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Abstract

:

The operating license of Kori units 3 and 4 are to be expired in 2024 and 2025. If the plants are decided to be decommissioned, the spent nuclear fuels in the spent fuel storage pool (SFP) have to be removed from the site. However, no proper storage facility is currently available in Korea. To overcome the difficulty, this study proposes application of an independent temporary SFP cooling system. It is expected to safely isolate the SFP from the plant. The case study conducted showed this concept is achievable and technically mature. Moreover, the installation cost per unit is USD 9.51 million obtained from an analogous estimating. This is much lower cost than the dry cask options. Then, system requirements and applicable design are developed. Maximum heat generation of unit 4 is estimated as 1.67 MW, through fuel characteristics categorizations and ORIGEN calculations. To remove the decay heat, installation of an indirect air-cooled method is selected by evaluating three cooling methods. The modification includes new heat exchanger, secondary cooling pumps, and chillers. Furthermore, two single failures are considered; cooling pump and normal power. This can be covered by two redundant trains and a back-up diesel generator provided.
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1. Introduction


Nuclear energy has been providing a safe, stable, and economic source of electricity in Korea. Now, some early nuclear power plants are reaching end of the design life. For example, Kori units 3 and 4 are 950 MW pressurized water reactor plants. They started commercial operation in 1985 and 1986, so the validity of the current operating licenses will end in 2024 and 2025. The plants may shut down permanently for decommissioning or may continue the operation through the operating license renewal process. In any case, it is important to establish a proper spent nuclear fuel (SNF) management plan as early as possible. Particularly, temporary storage for the spent nuclear fuels has to be prepared before the decommissioning activities. Spent nuclear fuels emit high level of radiation and decay heat. Therefore, they have to be removed before the decommissioning activities to support the radiation safety of the workers and an efficient decommissioning project management. However, currently no available storage facility can be found in Korea. According to a recent plan, preparation of an interim storage would take 20 years, and that of a permanent disposal facility would take 37 years [1]. Furthermore, utilizing dry storages may have potential difficulties due to a limited supply of the casks and the opposition of the people.



One alternative to overcome this difficulty is a temporary SFP cooling system independently operated from the plant. The essential concept of this system is to isolate the spent fuel storage pool from the plant systems while the spent nuclear fuels are being stored inside. Therefore, the system is required to provide radiation shielding and cooling for the spent nuclear fuels. In addition, the components are mechanically and electrically independent to other systems, so other parts of the plant can be decommissioned. This can be achieved by modifying current SFP cooling system.



SFP cooling system in the normal operating condition is the spent fuel pool cooling and cleanup system (SFPCCS). The design basis of the SFPCCS specifies cooling capacity for a normal operation and residual heat, single failure, earthquake, and inspection. The summary of the SFPCCS system design basis are listed in Table 1 [2].



Schematic of the primary loop of SFP cooling system in normal operating condition is shown in Figure 1. To comply with the system design basis, the SFPCCS is composed of two redundant trains. Each train has two closed-loops; primary and secondary loop. Primary loop transfers the decay heat to the heat exchanger. Secondary loop receives the heat through the heat exchanger. Then, the secondary loop dissipates heat to the ultimate heat sink through the component cooling water system (CCWS) and the nuclear service cooling water system (NSCWS).



On the other hand, a study estimated the costs for a spent fuel pool island (SFPI), concrete casks, metal casks, and duel-purpose casks. The SFPI is one application of the temporary SFP cooling system in the U.S. The cost analysis included the inflated, escalated, and discounted costs for the installation and 10 years of operation and maintenance (O&M). The results indicate an economic advantage of the SFPI application compared to the dry storage options as shown in Table 2 [3].



The cost is often estimated by directly looking at the proportion of the project sizes. In this case, applying accurate input parameter becomes significantly important. As the cooling performance is the main function of the system, it is reasonable to assume the cooling capacity is proportional to the project size. Therefore, properly estimated cooling capacity would provide more accurate results.



A study conducted in 2021 evaluated decay heat of Kori units 3 and 4. ORIGEN of SCLAE 6.2 developed by Oak Ridge National Laboratory (ORNL) was mainly used. The calculation results are shown in Table 3 [4].



This study very broadly categorized the spent nuclear fuels. For this reason, it may not reflect the realistic conditions of the characteristics of the spent nuclear fuels in the pool. Hence, more accurate conditions can be applied to obtain more accurate results.



The purpose of this study is to investigate application of a temporary SFP cooling system for decommissioning of Kori units 3 and 4. This begins with a feasibility study covering technical, political, and economic aspects. Then, the system requirements of the temporary SFP cooling system are discussed. Maximum decay heat is estimated to decide the cooling capacity. In addition, possible single failure scenarios are developed. Finally, three alternatives are listed and evaluated for cooling the spent nuclear fuels in the pool. All alternatives have been successfully practiced in other decommissioning sites. For the evaluation process, five main criteria are sorted which show significance and clear dissimilarity among alternatives. Then, configuration of an applicable system design is suggested. In addition, major components are listed and required capacities of the components are estimated.




2. Feasibility


2.1. Case Study


A case study has been conducted on the similar practices in the U.S. This work is mainly to observe whether the technology is mature enough to be achievable in Korea. For this, conditions of the SFP, cooling methods, and configurations of the system are investigated. All plants studied had pressurized water reactors and similar plant configurations to Kori units 3 and 4.



