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ABSTRACT 

 
The decommissioning is an important part of every Nuclear Power Plant life cycle gaining importance when 

there are more than one plant at the same site due to interactions that can arise from the operational ones and a 

decommissioning plant. In order to prevent undesirable problems, a suitable strategy and a very rigorous 

schedule should implemented and carried. In this way, decommissioning tasks such as fully decontamination 

and dismantling of activated and contaminated systems, rooms and structures could be delayed, posing as an 

interesting option to multiple reactor sites. The present work aims to purpose a strategy and a schedule for the 

decommissioning of a multiple reactor site highlighting the benefits of delay operational tasks and constructs 

some auxiliary services in the site during the stand by period of the shutdown plants. As a case study, will be 

presented a three-reactor site which the decommissioning process actually is in planning stage and that should 

start in the next decade. 

 

 

1. INTRODUCTION 

 

The decommissioning is part of life cycle of any nuclear installation and comprises 

operations and management tasks to shut it down and retire it from regulatory control. 

Beyond cost reduction, these tasks should carry properly avoiding social and environmental 

problems. Management tasks are namely: planning, management of teams, licenses, 

schedules and waste destination. The operational tasks are namely: decontamination, waste 

treatment, and equipment dismantling and structure demolition [1]-[4]. Large volumes of 

several kinds of wastes are produced during decommissioning with different physical, 

chemical and radiological properties [2],[3]. 

 

A suitable decommissioning strategy should be planned and includes: plant shutdown, 

defueling, radiological survey, decontamination, dismantling of equipments and demolition of 

structures and buildings [5]. The time need to complete all of them ranges from a few years to 

several decades, according the strategy adopted, affecting costs. They are affected also by 

national policies and regulatory rules [3],[5]. All tasks should consider the workers health and 

security and complies with ALARA principles (As Low As Reasonable Achievable) [6],[7]. 

 

The decommissioning wastes produced differ between different Nuclear Power Plant (NPP) 

according its operational history and differs from each other according decontamination and 
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dismantling technique choose [8]. The International Atomic Energy Agency (IAEA) 

standards classify wastes according its radiological activity, concentration of long lived 

radionuclide’s (LL) and heat generation (HG) [3]. Suitable treatment and immobilization aids 

to reduce waste volume, hazards and facilitates its handling. They acts also as a barrier 

avoiding radionuclides spread in environment [7],[9],[10]. In any case, the radioactive wastes 

(RW) needs suitable storage and disposal for enough time until it do not pose unacceptable 

risks to humans and environment. Different facilities should be necessary to receive them 

[3],[9],[10]. 

 

The OECD/NEA (Organization for Economic and Co-operation and Development/ Nuclear 

Energy Agency) publishes an update of IAEA Standardized List (“The Yellow Book”), the 

ISDC (International Structure for Decommissioning Costing of Nuclear Installations), to 

guide decommissioning cost and management [11],[12]. 

 

Brazilian civil nuclear program actually have two operating NPP, a third one under 

construction and intentions of to expand it adding about 4-8GWe from NPP. The plants, 

operated by Eletronuclear, a stately company, are located at Central Nuclear Almirante 

Álvaro Alberto (CNAAA) site, Angra dos Reis town, Rio de Janeiro state [13],[14],[15], 

which characterizes a multiple reactor site. Special considerations complying with this feature 

should be included in decommissioning plan to optimize its performance and reduce costs 

[7]. Unless the NPPs lives would extended the oldest NPP (Angra 1) should begin it 

decommissioning at about 2024, while Angra 2 would start it at 2040 and Angra 3 at 2050. 

Brazilian regulatory agency, Comissão Nacional de Energia Nuclear (CNEN), by regulatory 

standards nº133, requests a decommissioning plan with part of old NPPs license document 

and to the new ones [13]. Since Brazilian nuclear program has a small size and that none of 

nuclear reactors at the country were decommissioned, there is a very limited experience about 

decommissioning process, schedule and features, as well as enough knowledge in long term 

storage and disposal of RW. The only previous experience comes from Goiania town 

radiological accident, in 1987, at Goiás state [14],[15]. 

