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Abstract

The construction of nuclear reactors in Indonesia is moving towards a new phase marked by the decommissioning of nuclear reactors in Indonesia, namely Triga Mark II with the concept of waste and safety development. Indonesia has three reactors, all of which are research reactors for research. The Triga Mark II reactor began operation in 1965 in Bandung, West Java. Decommissioning of course concerns the age and consideration of the assessment of the safety factors of reactors that are more than 50 years old. The decommissioning of Triga Mark II confirms that Indonesia is focusing on its nuclear power management. Careful planning and increased cooperation among authority holders will be carried out.  In the past decade, Indonesia's nuclear landscape has undergone significant changes with the organization of comprehensive risk and safety assessments ('government regulation'). The successful decommissioning of the Triga Mark II reactor plays an important role in determining the sustainability and safety guarantees and protection of Indonesia's nuclear power utilization as well as the challenges of building the first power plant reactor.
1. INTRODUCTION
Triga Mark II 2000 Bandung Reactor is one of the Triga type reactors, which is located in Bandung and operated by National Research and Innovation Agency (BRIN). The Triga Mark II Bandung reactor began operating in 1965 at a power of 250 kW. In 1971 the reactor power was increased to 1000 kW. In 1996 reactor operations were discontinued to be upgraded to 2000 kW and completed in 2000 [1,2]. The Triga Mark II reactor is a research reactor as well as the oldest reactor in Indonesia, with an operational life of almost 60 years, so the Indonesian National Research and Innovation Agency (BRIN) together with the Nuclear Energy Supervisory Agency (BAPETEN) have planned their decommissioning process to improve and prevent reactor safety failures from occurring.
Currently, the decommissioning process is still focused on preparing decommissioning documents, then preparing and training existing human resources, as well as preparing the technology and strategy of the decommissioning process. Human Resources become the most decisive element in the decommissioning process [3]. The decommissioning of Triga Mark II Bandung will implement a deferred Dismantle strategy [4] with a period of 10 years from the decommissioning period of the reactor to its dismantle period. As a reference in the decommissioning process, the IAEA Safety Reports Series (SRS-77) and decommissioning regulations that have been made by the Indonesian government will be used. Currently the Indonesian National Research and Innovation Agency together with the Nuclear Energy Supervisory Agency has and will continue to conduct cooperation and training with the IAEA in order to improve the quality and qualification of personnel who will carry out the decommissioning stage.
Safety assurance is the epicenter of decommissioning, where the meaning of decommissioning is the process of removing radioactive material from surfaces with the aim of reducing dosage levels in facilities, preventing radioactive materials from spreading to the demolition chamber and environment and reducing radioactive waste [5] must not be lost. By applying deferred dismantle, there will be stages a delay after permanent shutdown during which the facility is maintained in a safe state (generally known as ‘safe enclosure’), pending its later dismantling. For this strategies, the structures, systems and components of a facility containing radioactive material are eventually removed and/or are decontaminated to a level that permits the release of the facility from nuclear regulatory control, either for unrestricted use or with restrictions on its future use [6]. 
The success of this decommissioning process must be emphasized on the sustainability aspect, emphasized in the emphasis on the implementation of sustainable development goals (SDGs), the need for sustainable and responsible production and consumption (SDGs12), the sustainability aspect in terms of waste treatment in all lines becomes something crucial, so that through the Triga Mark II Bandung reactor decommissioning which in the process reuses the site or infrastructure of the reactor,  and reduce radioactive levels where possible and undergo disposal procedures that meet government and IAEA standards.
IDENTIFICATION OF TRIGA MARK II REACTORS
Triga Mark II Bandung reactor is a type of research reactor from the Triga Mark II manufacturer, this reactor began operating February 20, 1965 in the city of Bandung, West Java Province, Indonesia. The Triga Mark II Bandung research reactor currently has a capacity of 2000 kW, with the following details:

TABLE 1.	GENERAL AND TECHNICAL DATA [7]

	Subject
	Detail

	Reactor Type
	Triga Mark

	Thermal Power, Steady (Kw)
Max Flux SS, Thermal (n/cm2-s)
Max Flux SS, Fast (n/cm2-s)
Moderator
Coolant
Natural Convection Cooling
Forced Cooling
Coolant Velocity in Core
Reflector
Reflector Number of Sides
Control Rods Material
Control Rods Number
Core Irradiation Facilities 
Reflector Irradiation Facilities
Construction Date
Criticality Date
	2000.00
5.1E13
2.1E13
H2O, ZRH
Light Water
Yes
No