2.1.1. SONGS Units 2&3


The SONGS units 2 and 3 were located in San Clemente, California. The reactor types were pressurized water reactors with the thermal and electrical capacity of 3438 MWt and 1127 MWe. The plants had been operated since 1982, and permanently ceased the operation in 2013. For the decommissioning of the plants, independent spent fuel pool cooling system (ISFPCS) was introduced. The main purpose of the ISFPCS was to temporarily store the spent nuclear fuels for decommissioning until the spent nuclear fuels would be safely transferred to the on-site dry casks, also known as independent spent fuel storage installation (ISFSI). The location of ISFPCS components was behind the spent fuel buildings, outside of the containments and other plant buildings.



At the permanent shutdown, 1318 spent nuclear fuel assemblies were stored in the unit 2 SFP and 1350 spent nuclear fuel assemblies were stored in the unit 3 SFP. The maximum decay heat load generated from the spent fuel assemblies was reported as 2.36 MBtu/h (0.692 MW) in 30 June 2016, including additional contingency dry storage canister (DSC) offload of 0.127 MBtu/h (0.0372 MW). To measure the heat load of the pool, NUREG-0800, Residual Decay Energy for Light Water Reactors for Long Term Cooling, was referenced. 10% of uncertainty factor was considered, and conservative outside air temperature was assumed as 120 °F (48.9 °C) while maximum actual temperature was recorded as 108 °F (42.2 °C). The maximum decay heat load could be well covered by the ISFPCS capacity of 3.0 MBtu/h (0.879 MW), with the 2.4 MBtu/h (0.703 MW) of single chiller installed [5].



The ISFPCS consists of two closed loops; a primary cooling loop and a secondary cooling loop. A purification line is attached on the primary cooling loop. The ultimate heat sink is provided by the outdoor air through additionally installed chillers on the secondary cooling loop.



On the primary cooling loop, major components are two 100% capacity pumps and a 100% capacity plate type heat exchanger. To achieve a higher efficiency, the original heat exchanger was replaced. The new heat exchanger was a plate type which generally shows a higher efficiency than a shell-tube type. Also, two ion exchangers (IXs) are provided to purify the cooling water of the primary cooling loop. The major components of the secondary cooling loop are two 100% capacity pumps and a 200-ton chiller. There is an additional chiller commonly used by both units, in the case of a component failure or maintenance. Hence, total three chillers are installed for two units.



To monitor the operating parameters of the ion exchangers, local sample points are provided. In addition, temporary submersible purification system is provided when the primary purification system unavailable. An air compressor is equipped for providing motive force of the priming pump, operating IX air operated valves (AOVs), and pressurizing the secondary cooling loop surge tank bladder. Furthermore, a back-up diesel generator is provided in a case of a power failure. This is installed to support essential bus as an emergency electricity source. The design classes of ISFPCS are Quality Class III-AQ and Seismic Category III [5].




2.1.2. Maine Yankee


Maine Yankee was a single unit nuclear power plant located in Wiscasset, Maine. The size of the reactor was 900 MW, and operated from 1972 through 1996. The plant permanently shut down in 1997. There was a replacement of the air-cooler fans due to an increased level of noise. The cost for the replacement was reported as about USD 160,000, and the modification was completed in 1998 [6].



System requirements of the SFPI was to remove the maximum heat load of 3.3 MBtu/h and the maximum heat-up rate without cooling of 1.08 °F/h [5]. Hence, the amount of the maximum decay heat estimated is close to those of the Kori units and the SONGS units.



The major components are two cooling pumps, a SFP heat exchanger, and the fan-powered air coolers. The location of the coolers is outside of the plant building. The major cleanup components of the SFPI are surface skimmers, a purification pump, filters, and a mixed bed demineralizer. In addition, a diesel generator was prepared as a back-up power supply.




2.1.3. Trojan


Trojan NPP was located Columbia County, Oregon. Capacity of the reactor was 1130 MW. The plant had been mostly owned by Portland General Electric (PGE). Trojan NPP started its commercial operation in 1976, and the plant was permanently shut down for decommissioning in 1993. The spent nuclear fuels had been stored in the SFP, and the 791 spent nuclear fuel assemblies were transferred to 34 dry casks of the ISFSI site in 2003. The spent nuclear fuels will remain at the Trojan site until the federal government takes them to place at a central storage facility.



The actual decay heat was initially about 3.4 MBtu/h, but it becomes about 0.9 Mbtu/hr five years later. To remove the decay heat, modular SFP cooling and cleanup system is used. The system adopted a direct air-cooled modular chiller. In addition, the modular chiller system was leased from a qualified vendor. [6]. The main components of the modular cooling system are two 100% cooling pumps to circulate the SFP cooling water, a filter, a demineralizer, and two air coolers. The cooling pumps are centrifugal type with 250 gpm at 160 feet of head [7]. The modular SFP cooling and cleanup system is a simpler system with the lowest expected capital cost compared to other alternatives. However, the maximum heat load of Trojan NPP is smaller than other SFPI cases. Hence, the temporary SFP cooling system for Kori units 3 and 4 should be designed for a greater heat removal capacity.





2.2. Cost Analysis


2.2.1. Installation Cost


A report estimated the installation cost of ISFPCS of SONGS units 2 and 3 as shown in Table 4 [8]. The total installation costs for the units are estimated as about 8.54 million U.S. dollars. The cost for one unit can be obtained by halving the total cost; which is obtained as 4.27 million U.S. dollars in 2017.



An analogy cost estimating technique is based on the actual historical data, and provides quick, readily understood, and accurate for minor deviations from the analog [9]. As the plants share similar conditions, the deviations required for the temporary SFP cooling system of Kori units 3 and 4 will be limited from other previous practices in the U.S. In addition, many parameters are still not decided for the temporary SFP cooling system. Hence, an analogy cost estimating technique is expected to yield comparatively reliable results under given conditions. Generally, an analogy estimating can be performed by Equation (1). The scale factor, x, indicates the economies of scale. Scale factor can be neglected as the cost for equipment is likely to show linear increment to the heat load capacity [10]. Generally, the price of chiller proportionally increases based on the capacity increases according to a report of the industry [11]. Therefore, it is assumed that the value for the scale factor is set as one in this cost estimating process.


