basemat penetration would 

nevertheless be higher (ground contamination, uncontrolled leakage) than without, and 

the “accident managers” would certainly keep this in mind. But for IRSN (and also 

EDF), this cannot justify to introduce in the SAMG any risk of early containment failure 

due to the water injection. 

 

The IRSN believes there are still sufficient uncertainties to decide the use of water injection 

into the reactor pressure vessel and the cavity of the pressure vessel into containment [27]: 

What would be the increase of hydrogen production rate in case of in-vessel water injection? 

Does it really justify avoiding water injection in some reactor configurations? Can the spray 

system be used to decrease the containment pressure and limit the amplitude combustion 

peak? What would be the RCS pressure rise in case of late in-vessel water injection? What 

would be the vessel behaviour? What is the link with the DCH risk? Is the presence of water 

in the reactor pit (before vessel rupture) positive (corium cooling) or negative (steam 

explosion, containment pressurisation, corium spread area) on the accident progression? 
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 In Germany, we can start by Articles [28] and [29]. These articles highlighted some 

shortcomings of the strategies for severe accidents in Germany, because they are not 

validated by a study of PSA level 2 carried for this purpose. In addition, the use of PSA to 

permitting decisions is not practiced in its fullness in Germany [30] and no new designs are in 

progress (the last construction permit was given in Germany to Neckarwestheim in 1982). 

Only in 2002, PSA level 1 + was required by law in Germany. In 2005, only, level 2 is now 

required for periodic safety reassessment of ten years. However, since that time Government 

are discussing the shutdown schedule of nuclear plants until 2022. Due this situation, the 

following findings [28] [29] are found: 

 

 Construction and operation licenses of NPP’s have been granted in the past, based on 

purely deterministic analyses. 

 Safety Review at a 10 years interval including a plant-specific PSA Level 1+ is 

mandatory required by the recent amendment of the Atomic Energy Act (2002). 

 PSA Level 1+ has been part of the periodic safety review; PSA Level 2 not. 

 PSA Level 2 has been performed by the Gesellschaft für Anlagen- und Reaktorsicherheit 

(GRS) within R&D projects for three main German NPP types, exploring PSA Level 2 

methodology. MELCOR was mainly used for severe accident and source term analyses 

(use in licensing, however, is unknown; see bellow). 

 PSA Level 2 recently has become part of the periodic safety review. German utilities 

started to perform PSA Level 2 studies. German PSA Guidance document was updated 

and published in 2005 - integral codes like MELCOR, ASTEC are recommended to be 

used (results, however, are still unknown; see bellow) 

 PSA Level 3 is still not required in Germany. 

 The AMP (Accident Management Procedures) concept consists of strategies and 

measures to prevent or to mitigate severe accidents (used by operators or onsite crisis 

team). So far no formal requirements exist in Germany. 

 Utilities offered after TMI and Chernobyl accident voluntarily to realize 

recommendations of the German RSK (Reactor Safety Commission) on AM 

considerations. 

 Decisions are made in each case individually after discussion in RSK. Formalized cost 

benefit criteria are considered not useful, nor practicable. 

 AM (Accident Management) measures covers main SA (Severe Accident) phenomena. 

Focus is on AM prevention. 

 Implementation of AM measures was done since 1986 mainly with significant hardware 

modifications. Severe Accident Management Guidelines (SAMG) are to be 

developed/implemented in future.  

 Review of all legal requirements is under way at GRS on behalf of BMU (Federal 

Environmental Ministry). 

 RIR (risk informed regulation) is not yet used in Germany. 

 

In another study, other findings are listed in relation to the management of severe accidents in 

Germany [31]: 

 

 Initiated by Risk Study Phase B (1981-1989) 

 Existing safety margins can be used to prevent core damage or mitigate the 

consequences 

 Primary and secondary bleed and feed as preventive action 
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 Primary bleed as mitigative action 

 Filtered containment venting (FCV) – not quantitative 

 Limitation of hydrogen-content inside the containment – not quantitative 

 

As noted above, the safety margins were used rather than a study of a PSA to find specific 

vulnerabilities. The containment vent and limitation of hydrogen are not backed by a 

quantitative assessment. Other critics to these statements above are [31]: 

 

 Bleed and Feed as preventive and mitigative action for PWRs were based on PSA (Risk 