Graphite, H2O
Circular
B4C
5
5
1
1961/01/01
1964/10/19



TABLE 2.	FUEL DATA [7] 

	Subject
	Detail

	Origin of Fissile Material
	USA

	Equilibrium Core Size
Rods per Element
Dimensions of Roads, mm
Cladding Material
Cladding Thickness, mm
Fuel Material
Fuel Thickness, mm
Uranium Density, g/cm3
	103; 4 Fuel Follower Control Rods
1
37.46 X 720.60
SS
0.254
UZRH
36.45
5.95 & 6.42



From the data above, it is known that the reactor has tanks was 6553 mm high, 1981 mm in diameter, and 6 mm thick; made from the aluminum alloy 60-61-T651. The tank will be changed to a height of 7553 mm, with the same diameter, thickness and material type. The core configuration will be changed from an annular form to a hexagonal form, and the number of control rods will be increased from 4 to 5. Concepts such as the Triga Mark II concept in general which rely on Graphite and H2O as reflectors and ZRH with H2O as the moderator (Table 1) the use of UZRH fuel with a Uranium density of 5.95 and 6.42 will provide heat of around 900 Celsius in operation, and light water as a moderator will run the heat cycle that occurs in a safe state in full operational conditions, the reactor will have 100 fuel elements. Since the upgrade of power up to 2000 kW there has never been an emergency situation, and activating a system called ECCS (Emergency Core Cooling System), the ECCS system is a system that maintains the reactor if the normal reactor cooling system does not function, this system will maintain fuel integrity so that the temperature is maintained not exceeding the maximum (not exceeding 970 C). [8]
The safety culture in the operation of the Triga Mark II Bandung reactor is also very well executed. As a safety evaluation standard, BAPETEN applied Indonesian Governmental Regulation and the nuclear safety provisions, which are established by BAPETEN or BRIN, such as: 