     C 2     C 1    =    (     Q 2     Q 1     )   x   



(1)




where C2 is the cost of Project 2 to be estimated with known capacity Q2, C1 is the known cost of Project 1 with capacity Q1, Q2 is the known capacity of Project 2, Q1 is the known capacity of Project 1.



In the case of SONGS units 2 and 3, the total cost for the ISFPCS installation was estimated as 4.27 million dollars per unit. The maximum heat load recorded was 3.0 MBtu/h (0.879 MW). The maximum heat load of Kori units 3 and 4 estimated in this study of this study is 1.67 MW (5.68 MBtu/h). Then, the estimated installation cost for the temporary SFP cooling system is obtained as 8.08 million U.S. dollars. However, the result reflects the price in 2017. Hence, the inflation rates have to be applied to yield the cost in the year of the project starts. As the operating licenses of Kori units 3 and 4 end in 2024 and 2025, it is assumed that the project for installing the temporary SFP cooling system starts in 2024 and 2025.



Producer price index (PPI) including goods and services can be the most adequate reference in this case. The average annual inflation can be calculated by Equation (2).


   i η  =  [   (     P η     P  η − 1      )  − 1  ]  × 100  ( % )   



(2)




where iη is the average annual inflation rate of the year, and Pη is the producer price index in the year. The producer price index and average annual inflation of goods and services provided by Bank of Korea is shown in Table 5. From the information, the average of the producer price index in the recent five years is calculated as 2.26%.



Now, the price considering inflation can be calculated by Equation (3).


   x η  =  x  η − 1    (  1 +  i η   )   



(3)




where xη is the estimated cost in year η, and iη is the average annual inflation rate in year η. The inflation rates of the years after 2021 are assumed the same as that in 2021. Now, the net positive value (NPV) of the installation cost in each year is obtained as shown in Table 6.



Therefore, the installation cost for the temporary SFP cooling system for each unit is estimated as 9.51 million U.S. dollars in year 2025.




2.2.2. Operating Cost


Korea Hydro and Nuclear Power (KHNP) is a public enterprise that owns and operates the nuclear power plants in Korea. Before the termination of the operating license, KHNP will still have the ownership of the nuclear power plants. For this reason, KHNP will have the ownership and responsibility for operating the temporary SFP cooling system. It is difficult to estimate the operating cost because most operating cost data of KHNP is not disclosed to the public. Also, many types of fixed cost; for example, insurance, taxes, salaries, utility expenses, and legal expenses, are combined with the operating costs for the plant. However, the operating cost can be reasonably small because most fixed costs are already included. Moreover, the company has been developed useful resources including experienced employees, operating data and operating systems. This would support much more effective operation of the temporary SFP cooling system, and a smaller operating cost eventually.






3. System Requirements


3.1. Cooling Capacity


3.1.1. Decay Heat Estimation


Decay heat from the spent nuclear fuels has to be estimated to decide required cooling capacity of the system. It is assumed that no transportation of spent nuclear fuels with other plants as the exact transportation history is not available to the public. Another assumption made is that the spent fuel storage pool is fully saturated from the 40 years of operation. The spent nuclear fuels are assumed to have been uniformly generated every year. The maximum capacity of spent fuel storage pool of Kori units 3&4 is 2260 spent nuclear fuel assemblies [2]. Hence, it is assumed that the spent fuel storage pool is fully saturated with 2260 spent nuclear fuel assemblies at the point of the permanent shutdown. In addition, uniform generation rate of 56.5 spent nuclear fuel assemblies per year is assumed. In a study, annual spent nuclear fuel assemblies generated from Kori 3 and 4 was estimated as 22 MTHM equivalent to 52 fuel assemblies [12]. Therefore, 56.5 assemblies of annual generation can be a reasonably conservative value for the decay heat estimation.



On the other hand, as the nuclear fuel technology has been advanced for several decades, the commercial nuclear fuel models used in the plant have been changed. General trend acquired from the operating data of KHNP indicates a trend of increased burnup rate of the spent nuclear fuels. The graph of the average burn rates is shown in Figure 2.



Majority of the nuclear fuel types used in Korea are Westinghouse standard fuel assembly (W-STD), Westinghouse optimized fuel assembly (W-OFA), Korean optimized fuel assembly (KOFA), robust fuel assembly (RFA), Vantage 5H, and ACE7 [13,14]. The summary of the nuclear fuel supply history is shown in Figure 3.



Another study suggested a conservative approach to the reference burnup rate of spent nuclear fuel assemblies at 55 GWd/tU supported by the burnup rate prediction for the future fuels. The result of the burnup rate prediction showed in the range of 38.8~52.9 GWd/tU in 95% confidence interval [15]. On the other hand, another study presented that among the spent nuclear fuels stored in Korea, 99.8% of assemblies showed less than 55 GWd/tU burnup rate, and 85.2% of the spent nuclear fuel assemblies showed less than 45 GWd/tU [16].



From the data collected, seven representative spent nuclear fuel groups are created for more systematic approach. The burnup rates of each group is set to be higher than the maximum burnup rates of the nuclear fuel types to more conservatively assume the parameters. For example, burnup rate of 55 MWd/tU is decided for the spent nuclear fuel groups generated from 2010 to 2025. This is well higher value than the actual average burnup rate which generally does not exceed 50.0 MWd/tU from the operating data. For the same purpose, the shortest cooling times are considered for each group. Meanwhile, minimum five years of cooling time is assumed for all groups. The Korean government enforces the spent nuclear fuels to be cooled at least for five years before delivering [17]. Although the detailed guidelines have not been clearly decided, it is highly probable that five years of minimum cooling time will be also applied before a major modification on the spent fuel storage pool cooling system. Now, the summary of the representative spent nuclear fuel groups are shown in Table 7.