Study B), but not on plant specific PSA 

 Selection of SAM-measures not based on Level 2 PSA 

 Ongoing discussion about usefulness of PAR: Statement by RSK includes insights gained 

from the Level 2 PSA for the reference plant used to determine the design of PARs 

(Passive Autocatalytic Recombiners) 

 

In 2005 only, there was a major change in German law, to require a PSA Level 2 for the 

periodic safety reassessment (PSR) [31]: 

 

 Level 2 required as part of PSR since 2005 for full power operation 

 2-step approach (based on existing Level 1 PSA) or integrated approach possible 

 Evaluation of effectiveness of SAM-measures 

 Hints how to present results in order to support emergency 

 

In OECD International Workshop on Level 2 PSA and Severe Accident Management, Koeln, 

Germany, March 29-31, 2004, an article was published [32] about design vulnerabilities in 

german plants. In the words of the author, This presentation intends to demonstrate those 

"hidden" features plants exist which may have significant impact on the PSA. In his final 

conclusions, the author identifies some deficiencies of analysis and warns that there may be 

others [32]: Some plant specific features have been shown which can significantly influence 

accident progression and PSA Level 2 results in PWRs: 

A. Ventilation ducts in the concrete floor below the reactor cavity 

 There are ventilation ducts (about 30x50 cm² each) in the concrete basemat. Together 

with pressure equalizing flaps they are potential pathways for the core material.  

 Initially the ventilation ducts will be filled with sump water. 

 Core concrete interaction in the dry cavity reaches the ventilation ducts  

 Corium might flow to the containment sump. 

 In the containment sump is a cavity which is not coolable. Might be the position of the 

first bottom penetration.  

 Interactions between core material, concrete and water will produce particles which 

will settle into the sump suction lines, creating a threat to the containment  

B. Position of the exhaust from the containment venting system  

 After RPV failure the core concrete interaction continuosly produces large amounts 

of noncondensible gases. The oxygen is consumed by the autocatalytic recombiners. 

 When containment venting is initiated, the atmosphere contains about 10% of H2, and 

75% of steam. Downstream a venturi scrubber the steam is almost zero and the H2 

fraction is 40%. 

 In most German plants the venting exhaust is led in a separate line to the top of the 

stack. In this plant the exhaust is directed into off-gas ducts of the auxiliary building. 
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 Highly inflammable gas mixtures will develop there during many hours, threatening 

the auxiliary building, the venting filter and the stack. Influence on releases is 

significant 

These issues had not been expected at the beginning of the PSA. They rather had been 

detected later during the PSA process. There is no guarantee that all relevant issues have 

been identified. The PSA team should be given sufficient time to familiarize with the plant and 

it should have resources available to deal with uncommon topics. 

 

In 2008, in the IRRS (Integrated Regulatory Review Service) mission report, IAEA becomes 

clear that German standards are not updated and the use of PSA is not still clear in the 

regulatory framework to take decisions based on risk [30]: 

 

To date, BMU has issued over 60 regulatory guidelines and about 60 RSK recommendations 

in the field of nuclear safety. At the present, the majority of these documents are outdated and 

do not reflect the current state of the art in science and technology. They were issued in the 

1970’s and the 1980’s and have not been updated ... there is an urgent need to establish a 

federal strategy to modernize the existing regulatory framework by developing a 

comprehensive set of regulations and requirements consistent with international practice and 

experience. … As a recent topic in BW (Baden-Württemberg) Land, PSA for KKP 1 NPP was 

submitted to UM BW (Baden-Württemberg, Environment Ministry) in June 2006, as a part of 

PSR. Although the deadline of the PSR was 31 August, 2005, the PSA was submitted later 

since it was added to the PSR in a later stage. The TUV SUD report, which was expected to 

be completed within two years, is somewhat delayed but is expected to be submitted to UM 

BW very soon. However, BMU and GRS have not been informed about the results of the PSA, 

which was conducted more than two years ago, since the PSR report is not sent to BMU 

before the completion of expert or UM BW review ... However, BMU and GRS are not 

informed about the PSA results in a timely manner. PSR results have not been submitted to 

BMU (and hence GRS) under the PSR Guideline up to now. BMU and GRS may receive PSA 

results even though it is not a requirement of the PSR Guideline, but detail may not be sent to 

BMU and GRS ... The existing regulatory framework is largely based on deterministic 

consideration. The risk insights are not considered in the regulatory requirements and in the 

regulatory decision-making process to establish a proper balance between deterministic and 

performance setting safety objectives … S26 Suggestion: The PSR and PSA guidelines should 

be reviewed and revised, as necessary, according to the policy document on the use of risk 

insights in the regulatory oversight, to clarify the role of PSA in the current regulatory 

framework. 