 

The present work aims to discuss the main aspects of NPP decommissioning including 

management, operational tasks and techniques as well as present a suggestion for the 

schedule to CNAAA site decommissioning based on previous studies. In addition, the main 

aspects of storage and disposal of RW would be discussed. Notwithstanding, the estimated 

RW volumes which will need to be rightly managed will be pointed out. Finally, the work has 

the final objective of to serve as a guide for Eletronuclear and CNEN to aid in decisions of 

decommissioning planning according the multiple reactor features. 

 

 

2. DECOMMISSIONING STRATEGY 

 

There are three main decommissioning strategies commonly encountered in literature and 

adopted around the world in decommissioning projects of nuclear reactors since beginning of 

nuclear industry. The differs from each other by: time need, radiological hazards and costs. 

All of them should take into account ALARA (As Low As Reasonable Achievable) principles 

[3],[6],[7]. They are known by its acronyms and are contemplated in CNEN standard nº133. 

They are, namely: DECON, SAFSTOR and ENTOMB [16]. Despite different approaches, 

these strategies share common tasks, such planning, NPP shutdown sequence, 
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decontamination, dismantling, waste destination, among others [6],[7]. A briefly decryption 

of them follows. 

 

Considering CNAAA site features, requirements of CNEN Brazilian bidding rules of low 

cost, SAFSTOR is the best option. In SAFSTOR, the NPP is shutdown and placed in safe 

state for a time long enough to let activity falls by spontaneous decay process before 

dismantling operations could proceed. The time need ranges from about ten years to decades, 

being in general of 30 years. Despite longer decommissioning time than DECON, lower 

activity level facilitate tasks, resulting in minor costs. On the other hand, costs with security 

teams, activity monitoring and eventually maintenance increases [6]-[9]. Other constraints 

are: NPP shutdown schedule and brown field final state for the site. Based on this and dates 

presented, Figures 1, 2 and 3 suggests a schedule to conduct CNAAA site decommissioning 

based on previous works [13]. As shown, the time need is the main difference between each 

other. 
 

 

 

 

 

Figure 1: CNAAA site SAFSTOR main schedule 

 

 

 

Figure 2: CNAAA site SAFSTOR alternative schedule 
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Figure 3: CNAAA site mixed DECON and SAFSTOR alternative schedule 
 

 

3. DECOMMISSIONING WASTES 

 

The operational tasks of decommissioning (mainly decontamination and dismantling), results 

in several kinds of wastes, most of them with some activity level, that needs to be properly 

managed, stored or eventually disposed to avoid unacceptable risks to human and 

environment [3],[6]-[10]. The IAEA standards classify RW regarding its activity level, 

concentration of LL-radionuclide’s and HG, which affects decommissioning costing, 

conditional release constraints, storage or disposal features, etc [1]-[10],[17]-[26]. The classes 

are, namely: EW (Exemption Wastes), VLLW (Very Low Level Wastes), VSLW (Very Short 

Lived Wastes), LLW (Low Level Wastes), ILW (Intermediate or medium Level Wastes) and 

HLW (High Level Wastes) [3]. 
 

3.1. Wastes from CNAAA decommissioning 

 

Since Eletronuclear neither any other Brazilian company nor governmental agency has a 

previous decommissioning study, the waste volumes should to be estimated based on similar 

plants. Considering the construction type (PWR) and electrical power (1200MWe), the 

American NPP Trojan was choose as the main data source while other studies of NPP sites of 

same type and power has been adopted as secondary option [13]. The Table 1 presents the 

estimated volumes of metals and concrete (activated and contaminated) that needs to be 

handled as well as the number of spent fuel elements used in fully operational life. 
 

 

Table 1: Wastes of NPPs during commercial and decommissioning operations. 
 

Item 
Quantity 

[units] 

Volume 

[m³] 

Mass 

[ton] 
Origin / site OBS 

Package 7.403 2.805,14 - CNAAA site At the end of commercial operation of 3 NPPs 

LLW / ILW - 5.800 - CNAAA site At the end of commercial operation of 3 NPPs 

Spent fuel elements 

1.252 - - Angra 1 Considering the maximum capacity of cooling pool 

and not the full plants life. Considering this, the 
operator (Eletronuclear) is sponsoring the construction 

of a new building to receive the exceeding ones. 