Kori unit 4 will cease the operation one year after the shutdown of unit 3. Therefore, all spent nuclear fuels of unit 4 will experience shorter cooling time. For this reason, the value for estimated decay heat of unit 4 is used for the cooling capacity of the system, which is a more conservative value than that of unit 3. The maximum decay heat generated of unit 4 is estimated as 1.67 MW as shown in Table 8. This indicates 736.5 watt of decay heat generation per assembly. The actual maximum decay heat recorded in SONGS units 2&3 was 0.69 MW from 1350 assemblies, and this indicates that 512.3 watt of heat had been generated per assembly [5]. Therefore, the results present 44% greater decay heat estimation compared to the real case.




3.1.2. Required Cooling Capacity


From the current system requirements of the SFPCCS, it can be found that the pool is considered to be safe when the pool temperature is maintained less than 48.8 °C. As the major conditions of the temporary SFP cooling system will remain the same with the current SFPCCS, the spent nuclear fuels are considered to be safe when the pool temperature is maintained less than 48.8 °C. As the decay heat from the spent nuclear fuel is the only heat source of the pool, the temperature can be maintained as long as the cooling system is capable of removing the maximum decay heat. Therefore, the temporary SFP cooling system shall be able to remove 1.67 MW, estimated maximum decay heat, in order to safely maintain the pool temperature less than 48.8 °C.





3.2. Single Failure


The current SFPCCS has to comply with the cooling capacity in a case of single failure of any component. Three possible single failures are considered here; a unit failure of the cooling pump, failure of both normal and preferred power supplies, and failure of power supply bus to one train [2]. Based on this, two applicable single failure cases of the temporary SFP cooling system are developed as shown in Table 9.




3.3. Design Classes


Current SFPCCS also has design basis for the categories of the earthquake and the inspection. The categories are directly related to the design classes, so the design classes have to be specifically guided before the design of the system. For example, safety class, seismic category, and quality class shall be decided for the related structures, systems, and components (SSCs).



Many cases of lowering design classes of SSCs can be found in the U.S. as shown in Table 10 [18]. The main reasons are reduced heat loads in decommissioning phase, in the case of an accident, response time would significantly increase, potential radiation doses to the air would be far below the limits, and passive safety function for protecting fuel claddings would be done by the pool inventory. They also developed a temporary classification for decommissioning; important to the defueled condition (ITDC). Therefore, the design classes may need to be re-classified to an appropriate level considering the special conditions of decommissioning.



Currently, the most relevant guidance in Korea is chapter 10.2 of KINS/RS-N10.00 [19]. However, this mostly focuses on the normal operating condition, and it does not clearly reflect the conditions of decommissioning. Hence, more detailed guidance has to be established to realize the temporary SFP cooling system.




3.4. Applicable System Requirements


Finally, the system requirements for the temporary SFP cooling system is decided as shown in Table 11 [2].



More discussions among the stakeholder are needed in order to decide details of the system requirements. First, mutual understanding should be established on the different plant environment of a normal operating condition and a decommissioning condition. Active discussions have to be taken place to achieve this in a given time. Then, a specific regulatory guidelines can be decided for the specific system requirements of the temporary SFP cooling system.





4. System Design


4.1. Cooling Method Selection


The current secondary cooling loop of the SFPCCS has to be completely modified to isolate the SFP and the spent nuclear fuels from the plant. Therefore, some alternatives for the cooling method are evaluated to find the most suitable cooling method for the temporary SFP cooling system. Three alternatives for the cooling method are listed in Table 12. Actual practices in decommissioning of a nuclear power plant can be found in all three cases.



Then, each alternative is evaluated by comparing each other. Five main criteria; safety, technology, regulation, economy, and decommissioning are considered in this process. Some potential criteria have difficulty in comparing due to similar characteristics among the alternatives. For example, danger of sabotage or theft of radiation material would be in a similar degree as long as same SFP is used. In this case, they are not considered if no considerable risk is expected.



4.1.1. Ocean-Cooled, Indirect Heat Exchange


A brief configuration of an ocean-cooled indirect heat exchange system is shown in Figure 4. The alternative has a similar configuration to the current SFPCCS. Two closed cooling loops exist; a primary cooling loop and a secondary cooling loop. The decay heat from the SFP is transferred indirectly through a heat exchanger. Main components are a primary cooling pump, a heat exchanger, a secondary cooling pump, and an intake structure. The heat generated from the SFP is transferred through the primary cooling loop, and the heat exchanger transfers the heat indirectly to the secondary cooling loop. The ocean water of East Sea is used as the ultimate heat sink for the cooling system. In order to isolate the cooling system from the plant, lines of the current CCWS and NSCWS are to be separated from the temporary SFP cooling system. Instead, a new service cooling water system is prepared for the secondary cooling loop.



The evaluation summary of the system is shown in Table 13. This cooling system may be the most agreeable option to the regulatory body as the safety and the cooling performance of the system have been proven for the years of operating experience of the plant. For example, it has been shown that the sea water can provide sufficient heat sink for the spent nuclear fuels and the operating plant systems even under a hot temperature in a summer. In addition, the indirect heat exchange would effectively prevent potential radiation leakage to the environment. However, this may include a massive modification as much longer piping system is required routed from the sea to the heat exchanger in the fuel handling area. This also indicates that more secondary radioactive wastes can be produced from the decommissioning of the modified cooling system itself. Therefore, the cost for installation and clean-up would become much higher than other alternatives.