 

4. THE POLICY OF SEVERE ACCIDENTS IN ASIA - CHINA, KOREA AND 

JAPAN 

 

China has adopted the standards of the IAEA for use in the licensing of its nuclear facilities 

and to upgrade its national rules. The Regulatory Body is the National Nuclear Safety 

Administration NNSA/SEPA. The Vice Minister of SEPA (Chinese State Environmental 

Protection Administration), now MEP, is the Administrator of NNSA. NNSA reports to the 

Premier through the Minister of State, Environment Protection Administration (MEP). In 

2004, NNSA published a new standard, Code of Safety of NPP Design (HAF 102, 2004), 

corresponding to IAEA NS-R-1, 2000. It replaced the old version of the Code which 

corresponds to IAEA Code, version 1991. According to the article in the reference [33], 

before the new code, the white paper “Policy Statement of Several important safety issues on 
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design of NPP” was issued in 2002, in which main safety issues in the IAEA NS-R-1 are 

explained. Chinese normative documents conform to the following hierarchy of four levels: 

1) Chinese nuclear safety and industry standards; 2) IAEA Tec-Doc; 3) US NRC Regulatory 

Guides, such as Standard Review Plan (NUREG-0800) and ASME code; 4) French RCC 

standards. The new (2004) Chinese standard for reactor design introduces the following 

points, two of them related to severe accidents [33]: 

 

 To emphazise overall safety responsibility of licensee; 

 To emphazise design management and require independent verification of safety 

assessment 

 To maintain and expand design concept of defense in depth (including consideration of 

severe accident (SA) and mitigation of radioactive consequences);  

 To consider SA sequences by using combination of engineering judgment and 

probabilistic methods and to determine reasonably practical prevention and mitigation 

measures;  

 

The G2+ projects should follow new code 2004 and implement practical modifications on 

safety. As a consequence they have to meet actual and available nuclear safety guides in 

China, and to use IAEA new version guides. National technical standards, RCC series and 

ASME may be used as supplement. G2+ projects should also conduct PSA. The projects 

should complete Level 1 PSA first and then conduct Level 2 PSA and external events PSA 

gradually in future. It does not conform to IAEA requirements, because it is necessary to 

finish the PSA level 2 to recommend design modifications in order to cope with 

vulnerabilities that were identified. On the other hand, some recommendations were 

proposed. For example, in severe accident, dominant event sequences based on PSA must be 

determined, to take the following measures [33]: 

 

 To analyze fire hazards, and improve firefighting design, 

 To change auxiliary feed water system into ESF and no longer feeds water to SG 

during startup and shutdown, and adding a turbine-driven feed water pump, 

increasing volume of auxiliary feed water tank,  

 To improve emergency diesel generator, 

 To improve post accident monitoring system, 

 To improve combustible gas control system, install passive hydrogen recombiner, 

 To extend pressurizer’s relief capability to realize feed-bleed function so that high-

pressure core melt and direct containment heating can be prevented. 

 

However, some deficiencies were identified when the IAEA standards were applied to the 

projects [33]: 

 

Design of reactor coolant system and associated systems 

 NS-G-1.9 require to meet single failure criteria, including reactor vessel head venting 

system under accident conditions, safety injection system during maintenance, residual 

heat removal system after loss of offsite electricity. 

 G2+ projects are designed according to reference NPP, RHR does not meet single failure 

criteria after loss of offsite electricity. Preventive maintenance of SIS under power 

operation is not allowed. RV head venting system is not mounted. 

 



2011 International Nuclear Atlantic Conference - INAC 2011 

Belo Horizonte,MG, Brazil, October 24-28, 2011 

ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN 

ISBN: 978-85-99141-04-5 

 

INAC 2011, Belo Horizonte, MG, Brazil. 

 

Containment design 

 NS-G-1.10 require: design pressure ≥ 10% peak pressure in DBA; pressure ≤ design 

pressure in severe accident (SA), allowing small plastic deformation; double confinement, 

mitigation measure of molten core-concrete interaction, monitoring containment 

deformation and leakage of recirculation lines in SA. 