1.084 - - Angra 2 

1.084 - - Angra 3 

Angra 1

Proposal of mixed DECON and SAFSTOR CNAAA site decommissioning strategy

Start

Planning

Costing estimation

Final state
definition

2022

2024 - 2040

Shutdown procedures

Reactor defuelling

Spent fuel pool operation

Previous decontamination and dismantling

Safe state

Final decontamination and dismantling

Waste storage, disposal and final state

Angra 2

2040 - 2050

Angra 3

2050 - 2060

Site cleaning

Site remediation

Amends and fees
payment

Licence termination

Final site survey
and monitoring

Final decontamination
and dismantling

Waste storage, disposal and final state

2060 - 2065
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Cont.      

Item 
Quantity 

[units] 

Volume 

[m³] 

Mass 

[ton] 

Origen / 

site 
OBS 

Primary large equipments - 2.296,7 2.421* 

Trojan NPP 

/ *Ringhals 

site 

Includes: steam generators, pressurizers, RPV 

internals, RPV and auxiliary structures, tubes, 

cooling pumps, reactor control mechanisms, 
tanks, etc. 

Concrete surfaces and other 

equipments contaminated surfaces 
- 1.697,5 3.558* 

Includes: contention, auxiliary and fuel 

building, turbine and some primary areas, etc. 

Others - 5.723,1 
14.394

* 

Includes: pumps, electrical cables, vent systems 
and air conditioning, reactor control and 

security systems, spent fuel pools and racks, 

cooling water, etc / *includes systems and 
secondary wastes. 

Metal wastes - - 184,4 Ringhals 
Includes: cupper, iron, carbon and stainless 

steel, titanium, etc. 

HLW decommissioning wastes 212,4 - - 

CNAAA 
site 

- 

ILW / LLW commercial operation 
wastes 

5.800 - - - 

ILW decommissioning wastes 496,2 - - - 

LLW metals decommissioning 

wastes 
6.181,5 - - - 

LLW concrete decommissioning 

wastes 
5.092,5 - - - 

LLW other decommissioning 
wastes 

17.169,3 - - - 

 

*Ringhals site: volumes of RPV and its internals only 

 

Source: [13] 

 

 

4. DECOMMISSIONING TASKS 

 

Decommissioning tasks include a sort of management and operational tasks whose could be 

arranged in groups, subgroups and individual tasks [5],[11], such as those presented in 

Figures 1, 2 and 3. The detail level could be changed as need. Case by case, the inclusion of 

specific considerations [5], as technical features, social, economic and environmental aspects 

could be employed [1]. In any case, all decommissioning tasks shall couple with ALARA 

principles. In this manner, an extensive radioactivity investigation and survey of NPP site is 

need, which could be aided by digital NPP mock-ups and virtual models [6],[7],[27]-[33]. 

However, a very extensive knowledge of the NPP and its site could play the major role in 

planning the best solution. Thus, old stored data from operations and old workers 

maintenance experience could be as valuable as the others; these makes SAFSTOR strategy 

less desirable than DECON [7]. 
 

4.1. Decontamination, Dismantling and Demolition 

 

After radiological survey and identification of contaminated and activated materials inside 

CA, decontamination could be employed by workers, if activity are low enough, or remotely, 

if not [27]. Decontamination includes chemical and electrochemical routes, which some the 

most known are: MOPAC 88, CORD, LOMI, CAPA, aqueous systems of KBr and KF salts 

and electropolishing [34]. Despite the reducing radiological activity, decontamination has the 

inconvenient of secondary waste production, which need treatment too [10],[34]. 
 

After decontamination, dismantle of selected parts of NPP systems, equipments and 

structures proceeds using techniques such as mechanical and thermal methods, including 
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sawing, shearing, milling, foaming agents, wet or dry abrasive blasting, surface grinding, 

plasma-arc, oxy-fuel and laser-beam cutting. As occurs with decontamination, dismantling 

techniques could produce also secondary wastes in solid, liquid and gaseous state according 

the adopted method. Then, they also need a suitable treatment, which could includes micro or 

ultra filtration and reverse osmosis process [34]-[36]. 
 

4.2.Waste treatment 
 

Waste treatment comprises a series of actions aiming to reduce waste volumes, radiological 

hazards, risk of spread radionuclides in environment and handling, storage and disposal [10]. 