Governmental Regulation No. 64/2000, ‘Licensing of Nuclear Energy Utilization’; • Chairman Decree of BAPETEN, No. 05/1999, ‘ Provision for Design Safety of Research Reactor’; 
Chairman Decree of BAPETEN, No. 06/1999, ‘ Construction and Operation of Nuclear Reactor’; etc.
IAEA safety standard, ASME, etc.
DECOMMISSIONING METHODOLOGY AND STRATEGY
Preparatory Stage 
In order to achieve this stage, a fuel decontamination scheme is needed in accordance with transportation requirements, so an immediate facility is needed at the Triga Mark II Bandung Reactor for fuel disposal, the scheme needs to include fuel inspection, packaging, protected release from the reactor tank, drying, and removal for further transportation to dry storage.  
The preparation stage must include all safety research and assessment which ends in the safety report considering the design, flow of the decommissioning process, all operating instructions and the ability and availability of human resources in carrying it out, if all safety indicators in the safety report have given appropriate and safe marks, then the next process can be carried out.
At this preparatory stage, it is also necessary to cooperate in preparing both technical and non-technical strategies, because Indonesia has never carried out a complete decommissioning reactor before, so cooperation with the state and the IAEA is the key so that the implementation during the decommissioning process can be carried out smoothly and the ALARA principle (as low as reasonably achievable) can run.
Assistance from many parties is needed, especially when the process of transporting fuel rods and inventory of elements that weigh approximately 890 tons of core elements that have the highest radioactive activity in the reactor [9] ELEMEN Again the safety aspect of both workers and operators and the community must be a priority, assessment with other parties, especially the IAEA will provide a more objective assessment of whether the safety aspects have been met before the decommissioning stage is carried out.
Fuel removal stage 
Activity Assessment in Reactor Pool 
Activity in the reactor pool is measured comprehensively so that the method of transferring fuel and water in the reactor pool can be known.
Fuel Transfer
The process of removing fuel from the reactor will be carried out by inserting fuel into a special container with the appropriate fuel container shape, namely the cylinder. Also carried out is the transfer of reactor pool water to special containers and media.
Analysis of the activity of former containers and ceramics of reactor pools 
After the transfer and transfer of fuel and reactor pool water, an analysis was carried out on the elements of the former reactor operation, starting from control rods, all metal marks to ceramics in the triga mark II Bandung reactor pool, if there is no contamination, special tereatment is not carried out in the decontamination process.
Disassembly Stage 
This stage is carried out after the fuel and water transfer of the reactor pool is complete and suitable for the decommissioning process to continue without contamination, the bombing stage is carried out through 2 stages based on the type of radioactivity.
Disassembly of Intermediate Level Elements
Disassembly of reactor elements with moderate radiation levels and radiation risks, namely dismantling core components (control rods, grid plates, rotary specimen racks, pneumatic transfer systems, bellows, detector support, reflectors) then cooling system parts (primary cooling subsystem, heat exchanger subsystem, diffuser subsystem and water purification subsystem).
Disassembly of low-level elements
The demolition of low-level elements is based on the level or level of low radiation risk, consisting of residual facility elements that still have low radiation levels, namely graphite reflectors and aluminum that coats them, all types of elements that still have a radiation activity level of less than 6 μSv / Hour (According to Government Regulations) are included in this category.
Decontamination Stage 
After all stages of disassembly are over, parts of the reactor elements that are contaminated and exceed the threshold dose limit value and do not allow to be moved must be decontaminated both element by element and the reactor building as a whole. the radionuclide of most concern is 60Co, other radionuclides of concern are 54Mn, 65Zn and 55Fe. Also, Tritium and l4C may be found in graphite. components will be decontaminated by a harsh chemical solution to remove surface contamination. Readiness in this process plays a very important role because it concerns the safety of the environment and the community.
Review Phase 
As explained earlier, external parties through cooperation between countries and the IAEA will be important, one of which is by testing and comparing standards in improving quality and capabilities in the future, especially the IAEA, of course, will then provide reports and assessments of the success of decommissioning.
SAFETY MANAGEMENT
IAEA Safety Guide 
In accordance with the lAEA GSR Part 6 standard "Decommissioning of Facilities" [9], decommissioning should have three main principles related to the sustainability of nuclear activities namely; safety, cost efficiency, and assurance of long-term environmental sustainability. There are three general requirements outlined in the IAEA's facility decommissioning procedure in terms of protection of people and protection of the environment from radiation hazards, namely: 
Optimization of protection and safety in decommissioning; 
Graded approach in decommissioning; and, 
Decommissioning safety assessment.
First, in terms of Optirnization requirements, exposure obtained from decommissioning activities is considered a planned radiation imposition situation and the corresponding requirements of radiation safety provisions must be applied during decommissioning. Limitation precedes the calculation of optimization, the process is carried out on the basis of determining existing limitations, all radiation protection activities that have been planned so as to cause planned exposure must continue to be tried to be reduced in order to truly reduce the potential for accidents during the decommissioning process, then radiation protection to the environment must be carried out during the process and afterwards if it will be reused elsewhere in the future.
Second, in terms of the graded approach, this second condition must be applied to all aspects of decommissioning. In determining the scope and level of detail of any particular facility, and must be consistent with the radiation risks that may arise from decommissioning activities.
Third, regarding safety assessments, this process should be carried out for all facilities that plan and carry out decommissioning. Safety assessment is the most important part of the Decommissioning Final Plan document. It is recommended that safety assessments be prepared based on IAEA GSR Part 4 standards [10], and should be carried out to analyse all actions and incidents that may occur during decommissioning. 
In the implementation of decommissioning, emergency response arrangements in accordance with the potential hazards must be established and maintained. These arrangements should be prepared in accordance with IAEA GSR Part 7 standards [11]. Any incident that is important to safety must be reported to regulatory bodies in a timely manner.
Safety Assessment
In the decommissioning plan, safety assessment is an inseparable unit because it is integral and binding. The operational actors, in this case, the permit holder is fully responsible for providing and analyzing further safety which will then be reviewed by the supervisory body. All assessments must be in accordance with those in the field, all assessments are based on empirical and analytical research implementation, especially through the manufacturer, namely the Triga Mark II reactor type. In the event that the implementation of the assessment there are indicators that have not met the requirements, the implementation must be postponed until it is fully possible and in accordance with existing regulations.
Protection measures require safety systems at operational installations during the decommissioning period because radiological and non-radiological hazards are involved in decommissioning activities, all potential hazards must be identified both for nuclear radiation protection, safety requirements, and for nuclear radiation protection. The stages and processes of the protection guide may change due to sudden differences in field conditions, so mitigation of possible procedure failures must be a supplement to the decommissioning process, but must still be reported and received national approval from BAPETEN.
The safety assessment will assist in the identification of engineering and administrative arrangements to be carried out to ensure the safety of the decommissioning process during all phases of implementing the decommissioning strategy and will assist in the selection of specific decommissioning options. If the decommissioning process has been carried out, all activities must be documented as a condition of review where each decommissioning process must be reviewed periodically to ensure that the process is running as it should.
Safety assessments can identify a number of significant non-radiological hazards during the decommissioning phase that are not typically encountered during the reactor's operational phase. These include, for example, hazardous materials that can be used during decontamination, disassembly and unloading activities, as well as lifting and handling heavy loads. The implementation of safety assessment must be published as an effort to be transparent and provide updates and guarantees on safety to the community.