 In G2+ project, containment are designed on RCC-P, design pressure < 10% DBA peak 

pressure, 

 Controlled filter venting in severe accident, 

 To conduct design modification to eliminate containment bypass induced by leakage of 

main pump heat shield. 

 

In the case of Korea, we have the article [34], which states that: In Korea, the accident 

management program has been implemented for the operating nuclear power plants between 

2001 and 2008. As a first step, a generic severe accident management guideline called 

Korean Accident Management Guideline (KAMG) was developed. Then, a plant specific 

SAMG is developed for each nuclear power plant, based in engineering analysis, for 

example, MELCOR calculations. Korea has reactors originated from Westinghouse, 

Combustion Engineering and Framatome.The KAMG was developed by referencing the 

generic severe accident management strategies from Westinghouse Owner’s Group (WOG) 

and Combustion Engineering Group (CEOG). 

 

In the case of Japan, the Nuclear Safety Commission of Japan recommended development of 

the accident management, and the Nuclear and Industrial Safety Agency (NISA) requested 

electric utilities to prepare their accident management by conducting the probabilistic safety 

assessment (PSA) taking into consideration the safety characteristics of each nuclear reactor 

facility. This was done for the ten years periodic safety review for all existing nuclear reactor 

facilities in Japan by 2002 [35] In view of Fukushima, it is necessary to investigate if these 

PSA studies identified all the vulnerabilities of the plants, proposed the correct design 

modifications and if all of them were implemented. 

 

5. THE POLICY OF SEVERE ACCIDENTS IN BRAZIL - SITUATION OF 

ANGRA-1, 2 AND 3 

 

The standard CNEN-NE-1.04 - Licensing of Nuclear Installations [36] requires in the item 

6.5 Technical Standards and Codes that: 

 

6.5.1 Items must be designed, manufactured, assembled, built, tested, and inspected 

according to standards compatible with the technical importance of the safety function to be 

performed. 

 

6.5.2 In applying the requirements of section 6.5.1, Brazilian updated codes and standards 

should be adopted. In the absence of appropriate Brazilian standards, Codes, Guides and 

Recommendations of the International Atomic Energy Agency should be used preferably, and 

in their absence, international standards or standards of technically developed countries, 

provided that such standards and regulations are accepted by CNEN. 

 

Therefore, in the absence of national nuclear standards, IAEA standards previously cited are 

mandatory and, in addition, the USNRC rules, which constitute the most complete, detailed 

and transparent normative framework that exists in the nuclear area among the developed 
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technical countries related to the nuclear area. As we observed earlier, China has adopted the 

same philosophy, and the French standards would be in fourth place. In Brazil, the German 

standards are no longer a normative framework nowadays, as stated by the mission of the 

IAEA (IRRS-Integrated Regulatory Review Service) in 2008 [30], and, therefore, can not be 

adopted in fourth place, after the U.S. satandards, especially in relation to severe accidents. 

Thus, any new construction license must meet the current standards in practice for severe 

accidents, firstly the IAEA ones, and then, the USNRC standards to detail some requirement. 

 

The standard CNEN-NE-1.26 - Operational Safety of Nucleoelectric Plants [37] requires on 

the items 8.2 and 3.20 that: 

 

8.2 The issued instructions and procedures shall treat the plant under normal operating 

conditions and under anticipated operational occurrences, as well as under conditions of 

design basis accidents and, where practicable, under conditions of severe accidents. These 

documents must be written so that each action can be readily performed in the proper 

sequence, by the responsible person designated for this. 

 

20.3 During plant operation, the impact on total risk should be considered, measured by a 

model for risk management in decision making involving, among others, the following 

activities: a) design modifications, alterations or exceptions to the technical specifications; b) 

systems configuration management; c) planning of maintenance and periodic tests; d) 

analysis of operational events. 

 

Items 8.2 and 3.20 above combined mean that design changes in Brazilian plants in 

operation, that make feasible the procedures for severe accidents, should be made by means 

of an PSA on two levels, which can be considered the only viable model of risk management, 

according to international experience (see U.S. SAMA or SAMDA discussed earlier). Beside 

this, according to Standard CNEN-NE-1.26, a safety review of the plant should be performed 

every 10 (ten) years: 

 

21.1 From the issuance of the Authorization for Permanent Operation, the operator 

organization should lead, every 10 (ten) years, a safety review of the plant, to investigate the 

consequences of the evolution of norms and safety standards, operational practices, the 

cumulative effects of aging in structures, systems and components, design changes, the 

analysis of operational experience and relevant developments in science and technology. 