4.1.2. Air-Cooled, Indirect Heat Exchange


A brief configuration of an air/water indirect cooling system is shown in Figure 5. The cooling system consists of two closed loops; a primary cooling loop and a secondary cooling loop. Main components are a primary cooling pump, a heat exchanger, a secondary cooling pump, and an air-cooled chiller. The ambient air is used as the ultimate heat sink. The heat generated from the SFP is transferred to the heat exchanger through the primary cooling water. Then, the heat is transferred to the secondary cooling water through the heat exchanger. A plate type heat exchanger may be used to work with the modified secondary cooling loop components including the chiller. Finally, the heat is dissipated to the outdoor air through the chiller installed.



The evaluation summary of an air-cooled indirect system is shown in Table 14. Like the ocean-cooled system, the closed primary cooling loop can provide one more barrier for preventing potential radiation leakage to the environment. Also, the chiller can be installed near the fuel handling area or on the roof of the building. Hence, much less piping is required for the modification compared to the ocean-cooled system. This can reduce the cost and the secondary waste from decommissioning of the temporary SFP cooling system itself. Moreover, indirect air-cooled system is also a proven technology frequently adopted for the plant chiller systems.




4.1.3. Module, Direct Heat Exchange


A brief configuration of a modular cooling system is shown in Figure 6. The module type indicates that the components and the piping are combined in one modular system. There is single closed loop, and main components are a circulation pump, and an air-cooled chiller. The heat generated from the SFP is directly transferred to the chiller. Then, the heat is dissipated to the outdoor air. The modular system may be installed with a small modification of the current piping system as no heat exchanger is required.



The evaluation summary of a module cooling system is shown in Table 15. It is the simplest design compared to other two alternatives. Moreover, this system is most commonly used in many industries, so finding suitable components and systems would be the easiest. Therefore, the cost is expected to be the lowest. However, this system may be more exposed to a potential risk of radiation leakage because no barrier from the system is expected due to the single cooling loop design. Therefore, the radiation shielding function has to be sufficiently convincing to the regulatory body to realize the system.




4.1.4. Selection of Cooling System


In this study, air-cooled indirect heat exchange system is selected for the temporary SFP cooling system. The first reason is that it has less potential radiation leakage to the environment compared to the module type. Potential radiation release to the environment can be greatly reduced because the closed secondary cooling loop can act as an additional barrier. This is also resulted in more favorable alternative for the regulation. Second reason is that the secondary radioactive waste produced would be much less than an ocean-cooled type. The chillers of the air-cooled system can be installed near the fuel handling area as long as they can contact to the outdoor air. The ocean-cooled system needs a long piping to the plant routed from the sea. Therefore, less secondary wastes are expected for the air-cooled types from the piping of the system. Moreover, the intake structure and other supporting systems need to be prepared for the ocean-cooled system. This would increase the cost, and may cause interference with decommissioning current intake structures and other supporting systems.





4.2. Applicable Configuration


An applicable configuration of the temporary SFP cooling system is developed for Kori units 3 and 4 as shown in Figure 7. The components of the primary cooling loop are remained almost as-is. The main reason is that the components are already designed to fully support sufficient radiation shielding function to store spent nuclear fuels in a normal operating condition. Also, the cooling capacity applied for the current SFPCCS is much higher than that of the temporary SFP cooling system. Hence, the SFP, primary cooling pumps, and piping of the current SFPCCS can be used without major modifications for the temporary SFP cooling system. On the other hand, major modifications of the system can be found on the secondary cooling loop. This is mostly due to the installation of the chillers. In addition, current piping connecting the CCWS and the NSCWS are disconnected to isolate the temporary SFP cooling system.




4.3. Primary Cooling Loop Components


The main components of the primary cooling loop are a spent fuel storage pool, two primary cooling pumps, and a heat exchanger. The spent fuel storage pool and cooling pumps of the current SFPCCS can be re-used and used for the temporary SFP cooling system. However, the heat exchanger may be replaced to a new component that will show a higher efficiency when working with the chillers installed on the secondary cooling loops.



The size of the replaced heat exchanger can be estimated through a calculation by using a number of transfer unit (NTU) method [20]. Operating parameters assumed for the calculation are mostly referring the operating data of the SONGS case. The assumed parameters are listed in Table 16 [21]. Hot side inlet temperature, 37.8 °C (100 °F), is reasonably lower than the system requirement which is to maintain the pool temperature less than 48.8 °C (120 °F).



Now, the size of heat exchanger is estimated. The maximum possible heat transfer rate, qmax, can be calculated by Equation (4).


   q  m a x   =  C  m i n    (   T  h , i   −  T  c , i    )   



(4)







By substituting assumed values, the maximum possible heat transfer rate is obtained as 1.77(106) watts. The effectiveness, ε, can be calculated by Equation (5). The maximum heat load from the spent nuclear fuels of Kori units 3 and 4 was calculated as 1.66 (106) watts.


  ε ≡  q   q  m a x      



(5)







The effectiveness is obtained as 0.944. The heat capacity ratio, Cr, can be determined by Equation (6.)


   C r  ≡    C  m i n      C  m a x      



(6)







The heat capacity ratio is obtained as 0.717. Now, the number of transfer unit, NTU, for the counter-flow heat exchangers with the Cr < 1 can be determined by Equation (7).


  N T U =  1   C r  − 1   ln  (    ε − 1   ε  C r  − 1    )   



(7)







From the definition of NTU, the required surface area, A, of heat exchanger can be calculated by Equation (8).