TABLE 2.	SAFETY ASSESSMENT AND MONITORING 

	Assessment
	Mitigation
	Monitoring

	Beta-Gamma exposure
	Limited Access, Time and Distance
	Personal dosimetry, daily surveys

	
Falling material on the facility

Airborne Dust or Radio Nuclides


The presence of noise pollution


Loose Surface Contamination

Too high temperature and pressure

Hazardous chemical spills

Chemical Oxidation Occurs

Radioactive material falls and exits its storage container

	Wearing a helmet according to standards

Water fogger Respirators HEPA filtration units


Using standard ear protection

Anti-contamination clothing Cleanup/decontamination SS
Ventilation and ensuring good air circulation
Using PPE according to operational standards 
Using HEPA masks and respirators

Evacuate materials as soon as possible, with distance restrictions and return in material containers
	
Checking each connection before disassembly


Whole-body counts Continuous air sampling Grab air sampling


Physical examination


Surface Chemical Content Checking

Regular temperature and pressure checks before starting operations

Air and surface sample checking

Checking the oxidation level of chemicals and conducting air sampling
Observation of the surrounding state before the transfer of all radioactive materials


Occupational Radiation Protection
The Occupational Radiation Protection (OR2P) program of the Triga Mark II Bandung research reactor decommissioning project is applied based on IAEA GSR Part 1-2 in order to maintain the working principle of ALARA consisting of a series of policies, procedures, and instructions put in place to protect workers, public generals and the environment. Where the objectives of the Occupational Radiation Protection Program include:
Make an assurance of the health and safety of personnel;
Provide a protection program that includes the basic principle that radiation exposure is as low as possible; 
Keep radiation exposure from hitting the community; 
Maintain environmental sustainability from radiation exposure; 
Maintain uncontaminated materials so that they are not in a contaminated state; 
Evacuate contaminated materials and decontaminate if possible; 
Ensure the entire facility meets all radiological deactivation requirements and is ready for release for unnecessarily restricted use; 
Allows it to be recycled and applied to other applications.
Hazard and Operability Study Programme (HAZOP)
This program assesses aspects of Environmental Health and Safety, decommissioning activities must be based on safety assessments that have been made previously, worker health is a priority in order to carry out health and safety procedures and their application for workers and the community is evaluated and included in routine reports.
HAZOP specifically addresses aspects related to: 
Examination and clearance of personnel, namely physical condition along with fitness and training; 
Special training or drill is related to technical beyond nuclear and radiation handling such as countermeasures of toxic chemical hazards, material treatment, etc.; 
Decommissioning program audits are related to vital and central aspects; 
Documentation of routine inspection results along with adaptation to changes to audits and inspections carried out.
Safety Support Groups
Consists of radiation protection officers (RPOs), safety officers and quality assurance (QA) personnel to ensure that support is forthcoming for:
Review the implementation of radiation protection and safety; 
Provide input to radiation workers if there is an error and change in field implementation; 
Ensure that the decommissioning is carried out in accordance with operational guidelines; 
Guarantee First aid measures for accidents in the implementation of decommissioning.
wasTE MANAGEMENT
Liquid Waste
Triga Mark II reactor liquid waste is dominated by reactor pond waste water with a volume of approximately and with the deffered dismantle method, liquid waste will then be taken to the decontamination center at the Radioactive Waste Management Development Center (RWMDC) using special transportation of liquid waste, considering that liquid waste has medium to low radiation levels, if in high conditions it must be carried out special treatment in the form of Chemical Precipitation capacity 0.80 m3/h. Evaporation, ion exchange and filtration have been widely used in the treatment of liquid wastes [12].