 

To solids, compress and super-compress poses as an interesting technique, achieving high 

volume reduction factor (VRF), among 5-100. Once compressed, wastes are placed in 

standardized drums (200-500 liters), boxes or ISO packages, depending of waste properties 

and physical characteristics. In case of CNAAA site, compress is already used with them 

being stored in mentioned packages as need [10],[13]. On the other hand, to organic solids 

and liquids, incineration becomes a better choice since it produces inert ashes containing 

about 95% of radionuclides. The VRF could range from 50-100 to solids and up to 500-1000 

for liquids. The ashes produced could then directly immobilized, which constitutes an 

important advantage. Since the VRF are high, the costs are reduced [10]. Despite the 

mentioned benefits, actually CNAAA do not uses incineration for waste treatment [13]; thus, 

its use is strongly encouraged at least for the decommissioning wastes. 

 

Other treatment process are thermochemical routes for solids, chemical decomposition, wet 

oxidation, molten salt oxidation and thermochemical decomposition for liquids. These 

process are suitable to treat spent ion exchange resins, polymers, chlorine-containing, 

biological and other difficult incineration wastes by conventional methods [10],[35],[36]. 
 

4.3.Waste immobilization 

 

Immobilization of RW is an important waste treatment task in NPP decommissioning since it 

facilitates handling, transport, storage and disposal of wastes. In addition, immobilization 

poses as an effective mean to avoid radionuclide spread in environment for a time long 

enough to they do not poses unacceptable risks for humans and environment. Complying with 

these goals, immobilization matrices should be selected taking into account RW properties, 

physical characteristics (size, format, etc) and storage or disposal facilities environment 

characteristics [9],[10]. RW immobilization is practiced since beginning of nuclear industry 

with cement and glass matrices being the most used ones [10]. Notwithstanding, new 

materials and technologies continue to be developed, such ceramics and glass-ceramics 

(known also as Glass Composite Materials – GCM). In any case, the matrix composition 

could be changed in order to enhance radionuclide immobilization. However, while some 

matrices are suitable to immobilize some of them, it could not be to others [37]-[46]. In case 

of ceramics and glass-ceramics, it is still a promise to the future since they are not available 

in commercial scale today and has high costs. Thus, today, cement and glass matrices still 

being the main immobilization matrices option [10]. 

 

In case of CNAAA site, considering CNEN standards, all wastes are classified as LLW or 

ILW, with exception of spent fuel elements [13]. In addition, CNEN do not suggests glass 

matrices. Thus, regarding these, lower costs, availability of technology and of raw materials, 

cement poses as the main choice to RW immobilization at CNAAA site (operational and 
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decommissioning ones), with bitumen being a second option in case of wastes whose could 

not be rightly immobilized in cement matrices [13]. However, considering that exists some 

wastes which could not been rightly immobilized in cement or bitumen matrices, but in 

glasses or eventually in ceramics do, its suggested that some research should be conducted 

with them starting soon as possible. 
 

4.4.Waste handling 

 

Handling is composed of a sort of manual or remotely controlled tasks and includes RW 

packaging and transportation. Handling should consider countermeasures against 

radioactivity spread, to avoid exceeds standard values of dose to public and accident 

scenarios. Thus, in case of package, design and transport should comply with very stringent 

constraints. Despite the choice of on or off-site storage or disposal affects the package type 

which would necessary, the most common solution frequently is a suitable solution that 

includes several kinds of packages which would act as a composed barriers with the facilities 

whose would receive them, similarly as Matrioska Russian dolls [7],[9],[10],[47]-[51]. 

 

In case of CNAAA site, wastes are already or would be packaged in standard metal drums, 

boxes and cement monoliths (would be in case of decommissioning wastes). Regarding the 

site transport routes, it includes: a federal road, sea and paved ways internal to the site [13]. 

Since the federal road have considerable traffic, the risk of public exposure and accidents, as 

well as costs involved with road closure could be significantly higher compared with 

transport by sea. Thus, this last is the preferable choice in case of transport wastes out of site. 
 