  N T U ≡   U A    C  m i n      



(8)







Finally, U*A is obtained as 8.18(105) W/K. The U*A calculated for the current heat exchanger is 2.19 MBtu/h∙°F (1.15 MW/K) from the design calculation sheet of KHNP. This indicates that much smaller sized heat exchanger will be needed for the temporary SFP cooling system. Overall heat transfer coefficient, U, of a plate type heat exchanger is known as 1000~4000 W/m2∙K [20]. Therefore, required surface area would be between 205 and 818 square meters.




4.4. Secondary Cooling Loop Components


The main components of the secondary cooling loop are two cooling pumps and a group of chillers.



Required capacity of the chillers of the secondary cooling loop is approximated by using the chiller sizing formula. Equation (9) shows a calculation formula generally used in the industry [21].


   size     (  ton  )  =   h e a t   l o a d   r a t e    (  B t u / h r  )    12 , 000    



(9)







The chilling system is often oversized by 20% to ensure sufficient capacity, so the ideal size of the chiller is obtained as 568.0 tons. The each rated capacity of the SONGS units 2 and 3 chillers is 198.90 tons to remove the heat load of 2.4 MBtu/h [22]. Hence, it can be verified that the calculated chiller size will be able to provide sufficient heat removal capacity for the temporary SFP cooling system.



The chillers are recommended to be installed on higher location than the heat exchanger to support a natural recirculation of the cooling water in the case of the forced circulation is not available. In addition, installing several chillers with smaller capacity are expected to ease burdens of operation and maintenance than operating a large chiller. For example, this would provide better operability in a case of contingency such as shutdown of one chiller due to a failure or scheduled maintenances. Furthermore, less heat removal capacity will be required in the future as the decay heat generated gradually decreases. Then, less number of chillers will be needed to maintain the pool temperature. In this case, the chillers no longer needed can be used for other nuclear power plants preparing decommissioning. Therefore, it is recommended to install multiple number of smaller chillers rather than one big chiller. To be more specific, four 150-ton chillers or three 200-ton chillers can be more preferred than one 600-ton chiller for Kori units 3 and 4. A survey of the major air-cooled chiller manufacturers supports this trend as shown in Table 17 [11]. Normally, cost of a chiller proportionally increases per the cooling capacity required. However, the unit price drastically increases if the chiller capacity is less than 150 tons due to the fixed costs for the manufacturing. Hence, each size of the chillers have to be greater than 150 tons to reduce the cost.




4.5. Makeup Water


Makeup water is supplied from the demineralized water storage tanks. Hence, the current supply line from the condensate water storage tank is disconnected for the decommissioning activities. In some previous cases in the U.S., diverse makeup capability was used. For example, a high flow makeup pump, a low flow makeup pump, and an on-site hose were prepared [5]. Similar diverse makeup capability can also be used for the temporary SFP makeup system of Kori units 3 and 4.




4.6. Power


Current plant power systems for a normal operation will not be available to provide power for the pumps, chillers, and valves. Also, the temporary SFP cooling system is essentially isolated from the plant. Hence, off-site power sources should be utilized. Furthermore, a diesel generator shall be provided in case of a power failure. The nuclear power plants in Korea operate trailer-mounted mobile diesel generator as a back-up power of a power plant in normal operation. They will no longer be necessary when the plant is under decommissioning phase. In this case, the mobile diesel generator may be utilized as the emergency power supply for the temporary SFP cooling system.





5. Discussion


This study found that application of an independent temporary SFP cooling system can be a strong alternative for the preparation of the decommissioning of Kori units 3 and 4. The case study conducted found that there have been successful previous practices of other plants that had similar reactor types. This shows that the temporary SFP cooling system is technically achievable for Kori units 3 and 4. The installation cost per unit is estimated as 9.51 million U.S. dollars in year 2025, per unit through an analogous estimating technique. This shows that the costs for the temporary SFP cooling system are expected to be lower than using the dry casks.



The main system requirements of the temporary SFP cooling system are cooling capacity and plan for the potential single failure scenarios. To decide the cooling capacity of the system, maximum decay heat is estimated. Categorization of the spent nuclear fuels in the pool and decay heat calculation results obtained from ORIGEN are used in the estimating process. The result shows that 1.67 MW of the maximum decay heat of unit 4. In addition, two cases of single failures are considered; cooling pump failure and normal power failure. A redundant train and back-up diesel generator are provided as a response.



Then, applicable design of the temporary SFP cooling system is suggested. The primary cooling loop components are mostly used as-is. The components are already designed to support sufficient radiation safety and cooling function for a normal operation. By re-using the components, less secondary wastes will be produced, and greater economic benefit is expected. On the other hand, most components may be installed or replaced for the installation of the temporary SFP cooling system on the secondary cooling loop. This proposed design suggests four chillers of which each capacity is 150-ton.



Further studies may be performed for the system optimization, comprehensive safety analysis, and regulation systems in Korea regarding the application of the temporary SFP cooling system.
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Figure 1. Schematic of current SFPCCS. 
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Figure 2. Average burnup rate trend of spent nuclear fuels of Kori units 3 and 4. 
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Figure 3. Types of nuclear fuels supplied for Kori units 3 and 4. 
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Figure 4. Schematic of ocean-cooled indirect heat exchange system. 
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Figure 5. Schematic of air-cooled indirect heat exchange system. 
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Figure 6. Schematic of a modular direct heat exchange system. 
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Figure 7. Configuration of an applicable cooling system. 
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Table 1. System design basis of SFPCCS.
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	Case
	Required Cooling Capacity





	Normal operation
	to remove heat load while maintaining pool temperature less than 48.8 °C (120 °F)

Unit 3: 5.62 MW (19.2 × 106 Btu/h) from

 - one-third of a core 150 hours after shutdown

 - 40 previous refueling, one-third core each

Unit 4: 6.29 MW (21.46 × 106 Btu/h) Btu/h from

 - 64 assemblies 150 hours after shutdown

 - 13.45 reactor cores (2112 assemblies)