Ion exchange is not a priority choice because the process is expensive and only optimal if used at low level radioactive wastes. Besides being expensive, Ion Exchange is also only very useful in decontaminating Cesium, where the Triga Mark II reactor is dominated by Uranium and Co-60 waste. Meanwhile, reverse osmosis and filtration is a novel process of low level radioactive waste management [13], and has been widely used using different types of membranes. The age of the Triga Mark II Bandung reactor is almost 60 years, so there are challenges to overcome a lot of waste, with a lot of waste, of course, a large storage volume is needed, costs need to be calculated as well, the aspect of long-term assurance is a priority over the efficiency of the costs incurred.
Solid Waste 
Solid waste generated from Triga Mark II Bandung, especially tiles in reactor ponds. Tiles are thoroughly cleaned before removal. Debris is collected in steel drums. The direct dose of tiles is negligible, however, the tiles on the floor of the reactor pool have a high dose due to the direct irradiation of these tiles, which are therefore isolated from other tiles. Analysis of these tiles will reveal the presence of these isotopes: 152Eu, 154Eu, 60Zn, 47Ca, and 46Sc. Total activity will be around 2200 Bq/kg while other tiles that are not directly exposed will be 37 Bq/kg. The waste is packed in more than 50 drums with a total volume of about 15 m3. Another source of solid waste is aluminum pipes discharged from primary cooling systems. It is washed to remove loose contamination. The pipes can be categorized as inactive but as well as having negligible fixed contamination. These pipes are also disposed of as solid waste from the results of later decontamination.
Reuse Plan
With the decontamination of the Triga Mark II Badung reactor facility, some facilities can still be reused, with a limited release method in the decommissioning process, then after the dismantle process is complete, some facilities can still be reused, especially the location and several reactor operational support facilities, to support sustainable development efforts are needed Responsible efforts for the use of reactors that have been decommissioned, do not let facilities that can still be used are not used properly, because the success of reuse shows that the used equipment and facilities have met the standards of safety and sustainability. There are several scenarios that can be implemented in carrying out the Reuse procedure:
All equipment and facilities that have been abandoned, must first be measured radioactive activity; 
If the radioactive activity is below the dose limit value, an assessment of the quality of the material is carried out, at a site site, a site review is carried out to ensure; 
After the material is still suitable for use, then the supervisory agency (BAPETEN) records and issues a memorandum of goods outgoing; 
Reuse is only intended for research purposes and improving the quality of nuclear power innovation so that there are sustainability aspects that are right on target.
SUSTAINABILITY RESPONSIBILITY AND FUTURE CHALLENGES
The main purpose of the decommissioning of Triga Mark II Bandung is to ensure that there is an improvement in the quality of nuclear technology, so that reactor facilities that are almost 60 years old with the last upgrade 20 years ago must be replaced even though the implementation, safety culture, and workings of the reactor are still very good. Decommissioning is not only about dismantling a nuclear facility, stopping operations and shutting down the system but also must improve the quality of previous technology that has been obsolete, there must be sustainability in this case which is contained in SDGs point 12.
Before sustainability is necessary, safety is guaranteed, because without safety there is no sustainability, nuclear must be known for a safe work ethos and principles, not the other way around. Sustainability is also not just about continuing a cycle of advances in nuclear technology, but sustainability is about continuing and running the cycle of safety from all sides.
The successful decommissioning of the Triga Mark II is a great momentum in the journey of nuclear power and its development in Indonesia which has been started since 1965, because this success will again spur acceleration and guarantee of the challenges of building the first Indonesian power reactor which until now still does not exist and continues to be awaited by the young generation of Indonesian nuclear. The success of the decommissioning of Triga Mark II Bandung will also illustrate that Indonesian human resources are capable, and can establish a stunning network of cooperation. As well as proving that the implementation of Responsible consumption and production to support SDGs12 in the aspects of waste treatment, waste reduction and infrastructure sustainability responsibility affected by the decommissioning process is carried out optimally.
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