4.5.Waste Storage and Disposal 
 

Storage and disposal of RW should consider all mentioned features in previous steps with 

national policies and regulatory standards for RW destination of each country. Anyway, 

facilities should guarantee radioactivity insulation for time long enough unacceptable risks to 

humans and environment exists. In this way, different storage and disposal facilities are 

designed with specific features, changing according waste properties it would receive, time 

need to store or dispose then and nation regulatory rules [7],[9],[10]. Since storage has 

interim purpose, the observed constraints are less restrictive and facilities should provide 

means to retrieval of waste packages as need. Frequently storage facilities are constructed 

above ground and are located closely to or on NPP site [7]. On the other hand, disposal has 

permanent purpose and should guarantee the RW insulation, avoiding unacceptable risks in 

long term. Retrieval means has to be considered only to reallocate wastes during repository 

filling, after what they are not needed anymore. Due to permanent features, disposal facilities 

should consider very stringent constraints in its location selection and design, especially in 

case of high radioactivity and high LL-radionuclides concentration wastes, case of HLW and 

spent fuel. To ensure the insulation, generally disposal facilities changes its dept according 

the waste class, ranging from above ground facilities with no heat removal systems neither 

other engineered barriers (for VLLW) to high deep or geological facilities with passive heat 

removal systems and engineered barriers (for HLW) [3],[6],[7],[9],[10],[49]-[53]. 

 

In case of CNAAA site, there is only storage building actually in use, which will enhance its 

capacity by the addition of a new building to the existent complex. If no other facility is 

provided by CNEN, they should be used to receive not only operational wastes, but 

decommissioning wastes too [13]. In this case, wastes would be stored until CNEN provides 
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a definitely solution in form of a disposal facility. Notwithstanding, in this case the 

decommissioning strategy and costs should be changed to fit with the new scenario. 

 

 

5. DECOMMISSIONING COSTING 

 
The discussion presented lead to different decommissioning scenarios and costs. Despite cost 

estimation could be employed in several ways, some has great accuracy than others. Good 

methods to cost and organize tasks is given by ISDC [11] or NRC standards [6],[7]. Several 

methods decrypted in literature are based on ISDC or NRC standards, which cares only of 

technical and financial features [4]-[7],[46]. Notwithstanding, before perform any cost 

calculation, the features which must be considered should be known, which could include 

additionally social, economic and environment cost factors [1]. At the same time, it is 

necessary to define how funds would be raise. Despite different methods found in literature, 

like previous payment or by gathering financial resources throughout the NPP operational 

life, regulatory standards and policies of each country play the major role and could changes 

it. The last ones seem to be more logical since only NPP energy costumers are charged. In 

this manner, an estimative cost even before NPP construction or beginning its operational life 

should be performed to define how much costumers will be charged year by year throughout 

the NPP operational life [1],[4],[7],[11],[13]. 

 

Even the costing method follows ISDC, its equations could be written to attend different 

detailing levels, thus producing different sets of equations. If a more accuracy method is 

choose, a greater number of variables and cost factors should be known than otherwise. The 

question is that not always all of them is available the time of costs estimation. Thus, a very 

detailed method loses its accuracy and its sense. In this manner, despite ISDC be a reliable 

and powerful method to costing and organize decommissioning, they could be fully employed 

only for those NPP that are under decommissioning or will start it soon. To the other cases 

and estimative cost with only relevant items, seems to make more sense [1],[54]. Considering 

cost estimation purpose and ISDC recommendations, a very simple algebraic equation could 

be employed [1],[7], like those presented by Monteiro (2014). Briefly, the author develops an 

equation to estimate decommissioning costs. This equation is composed by tasks, subdivided 

in subtasks as need. Despite authors equation considers somehow social, environmental and 

economical features, it can be written in a more appropriated format, as shown by equation 

(1). In equation (1), CDT is the “Custo de Descomissionamento Total” (Total 

Decommissioning Cost), while the other parameters are, respectively: labor, equipments, 

storage and disposal, transport, treatment, management, security, inspections and monitoring, 

remediation, training of unemployment and any compensations costs. 

 

                                                                         

 

   

 (1) 

 

In case of CNAAA site, CNEN do not demands impose any mean to raise financial resources. 

Instead, CNEN demands that they should be available at any time, even in case of premature 

decommissioning. Thus, a mixed strategy to raise funds (previous payment and costumers 

charging) are the best choice [16]. In attendance to CNEN nº133 standard, a cost estimative 

should be performed to give an idea of how much financial resources should be raised before 
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any of CNAAA NPP begins its decommissioning process (case of Angra 1 and Angra 2) or its 

operational life (actually case of Angra 3) [16]. 