	Residual heat
	to remove residual heat load while maintaining pool temperature less than 48.8 °C (120 °F)

Unit 3: 13.21 MW (45.1 × 106 Btu/h) from

 - a full-core 150 hours after shutdown

 - one-third of a core 480 hours after shutdown

 - 40 previous refueling, one-third core each

Unit 4: 12.9 MW (44.1 × 106 Btu/h) from

 - a full-core 150 hours after shutdown

 - 13.45 reactor cores (2112 assemblies)



	Single failure
	to comply with the cooling capacity, in the case of single failure of any component, assuming loss of power



	Earthquake
	to comply with the cooling capacity, in the case of safe shutdown earthquake



	Inspection
	to be capable of being inspected and tested during plant power generation operation
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Table 2. Comparison of estimated total costs for SFPI and dry casks.
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	Storage Options
	Capital Cost

(USD)
	Inflated, Escalated, and Discounted Cost (USD)





	SFPI
	98,045,443.68
	119,759,230.47



	Concrete cask
	166,330,355.70
	203,333,372.80



	Metal cask
	539,125,633.70
	658,690,398.80



	Duel-purpose cask
	715,448,023.70
	874,064,218.80
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Table 3. Estimated total decay heat of Kori units 3 and 4.
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	Burnup Rate (MWd/tU)
	Decay Heat (Watt)
	Decay Heat (Btu/h)





	45,705
	1.56 (106)
	5.33 (106)



	50,000
	1.76 (106)
	6.00 (106)



	55,002
	2.00 (106)
	6.84 (106)
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Table 4. Estimated installation costs for ISFPCS.
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	Labor
	Material
	Contract
	Other
	Overheads
	Total





	Unit 2
	139
	2814
	1159
	31
	129
	4272



	Unit 3
	139
	2814
	1159
	31
	129
	4272



	Total
	278
	5628
	2318
	62
	258
	8544
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Table 5. Producer price index and average annual inflation in Korea.
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	Year
	2015
	2016
	2017
	2018
	2019
	2020
	2021





	Value
	100
	98.18
	101.57
	103.48
	103.50
	103.03
	109.60



	Average
	-
	−1.8
	3.5
	1.9
	0.0
	−0.5
	6.4
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Table 6. Result of installation cost estimation.
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	Year
	2017
	2018
	2019
	2020
	2021
	2022
	2023
	2024
	2025





	Inflation
	base
	1.9
	0.0
	−0.5
	6.4
	2.2
	2.2
	2.2
	2.2



	Cost
	8.08
	8.23
	8.23
	8.19
	8.72
	8.91
	9.10
	9.30
	9.51
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Table 7. Representative spent nuclear fuel groups of Kori units 3&4.
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	Groups
	Burnup Rate

(GWd/tU)
	Cooling Time

(Year)
	Applicable Years
	Decay Heat 1

(Watt)





	1
	45
	30
	1985~2000
	489



	2
	45
	25
	2001~2005
	534



	3
	45
	20
	2006~2009
	586



	4
	55
	20
	2010~2010
	741



	5
	55
	15
	2011~2015
	827



	6
	55
	10
	2016~2020
	968



	7
	55
	5
	2021~2025
	1483







1 The value for each decay heat is obtained from calculation through ORIGEN [2].
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Table 8. Estimated total decay heat generation of Kori unit 4.
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	Year
	Quantity
	Type
	Burnup Rate

(MWd/tU)
	Cooling

Year
	Group
	Decay Heat

(Watt)