 

The current situation in Brazil concerning the field of severe accidents is that there is not yet 

in any of three power plants (Angra-1, 2, 3) a PSA on two levels to assess the vulnerabilities 

of each plant in order to propose design changes aimed at severe accidents. In the periodic 

safety review (PSR) of 10 years required by the standard CNEN-NE-1.26, for Angra-1, in 

2005, this specific PSA to identify vulnerabilities was not presented, which was postponed to 

the beginning of the next PSR in 2014. In the case of PSR of Angra-2, whose term of 10 

years ended this year, a PSA on two levels has not been presented, what would be a key 

element in assessing the vulnerabilities of Angra-3, before any construction license. The 

deadline under rule to implement the PSR is 18 months. In the case of Angra-3, a two-level 

study was required in 2010 until the AIO (Authorization of Initial Operation), but as the 

construction progresses, the cost to implement these changes becomes increasingly high. 
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6. THIRD GENERATION REACTOR DESIGNS 

 

In the article of the reference [38] two design strategies considering severe accidents are 

described: (a) in-vessel coolability and melt retention (IVMR-ERVC) and (b) ex-vessel 

coolability and melt retention (EVMR). 

 

The In-Vessel Melt Retention (IVMR) Strategy is based on the idea of flooding the PWR 

vessel cavity or the BWR drywell with water to either submerge the vessel completely or at 

least submerge the lower head. The PWR or BWR lower head containing the melt pool is 

cooled from outside, which keeps the outer surface of the vessel wall cool enough to prevent 

vessel failure. This concept is employed in the Loviisa VVER-440 in Finland, where it has 

been approved by the regulatory authority STUK. The concept is also employed in the PWR 

designs: AP-600, AP-1000, Korea’s Advanced PWR-1400 and in the 1000 MWe BWR design 

of AREVA. [38]  

The Ex-Vessel Melt Retention Strategy has been adopted by the European Pressurized Water 

Reactor (EPR) design currently in realization in Finland and by the new Russian VVER-1000 

designs for China and India. The EPR design spreads the discharged corium mixed with 

sacrificial concrete, on a flat steel surface coated with a high temperature inert material, 

cools it from bottom with water flowing in channels, and floods it with water from the top. 

The idea behind this design is that with spreading the depth of the melt pool will be reduced 

to the extent that it can be cooled by a water overlayer with some assistance from a cooling 

system at the bottom. Sacrificial concrete is mixed with corium discharged from the reactor 

pressure vessel (RPV) in a concrete-lined pit to reduce its temperature, and more so, its 

solidus temperature. Thus the mixture remains as liquid over a much larger temperature 

range, and, in fact, will spread more easily over a large floor area. [38] 

 

Therefore, the three designs that lead the third-generation reactors are the U.S. AP-1000, 

French EPR and Russian VVER-1000. Both the AP-1000 and the EPR are in the process of 

licensing in the U.S. according to the USNRC standards. However, there are other proposals 

that adopt the EVMR strategy, such as the Japanese APWR and ABWR as well as the 

American ESBWR. The Canadian ACR-1000 uses the calandria as a natural core-catcher. 

The first three designs are already being marketed in China, Korea and India. Particularly, in 

China and Korea, there are national projects of reactors that are an evolution of the AP-1000 

and EPR projects. In China, up to now, there are a total of 12 power reactors in operation: 1 

CNP-300, 2 CNP-600, 2 CANDU-6 (Canada), 4 M-310 (French), 2 AES-91 (Russia) and 1 

CPR-1000. There are 16 CPR-1000, 4 AP-1000, 2 EPR and 3 CNP-600 in construction. In 

December 2009, SNPTC (State Nuclear Power Technology Company) joined with the 

Huaneng Nuclear Power Development Corporation to begin work in the CAP1400 reactor 

design (based on AP1000 technology). The first CAP1400 is expected to begin operations in 