 

 

6. CNAAA DECOMMISSIONING, COST ESTIMATIVE AND SCHEDULE 

BASE ON MULTIPLE REACTOR APPROACH 

 

All mentioned constraints and features are encountered at single or multiple NPP site and the 

have to be considered. Despite these, multiple NPP sites, like CNAAA site, have unique 

features which could affect costs, schedule and decommissioning strategy significantly, 

namely: possible different time scales of commissioning and decommissioning schedule of 

each NPP in the site, possible operational interference between decommissioning and 

operating NPPs, need of dedicated teams to decommissioning a NPP every time one of them 

reaches its final life, etc [7]. Thus, considering the multiple reactor approach, some practices 

are encouraged to optimize operations and reduce the costs, namely: employment of 

centralized auxiliary services, which shares maintenance, monitoring, inspections and 

security teams, workshops, treatment, storage or disposal facilities [7]. Some aspects 

discussed in the present work are already adopted in CNAAA site, as well as NPPs 

relationship. Thus, to CNAAA site, a little adjustment of actual routine should be performed 

during decommissioning, resulting in a reduced cost [13]. 

 

Based on actual multiple reactor approach, taking the method used by NRC to American NPP 

[6],[7],[54],[55], it was estimated the decommissioning cost for the whole CNAAA site (3 

PWRs NPPs) in about US$1,5 billion, with 25% of contingency. Regarding schedule, 

similarly to the presented in Figures 1, 2 and 3, was suggested to Eletronuclear a schedule 

which begins in 2024 and ends in 2080, with a safe storage period of about 40 years for 

Angra 1, of about 20 years to Angra 2 and of 7 years to Angra 3 to enable their dismantling at 

the same time [13]. It should to be mentioned that this estimated cost do not includes 

indefinitely waste storage or disposal of them since actually Brazil do not have any facility to 

receive the high volumes of wastes generated during decommissioning. Thus, despite it do 

not are the best practice, unless CNEN provides a suitable facility up to date of CNAAA 

decommissioning, wastes probably would be stored on-site just like operational wastes is, 

that is, on pools (for spent fuel cooling) and “Centro de Gerenciamento de Rejeitos” (CGR) 

storages buildings actually composed by “Depósitos Iniciais de Armazenamento de Rejeitos” 

(DIAR) and “Depósito Inicial do Gerador de Vapor” (DIGV), and in the future also in new 

building complex, actually under construction, the “Unidade de Armazenamento Complentar 

de Combustível Irradiado” (UFC) [13]. The only disposal facility in Brazil, located at Abadia 

Town, is an above ground repository where wastes from Goiania radiological accident 

occurred in 1987 are disposed. No other facilities exists despite CNEN has a study for future 

facilities [15]. 

 

 

7. DISCUSSION AND SUGGESTION TO ELETRONUCLEAR AND CNEN 

 
As presented along of the present work, there are several aspects and features that have to be 

considered during a NPP decommissioning. Despite the strategy presented to Eletronuclear 

for decommissioning CNAAA site seems to be suitable, it could be optimized considering its 

unique multiple reactor features, which strategy is encouraged to be applied to aiming to 

perform changes in decommissioning plan, reducing costs. Among other considerations the 



 

INAC 2015, São Paulo, SP, Brazil. 

 

following highlights: if there are no more intention to keep CNAAA site as a nuclear site, the 

shutdown, decontamination and finally dismantling and remediation of NPPs site have to be 

discussed in the view of time schedule, risks and costs involved. As practiced in other 

countries, is encourage to develop researches during decommissioning, contributing to 

enhance nuclear power sustainability. Researches could be performed about storage and 

disposal, immobilization matrices, suitable means to store safely RW, potential places to 

construct disposal facilities, suitable kinds of disposal facilities, decontamination and 

dismantling techniques, planning and schedule, among others. 

 

 

8. CONCLUSIONS 
 

This work presents the whole process decommissioning main aspects and schedule 

suggestions to Eletronuclear and CNEN about CNAAA site based on other NPP 

decommissioning studies. The CNAAA case was discussed about these main aspects as well 

as about the volumes and kinds of wastes it would expected to be produced. In addition, the 

main features of storage and disposal of RW was introduced and some highlighted 

considering the Brazilian context. Decommissioning costing aspects and methods to estimate 

its values was addressed also, complementing the discussion. 
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