	1985
	-
	-
	-
	-
	-
	-



	1986
	56.5
	STD
	30~45
	44
	1
	27,629



	1987
	56.5
	STD
	30~45
	43
	1
	27,629



	1988
	56.5
	OFA
	30~45
	42
	1
	27,629



	1989
	56.5
	OFA
	30~45
	41
	1
	27,629



	1990
	56.5
	OFA
	30~45
	40
	1
	27,629



	1991
	56.5
	KOFA
	30~45
	39
	1
	27,629



	1992
	56.5
	KOFA
	30~45
	38
	1
	27,629



	1993
	56.5
	KOFA
	30~45
	37
	1
	27,629



	1994
	56.5
	KOFA
	30~45
	36
	1
	27,629



	1995
	56.5
	KOFA
	30~45
	35
	1
	27,629



	1996
	56.5
	V5H
	30~45
	34
	1
	27,629



	1997
	56.5
	V5H
	30~45
	33
	1
	27,629



	1998
	56.5
	V5H
	30~45
	32
	1
	27,629



	1999
	56.5
	V5H
	30~45
	31
	1
	27,629



	2000
	56.5
	V5H
	30~45
	30
	1
	27,629



	2001
	56.5
	V5H
	30~45
	29
	2
	30,171



	2002
	56.5
	V5H
	30~45
	28
	2
	30,171



	2003
	56.5
	V5H
	30~45
	27
	2
	30,171



	2004
	56.5
	V5H
	30~45
	26
	2
	30,171



	2005
	56.5
	V5H
	30~45
	25
	2
	30,171



	2006
	56.5
	V5H
	30~45
	24
	3
	33,109



	2007
	56.5
	RFA
	30~45
	23
	3
	33,109



	2008
	56.5
	RFA
	30~45
	22
	3
	33,109



	2009
	56.5
	RFA
	30~45
	21
	3
	33,109



	2010
	56.5
	RFA
	30~45
	20
	4
	41,867



	2011
	56.5
	ACE7
	55
	19
	5
	46,726



	2012
	56.5
	ACE7
	55
	18
	5
	46,726



	2013
	56.5
	ACE7
	55
	17
	5
	46,726



	2014
	56.5
	ACE7
	55
	16
	5
	46,726



	2015
	56.5
	ACE7
	55
	15
	5
	46,726



	2016
	56.5
	ACE7
	55
	14
	6
	54,692



	2017
	56.5
	ACE7
	55
	13
	6
	54,692



	2018
	56.5
	ACE7
	55
	12
	6
	54,692



	2019
	56.5
	ACE7
	55
	11
	6
	54,692



	2020
	56.5
	ACE7
	55
	10
	6
	54,692



	2021
	56.5
	ACE7
	55
	9
	7
	83,790



	2022
	56.5
	ACE7
	55
	8
	7
	83,790



	2023
	56.5
	ACE7
	55
	7
	7
	83,790



	2024
	56.5
	ACE7
	55
	6
	7
	83,790



	2025
	56.5
	ACE7
	55
	5
	7
	83,790



	Total
	2260
	-
	-
	-
	-
	1,665,620
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Table 9. Applicable single failure cases.
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	Component
	Single Failure
	Response





	Cooling pumps
	Cooling pump fails.
	Two redundant trains shall be provided.



	Power supply
	Normal power supply fails.
	A back-up diesel generator shall be provided.
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Table 10. Re-classification of safety classes in the U.S.
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Plants

	
Safety Class

	
SSCs






	
SONGS 2&3

	
Non-safety-related

	
- SFP cooling system

- SFP makeup system




	
Safety-related

	
- SFP and related structural components (pool liner, structure, racks)




	
Zion 1&2

	
Non-safety-related

	
- All SSCs under ITDC




	
Maine Yankee

	
Non-safety-related

	
- All SSCs under ITDC
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Table 11. System requirements for proposed temporary SFP cooling system.
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	Category
	Description
	Response





	Cooling Capacity
	to remove heat load of 1.67 MW while maintaining pool temperature less than 120 °F (48.8 °C)
	Cooling capacity to remove the decay heat greater than 1.67 MW is provided.



	Cooling pump failure
	in a case of cooling pump failure
	Two cooling loop trains are provided.



	Normal power failure
	in a case of a loss of power
	A back-up diesel generator is provided.



	Earthquake
	in a case of safe shutdown earthquake
	Clearer regulatory guideline for related SSCs should be established.



	Inspection
	to be capable of being inspected and tested during plant power generation operation
	Clearer regulatory guideline for related SSCs should be established.
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Table 12. Alternatives for spent fuel storage pool cooling method.
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	Type
	Description
	Similar Practices





	Ocean-cooled

indirect
	Sea water of East sea is used as the ultimate heat sink.
	Current SFPCCS,

Yankee Rowe



	Air-cooled

indirect
	Air outside is used as the ultimate heat sink.
	SONGS 2&3,

Maine Yankee,

Connecticut Yankee



	Module

direct
	Air outside is used as the ultimate heat sink. Module type cooling system is installed on the SFP.
	Trojan
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Table 13. Evaluation summary of ocean-cooled indirect heat exchange system.
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	Criteria
	Advantage
	Disadvantage





	Radiation

safety
	Two closed cooling loops act as a barrier for leakage
	More potential leak through the long piping



	Technology

maturity
	Similar system commonly used for normal SFP cooling system
	-



	Regulation
	Similar to the current SFPCCS may become the most agreeable.
	-



	Economic

feasibility
	Current components and piping may be re-used
	Highest cost expected due to large modification



	Secondary

waste
	Current components and piping may be re-used
	Largest waste expected due to medium modification
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Table 14. Evaluation summary of ocean-cooled indirect heat exchange system.






Table 14. Evaluation summary of ocean-cooled indirect heat exchange system.





	Criteria
	Advantage
	Disadvantage





	Radiation

safety
	Two closed cooling loops act as a barrier for leakage
	-



	Technology

maturity
	Similar technology used for plant chiller systems
	Not used for normal SFP cooling system



	Regulation
	Indirect heat exchanging like SFPCCS may become agreeable.
	-



	Economic

feasibility
	Lower cost expected due to medium modification
	-



	Secondary

waste
	Small waste expected due to medium modification
	-
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Table 15. Evaluation summary of modular direct heat exchange system.
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	Criteria
	Advantage
	Disadvantage





	Radiation

safety
	-
	No barrier for a potential leakage from the system



	Technology

maturity
	-
	Not commonly used in nuclear industry



	Regulation
	-
	Direct heat exchanging may not be fully convincible.



	Economic

feasibility
	Lowest cost expected due to modular design
	-



	Secondary

waste
	Smallest waste expected due to modular design
	-
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Table 16. Operating parameters assumed.
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	Parameter
	Symbol
	Unit
	Value





	Primary loop inlet temperature
	Th,i
	°C
	37.8



	Primary loop outlet temperature
	Th,o
	°C
	31.1



	Primary loop mass flow rate
	ṁh
	kg/s
	37.77



	Primary loop heat capacity rate
	Ch
	J/K∙s
	1.58 × 105



	Secondary loop inlet temperature
	Tc,i
	°C
	24.4



	Secondary loop outlet temperature
	Tc,o
	°C
	29.2



	Secondary loop mass flow rate
	ṁc
	kg/s
	57.88



	Secondary loop heat capacity rate
	Cc
	J/K∙s
	2.42 × 105



	Required heat removal rate for SFPI
	q
	W
	1.66 × 106



	Overall heat transfer coefficient
	U
	W/m2∙K
	850~1700
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Table 17. Average cost of industrial chillers.






Table 17. Average cost of industrial chillers.





	Chiller Capacity (ton)
	Unit Price (USD/ton)





	<150
	400~1000



	≥150
	350~500
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