2017 [39] SNERDI (Shanghai Nuclear Engineering Research and Design Institute) has 

adopted IVR-ERVC (In-Vessel Retention-External Reactor Vessel Cooling) concept in the 

design of Chashima-2 300MW NPP. Furthermore, China Guangdong Nuclear Power 

Corporation (CGNPC) is also considering to use IVR-ERVC strategy in the CPR1000 design, 

a chinese project [40]. In the case of Korea, there is a project to improve the strategy IVMR 

AP-1000 with the use of a core-catcher in the pressure vessel of the AP-1400: 

 

The enhanced safety of the Westinghouse Advanced 600 MWe PWR (AP600), which 

relied upon External Reactor Vessel Cooling (ERVC) for IVR, resulted in the U.S. Nuclear 

Regulatory Commission (US NRC) approving the design without requiring certain 
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conventional features common to existing LWRs. However, it is not clear that currently 

proposed external reactor vessel cooling (ERVC) without additional enhancements could 

provide sufficient heat removal for higher-power reactors (up to 1500 MWe). Hence, a 

collaborative, three-year, U.S. – Korean International Nuclear Energy Research Initiative 

(INERI) project was completed in which the Idaho National Engineering and Environmental 

Laboratory (INEEL), Seoul National University (SNU), Pennsylvania State University (PSU), 

and the Korea Atomic Energy Research Institute (KAERI) investigated the performance of 

ERVC and an in-vessel core catcher (IVCC) to determine if IVR is feasible for reactors up to 

1500 MWe. INEEL used a combination of scoping materials, flow, thermal, and structural 

analyses and scoping materials interaction tests (see Figure ES-6) to identify IVCC 

materials. Results suggest that the core catcher base material should be either carbon steel 

or a stainless steel, such as SS 304. However, the use of stainless steel is recommended 

because it would preclude the need for a corrosion-resistant undercoating on the IVCC. 

Evaluation efforts suggest that the insulator coating should be applied using thermal plasma 

spray techniques. Although several coatings appear viable, results suggest that the insulator 

coating should consist of a 500 m thick ZrO2 coating over a 100-200 m thick bond coating 

of Inconel 718. [41] 

7. CONCLUSIONS 

 

The area of severe accidents has reached maturity with the adoption of updated rules by the 

IAEA since 2000 and the consolidation of U.S. policy on severe accidents from 1985 to 1993, 

as discussed earlier, as well as the use of the USNRC Standard Review Plan, Chapter 19 of 

severe accidents, to the licensing of third-generation reactors, in particular, the AP-1000 and 

EPR, among others. These standards are considered an international standard and are adopted 

in countries which intend to license nuclear power plant. Consequently, there are two 

strategies to consider severe accidents at the design basis of nuclear power plants: IVMR and 

EVMR. Particularly, China and South Korea will improve these designs by incorporating 

them into their national projects. Certainly, a combination of the two strategies would be the 

optimal proposal. 

 

In Brazil, we have two different situations, because we have two plants of different 

technologies. In the case of Angra-1, the design modifications of Kewaunee, which is the 

reference plant for Angra-1, should be evaluated immediately. The PSA for Kewaunee is 

available since 1992, and it was updated twice, in 2004 and 2007 [42]. The SAMA (Severe 

Accident Mitigation Alternative) which is equivalent to Chapter 19 of severe accidents 

(Standard Review Plan - NUREG-0800) was based on Kewaunee PSA, which proposed and 

implemented several design changes to improve the safety level of the plant in relation to 

severe accidents. 

 

In the case of Angra-2/3, as discussed earlier in this paper, design changes and management 

of severe accidents in Germany do not have support in a specific PSA on two levels, because 

only recently (2005), it was required to be performed for the PSR of 10 years in existing 

plants. However, because of the outdated rules and standards, verified by the IAEA in 2008 

[30] and the shutdown schedule for German plants until 2022, Germany has ceased to be a 

reference of normative standard in this area. As mentioned before, there are evidences 

collected by researchers at the GRS on deficiencies in the management of severe accidents of 

German plants (see previous discussion). Therefore, it is urgent the conduction of a PSA on 

two levels, taking into account all the criteria of the USNRC Standard Review Plan, including 

deterministic (performance in the first 24 hours after the ocurrence of a severe accident) and 
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probabilistic (conditional probability of failure <10%) goals, to identify the vulnerabilities, to 

propose and implement design changes, and thus bring the plant safety to an acceptable level 

in relation to severe accidents, considering Fukushima lessons as soon as possible. 
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